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with Local Defects
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Abstract: A numerical model of 84 high-strength concrete-filled square steel tubular columns
(HSCFST) with local defects is developed using ABAQUS. The effects of parameters such as crack
angle, crack length, impact surface and impact energy on the impact resistance of HSCFST columns
are considered. The results show that under the effect of local corrosion, a model with horizontal
cracks will show the phenomenon of crack closure when subjected to the front impact. The impact
force platform value is mainly affected by the impact surface, followed by the crack angle, while the
increase of the crack length mainly has a greater effect on the model of the rear impact. The impact
resistance of the front impact model is better than that of the side and rear impact models. Increasing
the crack length and decreasing the crack angle will increase the mid-span deflection of the model,
and the mid-span deflection of the front impact model is smaller than that of the side and rear impact
models. The energy absorption ratio of the model is proportional to the increase of the crack length
and inversely proportional to the increase of the crack angle. Decreasing the crack angle will reduce
the increase coefficient (Rd) of the dynamic flexural capacity of the model. A practical calculation
method for the increased coefficient of the dynamic flexural capacity of HSCFST columns under local
corrosion is proposed.

Keywords: localized corrosion; concrete-filled steel tube; impact; numerical simulation

1. Introduction

A concrete-filled steel tube (CFST) structure has the characteristics of high-bearing
capacity, good plasticity and toughness. Meanwhile, a concrete-filled steel tube structure
has good seismic performance and fire resistance, which is suitable for use in seismic zones
as well as in structural engineering that requires fire resistance design [1,2]. Therefore,
concrete-filled steel tube structures are widely used in all kinds of civil engineering struc-
tures, such as large-span space structures of super high-rise buildings, bridge piers, power
towers, subway stations, etc.

Most of the actual engineering design only considers static loads such as constant
load, live load and dynamic loads such as wind load and earthquake action, while ignor-
ing the dynamic impact loads with very short action time and huge energy. The impact
load will cause rapid deformation of structural members, which will lead to the collapse
of the whole structure and the loss of load-bearing capacity in serious cases. Therefore,
the lateral impact resistance of concrete-filled steel tube members is particularly impor-
tant. Bambach et al. [3,4] conducted static and dynamic performance tests and numerical
simulation studies on square concrete-filled steel tubular members under impact load,
and the results indicated that slender concrete-filled steel tubular members were prone
to early fracture, resulting in a decline in energy dissipation capacity. Hou et al. [5] ob-
tained the correlation functions of the improved coefficients of dynamic flexural capacity
of concrete-filled circular steel tubular members through regression analysis. The results of
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the parametric analysis showed that the yield strength of steel, the percentage of steel in
the section, the diameter of the section and the impact velocity were the main parameters
that affected the dynamic flexural strength of the section. Qu et al. [6] simplified the lateral
impact model of concrete-filled circular steel tubes and found that when the section reaches
the dynamic ultimate bending moment the angle could be calculated from the bending mo-
ment and impact energy. Yang [7] systematically studied the dynamic mechanical response
of structural steel and high-strength concrete-filled square steel tubes. The strain rate effect
model of S690 high-strength structural steel under three different working conditions was
proposed. Cai et al. [8] numerically simulated the lateral impact of concrete-filled square
steel tubes and proposed a practical calculation formula for the increased coefficient of
section dynamic flexural capacity. Regarding hollow structural steel, Suzuki and Lignos [9]
experimentally studied the collapse behavior of full-scale steel HSS under a symmetric lat-
eral displacement loading protocol along with a near-collapse lateral displacement protocol,
which represents the ratcheting behavior of steel columns in a special moment frame prior
to collapse. Sediek et al. [10] concluded that the depth-to-thickness ratio and initial axial
load ratio are the most influential parameters on the axial capacity of hollow structural
steel columns under combined axial and lateral loading.

Concrete-filled steel tube structures in different service environments, in addition to
the impact-resistant design of the components, should also pay special attention to the
existence of easy corrosion of steel shortcomings. As CFST structures are exposed to the
natural environment for a long time, it is almost inevitable that the outer steel tube will
suffer from corrosion. The probability of local corrosion is much greater than uniform
corrosion in construction engineering. When the concrete-filled steel tube member is locally
corroded, the local corroded area of the steel tube cannot provide effective restraint to
the concrete, which results in the deterioration of the overall performance of the member.
Therefore, the effect of corrosive environment on the mechanical properties of concrete-
filled steel tubular members is also a concern of many researchers. Gao et al. [11,12] studied
the mechanical properties of concrete-filled circular steel tubular short columns under com-
plex environments of freeze–thaw cycles, salt spray corrosion and freeze–thaw–salt spray
interaction. The results showed that there was a linear decrease in the axial compression
load capacity of the members with the action degree of the three environmental conditions.
Han et al. [13] studied the mechanical properties of CFST under the combined action of
medium and long-term loading and chloride salt corrosion. The studies showed that the
stiffness, bearing capacity and ductility of CFST were significantly reduced by the overall
corrosion of the steel tube. Ding et al. [14] studied the axial compression performance
of CFST with notch and the results showed that the CFST bearing capacity with notch
was significantly reduced. Chen et al. [15] studied the effect of acid rain environment on
the mechanical properties of concrete-filled square steel tubes. The results showed that
acid rain corrosion reduced not only the bearing capacity but also the energy dissipation
capacity of the members.

In the service process of concrete-filled steel tube structures, the external impact on the
structural members and the local corrosion on the steel tube occur almost simultaneously
and cannot be avoided in the construction project. At present, there is no relevant research
on the impact resistance of CFST members under local corrosion and the calculation method
of the impact bearing capacity of CFST members based on local corrosion. Therefore, in this
paper, ABAQUS software will be used to establish the lateral impact model of high-strength
concrete-filled square steel tubular (HSCFST) columns with local corrosion. The corrosion
crack of an HSCFST column will be simulated by setting local notches on the outer steel tube
of the model. The influence of impact energy, impact surface and corrosion morphology on
the impact resistance of the HSCFST column under local corrosion is observed. The design
method of the lateral impact capacity of the HSCFST column under local corrosion is
explored, which provides the basis for the improvement of the impact resistance design
theory of concrete-filled steel tube structures regarding life-cycle service.
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2. Numerical Simulation Program
2.1. Model Design

The finite element analysis (FEA) model design adopted the model parameters in the
literature [7]. The cross-section size of the HSCFST model is D × D = 180 mm × 180 mm.
The model has an overall length of 1700 mm and a steel tube thickness of 6mm. The rigid
support is set 250 mm away from both ends of the model. In addition, the weight of
the drop hammer is 424 kg and its impact height is 4 m, 8 m and 12 m. Based on the
initial model, the local corrosion of the steel tube was simulated by setting local notch
cracks with a width of 8 mm. Meanwhile, different crack lengths (lc), crack angles (θ)
and impact surfaces were designed to analyze the lateral impact response of the HSCFST
model. The local corrosion parameters and model numbers used in this simulation are
detailed in Table 1. The local corrosion locations and crack types of the model are detailed
in Figures 1–3.

Table 1. Parameters of the HSCFST model.

Model Number
Impact Surface Crack Length

lc/mm Crack Angle θ/(◦) Impact Height H/m Impact Mass
m/kg

Impact Energy
Ei/kJ

F/R/S 180/135/90 H/O/V 4/8/12

424-4/8/12 – – – 4/8/12 424 16.6/33.2/49.9
DH/DO/DV-F-424-4/8/12 F 1D H/O/V 4/8/12 424 16.6/33.2/49.9

75DH/75DO/75DV-F-424-4/8/12 F 0.75D H/O/V 4/8/12 424 16.6/33.2/49.9
RH/RO/RV-F-424-4/8/12 F 0.5D H/O/V 4/8/12 424 16.6/33.2/49.9
DH/DO/DV-R-424-4/8/12 R 1D H/O/V 4/8/12 424 16.6/33.2/49.9

75DH/75DO/75DV-R-424-4/8/12 R 0.75D H/O/V 4/8/12 424 16.6/33.2/49.9
RH/RO/RV-R-424-4/8/12 R 0.5D H/O/V 4/8/12 424 16.6/33.2/49.9
DH/DO/DV-S-424-4/8/12 S 1D H/O/V 4/8/12 424 16.6/33.2/49.9

75DH/75DO/75DV-S-424-4/8/12 S 0.75D H/O/V 4/8/12 424 16.6/33.2/49.9
RH/SO/SV-S-424-4/8/12 S 0.5D H/O/V 4/8/12 424 16.6/33.2/49.9

Note: impact surface: F for front, R for rear, S for side; crack length: 1D = 180 mm, 0.75D = 135 mm, 0.5D = 90 mm;
crack angle: H for 0◦, O for 45◦, V for 90◦.
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2.2. Material Model
2.2.1. Material Model for Steel Tube

The structure or component will be in a high strain rate under dynamic conditions such
as high-speed impact and explosion. Currently, the Cowper–Symonds (CS) model [16] and
the Johnson–Cook (JC) model [17] are commonly used to predict the dynamic mechanical
properties of metallic materials. The CS model is commonly used to characterize the
dynamic increment coefficient of dynamic yield strength or ultimate strength, which is
applied to the calculation of dynamical problems at medium strain rates. The JC model
can well predict the relationship between the dynamic flow stress and plastic strain, strain
rate and temperature of the material, and it is suitable for the calculation of high strain
rate problems [18]. In this paper, the improved JC model (i.e., MJC model, as shown
in Equation (1)) from the literature [7] was used as the dynamic mechanical constitutive
model of S690 steel. The MJC model can well predict the dynamic mechanical properties of
S690 steel at medium and high strain rates. The ideal elastic plastic model based on the Von
Mises yield criterion was used to set the steel tube material properties in the finite element
model. The material parameters of the steel tubes were adopted from S690 materiality test
data in the literature [7], as shown in Table 2.

σ = (A + Bε
q
p)(1 + C

.
ε

d
) (1)

in which
.
ε

d
=

.
ε/

.
εo (2)

where σ is the plastic flow stress; εp is the plastic true strain;
.
ε

d is the dimensionless strain
rate parameter;

.
ε is the strain rate;

.
εo is the quasi-static reference strain rate, i.e., 0.001 s−1;

A, B, C, q, and d are material constants. A is usually taken as the yield strength of the
material and B and q are used to characterize the degree of strain reinforcement. C and
d are the material parameter values of the model, which can be fitted using the dynamic
increase coefficients corresponding to the strain rate of the material at each level.
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Table 2. Material parameters of steel.

Density (kg/m3) f y (MPa) fu (MPa) Es (105MPa) Poisson’s Ratio Elongation

7850 722 758 1.96 0.3 0.15

The material constant of S690 in this paper adopts the fitting results in reference [7], as
shown in Table 3.

Table 3. Material constants of S690.

A (MPa) B (MPa) C q d

727 400 0.06 0.57 0.23

2.2.2. Material Model for Core Concrete

The static stress–strain relationship model and strain rate effect model were used to
describe the dynamic mechanical properties of concrete. Since the compressive and tensile
mechanical behaviors of concrete were inconsistent, different constitutive relations were
used for the compressive and tensile properties of concrete in this simulation.

The compressive mechanical behavior of core concrete adopted the stress–strain rela-
tionship model given by Han [1], as shown in Equation (3).

y =

{
2 · x− x2

x
βo(x−1)η+x

(3)

in which
x =

ε

εo
(4)

y =
σ

σo
(5)

σo = f ′c (6)

ξ =
As fy

Ac fck
(7)

εo = εc + 800× ξ0.2 × 10−6 (8)

εc = (1300 + 1.25 f ′c)× 10−6 (9)

η = 1.6 + 1.5/x (10)

βo =
( f ′c)

0.1

1.2
√

1 + ξ
(11)

where Ac is the concrete cross-sectional area; As is the steel tube cross-sectional area; f y is
the steel yield strength; f ck is the standard value of concrete axial compressive strength; f ′c
is the concrete cylindrical compressive strength.

For the tensile response of concrete, the tensile stress–strain relationship model for
concrete from GB 50010-2010 [19] is used, as shown in Equation (12).

σ = (1− dt)Ecε (12)

in which

dt =

{
1− ρt(1.2− 0.2x5)

1− ρt

αt(x−1)1.7+x

x ≤ 1
x > 1

(13)

x =
ε

εt,r
(14)

ρt =
ft,r

Ecεt,r
(15)
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where αt is the parameter value of the falling section of the uniaxial stress–strain curve of
concrete, which can be calculated in accordance with αt = 0.312 f 2

t,r; ft,r is the representative
value of the uniaxial tensile strength of concrete, which can be calculated by ft,r = 0.395 f 0.55

cu ;
εt,r is the peak tensile strain of concrete in uniaxial tension, which can be calculated by
εt,r = f 0.54

t,r × 65× 10−6; Ec is the modulus of elasticity of concrete.
Concrete also showed obvious strain rate effects under dynamic load. In this paper, the

empirical formula provided in the European Concrete Institute code [20] was used to calcu-
late the coefficient of dynamic increase of concrete, as shown in Equations (16) and (17).

Compression effect :

{
fcd/ fcs =

( .
ε/

.
εco
)1.026αs ,

∣∣ .
ε
∣∣ ≤ 30 s−1

fcd/ fcs = γs
( .
ε/

.
εco
)1/3,

∣∣ .
ε
∣∣ > 30 s−1

(16)

Tension effect :

{
ftd/ fts =

( .
ε/

.
εto
)1.016δs ,

.
ε ≤ 30 s−1

ftd/ fts = βs
( .
ε/

.
εto
)1/3,

.
ε > 30 s−1

(17)

in which
.
εco = −30× 10−6 s−1 (18)

.
εto = 3× 10−6 s−1 (19)

αs =
1

5 + 9 f ′c/ fco
(20)

δs =
1

10 + 6 f ′c/ fco
(21)

fco = 10 MPa (22)

log γs = 6.156αs − 2 (23)

log βs = 7.112δs − 2.33 (24)

where f cd is the dynamic compressive strength of concrete; f td is the dynamic tensile
strength of concrete; f cs is the static compressive strength of concrete; f ts is the static tensile
strength of concrete.

The material setup of core concrete was described by the Concrete Damaged Plasticity
(CDP model) of concrete built into the FEA. The mechanical parameters of concrete were
based on the data obtained in the literature [7], where the elastic modulus is 50.8 GPa;
density is 2450 kg/m3; Poisson’s ratio is 0.191. Other specific parameter settings of the
model are shown in Table 4 [21].

Table 4. Material parameters of concrete.

e αf Kc µ/10−3 ϕ/(◦)

0.1 1.16 0.6667 0.5 30

2.3. Modeling Techniques

The FEA model was primarily composed of the HSCFST model, drop hammer and
support, as shown in Figure 4. The impact location was directly above the mid span of the
HSCFST model. The drop hammer and support adopted discrete rigid body elements and
set reference points to facilitate the application of boundary conditions and impact action.
The reference points of the supports were set with fixed constraints. The drop hammer only
allowed translational degrees of freedom in the direction of impact (vertically downward).

Hard contact was used in the normal direction of the contact surface in this numerical
simulation. The tangential direction of the contact surface between the steel tube, drop
hammer and support was set to frictionless. The Coulomb friction model was used to
represent the relative sliding between the steel tube and the concrete and its corresponding
friction coefficient was taken as 0.6 [22]. The steel tube and the core concrete were simulated
by a C3D8R solid element in the ABAQUS library. Drop hammers and supports were

6



Buildings 2022, 12, 996

simulated by an R3D4 discrete rigid body element from the ABAQUS library. The mesh
size of the HSCFST model is 20 mm, which is 1/9 side length. In addition, the mesh size
within 300 mm of the impact position of the drop hammer was encrypted to improve the
calculation accuracy of the finite element model.
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Although the ABAQUS/Standard solver that requires a low computational resource
is normally adopted in structural analysis, great efforts are required for the convergence
of a static solver when complex contact phenomena exist in the model, not to mention
model the impact loading. The ABAQUS/Explicit solver could overcome the difficulties of
convergence problems associated with impact simulation and sophisticated contact. In this
study, about 30–45 min was needed to run an impact simulation of the model by using the
ABAQUS/Explicit solver.

2.4. Validation of Finite Element Model

In order to verify the correctness of the FEA model established in this paper, the above
numerical simulation method was used to compare the specimen numbered HS3-100-1200-6
in reference [7]. The specimen has the same material strength, specimen size and boundary
conditions as the finite element model established in this paper, except that the height of
drop hammer impact is 3 m. The chemical composition of the high-strength steel is listed
in Table 5. The mix proportion of C100 concrete is listed in Table 6.

Table 5. Chemical composition of steel (in mass %).

C Si Mn S P N Ni Mo Cr Cu V Ti Nb CEV

0.14 0.29 1.26 0.0006 0.014 0.0018 0.02 0.11 0.2 0.01 0.003 0.023 0.015 0.42

Table 6. Mix proportion of C100 concrete.

Water Cement Ratio Water kg/m3 Cement kg/m3 Sand kg/m3 Gravel kg/m3 Silica Fume kg/m3 Superplasticizer kg/m3

0.22 121 500 623 1156 50 10

Figure 5 shows the time history curve comparison of impact force F and displacement
U of specimen HS3-100-1200-6. It can be seen that the finite element simulation results of
the peak impact force, the maximum mid-span deformation and the platform value are in
good agreement with the test data, which proves the reliability of the finite element model.

7
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3. Numerical Simulation Results
3.1. Failure Pattern of Crack-Free Model

The HSCFST model principally shows a symmetric overall bending failure on both
sides under lateral load. As shown in Figures 6 and 7, the plastic hinge is concentrated in
the mid-span drop hammer impact zone. The surface of the model is slightly depressed
at the contact position with the drop hammer. Meanwhile, the local “drum” buckling
phenomenon occurred on both sides of the mid span and near the impact position due to
the extrusion of the drop hammer.
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3.2. Failure Pattern of the Model under Local Corrosion

Local notch cracks generally increase the amplitude of overall bending and local
“drum” buckling of the model. In addition, the change of crack angle and impact surface
affects the failure pattern of the model. In order to better reflect the influence of each
parameter on the HSCFST model, this paper adopts the failure pattern of the model with
an impact height of 12 m for comparison.

3.2.1. Models with Horizontal Cracks (θ = 0◦)

Compared with the crack-free model, the front impact will reduce the amplitude of
buckling near the impact point of the drop hammer and increase the amplitude of buckling
on both sides of the model. The rear impact will reduce the amplitude of the buckling near
the impact point of the drop hammer, while both sides of the model have a slight buckling
near the top surface. The side impact model has a small amplitude of buckling near the
impact point of the drop hammer and in the crack area. In addition, the crack width
near the impact surface will decrease while the crack width far from the impact surface
will increase when the model is side impacted. As the impact energy or the crack length
increases, the horizontal crack will gradually shrink or crack close under front impact, as
shown in Figure 8; crack width no longer decreases or crack closure generally occurs at the
end of the impact platform segment. With the increase of impact energy, the time of crack
closure is relatively earlier than the time of impact platform section end. Nevertheless, the
model with crack width no longer decreasing or crack closure occurring earlier has lower
impact platform values. Back impact will increase the width of cracks, while the increase of
crack length and impact energy will lead to excessive local stress at both ends of cracks and
yield failure phenomenon, as shown in Figure 9. In side impact, the increase of crack length
and impact energy will lead to the yield failure of the steel tube at the bottom of the crack. In
addition, the increase in crack length reduces the local buckling amplitude of the side impact
model and the cracks eventually take on similar “triangular” shapes, as shown in Figure 10.
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Figure 10. Failure pattern of a model with horizontal cracks under side impact. (a) RH-424-S-12.
(b) 75DH-424-S-12. (c) DH-424-S-12.

3.2.2. Models with Vertical or Oblique Cracks (θ = 45◦, 90◦)

The model with oblique and vertical cracks presents an obvious bending failure
pattern. Compared with the crack-free model, the front impact will increase the local
“drum” buckling amplitude of the model. For the model with oblique cracks, increasing the
crack length will increase the amplitude and area of buckling on both sides of the mid span,
while the amplitude of buckling near the impact point will decrease. The phenomenon of
the vertical cracks model is the opposite to that of the oblique cracks model. In addition,
the oblique crack width gradually decreases but does not close during impact, while the
vertical crack width basically remains unchanged, as shown in Figure 11.

Buildings 2022, 12, x FOR PEER REVIEW 11 of 28 
 

 
Partial failure  Partial failure

Reduce the size of the bulge

 
(a)  (b)  (c)  

Figure 10. Failure pattern of a model with horizontal cracks under side impact. (a) RH-424-S-12. (b) 
75DH-424-S-12. (c) DH-424-S-12. 

3.2.2. Models with Vertical or Oblique Cracks (θ = 45°, 90°) 
The model with oblique and vertical cracks presents an obvious bending failure 

pattern. Compared with the crack-free model, the front impact will increase the local 
“drum” buckling amplitude of the model. For the model with oblique cracks, increasing 
the crack length will increase the amplitude and area of buckling on both sides of the mid 
span, while the amplitude of buckling near the impact point will decrease. The phe-
nomenon of the vertical cracks model is the opposite to that of the oblique cracks model. 
In addition, the oblique crack width gradually decreases but does not close during im-
pact, while the vertical crack width basically remains unchanged, as shown in Figure 11. 

  

Enlargement of bulge area

 
(a)  (b)  (c)  

  

Reduce the size of bulge

 
(d)  (e)  (f)  

Figure 11. Failure patterns of models with oblique and vertical cracks under front impact. (a) 
RO-424-F-12. (b) 75DO-424-F-12. (c) DO-424-F-12. (d) RV-424-F-12. (e) 75DV-424-F-12. (f) 
DV-424-F-12. 

When the model is subjected to rear impact, the model with oblique crack almost 
does not appear to buckle near the impact point, while the buckling amplitude of the 
model with vertical crack is not much different from that of the crack-free model. In ad-
dition, increasing the crack length will increase the width of oblique cracks and the local 
buckling area of the vertical crack model, as shown in Figure 12. 

Figure 11. Failure patterns of models with oblique and vertical cracks under front impact. (a) RO-
424-F-12. (b) 75DO-424-F-12. (c) DO-424-F-12. (d) RV-424-F-12. (e) 75DV-424-F-12. (f) DV-424-F-12.

When the model is subjected to rear impact, the model with oblique crack almost does
not appear to buckle near the impact point, while the buckling amplitude of the model
with vertical crack is not much different from that of the crack-free model. In addition,
increasing the crack length will increase the width of oblique cracks and the local buckling
area of the vertical crack model, as shown in Figure 12.
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When the model is subjected to side impact, the buckling amplitude of the model 
with oblique cracks is lower than that of the crack-free model, while the buckling am-
plitude of the model with vertical cracks is increased. Increasing the crack length will 
enlarge the buckling area of the model on both sides of the mid span, especially the crack 
area near the impact surface, as shown in Figure 13. 
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When the model is subjected to side impact, the buckling amplitude of the model with
oblique cracks is lower than that of the crack-free model, while the buckling amplitude of
the model with vertical cracks is increased. Increasing the crack length will enlarge the
buckling area of the model on both sides of the mid span, especially the crack area near the
impact surface, as shown in Figure 13.
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Figure 14. Time history curve of impact force for crack-free model. 

Figure 15 takes the same impact energy (m = 424 kg, H = 4 m) as an example to an-
alyze the influence of impact surface (F, R and S), crack angle (H, O and V) and crack 
length (0.5D, 0.75D and 1D) on the impact time history curve. Figure 15a shows that the 
three impact surfaces affect the impact duration to different degrees. The increase in 
impact duration for the models subjected to front, rear and side impacts are 12%, 16.4% 
and 6%, respectively. Figure 15b shows that the change of crack angle has a stable influ-
ence on impact duration. The influence of the crack angle on the impact duration of the 
model is about 11%. Figure 15c shows that the increase in crack length prolongs the im-
pact duration of the model by about 12~30%. Meanwhile, the changes in impact surface, 
crack angle and crack length will reduce the impact platform value of the model to var-
ying degrees. Among the three impact surfaces, front impact reduces the impact platform 

Figure 13. Failure patterns of models with oblique and vertical cracks under side impact. (a) RO-
424-S-12. (b) 75DO-424-S-12. (c) DO-424-S-12. (d) RV-424-S-12. (e) 75DV-424-S-12. (f) DV-424-S-12.
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3.3. Impact Force versus Time Curves
3.3.1. Comparison between Crack-Free Model and Local Corrosion Model

Figure 14 shows that raising the impact height has almost no effect on the impact
platform value of the crack-free model, but it will significantly increase the peak segment
of the impact time history curve and prolong the impact duration of the model. When the
impact height is increased to 8 m and 12 m, the peak segment of the impact time history
curve increases by 56% and 90%, respectively, while the impact duration increases by 16%
and 39%, respectively.
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Figure 14. Time history curve of impact force for crack-free model.

Figure 15 takes the same impact energy (m = 424 kg, H = 4 m) as an example to
analyze the influence of impact surface (F, R and S), crack angle (H, O and V) and crack
length (0.5D, 0.75D and 1D) on the impact time history curve. Figure 15a shows that the
three impact surfaces affect the impact duration to different degrees. The increase in impact
duration for the models subjected to front, rear and side impacts are 12%, 16.4% and 6%,
respectively. Figure 15b shows that the change of crack angle has a stable influence on
impact duration. The influence of the crack angle on the impact duration of the model is
about 11%. Figure 15c shows that the increase in crack length prolongs the impact duration
of the model by about 12~30%. Meanwhile, the changes in impact surface, crack angle
and crack length will reduce the impact platform value of the model to varying degrees.
Among the three impact surfaces, front impact reduces the impact platform value by about
11%; rear impact reduces the impact platform value by about 26%; side impact reduces
the impact platform value by less than 5%. Crack angles (H, O and V) reduce the impact
platform values by 11%, 5% and 7%, respectively. In addition, when the crack length
increases from 0.5D to 1D, the impact platform value reduction of the model is increased
from 11% to 30%.
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3.3.2. Comparison of Horizontal Crack Models 
1. Comparison of peak segment of impact time history curve 

As shown in Figure 16, the peak segment of the impact time history curve of the 
model with horizontal cracks is mainly influenced by the impact height. When the impact 
height is increased to 8 m and 12 m, the peak segment of the model impact time history 
curve will increase by 31% and 56%, respectively. Compared with the peak segment of 
the impact time history curve of the crack-free model, the peak segment of the impact 
time history curve of the horizontal crack model is basically unchanged when the impact 
height is 4 m. When the impact height is increased to 8–12 m, the peak segment of the 
impact time history curve will be reduced by about 21%. 
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(a)  

Figure 15. Comparison of each parameter with the crack-free model. (a) Change of impact surface.
(b) Change of crack angle. (c) Change of crack length.
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3.3.2. Comparison of Horizontal Crack Models

1. Comparison of peak segment of impact time history curve

As shown in Figure 16, the peak segment of the impact time history curve of the model
with horizontal cracks is mainly influenced by the impact height. When the impact height
is increased to 8 m and 12 m, the peak segment of the model impact time history curve will
increase by 31% and 56%, respectively. Compared with the peak segment of the impact
time history curve of the crack-free model, the peak segment of the impact time history
curve of the horizontal crack model is basically unchanged when the impact height is 4 m.
When the impact height is increased to 8–12 m, the peak segment of the impact time history
curve will be reduced by about 21%.
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Figure 16. Comparison of impact time history curve and impact platform value of horizontal crack 
model. (a) Front impact. (b) Rear impact. (c) Side impact. (d) Impact platform value of horizontal 
crack model. 

2. Comparison of impact duration 
Figure 16a,c shows that crack length, impact surface and impact energy all affect the 

impact duration of the horizontal crack model. Overall, the impact surface has the 
greatest effect on the impact duration, while the crack length has the least effect on the 
impact duration. With the increase in impact energy, the impact duration of the front 
impact model is more stable in variation and its overall performance is better than that of 
the rear and side impact models. 

Figure 16. Cont.
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Figure 16. Comparison of impact time history curve and impact platform value of horizontal crack 
model. (a) Front impact. (b) Rear impact. (c) Side impact. (d) Impact platform value of horizontal 
crack model. 

2. Comparison of impact duration 
Figure 16a,c shows that crack length, impact surface and impact energy all affect the 

impact duration of the horizontal crack model. Overall, the impact surface has the 
greatest effect on the impact duration, while the crack length has the least effect on the 
impact duration. With the increase in impact energy, the impact duration of the front 
impact model is more stable in variation and its overall performance is better than that of 
the rear and side impact models. 

Figure 16. Comparison of impact time history curve and impact platform value of horizontal crack
model. (a) Front impact. (b) Rear impact. (c) Side impact. (d) Impact platform value of horizontal
crack model.

2. Comparison of impact duration

Figure 16a,c shows that crack length, impact surface and impact energy all affect the
impact duration of the horizontal crack model. Overall, the impact surface has the greatest
effect on the impact duration, while the crack length has the least effect on the impact
duration. With the increase in impact energy, the impact duration of the front impact model
is more stable in variation and its overall performance is better than that of the rear and
side impact models.

3. Comparison of impact platform values

Figure 16d shows that the impact platform values show a downward trend with the
change of impact surface (F, S and R). Increasing impact energy has a greater influence on
the impact platform values of the side and rear impact models, while it has little influence
on the impact platform values of the front impact model. Meanwhile, increasing the crack
length will reduce the impact platform value of the model. Compared with the crack-free
model, the impact platform value of the model with front impact decreases by about 17%.
Under impact heights of 4 m, 8 m and 12 m, the impact platform values of the rear impact
model decrease by 35%, 55% and 60% respectively, while the impact platform values of
the side impact model decrease by 8%, 26% and 38% respectively. Figure 16a–d show
that the impact platform value and impact duration of the model with horizontal cracks
are relatively stable under the front impact load and it exhibits better impact resistance
performance.

3.3.3. Comparison of Oblique Crack Models

1. Comparison of peak segment of impact time history curve

As shown in Figure 17a–c, the peak segment of the impact time history curve is mainly
influenced by impact height. When the impact height is raised to 8 m and 12 m, the peak
segments of the impact time history curves of the model increase by about 23% and 44%,
respectively. Compared with the crack-free model, the peak segment of the impact time
history curve of the model with oblique cracks is basically unaffected when the impact
height is 4 m. However, when the impact height is increased to 8–12 m, the peak segment
of the impact time history curve of the model decreases by about 24%.
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Figure 17. Comparison of impact time history curve and impact platform value of oblique crack 
model. (a) Front impact. (b) Rear impact. (c) Side impact. (d) Impact platform values of oblique 
crack model. 
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model. (a) Front impact. (b) Rear impact. (c) Side impact. (d) Impact platform values of oblique
crack model.
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2. Comparison of impact duration

Figure 17a–c show that the impact duration of the oblique crack model is less affected
by crack length than that of the horizontal crack model. Among the three impact surfaces,
the rear impact significantly increases the impact duration of the model, while the front
impact has the least effect on the model impact duration. In addition, the impact duration
of the model is gradually prolonged with the increase of impact energy.

3. Comparison of impact platform values

Figure 17d shows that the impact platform values overall show a decreasing trend
with the change of impact surface (F, S and R). Increasing impact energy will reduce the
impact platform values of side and rear impact models, while the impact platform values
of front impact models will increase. Meanwhile, increasing crack length will reduce the
impact platform value of side and rear impact models, but it has basically no effect on
the front impact model. Under impact heights of 4 m, 8 m and 12 m, the impact platform
values of the front impact model decrease by about 10%, while the impact platform values
of the rear impact model decrease by 24%, 42% and 49%, respectively. The impact platform
values of the side impact model decrease by 6%, 16% and 22% at impact heights of 4 m, 8 m
and 12 m, respectively. Compared with the horizontal cracked model, the crack length and
impact energy have less effect on the oblique cracked model. In addition, the front impact
model still shows good impact resistance in the three impact surfaces.

3.3.4. Comparison of Vertical Cracking Models

1. Comparison of peak segment of impact time history curve

As shown in Figure 18a–c, the peak segment of the impact time history curve is mainly
affected by impact height. When the impact height is increased to 8 m and 12 m, the peak
segment of the impact time history curve of the vertical cracks model increases by 24% and
45%, respectively. Compared with the crack-free model, the peak segment of the impact
time history curve of the vertical crack model is basically unaffected when the impact
height is 4 m. When the impact height is increased to 8–12 m, the peak segment of the
impact time history curve of the model decreases by about 25%.

2. Comparison of impact duration

Figure 18a–c show that the crack length only has a great influence on the impact
duration of the rear impact model. Overall, the impact duration of the vertical crack model
is mainly affected by the impact energy followed by the crack length. The impact surface
has little influence on the impact duration of the vertical crack model.

3. Comparison of impact platform values

Figure 18d shows that both the reduction of the impact energy and the increase of
crack length will improve the impact platform value of the rear impact model. In general,
the impact platform value of the vertical crack model is relatively stable as a whole, and its
impact platform value varies in the range of 4% to 16%. The results show that the overall
impact resistance of the vertical crack model is better than that of the model with horizontal
and oblique cracks.
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3.4. Mid-Span Displacement versus Time Curves

The model starts to rebound after reaching the mid-span peak displacement, and its
mid-span displacement reverses until the energy is completely absorbed. In this case, the
mid-span final deflection of the model is the mid-span final displacement. The mid-span
final displacement of the model is generally lower than its peak displacement. Figure 19
shows the influence of each parameter on mid-span peak displacement. Overall, the mid-
span peak displacement of the model gradually increases with the increase of impact energy
and crack length. Among the three impact surfaces, the mid-span peak displacement of the
rear impact model is the largest, while the mid-span peak displacement of the front impact
model is the smallest. Increasing the crack angle can effectively reduce the effect of impact
surface and crack length on the mid-span peak displacement of the model. In addition,
the crack length has the greatest effect on the rear impact model and the least effect on the
front impact model.
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Figure 19. Comparison of peak displacement of models. (a) Horizontal crack. (b) Oblique crack.
(c) Vertical crack.

Figure 20 shows that when the impact height of the crack-free model is increased to
8 m and 12 m, its mid-span peak displacement increases by 68% and 160%, respectively.
The existence of cracks will deepen the influence of impact height on the mid-span peak
displacement of the model. Meanwhile, increasing the impact height will reduce the
rebound amplitude of the model with local corrosion, especially the model with horizontal
cracks that has the most obvious reduction. Combining Figures 19 and 20, it can be seen
that the model with vertical cracks has a smaller change in the mid-span peak displacement
under the front impact and a larger rebound after reaching the mid-span peak displacement,
which shows better impact resistance stability.
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Figure 20. Cont.
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Figure 20. Mid-span displacement time history curve of the models. (a) 424-4/8/12 (b) H-424-4. (c) 
H-424-8. (d) H-424-12. (e) O-424-4. (f) O-424-8. (g) O-424-12. (h) V-424-4. (i) V-424-8. (j) V-424-12. 

3.5. Comparison of Impact Platform Value and Mid-Span Peak Displacement 
Figure 21 shows the influence of each parameter on the impact platform value and 

mid-span peak displacement of the model. As shown in the figure, the impact platform 
value is negatively correlated with the overall change trend of mid-span peak displace-
ment. Increasing the crack length will decrease the impact platform value and increase 
the mid-span peak displacement. Among the three impact surfaces, the rear impact has 
the greatest influence on the impact platform value and mid-span peak displacement of 
the model, while the front impact has the least influence on the impact platform value 
and mid-span peak displacement of the model. The influence of crack length and impact 
surface on the model decreases with the increase of crack angle. Overall, the impact sur-
face has the greatest influence on the impact platform value and mid-span peak dis-
placement of the model, while increasing the crack angle can effectively reduce the in-
fluence of the impact surface. 
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Figure 20. Mid-span displacement time history curve of the models. (a) 424-4/8/12 (b) H-424-4.
(c) H-424-8. (d) H-424-12. (e) O-424-4. (f) O-424-8. (g) O-424-12. (h) V-424-4. (i) V-424-8. (j) V-424-12.

3.5. Comparison of Impact Platform Value and Mid-Span Peak Displacement

Figure 21 shows the influence of each parameter on the impact platform value and
mid-span peak displacement of the model. As shown in the figure, the impact platform
value is negatively correlated with the overall change trend of mid-span peak displacement.
Increasing the crack length will decrease the impact platform value and increase the mid-
span peak displacement. Among the three impact surfaces, the rear impact has the greatest
influence on the impact platform value and mid-span peak displacement of the model,
while the front impact has the least influence on the impact platform value and mid-span
peak displacement of the model. The influence of crack length and impact surface on
the model decreases with the increase of crack angle. Overall, the impact surface has
the greatest influence on the impact platform value and mid-span peak displacement of
the model, while increasing the crack angle can effectively reduce the influence of the
impact surface.

19



Buildings 2022, 12, 996

Buildings 2022, 12, x FOR PEER REVIEW 21 of 28 
 

0.00 0.01 0.02 0.03

0

5

10

15

20

25

30

35

40

D
is

pl
ac

em
en

t(m
m

)

t/s

 DO-F   RO-F  75DO-F
 DO-R   RO-R  75DO-R
 DO-S   RO-S  75DO-S

 
0.00 0.01 0.02 0.03

0

10

20

30

40

50

60

70

80

D
is

pl
ac

em
en

t(m
m

)

t/s

 DO-F   RO-F   75DO-F
 DO-R   RO-R   75DO-R
 DO-S   RO-S   75DO-S

 
0.00 0.01 0.02 0.03

0

20

40

60

80

100

120

140

D
is

pl
ac

em
en

t(m
m

)

t/s

 DO-F   RO-F   75DO-F
 DO-R   RO-R   75DO-R
 DO-S   RO-S   75DO-S

 
(e)  (f)  (g)  

0.00 0.01 0.02 0.03

0

5

10

15

20

25

30

D
is

pl
ac

em
en

t(m
m

)

t/s

 DV-F   RV-F   75DV-F
 DV-R   RV-R   75DV-R
 DV-S   RV-S   75DV-S

 
0.00 0.01 0.02 0.03

0

10

20

30

40

50

D
is

pl
ac

em
en

t(m
m

)

t/s

 DV-F   RV-F   75DV-F
 DV-R   RV-R   75DV-R
 DV-S   RV-S   75DV-S

 
0.00 0.01 0.02 0.03

0

15

30

45

60

75

90

D
is

pl
ac

em
en

t(m
m

)

t/s

 DV-F   RV-F   75DV-F
 DV-R   RV-R   75DV-R
 DV-S   RV-S   75DV-S

 
(h)  (i)  (j)  

Figure 20. Mid-span displacement time history curve of the models. (a) 424-4/8/12 (b) H-424-4. (c) 
H-424-8. (d) H-424-12. (e) O-424-4. (f) O-424-8. (g) O-424-12. (h) V-424-4. (i) V-424-8. (j) V-424-12. 

3.5. Comparison of Impact Platform Value and Mid-Span Peak Displacement 
Figure 21 shows the influence of each parameter on the impact platform value and 

mid-span peak displacement of the model. As shown in the figure, the impact platform 
value is negatively correlated with the overall change trend of mid-span peak displace-
ment. Increasing the crack length will decrease the impact platform value and increase 
the mid-span peak displacement. Among the three impact surfaces, the rear impact has 
the greatest influence on the impact platform value and mid-span peak displacement of 
the model, while the front impact has the least influence on the impact platform value 
and mid-span peak displacement of the model. The influence of crack length and impact 
surface on the model decreases with the increase of crack angle. Overall, the impact sur-
face has the greatest influence on the impact platform value and mid-span peak dis-
placement of the model, while increasing the crack angle can effectively reduce the in-
fluence of the impact surface. 
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Figure 21. Comparison of impact platform value and mid-span peak displacement of the model. (a) 
H-424-4. (b) O-424-4. (c) V-424-4. (d) H-424-8. (e) O-424-8. (f) V-424-8. (g) H-424-12. (h) O-424-12. (i) 
V-424-12. 
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3.6. Energy Absorption Ratio of the Model

The energy loss caused by friction during impact is ignored in this paper. The total
gravitational potential energy of the free-falling motion of the drop hammer is used as
the impact energy of the whole system, i.e., Ei = mgH. The total impact energy of the drop
hammer in the first impact process will be divided into three parts, namely the energy
absorbed by the local denting and buckling, the energy absorbed by the overall bending
deformation and the remaining kinetic energy of the drop hammer. Local corrosion will
increase the overall bending and local buckling deformation of the model to a certain extent.
Since the amplitude of the local deformation of the model is smaller than that of the whole
bending deformation, most of the energy may be absorbed mainly by the whole bending
deformation of the model [23].

The impact force mid-span displacement curve is obtained by combining the impact
force and mid-span displacement time history curves of the model, thus quantifying the
energy absorbed by the whole bending deformation of the model. A typical impact force
mid-span displacement curve is shown in Figure 22. The energy value Eg absorbed by
the whole bending deformation of each model can be obtained by mathematically integral
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calculation of the area enveloped by the impact force mid-span displacement curve of each
model. Thus, the energy absorption ratio (EAR) of the whole deformation can be obtained,
i.e., EAR = Eg/Ei. As shown in Figure 23a, the EAR of the crack-free model increased by
7.2% and 11% as impact height increased to 8 m and 12 m, respectively. Figure 23b–d show
the influence of impact surface, crack length and crack angle on the EAR of the model.
Overall, the EAR of the model is generally inversely proportional to the increase in crack
angle and directly proportional to the increase in crack length. The front impact will reduce
the EAR of the model, while the side and rear impacts will generally increase the EAR of
the model. The energy absorption ratio of the rear impact model is the highest among the
three impact surfaces. This indicates that the model is more favorable to absorbing impact
energy when subjected to rear impact under local corrosion.
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3.7. The Evaluation of Dynamic Flexural Strength

For the convenience of the analysis, the concept of increasing coefficient Rd of dynamic
flexural strength of the model is defined as shown in Equation (25). According to the
literature [1], the static ultimate bending moment Msu of CFST under bending failure is
shown in Equation (26).

Rd =
Md
Msu

(25)

Msu = γm ·Wscm · fscy (26)

in which

Md =
Ep · L

4U
(27)

γm = 1.04 + 0.48 ln(ξ + 0.1) (28)

ξ =
As · fy

Ac · fck
(29)

Wscm = B3/6 (30)

fscy = (1.18 + 0.85ξ) fc (31)

where Md is the simplified rigid-plasticity theory formula, which is the dynamic plastic
moment of CFST under impact loading [8]; L is the effective length of the model; Ep and
U are the plastic strain energy and mid-span final deflection obtained by FEA; Msu is the
flexural strength value of the model under static loading; γm is the calculation coefficient
of flexural strength; ξ is the degree of the confinement on the concrete fill provided by the
steel tube; As and Ac are the cross-sectional areas of the steel tube and core concrete; f y is
the yield strength of steel; f ck is the standard value of concrete compressive strength; Wscm
is the modulus of flexural resistance of the model section; B is the cross-section side length
of the model; f scy is the index of axial compression strength bearing capacity of the model.

Figure 24a shows that the Rd of the crack-free model decreases with the increase
of impact energy. It shows that the increase of flexural strength of the model decreases
gradually. This is because when the impact height increases to 8 m and 12 m, the plastic
strain energy Ep of the model increases only by 6% and 29.3%, while the mid-span final
deflection increases by 99.1% and 264.8%, respectively. It can be seen that the mid-span
final deflection values of the model basically increase exponentially. The relative value of
the strength increase of the model is decreased due to the small difference of the strength
increase caused by the strain rate effect of the material. Figure 24b–d show the influence of
crack length and crack angle on Rd under different impact surfaces. Overall, the Rd value
of the model can be reduced by decreasing the crack angle and increasing the crack length.
With the increase of impact height, the overall variation amplitude of the rear impact model
is more obvious than that of the front and side impact models. The Rd value of the side
impact model is basically higher than that of the front and rear impact models when the
impact height is 4 m. In addition, the maximum reduction in Rd value for the front impact
model is 8% when the impact height is 12 m, while the maximum reduction in Rd value
for the rear and side impact models is 62.2% and 38.5%, respectively. The results show
that the decrease in crack length and the increase in crack angle are proportional to the
increase of Rd. Under the same crack angle and crack length, the Rd reduction amplitude
of the rear impact model is more obvious than that of the front impact and side impact
models. The impact resistance of side impact models is better than that of front and rear
impact models when impact energy is small. When the impact energy is large, the impact
resistance of the front impact model is better than that of rear and side impact models.
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4. Practical Design Method for Dynamic Flexural Strength

Both the local corrosion type and the impact direction will affect the impact resistance
of CFST. An important index to predict the impact resistance of CFST is the dynamic
flexural strength improvement coefficient Rd under impact loading. In this paper, based
on the parametric analysis results, the key factors affecting the improvement coefficient of
dynamic flexural strength are selected, including crack length (lc), crack angle (θ), impact
surface (F, R and S) and impact energy (Ei). The practical design method (32–33) for the
improvement coefficient Rd of the dynamic flexural strength of the concrete-filled square
steel tube model section is obtained by regression analysis.

Rd = 3.76682 · f (n) · f (Ei) · f (β) θ = [0o, 90o) (32)

in which
f (n) = −0.84476 + 2.26886n− 0.97719n2

f (Ei) = 3.97012− 0.12813Ei + 1.28× 10−3Ei
2

f (β) = 1.72369 + 0.69479β− 1.19763β2

Rd = 2.05226 · f (lc) · f (Ei) · f (β) θ = 90o (33)

in which
f (lc) = 3.8859 + 0.03977lc − 1.58754× 10−4lc2

f (Ei) = 1.14824− 0.03763Ei + 3.8461× 10−4Ei
2

f (β) = 0.73013 + 0.06594β− 0.04551β2

where n is the ratio of the cross-sectional area of the steel tube before and after local
corrosion. The area after corrosion is the horizontal projection area and calculated according
to n = (A− t · lc · cos θ)/A; A is the cross-sectional area of the steel tube; t is the wall
thickness of the steel tube; β is the impact orientation factor, which is the angle formed by
the impact direction of the drop hammer and the normal direction of the corrosion surface.
The angle range 0–180◦ is normalized by taking β = 0 for front impact, β = 0.5 for side
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impact and β = 1 for rear impact. The specific application range of each parameter in the
formula is shown in Table 7.

Table 7. Application scope of the practical formula of Rd.

lc/mm θ/(o) β Ei/kJ

90~180 0~90◦ 0, 0.5, 1 16.6~49.9

Figure 25a,b shows the comparison results of the improvement coefficient Rd of
dynamic flexural strength by finite element simulation and proposed design method.
The relative error between them is less than 10% basically, which shows that the calculation
results of the proposed design method are in good agreement with the finite element
simulation results. The proposed design method could be used to predict the dynamic
plastic moment of CFST with local defects under impact loading.
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5. Conclusions

In this paper, the impact resistance of locally corroded HSCFST members simulated
by local notch cracks is numerically simulated. The influence of crack length, crack angle,
impact surface and impact energy on the impact resistance of members is considered.
The prediction method of impact resistance of HSCFST under the local corrosion is pro-
posed. Some conclusions could be drawn as follows:

(1) The change in crack angle and crack length under the local corrosion will affect
the amplitude and range of the local drum curvature. A model with horizontal cracks
will show the phenomenon of crack closure when subjected to the front impact. The side
impact will cause the horizontal crack to take on a “triangular” shape and will also cause
the tensile failure of the steel tube at the bottom of the crack.
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(2) The front impact and vertical cracks have little influence on the impact platform
values of the model under local corrosion. Increasing the crack length and impact energy
will reduce the impact platform value of the model. Among the three impact surfaces,
the rear impact has the greatest influence on the impact platform value and impact duration
of the model.

(3) The energy absorption ratio of the model under local corrosion is inversely pro-
portional to the increase of crack angle and proportional to the increase of crack length in
general. The side and rear impacts will promote the absorption of impact energy by the
model and the energy absorption ratio of both is basically above 90%.

(4) The Rd of the model is generally proportional to the increase in crack angle and
inversely proportional to the increase in crack length. The impact resistance of the side
impact model is better than that of the front and rear impact models when the impact
energy is small. The impact resistance of the front impact model is better than that of the
side and rear impact models when the impact energy is larger.

(5) Based on the parametric analysis results, a practical design method for the im-
provement coefficient of dynamic flexural strength Rd of the HSCFST model under local
corrosion under lateral impact is proposed and validated against the simulation results.
The proposed design method could be used to predict the dynamic plastic moment of
HSCFST with local defects under impact loading.
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Abstract: The paper aims to investigate the accuracies of idealization methods of the well-known
shear-building models. Five idealization methods are adopted to idealize the structural story capacity
curve within the range from zero to the deformation corresponding to the peak shear point. After
the peak shear point, a skew branch followed by a constant branch are used to approximate the
capacity curve. The five idealization methods are verified by using four reinforcement concrete (RC)
frames with 3, 8, 12, and 18 stories. Results reveal that all the five idealization methods may cause
remarkable errors in prediction of the period, displacements and accelerations of the actual buildings.
The errors of the structural period by the five idealization methods are almost above 10–40%. The
errors of the structural displacements and accelerations by the five idealization methods are almost
above 30–90%. For all the five idealization methods, the prediction accuracy on displacement and
acceleration will be dramatically increased if the comparison is only focused on the maximum value
within all story rather than the maximum values of each story. The initial stiffness method provides
the best predictions on periods of the actual buildings. The farthest point method provides better
prediction than the other four idealization methods.

Keywords: shear-building model; idealization method; period of vibration; earthquake response;
accuracy

1. Introduction

Currently, considering the wide availability of powerful computational tools and
software, it is possible to use more complex models (e.g., the beam-column element models
or solid element models) to perform analyses for obtaining the structural seismic responses.
However, if providing structural responses only at the “story” level is the target, the
use of simplified modeling assumptions such as the shear-building concept is necessary
and convenience in these cases. Shear-building models are widely used to study the
seismic response of multi-story buildings because of their simplicity and low computa-
tional cost [1]; especially, it facilitates performing comprehensive statistical analyses and
parametric studies. Alongside the seismic response analyses on ordinary multi-story build-
ings, the idealizations of actual buildings to the shear-building model have been used
in many research aspects, e.g., soil-structure-interaction analysis [2–4], pounding analy-
sis [5], health monitoring and system identification [6–10], damper placements [11], isolated
buildings [12,13], structural optimum design [14–17], pushover analysis [18,19], and city
earthquake response analysis [20–23], etc. This type of model is also the basis of methods
or regulations in some seismic design codes, e.g., the derivation of the vertical distribution
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of seismic forces for low and middle-height buildings [24–26], design requirements for
nonbuilding structures [24], calculation models of isolated buildings [25], modification
factors in nonlinear static procedure [27], etc.

The problems are as follows. (1) When the seismic response analysis is performed,
how accurate are the results obtained by using shear-building models? Additionally, (2) if a
structure is designed according to the regulations derived based on shear-building models,
how does the capacity curve of the actual building need to be. The above problems are
relevant to the idealization method of the shear-building model and its accuracy, which
are the objective of this study. The main objective of this research is to investigate the
accuracies of five different idealization methods and provide some advice on selection of
proper idealization method for the shear-building model in dynamic time analysis.

2. Review of Idealization Methods of Shear-Building Models

In shear-building models, floor slabs are modeled as lumped masses and columns are
modeled as elastic–plastic springs that only exhibit deformations in horizontal direction
when subjected to lateral forces. The story lumped mass at the floor slab is set as the sum
of masses between half-upper and half-lower of the story. The four-branch backbone curve
shown in Figure 1 is adopted in this study to provide a representation of the non-linear
behavior of the elastic–plastic springs. The story backbone curve, which has four key
parameters including elastic stiffness Ke, post-yielding stiffness ratio α1, degrading stiffness
α2, and residual shear Vr. In other words, the key points (Dy, Vy), (Dp, Vp), and (Dr, Vr) in
the idealized curve need to be determined from the story capacity curve.
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Figure 1. Shear-building model used to derive the design procedure. 
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Figure 1. Shear-building model used to derive the design procedure.

Five idealization methods are verified in this study from previous studies. Table 1
shows the five idealization methods, and they are used to determine the elastic stiffness Ke
and post-yielding stiffness ratio α1 based on the story capacity curves. The point (Dp, Vp)
in the idealized curve is defined as the point with maximum shear in the capacity curve in
this study. In the references [18,27–32], some regulations are flexible to a practical analyst.
In this study, what “has leveled off” (see Table 1) in the ATC-40 method means that the
range starts from the point where tangent stiffness reduces to 20% of the initial stiffness and
ends at the point (Dp, Vp), then the initial tangent stiffness is calculated using the average
of three stiffness values adopted (0, 0) and the first, second, and third points in the capacity
curve. Figure 2a–e provide the schematic diagram of these five methods.
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Table 1. Idealization methods to determine the story backbone curve before the maximum shear point.

No. Reference Description of Idealization before Point (Dp, Vp)

1 ATC-40 [33]

1. α1Ke is determined to represent an average stiffness in the range in which the structural
strength has leveled off;
2. Ke is determined by constructing a secant line passing through the point on capacity
curve corresponding to a shear of 0.6Vy. Vy is the intersection of the Ke and α1Ke lines;
3. The determination of Vy needs iteration to check the point where the Ke line crosses the
capacity curve if it is equal to 0.6Vy.

2
FEMA 356 [28]
FEMA 440 [29]

ASCE 41-13 [27]

This is the same as the ATC-40 method but the α1Ke is not pre-determined. Ke and α1Ke
are defined based on the equal-area principle from 0 to the Dp. Iteration is needed in
this procedure.

3 Park [30]
(0.75Vp method)

1. α1Ke is a leveled line passing the point (Dp, Vp);
2. Ke is a line passing the point on the capacity curve corresponding to a shear of 0.75Vp.

4 Feng et al. [31]
(farthest point method)

1. A line is drawn from 0 to the point (Dp, Vp), then the point that has the maximum
perpendicular distance from the capacity curve to this line is found. The point is set as
(Dy, Vy);
2. Ke and α1Ke can be determined by point (Dy, Vy).

5 Chopra and Goel [18]
(initial stiffness method)

1. Ke is set as the initial tangent stiffness.
2. α1Ke is determined by equal-area method from 0 to the point (Dp, Vp).
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Figure 2. Schematic diagram of five methods for idealizing the story capacity curves. (a) ATC-40; 
(b) FEMA 356 (also FEMA 440, ASCE 41-13); (c) 0.75Vy; (d) farthest point; (e) initial stiffness; (f) 
negative-stiffness region–Case 1; (g) negative-stiffness region–Case 2. 

Figure 2. Schematic diagram of five methods for idealizing the story capacity curves. (a) ATC-
40; (b) FEMA 356 (also FEMA 440, ASCE 41-13); (c) 0.75Vy; (d) farthest point; (e) initial stiffness;
(f) negative-stiffness region–Case 1; (g) negative-stiffness region–Case 2.
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For the idealization of the story capacity curve after point (Dp, Vp), only ASCE 41-
13 [27] and FEMA 440 [29] provide regulations. This segment is determined by the point
(Dp, Vp) and the point at which the shear declines to 60% of the Vy. Actually, the above
idealization method has some inconveniences in practical idealized processes because the
unstable numerical analysis results are commonly obtained in the prediction of the story
capacity curve in the negative-stiffness region, e.g., (1) the results in this segment may not
be accurate because the calculation is in the negative stiffness region; and (2) the data may
be lost and not reach to the point with shear declines to 60% of the Vy. Figure 2f,g provide
a schematic diagram for idealization of the capacity curve after point (Dp, Vp). In this study,
the following method is advised to idealize the curve: α2Ke is a line passing the point (Dp,
Vp) and crossing a vertical line with horizontal coordinate 2Dp. α2Ke is determined by
having equal areas within the range of Dp–2Dp; if the data are not enough, the last point
of the story capacity curve is used to determine α2Ke, in which the equal-area principle is
satisfied within Dp and the last point of the story capacity curve. Then, the segment will
extend to the vertical line with horizontal coordinate 2Dp. In this way, the point (Dr, Vr)
is determined.

Figure 3 shows a flowchart of the paper in the following sections. Firstly buildings
and ground motions used in this paper are selected in Section 3. In Section 4, the selected
buildings are idealized to different shear-building models according to the five idealization
methods, and the shear-building models are excited by ground motions. Then the structural
responses (periods, displacements and accelerations) are compared to investigate the
accuracy of different idealization methods. Finally, the conclusions are obtained and
suggestions are provided to select proper idealization method for the buildings in dynamic
time analysis.
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3. Buildings, Selected Ground Motions and Modelling

Four RC frames with 3, 8, 12, and 18 stories are shown in Figure 4 (design information
is in reference [32]). The architectural elevation of four buildings are similar. For each
building, the height of the first story and the standard floor are 4.2 m and 3.3 m, respectively.
In total, the height of 3-, 8-, 12-, 18-story buildings are 10.8 m, 27.3 m, 40.5 m, 60.3 m. The
design earthquake intensities for the frames are PGA = 0.15 g (seismic hazard corresponds
to 10% exceedance probability in 50 years at the building site). The site type is II and group
is I in Chinese seismic design code [25]. A total of 80 ground motion records recommended
in reference [32] are used in the analyses. The acceleration spectra of ground motions
are shown in Figure 5. The ground motion records are selected from strong earthquakes,
whose source magnitudes are mainly ranges from 5.0 to 8.0. The records from such strong
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earthquakes usually cause severe building damage. Three input ground motion intensities
are considered with PGA = 0.056 g, 0.316 g, and 0.45 g (corresponds to frequent, rare and
very rare earthquake intensities with 63% and 2~3% exceedance probabilities in 50 years,
and 10−4 exceedance probability per year, respectively).
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The well-known Idarc program [34] is used in the modelling of the frames to obtain
the story capacity curves and structural responses in the later sections with the beam-
column model. Idarc has been widely used by many researchers in inelastic structural
damage analysis [35–37]. The OpenSees program is used to build the idealized shear-
building models and obtain the structural responses. The “Hysteretic material” model in
the OpenSees program [38] is used, in which the backbone curve parameters are determined
with the methods in Table 1 and hysteretic rule parameters use the default values. The
residual capacity point is set as (2Dp, 60%Vy). The damping ratio used in the analyses
is 0.05.

4. Results

The actual story capacity curves should be obtained first, then the idealization methods
are used to derive the shear-building models. The actual story capacity curves of structure
can be obtained by two methods: (1) incremental dynamic analysis (IDA) method, through
which the story capacity curves can be obtained by increasing the PGA of ground motion
records as input to the structures, the maximum story shear and maximum story ratio
are obtained during the time history analysis, thus producing story shear force versus
inter-story drift ratio (IDR) curves; and (2) the pushover method, through which the story
shear versus IDR curves can be obtained by monotonically increasing the lateral loads
along the structural height until the prescribed displacement is reached.
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Figure 6 shows the story capacity curves of the 3-, 8-, 12-, and 18-story frames by using
IDA method. Every line in Figure 6 represents the capacity curve of each story of the frames.
In order to compare the story capacity curves obtained by IDA and pushover methods.
The actual story capacity curves of the 12-story frame obtained by the two methods are
presented in Figure 7, using the 12-story frame as an example. The inverted triangular
lateral load distribution is adopted in the pushover method.
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Figure 7. Comparison of actual story capacity curves by IDA and pushover methods (using a 12-story
frame as an example).

As can be seen in Figure 7, the whole story capacity curves can be obtained using the
IDA method. However, for the pushover method, the whole story capacity curves can be
obtained in the low and middle stories (1st, 4th, and 8th stories), while the whole story
capacity curve cannot be obtained in the upper story (12th story). The capacity curve of
the 12th story does not increase with the increase of top displacement. This is because the
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damages mainly occur in the low or middle stories, the upper stories experience elastic
unloading even when the top displacement is getting bigger. It means the capacity curve
of the upper stories cannot reach the inelastic stage in the pushover procedure. A similar
phenomenon can be also observed in the 3-, 8-, and 18-story frame structures. A similar
observation was also obtained in the authors’ previous study, regardless of the lateral load
patterns used in pushover analysis, e.g., the uniform pattern, linear pattern, parabolic
pattern, and modal adaptive pattern [39].

Note again that the pushover is a simplified method and lacks a rigorous theoretical
foundation, the predefined lateral load distributed along the building height is different
from the real situation in the earthquake, and this causes the result that some stories may
experience an unloading phenomenon when the structure is severely damaged in the
other stories. The whole story capacity curve cannot be obtained due to the unloading
phenomenon for some stories in the pushover method. The existing non-seismically de-
signed buildings are usually poorly detailed (i.e., the use of plain steel bars, the use of
concrete with low compression strength, the short length of column lap splices, the inade-
quate anchorage of reinforcement, and the poorly confined beam-column joint regions),
which substantially increase number of parameters related to structural weaknesses, and
decisively affect the seismic response and structural integrity. The implementation of the
pushover method in the case of existing non-seismically designed buildings is even more
inaccurate. Compared with the pushover method, the dynamic analysis is regarded as a
more accurate method [37,40–42]. Thus, the IDA method is adopted to obtain the story
capacity curves in this study because it can get the whole story capacity curves of all stories.

In this section, the accuracies of the shear-building models by different idealization
methods will be investigated. The structural dynamic property (period) and responses
(displacement, i.e., the story drift ratio, and acceleration) calculated by the beam-column
model in Idarc program and shear-building models using different idealization methods
are compared. It is reasonable to assume that the results calculated by the beam-column
model in Idarc program are more accurate. Thus, based on the results calculated by the
beam-column model in the Idarc program, the accuracy and applicability of different
idealization methods are discussed.

4.1. Comparison of Structural Period

The actual story capacity curves of the frames are obtained by the IDA method. Then
the five idealization methods are adopted to provide idealization of the actual capacity
curves, as shown in Figure 8. The 0.75Vp method greatly overestimates the yield point
compared with the IDA curve. The 0.75Vp and farthest point methods underestimate the
elastic stiffness.

The errors of the structural periods obtained by shear-building models using the five
idealization methods are discussed. The error index used in the study is presented as

Error = (Tsm − TIdarc)/TIdarc (1)

where TIdarc is the structural period obtained by beam-column model, and Tsm is the
structural period obtained by shear-building models using different idealization methods.

Table 2 shows the error of the structural periods. For the 12-story frame, the period
calculated using the 0.75Vp and farthest point methods overestimate the period due to
the underestimation of the elastic stiffness, which can be seen in Figure 6. For the 0.75Vp
method, the errors of the first and second periods are 35.39% and 34.43%, respectively. For
the farthest point method, the errors of the first and second periods are 35.39% and 42.62%,
respectively. The errors of the first and second periods from the ATC-40, FEMA 356 and
initial stiffness methods are all below 10%.
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Figure 8. Idealization of the actual story capacity curves (using 12-story frame as an example). 
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Table 2. Errors of first and second periods calculated by using different models.

Frame 3-Story 8-Story 12-Story 18-Story Average
Error

Methods T1 T2 T1 T2 T1 T2 T1 T2

Idarc 0.54 0.16 1.19 0.38 1.78 0.61 2.73 0.93

ATC-40 0.61
(12.96%)

0.23
(43.75%)

1.22
(2.52%)

0.42
(10.53%)

1.78
(0.00%)

0.65
(6.56%)

2.63
(−3.66%)

0.96
(3.23%) (9.45%)

FEMA
356

0.61
(12.96%)

0.23
(43.75%)

1.21
(1.68%)

0.42
(10.53%)

1.79
(0.56%)

0.66
(8.20%)

2.68
(−1.83%)

0.98
(5.38%) (10.15%)

0.75Vp
0.76

(40.74%)
0.28

(75.00%)
1.55

(30.25%)
0.54

(42.11%)
2.41

(35.39%)
0.82

(34.43%)
3.72

(36.26%)
1.23

(32.26%) (40.81%)

Farthest
point

method

0.83
(53.70%)

0.32
(100.00%)

1.53
(28.57%)

0.55
(44.74%)

2.41
(35.39%)

0.87
(42.62%)

3.33
(21.98%)

1.21
(30.11%) (44.64%)

Initial
stiffness
method

0.61
(12.96%)

0.21
(31.25%)

1.16
(−2.52%)

0.40
(5.26%)

1.77
(−0.56%)

0.66
(8.20%)

2.73
(0.73%)

0.93
(10.75%) (8.26%)

Note: The numbers in the brackets are the error of periods.

Similar conclusions can be also observed in the 3-, 8-, and 18-story frames. The average
errors of the 0.75Vp and farthest point method are 40.81% and 44.64%, respectively. The
average errors of the ATC-40, FEMA 356 and initial stiffness methods are no more than
10.12%. In general, the 0.75Vp and farthest point method greatly overestimated the period,
the average error of period of these two methods are more than 40%. The errors of the
other three methods (the ATC-40, FEMA 356 and initial stiffness methods) are no more
than 10.15%, which are in an acceptable range in engineering. The initial stiffness method
provides the best prediction on periods of the actual buildings.
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4.2. Comparison of Structural Responses

The structural responses are average values of the results obtained by the 80 ground
motion records used in Section 3. The error index of structural response is presented as

Error = Abs(RESsm − RESIdarc)/RESIdarc (2)

where RESIdarc is the structural responses (inter-story drift ratio or accelerations) obtained
by beam-column model, and RESsm is the structural responses (inter-story drift ratio or
accelerations) obtained by shear-building models using different idealization methods.

Figure 9a–c show the inter-story drift ratios (IDRs) obtained by Idarc program and
the five shear-building models at different seismic intensities. Table 3 shows the error of
IDRs obtained from the shear-building models compared with beam-column model in
Idarc program. As shown in Table 3, the minimum error is 23.25%, and the maximum error
reaches 109.8%. The average errors of IDRs are all above 30%. Among the five different
idealization methods, the average errors of ATC-40 and initial stiffness methods are about
40%, while the average error of farthest point method reaches 64.14%.

Table 3. Errors of calculated inter-story drift ratios (average value of all the stories).

Error ATC-40 FEMA356 0.75Vp
Farthest

Point Initial

0.45 g

3-story 23.25% 23.43% 35.92% 42.55% 25.06%
8-story 40.82% 42.26% 41.95% 48.40% 48.51%
12-story 46.60% 43.34% 47.98% 39.26% 43.32%
18-story 61.44% 63.62% 54.96% 58.46% 56.87%

0.316 g

3-story 35.34% 26.70% 43.40% 46.26% 40.27%
8-story 26.70% 33.41% 29.03% 28.55% 32.84%
12-story 36.26% 34.11% 30.90% 30.69% 22.84%
18-story 53.67% 49.56% 56.43% 56.02% 51.29%

0.056 g

3-story 52.12% 50.98% 95.47% 136.81% 28.00%
8-story 26.73% 36.22% 62.00% 80.28% 34.55%
12-story 53.59% 68.32% 109.80% 109.08% 50.63%
18-story 52.06% 60.24% 94.44% 93.37% 58.47%

Average error 42.38% 44.35% 58.52% 64.14% 41.05%

Figure 9d shows the maximum IDRs of the structures obtained by different methods.
The “maximum” here denotes that it firstly averages the IDR results of 80 ground motions
of each story, and then the maximum value within all the stories is used. Table 4 shows the
error of maximum IDRs obtained from the shear-building models compared with beam-
column model. As can be seen form Table 4, the errors of the maximum IDRs are much
smaller compared with those errors in Table 3 (the reason is because the comparison only
focuses on the maximum values regardless of which story they occur in). The minimum
error is 3.16% in Table 4. The average error of the ATC-40 method is about 30%, which is
the most accurate among the five idealization methods.
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tions obtained from the five idealized methods compared with beam-column model. As 
shown in Figure 10, all the five idealization methods cause remarkable errors in prediction 
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Figure 9. Story drift ratios caculated by beam-column model and five shear-building models. (a)
PGA = 0.056 g; (b) PGA = 0.316 g; (c) PGA = 0.45 g; (d) PGA = 0.056 g, 0.316 g, and 0.45 g (maximum
within all stories).
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Table 4. Errors of calculated inter-story drift ratios (maximum value within all the stories).

Error ATC-40 FEMA356 0.75Vp
Farthest

Point Initial

0.45 g

3-story 18.52% 16.11% 2.92% 3.16% 24.68%
8-story 1.49% 12.71% 76.82% 60.41% 39.65%
12-story 13.76% 9.52% 65.82% 3.00% 5.83%
18-story 59.84% 63.13% 33.81% 14.93% 61.11%

0.316 g

3-story 26.68% 19.66% 1.19% 8.35% 11.23%
8-story 3.22% 26.13% 12.51% 2.46% 20.46%
12-story 21.98% 17.07% 49.51% 1.85% 5.38%
18-story 39.76% 53.48% 79.58% 90.40% 42.13%

0.056 g

3-story 30.84% 31.59% 74.28% 100.43% 23.42%
8-story 13.61% 18.80% 35.22% 41.03% 12.60%
12-story 48.65% 64.02% 106.57% 95.67% 46.56%
18-story 72.74% 82.50% 92.04% 112.71% 85.10%

Average error 29.26% 34.56% 52.52% 44.53% 31.51%

Figure 10 shows the accelerations obtained by beam-column model and the five ideal-
ized methods at different seismic intensities. Tables 5 and 6 show the error of accelerations
obtained from the five idealized methods compared with beam-column model. As shown
in Figure 10, all the five idealization methods cause remarkable errors in prediction of
the accelerations compared with those of the beam-column model. The accuracy of the
farthest point method is relatively more accurate than the other four methods. Comparing
Tables 3 and 4, the errors of the acceleration estimation are higher than those of the IDRs.

Table 5. Errors of calculated story accelerations (average value of all the stories).

Error ATC-40 FEMA356 0.75Vp
Farthest

Point Initial

0.45 g

3-story 43.93% 43.92% 47.86% 42.84% 39.95%
8-story 72.65% 86.11% 91.02% 75.89% 93.60%
12-story 96.72% 99.07% 109.65% 96.45% 100.26%
18-story 147.50% 151.84% 159.08% 142.03% 151.72%

0.316 g

3-story 31.61% 36.37% 33.43% 33.43% 31.96%
8-story 65.60% 74.58% 86.95% 75.88% 82.80%
12-story 99.81% 116.21% 110.90% 95.01% 97.55%
18-story 129.70% 134.95% 147.31% 131.70% 130.05%

0.056 g

3-story 22.34% 19.97% 14.93% 18.02% 17.81%
8-story 60.03% 76.53% 56.31% 65.42% 90.12%
12-story 116.12% 106.28% 98.74% 96.42% 119.68%
18-story 145.84% 148.44% 120.21% 116.45% 150.51%

Average error 85.99% 91.19% 89.70% 82.46% 92.17%
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Figure 10. Story accelerations caculated by beam-column model and five shear-building models. (a)
PGA = 0.056 g; (b) PGA = 0.316 g; (c) PGA = 0.45 g; (d) PGA = 0.056 g, 0.316 g, and 0.45 g (maximum
within all stories).
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Table 6. Errors of calculated story accelerations (maximum value within all the stories).

Error ATC-40 FEMA356 0.75Vp
Farthest

Point Initial

0.45 g

3-story 17.25% 16.56% 23.41% 18.50% 15.77%
8-story 57.37% 50.42% 70.05% 41.54% 69.66%
12-story 71.87% 75.81% 84.08% 74.81% 74.67%
18-story 63.77% 67.55% 78.99% 65.51% 66.09%

0.316 g

3-story 6.92% 10.89% 7.15% 7.15% 7.11%
8-story 46.88% 60.71% 61.15% 44.76% 49.66%
12-story 80.16% 97.10% 96.01% 78.94% 100.37%
18-story 76.77% 89.90% 79.55% 72.03% 84.13%

0.056 g

3-story 11.62% 9.10% 0.63% 2.80% 5.90%
8-story 45.25% 76.42% 54.76% 58.30% 85.31%
12-story 107.53% 84.77% 75.12% 81.40% 109.88%
18-story 130.86% 139.90% 141.15% 133.85% 145.86%

Average error 59.69% 64.93% 64.34% 56.63% 67.87%

5. Conclusions and Discussion

The study focuses on the accuracies of idealization methods of shear-building models.
Five idealization methods are adopted to provide idealization of the actual story capacity
curve. The main conclusions and discussions are summarized as follows:

(1) The story shear versus displacement curves need to be obtained first to idealize the
shear-building model. The story shear versus displacement curves can be obtained by
the pushover method. However, in some cases, not all story shear versus displace-
ment curves can be obtained by the pushover method. This is caused by the elastic
unloading phenomenon even when the top displacement is getting bigger in some
stories of the structures. When the top displacement is monotonically increased in
the pushover method, the damages usually mainly occur in some weak stories, while
the other stories are still in the elastic stage, and will experience elastic unloading
even if the top displacement is getting bigger. The story shear versus displacement
curves can be obtained by using IDA method, which can avoid the limitation of the
pushover method;

(2) The farthest point method and the 0.75Vp method greatly overestimated the period.
The errors of periods by these two methods are more than 40%. The overestimation of
the periods is due to the underestimation of the elastic stiffness in these two methods.
The errors of the other three methods are in an acceptable range in engineering. The
initial stiffness method provides the best prediction on periods of the actual buildings;

(3) For the structural responses, all the five methods provide better prediction on the
maximum IDRs (or accelerations), i.e., without considering the maximum values
occur at which story. For the structural maximum IDRs, the average errors of the
ATC-40 and initial stiffness method are about 30%, which are smaller than the other
three idealization methods. For the structural maximum accelerations, the average
errors of all the methods are above 55%, and the farthest point method provides better
prediction than the other four idealization methods;

(4) For the five idealization methods of shear-building models, which have different
backbone curves but same hysteretic rule, the differences in the structural response
prediction can be within about 20%. However, the differences between the results
obtained by beam-column model and the shear-building models are much larger.
This implies the hysteretic rule and negative-stiffness region in the backbone curve
may also have obvious influence on the prediction results, because in this study the
backbone curve before the negative-stiffness region is simplified based on the actual
story capacity curve, whereas the hysteretic rule and negative-stiffness region are
assumed in the calculation. Note that in practical analyses, the negative-stiffness
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region is also usually assumed due to the story capacity curve in this region may lack
of data or not be accurate.

Recent years, the city or regional earthquake response analysis are hot topics which
need huge computational workload. It is impractical to adopt the beam-column models in
dynamic time analysis in the city or regional earthquake response analysis. The modeling
requires idealized shear-building models for building, because it is a feasible way to
balance the accuracy and computational workload. Note that rational use of idealized
shear-building models in such analyses is needed. The reason is that, in these studies, the
analytical formulas in seismic design code and overstrength factors are usually used to
determine the backbone curve before the negative-stiffness region, the backbone curve
after the negative-stiffness region, and the hysteretic rule are all assumed. Therefore, the
accuracy even may be lower than result of the present study because both the analytical
formulas overstrength factors have errors to the actual structural story capacity. The other
issue is many optimum seismic design methods are derived based on idealized shear-
building models. Those methods are promising, but it is very important to guarantee that
the designed structure has similar story behaviour (backbone curve and hysteretic rule) to
the idealized shear-building model.

The main conclusions of this paper are obtained by analysis of the RC frames, and only
periods, displacement and acceleration responses are selected to investigate the accuracy
of the idealization methods. Whether the conclusions are applicable to other structural
response parameters (i.e., energy dissipation and damage index) need to be investigated in
future research.

Author Contributions: Conceptualization, S.L. and Z.Z.; methodology, S.L. and Z.Z.; software, Z.Z.
and Y.H.; validation, Z.Z. and Y.H.; formal analysis, Z.Z. and Y.H.; investigation, Z.Z.; writing—
original draft preparation, Z.Z., Y.H. and S.L.; writing—review and editing, Z.Z., Y.H. and S.L. All
authors have read and agreed to the published version of the manuscript.

Funding: Institute of Engineering Mechanics, China Earthquake Administration: 2017B17; Na-
tional Natural Science Foundation of China: U1939210, 41861134010; Natural Science Foundation of
Heilongjiang: YQ2019E021, LH2019E097.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ganjavi, B.; Hajirasouliha, I.; Bolourchi, A. Optimum lateral load distribution for seismic design of nonlinear shear-buildings

considering soil-structure interaction. Soil Dyn. Earthq. Eng. 2016, 88, 356–368. [CrossRef]
2. Abtahi, S.; Mahsuli, M.; Ghannad, M.A. Probabilistic evaluation of soil-structure interaction effects on strength demands of shear

buildings. J. Struct. Eng. 2020, 146, 04019166. [CrossRef]
3. Tian, Y.; Sun, C.; Lu, X.; Huang, Y. Quantitative analysis of site-city interaction effects on regional seismic damage of buildings. J.

Earthq. Eng. 2020, 1–21. [CrossRef]
4. Asadi-Ghoozhdi, H.; Attarnejad, R. The effect of nonlinear soil-structure interaction on the ductility and strength demands of

vertically irregular structures. Int. J. Civ. Eng. 2020, 18, 1209–1228. [CrossRef]
5. Naserkhaki, S.; Aziz, F.N.A.; Pourmohammad, H. Parametric study on earthquake induced pounding between adjacent buildings.

Struct. Eng. Mech. 2012, 43, 503–526. [CrossRef]
6. Hoskere, V.; Park, J.-W.; Yoon, H.; Spencer, B.F., Jr. Vision-based modal survey of civil infrastructure using unmanned aerial

vehicles. J. Struct. Eng. 2019, 145, 04019062. [CrossRef]
7. Ikeda, A.; Fujita, K.; Takewaki, I. Takewaki, Story-wise system identification of actual shear building using ambient vibration

data and ARX model. Earthq. Struct. 2014, 7, 1093–1118. [CrossRef]
8. Valdez, J.M.; Alvarez-Icaza, L.; Sanchez-Sesma, F.J. Shear building stiffness estimation by wave traveling time analysis. Struct.

Control Health Monit. 2018, 25, e2045. [CrossRef]
9. Yang, J.-H.; Lam, H.-F. An efficient adaptive sequential Monte Carlo method for Bayesian model updating and damage detection.

Struct. Control Health Monit. 2018, 25, e2260. [CrossRef]
10. Yuen, K.-V.; Huang, K. Real-time substructural identification by boundary force modeling. Struct. Control Health Monit. 2018,

25, e2151. [CrossRef]

40



Buildings 2022, 12, 273

11. Rahbari, N.M.; Azar, B.F.; Talatahari, S.; Safari, H. Semi-active direct control method for seismic alleviation of structures using MR
dampers. Struct. Control Health Monit. 2013, 20, 1021–1042. [CrossRef]

12. Alhan, C.; Sürmeli, M. Shear building representations of seismically isolated buildings. Bull. Earthq. Eng. 2011, 9, 1643–1671.
[CrossRef]

13. Gu, X.; Yu, Y.; Li, Y.; Li, J.; Askari, M.; Samali, B. Experimental study of semi-active magnetorheological elastomer base isolation
system using optimal neuro fuzzy logic control. Mech. Syst. Signal Process. 2019, 119, 380–398. [CrossRef]

14. Fujita, K.; Takewaki, I. Sustainable building design under uncertain structural-parameter environment in seismic-prone countries.
Sustain. Cities Soc. 2011, 1, 142–151. [CrossRef]

15. Ganjavi, B.; Hao, H. Optimum lateral load pattern for seismic design of elastic shear-buildings incorporating soilstructure
interaction effects. Earthq. Eng. Struct. Dyn. 2013, 42, 913–933. [CrossRef]

16. Li, S.; Yu, B.; Gao, M.; Zhai, C. Optimum seismic design of multi-story buildings for increasing collapse resistant capacity. Soil
Dyn. Earthq. Eng. 2019, 116, 495–510. [CrossRef]

17. Lu, Y.; Hajirasouliha, I.; Marshall, A. Performance-based seismic design of flexible-base multi-storey buildings considering
soil-structure interaction. Eng. Struct. 2016, 108, 90–103. [CrossRef]

18. Chopra, A.K.; Goel, R.K. A modal pushover analysis procedure for estimating seismic demands for buildings. Earthq. Eng. Struct.
Dyn. 2002, 31, 561–582. [CrossRef]

19. Chopra, A.K.; Goel, R.K. Envelope-based pushover analysis procedure for the approximate seismic response analysis of buildings.
Earthq. Eng. Struct. Dyn. 2014, 43, 77–96. [CrossRef]

20. Xu, B.; Wu, Z.; Yokoyama, K.; Harada, T.; Chen, G. A soft post-earthquake damage identification methodology using vibration
time series. Smart Mater. Struct. 2005, 14, S116–S124. [CrossRef]

21. Xiong, C.; Lu, X.; Lin, X.; Xu, Z.; Ye, L. Parameter determination and damage assessment for tha-based regional seismic damage
prediction of multi-story buildings. J. Earthq. Eng. 2017, 21, 461–485. [CrossRef]

22. Xiong, C.; Lu, X.; Guan, H.; Xu, Z. A nonlinear computational model for regional seismic simulation of tall buildings. Bull. Earthq.
Eng. 2016, 14, 1047–1069. [CrossRef]

23. Lu, X.; Guan, H. Earthquake Disaster Simulation of Civil Infrastructures: From Tall Buildings to Urban Areas, 2nd ed.; Springer:
Singapore, 2021; ISBN 978-981-15-9531-8. [CrossRef]

24. Seismic Evaluation and Retrofit of Existing Buildings; ASCE/SEI 7-16; American Society of Civil Engineers: Reston, VA, USA, 2016.
25. Code for Seismic Design of Buildings; GB50010-2010; Ministry of Housing and Urban-Rural Development of P. R. China: Beijing,

China, 2010.
26. Design of Structures for Earthquake Resistance. Part 1: General Rules, Seismic Action and Rules for Buildings; Eurocode 8; European

Committee for Standardization: Brussels, Belgium, 2004.
27. Minimum Design Loads for Buildings and Other Structures; ASCE/SEI 41-13; American Society of Civil Engineers: Reston, VA,

USA, 2014.
28. Prestandard and Commentary for the Seismic Rehabilitation of Buildings; American Society of Civil Engineers: Reston, VA, USA, 2000.
29. Improvement of Nonlinear Static Seismic Analysis Procedures; FEMA 440; Applied Technology Council: Redwood City, CA, USA, 2005.
30. Park, K. State of the art report ductility evaluation from laboratory and analytical testing. In Proceedings of the Ninth World

Conference on Earthquake Engineering, Tokyo, Japan, 2–6 August 1988.
31. Feng, P.; Cheng, S.; Bai, Y.; Ye, L. Mechanical behavior of concrete-filled square steel tube with FRP-confined concrete core

subjected to axial compression. Compos. Struct. 2015, 123, 312–324. [CrossRef]
32. Sun, Y. Study on the Inelastic Displacement Estimation of Aseismatic Structures. Master’s Thesis, Harbin Institute of Technology,

Harbin, China, 2006.
33. Seismic Evaluation and Retrofit of Concrete Buildings; ATC-40; Applied Technology Council: Redwood City, CA, USA, 1996;

Volume 1.
34. Valles, R.E.; Reinhorn, A.M.; Kunnath, S.K.; Li, C.; Madan, A. Idarc 2D Version 4.0: A Program for the Inelastic Damage Analysis of

Buildings; Report No. NCEER-96-0010; National Center for Earthquake Engineering Research, State University of New York at
Buffalo: New York, NY, USA, 1996.

35. Katsanos, E.I.; Sextos, A.G. Inelastic spectra to predict period elongation of structures under earthquake loading. Earthq. Eng.
Struct. Dyn. 2015, 44, 1765–1782. [CrossRef]

36. Zhai, C.; Chang, Z.; Li, S.; Xie, L. Selection of the Most Unfavorable Real Ground Motions for Low- and Mid-rise RC Frame
Structures. J. Earthq. Eng. 2013, 17, 1233–1251. [CrossRef]

37. Li, S.; He, Y.; Wei, Y. Truncation method of ground motion records based on the equivalence of structural maximum displacement
responses. J. Earthq. Eng. 2021, 5, 1–22. [CrossRef]

38. Open System for Earthquake Engineering Simulation (OpenSees). 2016. Available online: https://opensees.berkeley.edu/wiki/
index.php/Command_Manual (accessed on 20 February 2022).

39. Zhai, C.; Li, S.; Sun, Y. Inelastic displacement ratio spectra for reinforced concrete regular frame structures. Eng. Mech. 2009, 9,
88–94. [CrossRef]

40. Krawinkler, H.; Seneviratna, G. Pros and cons of a pushover analysis of seismic performance evaluation. Eng. Struct. 1998, 20,
452–464. [CrossRef]

41



Buildings 2022, 12, 273

41. Li, S.; Zuo, Z.; Zhai, C.; Xie, L. Comparison of static pushover and dynamic analyses using RC building shaking table experiment.
Eng. Struct. 2017, 136, 430–440. [CrossRef]

42. Daei, A.; Poursha, M. On the accuracy of enhanced pushover procedures for seismic performance evaluation of code-conforming
RC moment-resisting frame buildings subjected to pulse-like and non-pulse-like excitations. Structures 2021, 32, 929–945.
[CrossRef]

42



Citation: Fu, Q.-L.; Tan, L.; Long, B.;

Kang, S.-B. Numerical Investigations

of Progressive Collapse Behaviour of

Multi-Storey Reinforced Concrete

Frames. Buildings 2023, 13, 533.

https://doi.org/10.3390/

buildings13020533

Academic Editors: Abdelhafid

Khelidj, Shan Gao, Jingxuan Wang,

Dewen Kong and Yong Liu

Received: 6 January 2023

Revised: 8 February 2023

Accepted: 13 February 2023

Published: 15 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Numerical Investigations of Progressive Collapse Behaviour of
Multi-Storey Reinforced Concrete Frames
Qiao-Ling Fu 1, Liang Tan 2, Bin Long 3,* and Shao-Bo Kang 3

1 Chongqing Water Resources and Electric Engineering College, Chongqing 402160, China
2 China Nerin Engineering Co., Ltd., Nanchang 330103, China
3 School of Civil Engineering, Chongqing University, Chongqing 400045, China
* Correspondence: longbin@cqu.edu.cn

Abstract: This paper presents numerical simulations of multi-storey reinforced concrete frames under
progressive collapse scenarios. Reinforced concrete frames with different storeys are modelled using
DIANA. The load resistance and failure mode of frames are obtained from the numerical simulation.
Variations in axial force and bending moment at the beam end are also determined and analysed to
shed light on the force transfer mechanism. Numerical results show that the single-storey frame can
develop compressive arch action at the initial loading stage and subsequent catenary action at large
deformations. However, in multi-storey frames, only the first-storey beam develops compressive arch
action and catenary action, whereas beams in other storeys show rather limited axial compression
force. Based on numerical results, a design method is proposed for multi-storey frames to resist
progressive collapse. Comparisons between numerical results and design methods suggest that
the design method can evaluate the progressive collapse resistance of multi-storey frames with
good accuracy.

Keywords: reinforced concrete frame; multiple storey; progressive collapse; numerical model;
design method

1. Introduction

Since the disastrous failure of the World Trade Center in 2001, progressive collapse
has become an important concern in the design of building structures. Different design
methods have been proposed and incorporated in relevant guidelines [1,2].

In recent years, different types of experimental tests have been conducted by re-
searchers from different countries [3–8], and the force transfer mechanism in beam–column
sub-assemblages has been identified as compressive arch action and catenary action in
beams with axial restraints. Numerical models were also developed for beam–column
connections subjected to progressive collapse [9,10]. Parameters affecting the progressive
collapse resistance of structures have been intensively investigated through experimental
tests and numerical simulations [11,12]. Strengthening techniques have also been devel-
oped to mitigate the risk of progressive collapse [13]. This experimental study mainly
focuses on the behaviour of beam–column sub-assemblages or single-storey frames. As for
multi-storey frames, limited data are available due to the difficulties in conducting relevant
tests and measuring resistance of different storeys [14–18]. Even though experimental tests
were also conducted on whole structures [19] and design methods have been developed
and incorporated in different codes [20], there is still a lack of quantitative methods for
direct calculation of load capacity of structures against progressive collapse.

This paper describes numerical modelling of progressive collapse behaviour of multi-
storey frames. In the numerical study, different frames are simulated using DIANA,
and the force transfer mechanism at different storeys of multi-storey frames is identified.
The contribution of each storey to total resistance of frames is also quantified using the
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numerical model, and finally, a design method is proposed based on the numerical results.
The method fills the research gap in design methods for progressive collapse of multi-storey
frames and can be directly used in the calculation of the load capacity under compressive
arch action.

2. Numerical Modelling of Reinforced Concrete Frames
2.1. Development of Numerical Model

In this study, reinforced concrete frames with one supporting column removed are
simplified as plane-stress models using DIANA [21], as shown in Figure 1. In the model,
the plane-stress element CQ16M is used to define concrete beams, columns and footing,
and the truss element is used for steel reinforcement. The stress–strain relationship of steel
reinforcement is defined as piece-wise linear, as shown in Figure 2. In the constitutive model,
hardening of reinforcement is considered, as it might affect the load capacity of reinforced
concrete frames when fracture of reinforcement occurs. The specific mechanical properties
of reinforcement are determined from tensile tests on reinforcement. As for concrete, the
tension-softening stress–strain model developed by Hordijk is used for concrete in tension,
and the compressive stress–strain model proposed by Maekawa is employed to model
the behaviour of concrete in compression, as shown in Figure 3. In the concrete model,
the confinement effect provided by stirrups in beams is not considered, as in general the
spacing of stirrups is large and the confinement effect is weak.
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2.2. Simulation of Bond

In addition to the mechanical properties of steel reinforcement and concrete, the
bond between reinforcement and concrete should also be defined in the numerical model.
Previous studies show that the progressive collapse behaviour of reinforcement concrete
frames can be affected by the bond–slip behaviour between steel reinforcement and concrete.
DIANA provides two options to define the bond–slip behaviour of reinforcement, either
by embedding reinforcement in concrete or by defining bond–slip damage models for
reinforcement. When steel reinforcement is embedded in concrete, the normal and tangent
stiffness moduli can be taken as 2000 N/mm3 and 0.002 N/mm3, respectively. In defining
bond–slip models, the multi-linear bond–slip curve and cubic function by Dörr can be used.
The bond stress in the models depends on the compressive or tensile strength of concrete.

Figure 4 shows the effect of bond models on the load–displacement curve of the
single-storey frame tested by Tan [22]. It can be observed from the figure that by varying
the bond–slip model between steel reinforcement and surrounding concrete, the peak load
at the initial stage is insignificantly affected, whereas the ultimate load and associated
displacement of the frame at the fracture of reinforcement is sensitive to the bond–slip
model. The numerical result is in good agreement with the experimental result when
the reinforcement is embedded in concrete. By contrast, the ultimate load and associated
displacement of the frame are significantly overestimated when the multi-linear model or
Dörr cubic function is defined in the numerical model. Therefore, embedded reinforcement
is used in the subsequent numerical modelling.
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2.3. Mesh Sensitivity Analysis

Mesh size in numerical models might affect the accuracy of the numerical result. To
adopt the appropriate mesh size in the present study, a mesh sensitivity study is performed
using numerical simulations, in which the single-storey reinforced concrete frame tested by
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Tan [22] is used. Figure 5 shows the effect of mesh size on the load–displacement curve of
the frame. It can be observed that when the mesh size is smaller than 30 mm, the overall
load–displacement curve is not significantly affected in the numerical model, and the
difference in the load capacity is within 1 kN. Therefore, the mesh size in the present study
is selected as 30 mm to save the computational cost.
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3. Behaviour of Single-Storey Frame

In this section, the behaviour of a single-storey frame tested by Tan [22] is simulated
under progressive collapse scenarios by using the proposed numerical model, as shown
in Figure 6. Comparisons are made between experimental and numerical results at differ-
ent levels to validate the accuracy of the numerical model. Moreover, the force transfer
mechanism of the frame under progressive collapse is analysed in depth. More details of
experimental tests can be found in [22].
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3.1. Load–Displacement Relationship

Figure 7 shows the comparisons of experimental and numerical results of the frame.
In the figure, EXP represents experimental results and FEA denotes numerical results. It
can be observed from Figure 7a that in general the experimental load–displacement curve
is in good agreement with the numerical result from the initial loading to final failure. The
vertical load can increase slowly as a result of the mobilisation of catenary action in beams.
Besides the load–displacement curve, comparisons are also made among the variations
of lateral displacement measured at the column top, as shown in Figure 7b. Note that D1
was the lateral displacement of the left column and D2 was the lateral displacement of the
right column. It can be observed from the figure that the numerical lateral displacement is
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slightly larger than the experimental value, but the overall trends are close to each other.
The lateral displacement of the left column exceeds that of the right column, indicating the
potential failure of the left column.
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3.2. Failure Mode of Single-Storey Frame

Figure 8 shows the failure mode of the single-storey frame under progressive collapse
scenarios. Note that the contour represents the failure mode of the frame at a vertical
displacement of 400 mm. It is apparent that plastic hinges have formed at the beam end,
and cracks even extend along the beam length at failure due to the combined effect of
bending moment and tension force in the beam under catenary action. It is noteworthy that
another hinge forms at the bottom end of the left column, indicating flexural failure of the
column subjected to catenary action in the beam.
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3.3. Force Transfer Mechanism

To investigate the force transfer mechanism of the single-storey frame under pro-
gressive collapse scenarios, axial and shear forces acting at the beam end are extracted
from the numerical model, as shown in Figure 9a. It can be observed from the figure that
the axial force in the beam is compressive when the vertical displacement is less than
340 mm, suggesting the development of compressive arch action in the beam. The peak
axial compression is 34 kN, attained at a vertical displacement of 132.5 mm. Once the
vertical displacement exceeds 340 mm, axial tension develops in the beam, indicating the
mobilisation of catenary action. The peak tension force at the failure of the beam is 13.7 kN.
The shear force at the beam end decreases with the increasing axial tension in the beam.
In addition to the beam force, the bending moment at the column base is also obtained
in the numerical model, as shown in Figure 9b. It can be observed that when the vertical
displacement is less than 275 mm, the bending moments at the left and right column bases
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are close to each other. However, at the failure of the frame, the bending moment at the
left column base is roughly 50% greater than that at the right column base, which leads
to flexural failure of the left column base (see Figure 6). Therefore, it can be concluded
from the numerical simulation that the single-storey reinforced concrete frame can develop
compressive arch action and catenary action to resist progressive collapse, even though
flexural failure of one column hinders the full development of catenary action capacity.
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4. Behaviour of Two-Storey Frame

Under progressive collapse scenarios, two-storey frames may behave differently due
to the effect of Vierendeel action. Thus, numerical simulations were also conducted on
two-storey frames tested by Shan et al. [23]. The frame consisted of four bays of beams and
two storeys of columns. Details of the frame can be found in [23], including the geometric
dimension and reinforcement details. During analyses, a displacement-control loading is
applied to the middle column, and restraints are provided for the footing.

4.1. Global Behaviour of Frame

Comparisons are made between numerical and experimental results of the two-storey
frame in terms of the load–displacement relationship and lateral deflections of columns
at different storeys, as shown in Figure 10. It can be observed from Figure 10a that the
numerical load–displacement curve agrees well with the experimental one, but the load
capacity of the same at final failure is overestimated by the numerical model by roughly
28%. Figure 10b,c shows the comparison of numerical and experimental lateral deflections
of columns at the first and second storeys. Note that the lateral displacement in the figure
refers to the displacement measured at the left column. It can be observed that the lateral
deflection of columns can also be obtained from the numerical model with good accuracy.

4.2. Failure Mode of Two-Storey Frame

Figure 11 shows the numerical failure mode of the two-storey frame under progressive
collapse scenarios. The contour represents the failure mode of the frame at 360 mm vertical
displacement. It can be observed that after the failure of a middle column, only the beams
directly connecting to the column exhibit significant damage, whereas the beam and column
adjacent to the affected spans only show limited cracks. Moreover, due to the presence of
two columns on each side of the middle column, flexural failure of columns does not occur,
even though catenary action develops in the bridging beam. In general, the crack pattern
and failure mode of the frame agree well with experimental observations.
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Figure 11. Numerical failure mode of two-storey frame.

4.3. Force Transfer Mechanisms

Figure 12 shows the variation of beam axial force, shear force and bending moment at
different storeys. In the figure, IF and 2F denotes the beam at the first and second floors,
respectively, and vertical displacement denotes the displacement of the removed column.
Note that span BC refers to the beam on the left side of the damaged column. A similar
definition is used in the subsequent section. It can be observed from Figure 12a that at
the initial loading stage, only the first floor develops significant axial compression in the
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bridging beam, whereas the second storey only develops rather limited compression force.
Moreover, with increasing vertical displacement, the axial compression in the first-storey
beam is gradually shifted to tension, indicating the formation of catenary action in the
beam, whereas the compression force in the second-storey beam increases slowly until final
failure occurs. With the increase of the axial compression in the second-storey beam, the
associated shear force at the beam end is also increased, as shown in Figure 12b. Different
variations of bending moment are also obtained at the beam ends of different storeys, as
shown in Figure 12c. At the first storey, the development of axial tension in the beam
decreases the bending moment at the beam end. However, the beam-end bending moment
is slightly increased due to the increasing axial compression in the beam at the second storey.
Note that the shear force and bending moment are extracted at the left end of the beam.
Therefore, when a two-storey reinforced concrete frame is considered in the progressive
collapse design, the difference between beam behaviour at the first and second storey
should be taken into account to accurately evaluate the progressive collapse resistance of
the frame.
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Figure 12. Behaviour of beams at different storeys of two-storey frame: (a) axial forces in beams;
(b) shear forces in beams; (c) bending moments in beams.

5. Behaviour of Three-Storey Frame

Yi et al. [14] tested a four-bay three-storey frame under progressive collapse scenarios.
In the frame, a middle column was assumed to have failed and the remaining structural
members were tested to failure to determine the load resistance and failure mode of the
frame. Details of the frame can be found in [14].
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5.1. Global Behaviour of Frame

Figure 13 shows the behaviour of the three-storey frame subjected to progressive
collapse. It can be observed from Figure 13a that the numerical load–displacement curve is
in good agreement with the experimental one, with nearly the same load capacity under
compressive arch action, but the ultimate load of the frame is slightly underestimated by
9% by the numerical model. The difference between the load–displacement curves mainly
lies in the initial stiffness and the displacement at which the beam bottom reinforcement
fractures. The difference in the initial stiffness might result from the different mechanical
properties of concrete in the experimental tests and numerical simulations, such as the
modulus of elasticity. In the numerical model, the bottom reinforcement fractures at a
greater displacement that that in the experimental test, and thus the ultimate load capacity
of the frame is overestimated. Comparisons are also made between numerical and exper-
imental lateral displacements of columns at different storeys, as shown in Figure 13b–d.
Note that the displacement refers to the value at the left side of the frame. It can be observed
that the numerical model can also predict the lateral displacement of columns at different
storeys. Similarly to single-storey and two-storey frames, the columns in the three-storey
frame are pushed away from the middle column at the initial stage, namely, when the
vertical displacement is less than one-beam depth. With increasing vertical displacement,
the column is pulled towards the middle column, and the maximum lateral displacement
can be up to 15 mm.
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Figure 13. Comparisons between experimental and numerical results of three-storey frames: (a) 

load–displacement curve; (b) lateral displacement of first-storey column; (c) lateral displacement of 

second-storey column; (d) lateral displacement of third-storey column. 

5.2. Failure Mode of Three-Storey Frame 

Similarly to the two-storey frame, the three-storey frame develops cracks and flexural 

failure of beams above the damaged column, as shown in Figure 14. Note that the contour 

represents the failure mode of the frame at 460 mm vertical displacement. The beam at the 

first storey shows more severe damage than those at the second and third storeys, indi-

cating that progressive collapse of the frame might occur at the first storey and propagate 

to the second and the third storey. As for the columns, only those at the first storey exhibit 

visible damage, whereas the columns at the second and third storeys remain intact. Thus, 

the numerical failure mode of the frame is in good agreement with the experimental re-

sults. 
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5.2. Failure Mode of Three-Storey Frame

Similarly to the two-storey frame, the three-storey frame develops cracks and flexural
failure of beams above the damaged column, as shown in Figure 14. Note that the contour
represents the failure mode of the frame at 460 mm vertical displacement. The beam at the
first storey shows more severe damage than those at the second and third storeys, indicating
that progressive collapse of the frame might occur at the first storey and propagate to the
second and the third storey. As for the columns, only those at the first storey exhibit visible
damage, whereas the columns at the second and third storeys remain intact. Thus, the
numerical failure mode of the frame is in good agreement with the experimental results.
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5.3. Force Transfer Mechanisms

Figure 15a shows the variation of axial force of beams at different storeys. It can
be observed that the beam at the first storey develops axial compression force when the
vertical displacement is less than 200 mm, and then is gradually converted to tension force
with increasing vertical displacement. By contrast, the beams at the second and third
storeys only develop axial compression force during the whole loading process. Moreover,
it should be pointed out that the beam axial compression at the second storey is rather
limited and can be neglected. Therefore, it can be conceived that for the three-storey frame,
catenary action is only mobilised at the first storey, whereas the beam at the third storey is
always subjected to an axial compression force, which forms Vierendeel action along with
the tension force at the first storey. For the beam at the second storey, its axial force can be
neglected in design, and thus it can be treated as a pure flexural member.

Figure 15b shows the variation in shear force of beams at different storeys. At the
initial stage, the shear force of beams at different storeys is close to one another, in spite
of the differences in the beam axial force. However, when the vertical displacement
exceeds 270 mm, the shear force of beams at the first storey starts increasing, indicating the
increasing contribution of the first-storey beam to the global resistance of the frame. Unlike
the shear force, the bending moment at the beam end shows a different variation with the
vertical displacement, as shown in Figure 15c. Prior to the commencement of catenary
action, the bending moment of beams at different storeys is rather close. Nonetheless, the
bending moment of beams at the first storey decreases with increasing vertical displacement
once catenary action develops in the beam.
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Figure 15. Behaviour of beams at different storeys of three-storey frame: (a) axial forces in beams; 
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Figure 15. Behaviour of beams at different storeys of three-storey frame: (a) axial forces in beams;
(b) shear forces in beams; (c) bending moments in beams.

6. Parametric Study

To explicitly investigate the influence of the number of storeys on the load resistance
of frames under progressive collapse, a prototype planar frame is designed according to
Chinese code GB50010-2010 [24], as shown in Figure 16. The frame consists of four spans
of 2200 mm. The height of the ground storey is 1400 mm, and for other storeys the height
is kept at 1200 mm. The cross-sections of beams and columns are 100 mm × 200 mm and
200 mm × 200 mm, respectively. Reinforcement details in the beam and column remain
the same as those in the frame tested by Tan [22]. The number of storeys of the frame varies
from one to five to investigate the influence on load resistance of frames by using numerical
simulations. In the design of frames, only the vertical load is considered. The mechanical
properties of steel reinforcement and concrete are also the same as those used by Tan [22].
More details of the frame can be found in [22].

Figure 17 shows the vertical load–displacement curves of frames with different storeys.
In the figure, K1 through K5 represent frames with one through five storeys. It can be
observed that by increasing the number of storeys, both the compressive arch action
capacity and the catenary action capacity can be increased. Table 1 lists the load capacities
of frames under compressive arch action and catenary action. By increasing one storey, the
compressive arch action capacity of frames is increased by roughly 26 kN. Note the increase
in the compressive arch action capacity is less than the load capacity of frame K1 with only
one storey. Likewise, the catenary action capacity of the frame is increased by around 34 kN
when it is increased by one more storey. The increase in the catenary action capacity of
frames is much smaller than the catenary action capacity of K1. The foregoing behaviour
results from the force transfer mechanism of the multi-storey frame. As concluded in the
previous section, significant compressive arch action and subsequent catenary action only
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develop at the first storey of reinforced concrete frames. When the number of storeys is
increased in multi-storey frames, the upper storey mainly sustains loads through flexural
action, rather than compressive arch action and catenary action. Therefore, the increase in
the load capacity of frames is smaller than the load capacity of the first-storey frame. With
an increasing number of storeys, the ratio of catenary action capacity to compressive arch
action capacity decreases.
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Figure 17. Load resistance of frames with different storeys.

Table 1. Load capacity of frames under progressive collapse.

Specimen

Compressive
Arch Action

Capacity
PCA
(kN)

Compressive
Action

Capacity
PCT
(kN)

∆P=PCT−PCA
(kN)

∆P
PCA

Calculated
Value
Ptotal
(kN)

K1 30.0 46.5 16.5 0.55 30.0 1.00

K2 56.5 81.9 25.4 0.45 54.6 0.97

K3 83.1 116.2 33.1 0.40 79.2 0.95

K4 109.2 148.5 39.3 0.36 103.8 0.95

K5 136.3 182.0 45.7 0.34 128.4 0.94

Figure 18 shows the comparisons of beam axial forces at the first and top storeys. It can
be observed from Figure 18a that at the initial loading stage, the beam axial force at the first
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storey of frames is rather close, whereas differences in the beam axial force of single-storey
and multi-storey frames becomes increasingly significant when the vertical displacement
is greater than 150 mm. In general, multi-storey frames can develop catenary action at a
smaller vertical displacement than the single-storey frame. Moreover, the peak axial tension
under catenary action is also larger in the multi-storey frame than that in the single-storey
frame. Nevertheless, the beam axial force at the top storey remains compressive and limited
differences exist in the axial force at the top storey, as shown in Figure 18b. Note that the
axial force in beams of other storeys is rather limited during the whole loading process,
and thus it is not included in the figure.
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Figure 18. Variations in beam axial force at the first and top storeys: (a) beam axial force at the first
storey; (b) beam axial force at the top storey.

7. Development of Design Method

In design of building structures, most standards only allow the use of compressive
arch action capacity out of conservatism. Therefore, in accordance with the numerical
results, a design equation is proposed to quantify the load capacity of multi-storey frames
against progressive collapse, as expressed in Equation (1).

Ptotal = P1
CA +

n

∑
i=2

Pi
FA (1)

where P1
CA is the load capacity of the first-storey beam under compressive arch action and

Pi
FA is the flexural capacity of beams at the upper storeys.

In the equation, the load capacity of beams under compressive arch action can be
determined from Equation (2).

P1
CA =

2(M1 + M2 − Nδ)

L
(2)

where M1 and M2 are the positive and negative bending moments at beam ends, N is the
axial compression of beams under compressive arch action, δ is the vertical deflection of
beams at the compressive arch action capacity and can be determined in accordance with
Lu’s equation [25], and L is the clear span of beams.

In the calculation of M1 and M2, the axial compression in the beam should be con-
sidered, and thus the bending moments can be determined from the axial force-bending
moment interaction diagram of beams. To simplify the calculation, the interaction diagram
of axial force and bending moment can be assumed to be linear at the compressive arch
action stage, and the bending moment at the beam end can be calculated from Equation (3).

M1 = M0 +
N

Ncr
(Mcr − M0) (3)
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where M0 is the moment capacity of beam sections in pure bending, Ncr is the axial
compression of beams at balanced failure, and Mcr is the bending moment of beam sections
at balanced failure.

In Equation (3), the axial compression force of beams can be calculated from the method
derived by Kang and Wang [26]. A similar equation can also be used to calculated M2.

The load capacity of beams at other storeys can be quantified from Equation (4).
Note that in calculating the bending moment at beam ends, the axial force in the beam is
neglected and the bending moment can be computed from pure flexural theory.

Pi
FA =

2(M1 + M2)

L
(4)

Table 1 shows the calculated load capacity using Equation (1). Comparisons between
Ptotal and PCA suggest that the equation yields reasonably conservative estimations of the
load capacity of multi-storey frames under compressive arch action. With the increasing
number of storeys, the ratio of calculated to numerical results decreases slightly, as the axial
compression force in the upper storey is neglected in the proposed equation.

8. Conclusions

This paper addresses the progressive collapse behaviour of multi-storey reinforced
concrete frames. Numerical models are developed for different types of frames against
progressive collapse, and the model is validated against test data. The variation in beam
axial force, shear force and bending moment are extracted from the numerical model
and analysed to gain insight into the force transfer mechanism of multi-storey frames
under progressive collapse scenarios. The following conclusions can be drawn from the
numerical study.

(1) A single-storey frame can develop compressive arch action and subsequent catenary
action under progressive collapse scenarios, with axial compression force in the
beam at the compressive arch action stage and axial tension force at the catenary
action stage.

(2) Multi-storey reinforced concrete frames only develop compressive arch action and
catenary action in the beam at the first storey, whereas beams at other storeys can
develop limited axial compression force in the whole loading process.

(3) By increasing the number of storeys, the progressive collapse resistance of frames
can be increased. The increase in the load resistance depends mainly on the flexural
resistance of beams at upper storeys due to the limited axial compression in the beam,
in particular the beams at the storeys between the first and top storeys.

(4) A design method is proposed based on numerical results of progressive collapse
resistance of multi-storey frames. In the design method, only the compressive arch
action capacity in the first-storey beam is considered, whereas flexural resistance of
beams at other storeys is incorporated. Comparisons with numerical results suggest
that the design method can evaluate the load resistance of multi-storey frames with
reasonably good accuracy.
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Abstract: Coal gangue is the waste created in the coal mining process and can be utilised as a
coarse aggregate in construction projects to solve the environmental problems it causes. To study
the mechanical properties of steel fibre reinforced coal gangue concrete (SFCGC) columns under
eccentric compression, two natural aggregate concrete (NAC) columns and eight SFCGC columns
were designed and fabricated for eccentric compression loading tests. The variables involved in the
tests include gangue substitution rate (0%, 30%, 50%, 70%), steel fibre volume content (SFVC) (0%,
0.5%, 1%, 1.5%), and eccentricity (0.25, 0.5). The experimental work and theoretical analysis were
used to investigate the failure mode, cracking, and ultimate bearing capacity of SFCGC columns.
The effects of various variation parameters on the longitudinal strain, concrete strain, transverse
displacement, crack width, and bearing capacity were analysed in detail. The digital image correlation
(DIC) technique was used to compare with the conventional observation and to analyse the cracking
trend of the specimens. The testing results revealed that the damage pattern of SFCGC columns
under eccentric compression was similar to that of NAC columns. The eccentricity significantly
affected the damage pattern (or bearing capacity) of SFCGC columns. The effect of the coal gangue
replacement rate on the lateral displacement corresponding to the ultimate load can be neglected
under the same eccentricity. The incorporation of steel fibres effectively inhibited the development of
cracks in the columns, with an average increase in crack load and ultimate load of 7.36% and 17.1%.
The equations were also established to determine the crack width and bearing capacity of the studied
SFCGC columns, and the theoretical predictions agreed with the experimental results.

Keywords: steel fibre; coal gangue; column; eccentric compression; mechanical performance

1. Introduction

As the world’s second-largest energy source and China’s number one, coal’s tremen-
dous production has led to an impressive output of its derivative, coal gangue. According
to statistics, China’s production of raw coal in 2021 is as high as 4.13 billion tons, an in-
crease of 5.9%, and the production of coal gangue is about 743 million tons, an increase of
5.84% [1,2]. The accumulation of coal gangue seriously affects human health, safety, and the
ecological health of the environment [3]. Therefore, developing a comprehensive utilisation
strategy for coal gangue and eliminating its negative environmental impact is urgent [4,5].
At the same time, concrete structures, the most widely used building structures, have
had a significant negative impact on the environment due to their construction size with
the development of urbanisation and industrialisation [6]. The main reason includes the
consumption of natural resources (including aggregate, water, etc.) during construction [7].
The shortage of aggregates is the most significant, accounting for 75–80% of the volume of
concrete [8]. Coarse aggregates are mainly obtained by blasting rock boulders and then
crushing them to the required size, a process harmful to the environment as it destroys
mountains, erodes the soil, and produces large amounts of carbon dioxide. As a result,
coal gangue has entered the minds of researchers as one of the possible alternatives to
coarse aggregates.
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The replacement of crushed stone with coal gangue for concrete production can
consume large amounts of coal gangue and reduce the use of crushed stone, which is
beneficial to the development of eco-friendly construction materials and fulfils the purpose
of protecting the natural environment [9,10]. With its stable structure and low reactivity,
coal gangue must be activated by mechanical grinding and thermal and chemical activation
methods for construction applications [11,12]. Sun and Li [13] explored the use of coal
gangue concrete for gob-side entry retaining, which addressed both ecological and resource
shortages, decreased the overall cost of filling materials and raised the economic efficiency
of coal mining enterprises. Wang and Zhao [14] demonstrated that coal gangue could satisfy
the compressive strength requirements of concrete aggregates by testing the basic physical
and mechanical properties of coal gangue aggregates. Ma [15] showed that coal gangue
concrete has good resistance to sulphate. As a coarse aggregate, coal gangue provides
both higher compressive strength and durability in alkali-active gangue-slag concrete for
chemically aggressive environments such as sulphate or chloride. Li [16] prepared high
closed porosity foamed ceramics with good thermal insulation properties by using coal
gangue. Qiu [17] et al. analysed the mechanical properties of coal gangue concrete under
the freeze-thaw environment. They presented the evolutionary model and the intrinsic
structure relationship of its freeze-thaw damage. Xiao et al. [18] discovered that when
coal gangue was used as an aggregate, the concrete’s compatibility in tensile strength
continued to decrease as the amount of coal gangue increased. Liu et al. [19] suggested
a prediction model for the modulus of elasticity of coal gangue concrete. The performance
of coal gangue concrete significantly reduces when the coal gangue substitution rate is
too large [20,21]. Zhu et al. [22] revealed that when the replacement rate of coal gangue
exceeded 50%, it would result in a rapid decrease in the compressive strength of coal
gangue concrete. Chen [23] illustrated that the 28-day compressive strength of C25 concrete
with a 100% coal gangue replacement rate was 25.47% less than that of ordinary crushed
stone concrete. Guan et al. [24] studied that the compressive strength of CGC was decreased
by 21.2% when the replacement rate of coal gangue was 60%, while when the replacement
rate of coal gangue was less than 40%, it had no significant effect on the strength of CGC.

As a structural material invented in 1874, steel fibres have been widely used in construc-
tion applications [25] for their ability to dramatically improve the mechanical properties of
concrete, such as impact strength, toughness, flexural and tensile strength, ductility, and re-
sistance to cracking and spalling [26]. In this case, however, there is still extensive research
value in steel fibres [27,28]. Li and Qin [29] observed that the mechanical summation of the
shaped steel fibres in the concrete resulted in enhanced adhesion within the member. When
the volume content of steel fibres in concrete was 0–2%, the steel fibre-matrix adhesion
properties increased with the increasing volume content of steel fibres [30]. In addition,
steel fibres improve the protective layer-core zone, effectively confining the concrete to the
core of the reinforced concrete specimens, which benefits both the strength and ductility of
the reinforced concrete specimens [31,32].

The strength of the concrete produced using coal gangue as coarse aggregate is similar
to that of ordinary concrete. Still, its durability is lower than ordinary concrete’s and prone
to brittle damage [33,34]. Liu et al. [35] found that gangue concrete columns eccentrically
stressed were unable to prevent the expansion of cracks effectively and were prone to
cracking and corrosion of reinforcement when conducting a study on gangue concrete
columns. Luo et al. [36] revealed that the integration of steel fibres in the concrete with coal
gangue as coarse aggregate is beneficial to its frost resistance. Wang et al. [37] discovered
that the incorporation of steel fibres could significantly change the brittleness of coal gangue
vitrified light aggregate concrete. Thus, adding steel fibres to coal gangue concrete can
improve its properties and suitability for construction.

Digital Image Correlation (DIC) has the advantages of high accuracy, non-contact
measurement, no special requirements for the environment, and the ability to give infor-
mation on the deformation of a specimen in any area and in any direction during loading,
and is therefore widely used in the fields of solid mechanics and applied physics, and is
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now gradually being applied to research on construction materials. The accuracy of DIC
in testing the uniaxial compressive strain and crack opening displacement of specimens
was verified by Dinh et al. [38] and Yu et al. [39] using strain gauges and displacement
gauges, respectively. An objective of this test was to use DIC to monitor the development
of cracks in concrete columns at different loading stages at mid-height and to extract data
on the vertical displacement and mid-span deflection of the specimens and, in this way,
compensate for possible errors in the contact measuring instruments.

Most of the current research on coal gangue remains in the field of physical and
chemical properties of the material, while there is a lack of research on the mechanical
performance testing of concrete specimens. People’s knowledge of the performance of
coal gangue concrete applied to actual buildings is relatively incomplete as compared to
other mature materials. In particular, the study of SFCGC columns has not been reported.
Therefore, this paper subjected ten SFCGC columns to eccentric compression tests with coal
gangue replacement rate, steel fibre volume admixture, and eccentric distance as the main
parameters. The performance of the specimens was studied and verified using current
structural codes, proving the applicability of the current codes to SFCGC columns, which
provides theoretical support for mitigating environmental problems through the promotion
of coal gangue applications.

2. Materials and Methods
2.1. Raw Materials

JGJ51-2002 [40] is a test used to design the coal gangue concrete used in the test with
design strength C30. SFCGC is formulated from coal gangue aggregate, silicate cement,
shear wavy steel fibre (as shown in Figure 1, physical properties in Table 1), and tap water.
P-O42.5 ordinary silicate cement was selected according to specification GB 175-2020 [41],
and its chemical and physical properties are shown in Tables 2 and 3. The chemical
composition of coal gangue is shown in Table 4.
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Table 1. Physical properties of steel fibres.

Steel Fibre Length
(mm)

Width
(mm)

Thickness
(mm)

Equivalent
Diameter

(mm)

Aspect
Ratio

Density
(g/cm3)

CSF 38 1 0.35–0.5 0.76 50 7.8
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Table 2. Chemical composition of cement.

Chemical Composition SiO2 Al2O3 MgO Na2O CaO Fe2O3 f-CaO K2O

Content (%) 22.4 4.6 3.00 0.4 64.2 3.5 1.3 0.6

Table 3. Physical properties of cement.

Cement Conservation Times
(Day)

Rupture Strength
(Mpa)

Compressive Strength
(Mpa)

P-O42.5
3 5.5 8.4

28 8.4 51.6

Table 4. Chemical composition of coal gangue.

Chemical Composition SiO2 Al2O3 FeO MgO BaO Na2O TiO2 Fe2O3 P2O5 MnO K2O

Content (%) 36.83 36.83 5.83 5.00 5.66 2.83 1.77 3.51 0.39 0.15 1.65

2.2. Preparation of SFCGC Columns

Ten specimens were designed concerning specification GB50010-2010 [42], where the
system variable parameters considered included two eccentricities (0.25, 0.5), four gangue
replacement rates (0%, 30%, 50%, 70%), and four steel fibre volume contents (0%, 0.5%, 1%,
1.5%). The design parameters for the specimens are listed in Table 5.

Table 5. Specimen detail.

Specimens Vc (%) Vf (%) e0 (mm)
C W S CA (kg/m3) Wr

(kg/m3) (kg/m3) (kg/m3) N CG (kg/m3)

S-0-1 0 1 50 503.7 201.5 623 1155.5 0 5.04
S-30-1 30 1 50 503.7 201.5 623 1048.8 360 5.04
S-50-1 50 1 50 503.7 201.5 623 749.6 598.5 5.04
L-0-1 0 1 100 503.7 201.5 623 1155.5 0 5.04

L-30-1 30 1 100 503.7 201.5 623 1048.8 598.5 5.04
L-50-1 50 1 100 503.7 201.5 623 749.6 598.5 5.04
L-70-1 70 1 100 503.7 201.5 623 450.3 840 5.04
L-50-0 50 0 100 503.7 201.5 623 749.6 598.5 5.04

L-50-0.5 50 0.5 100 503.7 201.5 623 749.6 598.5 5.04
L-50-1.5 50 1.5 100 503.7 201.5 623 749.6 598.5 5.04

Note: C = cement; W = water; S = sand; CA = coarse aggregate; N = natural; CG = coal gangue; Wr = water
reducer; Vc = coal gangue replacement rate; Vf = steel fibre volume content.

The cross-section of all specimens is 200 mm × 150 mm, and the height is 1000 mm.
All samples contained the same reinforcement: a longitudinal reinforcement of 16 mm
in diameter with a yield strength of 417 MPa for HRB400 grade bars and hoop bars of
8 mm in diameter with a yield strength of 346 MPa for HPB300 bars. Figure 2 displays the
detailed dimensions of the column specimens, the reinforcement configuration and the
fabricated solid reinforcement cage, respectively. As shown in Figure 2b, the reinforcement
was strictly assembled according to the set specifications while the wooden formwork was
built, and finally, the assembled reinforcement cage was placed into the wooden formwork.
Then, concrete was poured into the formwork and fully compacted with a vibrator to
ensure uniform concrete dispersion. The concrete fabrication process is shown in Figure 3.
While pouring the specimens, 150 mm × 150 mm cubic specimens were made from the
same concrete batch. After three days, the specimens were de-moulded and immediately
placed in a maintenance room at a temperature of 22 ± 2 ◦C and a relative humidity of
95 ± 5% for 28 days.
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Figure 3. The specimen fabrication process.

2.3. Test Preparation
2.3.1. Location of Measurement Points

In the test, three strain gauges were evenly distributed at the middle height of the
compressive and tensile sides of the specimens to measure the concrete strain. Five strain
gauges were evenly distributed at the middle height of the bottom surface of each specimen
to verify whether the cross-sectional strain at the middle height of the specimen complied
with the plane cross-section assumption. Five displacement meters are evenly placed
along the vertical direction on the tensioned side of the bias column, with the outermost
displacement meter 100 mm from the top and bottom. Two strain gauges are arranged in
the middle of each longitudinal bar. Two strain gauges are arranged in the middle of each
longitudinal bar. The layout of the displacement and strain gauges is depicted in Figure 4a.
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Referring to the setup of Lin et al. [43], two one-way hinge supports were placed on the top
and bottom of the specimen in contact with the press, as shown in Figure 4a.
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2.3.2. Preparation for DIC

A non-contact optical measurement method based on digital image correlation (DIC)
was applied to the other side of the specimen surface, as shown in Figure 4b. The scattered
spots of global strain measurement are made on the specimen’s front surface, and the
diameter of the scattered spots is about 0.8 mm, covering the whole area in which the test is
to be performed. A high-definition camera was used for image acquisition in this area, and
the capture frequency was 1 s/time. By comparing the changes in the relative positions of
these scattered spots during the loading process, the displacement field on the surface of
the specimens can be calculated, and the strain distribution field can be further analysed.
The strain field provided by the DIC can be verified and enhanced with the strain data
gained from the strain gauge to uncover the details of deformation.

2.3.3. Test Loading Scheme

The compression tests of all the specimens in this research were conducted on the
model NYL-500t hydraulic-type compression tester with a maximum load of 5000 kN.
The arrangement and photos of the loading device are shown in Figure 4b. A load of
2 kN is preloaded on the specimens to check the correct operation of the strain gauges,
displacement meters, loading apparatus, and data acquisition system. Then, reloading
starts from 0 with the loading control first. During the initial loading phase, the loading
hold time for each phase was 10 min. During this period, the development of concrete
cracks was observed and recorded. As the load approaches the ultimate load, it is gradually
loaded until it reaches the upper limit of the sample.
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3. Experimental Results
3.1. Failure Modes

The crack morphology of the specimens under different eccentricity loading is shown
in Figure 5. Figure 6 shows the crack development of specimens with different coal gangue
replacement rates under large eccentric loading obtained by DIC system analysis. Each
specimen is extracted with its nephogram at 0.2 Nu, 0.4 Nu, 0.6 Nu, and 0.8 Nu, respectively.

Specimens S-0-1, S-30-1, and S-50-1 were loaded under small eccentric loads. At 65%
of the ultimate load, three–four transverse cracks appear in the tensile zone. At 30% of the
ultimate load, the number of cracks gradually increases, and the length and width of the
existing cracks develop slowly. At 80% of the ultimate load, longitudinal cracks appear in
the compression zone. At 90% ultimate load, the transverse crack stretched to the neutral
axis of the test column, the crack width became larger, and the transverse displacement
kept increasing. When the ultimate load is reached, many longitudinal cracks appear in
the compression zone, while the specimens emit a crisp cracking sound. The load is then
rapidly reduced, and the specimens are destroyed.

Specimens L-0-1, L-30-1, L-50-1, L-70-1, L-50-0, L-50-0.5, and L-50-1.5 were loaded
under a large eccentric load. At 20% ultimate load, transverse cracks appeared in the tensile
zone of the test column, and an increase in the width and length of the transverse cracks
accompanied the increase in load. With the continued loading of up to 90% of the ultimate
load, longitudinal cracks appeared in the compression zone, and transverse cracks pene-
trated. The strain nephogram agrees well with the crack development under conventional
observation, which verifies the reliability of DIC in examining crack development.

Notably, all specimens had no major crushing and spalling of the concrete in the
compressed area, maintaining its integrity due to the binding of the steel fibres and the
action of the bridge.
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moves toward the compression edge as the applied load increases. This phenomenon con-
firms that the deformation of the SFCGC column section follows the plane cross-section 
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under 0.6 Nu, (l) L-50-1 under 0.8 Nu, (m) L-70-1 under 0.2 Nu, (n) L-70-1 under 0.4 Nu, (o) L-70-1
under 0.6 Nu, (p) L-70-1 under 0.8 Nu.

3.2. Concrete Strain of the Mid-Height Section

Figure 7 illustrates the strain distribution of concrete in the middle height section
of the specimen at different loading stages. During the loading process, the average
strain in the cross-section is almost linearly distributed, and the depth of the neutral
axis gradually moves toward the compression edge as the applied load increases. This
phenomenon confirms that the deformation of the SFCGC column section follows the plane
cross-section assumption.

Buildings 2023, 13, x FOR PEER REVIEW 10 of 25 
 

  
(m) (n) 

  
(o) (p) 

Figure 6. Nephogram of the strain process: (a) L-0-1 under 0.2Nu, (b) L-0-1 under 0.4Nu, (c) L-0-1 
under 0.6Nu, (d) L-0-1 under 0.8Nu, (e) L-30-1 under 0.2Nu, (f) L-30-1 under 0.4Nu, (g) L-30-1 under 
0.6Nu, (h) L-30-1 under 0.8Nu, (i) L-50-1 under 0.2Nu, (j) L-50-1 under 0.4Nu, (k) L-50-1 under 
0.6Nu, (l) L-50-1 under 0.8Nu, (m) L-70-1 under 0.2Nu, (n) L-70-1 under 0.4Nu, (o) L-70-1 under 
0.6Nu, (p) L-70-1 under 0.8Nu. 

3.2. Concrete Strain of the Mid-Height Section 
Figure 7 illustrates the strain distribution of concrete in the middle height section of 

the specimen at different loading stages. During the loading process, the average strain in 
the cross-section is almost linearly distributed, and the depth of the neutral axis gradually 
moves toward the compression edge as the applied load increases. This phenomenon con-
firms that the deformation of the SFCGC column section follows the plane cross-section 
assumption. 

  
(a) (b) 

Figure 7. Cont.

67



Buildings 2023, 13, 1290Buildings 2023, 13, x FOR PEER REVIEW 11 of 25 
 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 7. Strain distribution in mid-span sections of concrete: (a) S-0-1, (b) S-30-1, (c) S-50-1, (d) L-0-1,
(e) L-30-1, (f) L-50-1, (g) L-70-1, (h) L-50-0, (i) L-50-0.5, (j) L-50-1.5.
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3.3. Strains of the Concrete

Based on the experimental test results, the load-concrete strain curves of eccentrically
compressed SFCGC columns with different conditions were plotted, as shown in Figure 8.
Under the same residual conditions, the concrete deformation of the specimens was greater
with an increase in the coal gangue replacement rate. At the same time, the increase in steel
fibre admixture also led to the same results as the former one. This is because the coarse
aggregate of the gangue has mechanical properties that increases deformation, while the
steel fibres have a certain anti-cracking function, which improves the deformation capacity
of the specimen, while this also corresponds to the conclusions reached in the paper [44] on
the role of steel fibres.
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Figure 8. The load-strain curve of concrete.

3.4. Strains of the Longitudinal Steel Bars

Figure 9 provides the load-longitudinal strain curves of SFCGC columns under differ-
ent conditions of eccentric compression. The Figure shows that the compressive reinforce-
ment of the small eccentric compressive specimens has yielded when the load reaches the
bearing capacity limit state. Moreover, its tensile reinforcement has not yielded yet. On the
contrary, the compressive and tensile reinforcement of the large eccentric compressive spec-
imen has yielded. This is consistent with the eccentric compressive damage characteristics.
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The slope of the strain curve increases as the amount of steel fibres increases, and the
strain on the reinforcement increases when the final load is reached, in agreement with the
phenomenon obtained by reference [45], which is explained by the fact that the steel fibres
present take up a portion of the tensile force when the concrete cracks, causing the stress
on the reinforcement to decrease and the strain to increase at the same load level.

3.5. Load-Displacement Analysis
3.5.1. Load-Axial Displacement Analysis

The load-axial displacement curve of the specimens is shown in Figure 10. It can be
seen that the axial displacement of the coal gangue concrete columns is proportional to
the replacement rate of coal gangue. With an increase in gangue replacement rate, the
maximum axial displacement of the member increases; this indicates that the gangue, as a
coarse aggregate when its strength is low and easy to deform, characteristics directly affect
the mechanical properties of the member not only reducing the ultimate bearing capacity
of the columns but also increasing the axial deformation of the columns. From Figure 9, we
can see that steel fibre has almost no effect on axial deformation, and the amount of coal
gangue doping plays a dominant role in the axial deformation of the member.
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3.5.2. Load-Lateral Displacement Analysis

Figure 11 presents the lateral deflection curves of each specimen under different load-
ing stages. The lateral deflection curves of the specimens are symmetrically distributed
along the middle of the columns and approximate sinusoidal curves. As expected, the max-
imum lateral displacement occurred in the middle of the test columns, and the deformation
was shaped like an arch.

The deflection curves of the middle height of the specimen are shown in Figure 12.
From the Figure 12, it can be seen that the load-lateral deflection curves of the eccentrically
stressed columns can be summarised into three stages:

1. In the elastic stage, although small cracks appeared on the tensile side of the speci-
mens, the stiffness of the specimens did not drop significantly due to the presence
of reinforcement and steel fibres which inhibited the development of cracks, and the
curves were straighter.

2. In the plastic stage, as the load increases, the reinforcement gradually yields, the
cracks expand faster, the stiffness of the specimens decreases, their lateral deflection
increases nonlinearly, the slope of the curves decreases, and the specimens enter the
plastic stage.

70



Buildings 2023, 13, 1290

3. In the descending stage, after reaching the ultimate load, the load decreases, and the
lateral deflection increases.
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As can be seen from Table 6, in the case of the same coal gangue replacement rate and 

steel fibre admixture, the bearing capacity of the specimens when damaged under the 
large eccentric load is 24%, 23%, and 24.3% lower than the bearing capacity when dam-
aged under the small eccentric damage load, respectively. The above phenomenon is be-
cause the eccentrically pressurised columns receive axial load and bending moment joint 
action. It can also be seen from Figure 11 that the flexural stiffness of the specimens de-
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Figure 11. Lateral deflection curves: (a) S-0-1, (b) S-30-1, (c) S-50-1, (d) L-0-1, (e) L-30-1, (f) L-50-1,
(g) L-70-1, (h) L-50-0, (i) L-50-0.5, (j) L-50-1.5.
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As can be seen from Table 6, in the case of the same coal gangue replacement rate
and steel fibre admixture, the bearing capacity of the specimens when damaged under the
large eccentric load is 24%, 23%, and 24.3% lower than the bearing capacity when damaged
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under the small eccentric damage load, respectively. The above phenomenon is because
the eccentrically pressurised columns receive axial load and bending moment joint action.
It can also be seen from Figure 11 that the flexural stiffness of the specimens decreases as
the eccentricity increases.

Table 6. Load-bearing capacity and ductility of specimens.

Specimens fcu (Mpa) fft (Mpa)
Ncr (kN) Nu (kN)

Nexp Ntheo Nexp/Ntheo Nexp Ntheo Nexp/Ntheo

S-0-1 39.96 3.63 452.6 475.42 0.952 731 722.13 1.012
S-30-1 36.36 3.55 450.5 457.71 0.984 665.2 677.63 0.982
S-50-1 33.09 3.27 447.9 441.25 1.015 605.3 636.89 0.951
L-0-1 39.96 3.63 90.4 94.03 0.961 553 506.13 1.093

L-30-1 36.36 3.55 89 89.89 0.991 503.2 461.88 1.089
L-50-1 33.09 3.27 82.5 85.98 0.959 457.9 421.41 1.087
L-70-1 30.44 3.12 80.3 82.71 0.972 421.3 388.53 1.084
L-50-0 27.87 2.97 75 79.45 0.944 385.9 356.59 1.082

L-50-0.5 30.12 3.11 78.3 82.29 0.951 416.7 384.41 1.084
L-50-1.5 36.07 3.36 82.83 87.71 0.944 480.8 458.24 1.047

In addition, the lateral displacement of the specimens increased with the elevated
doping of the steel fibres. This is due to the bridging effect of the steel fibres, which
improves the deformation capacity of the specimens.

3.6. Effect of Coal Gangue Replacement Rate on the Bearing Capacity of Specimens

Figure 13 shows the effect of the coal gangue replacement rate on the bearing capacity
of the specimens with steel fibre doping of 1% for different eccentricities. Figure 13 and
Table 6 suggest that as the coal gangue replacement rate increases from 0% to 30% and 50%,
the cracking load of small eccentric compressed concrete columns decreases by 3% and 7%,
respectively, and its ultimate load decreases by 6% and 12%, respectively. Moreover, for
large eccentric compressed concrete columns, when the coal gangue replacement rate was
increased from 0% to 30%, 50%, and 70%, respectively, its cracking load was reduced by 4%,
8.5%, and 12%, and its ultimate load was reduced by 8.7%, 16.7%, and 23%, respectively.
Therefore, the best replacement rate for the gangue concrete configured in this experiment
is 30%. This is different from the 50% obtained in the literature [22], mainly because the
gangue used was taken from different materials and a conservative value was taken in
this paper.
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3.7. Effect of Volume Content of Steel Fibres on the Bearing Capacity of Specimens

The effect of different steel fibre volume content on the bearing capacity and lateral
displacement of the specimens is shown in Figure 14. Under a large eccentric load, the
bearing capacity of the columns rises, and the lateral displacement increases with an
increase in steel fibre volume content. When the steel fibre admixture was increased from
0% to 0.5%, the cracking load of the specimens increased by 3.5% and the ultimate load
by 7.1%. Similarly, when the volume content of the steel fibre was increased from 0.5%
to 1%, the cracking load of the specimens was increased by 4.2%, and the ultimate load
was increased by 9.3%. In contrast, when the steel fibre admixture was increased from 1%
to 1.5%, the cracking load of the specimen was increased by only 2.1%, and the ultimate
load was increased by only 5.4%. It can be clearly seen that when the amount of steel fibre
doping exceeds 1%, there is a significant slowdown in the growth of the bearing capacity of
the specimens. Considering the bearing performance and economical cost of the specimens,
it is recommended that the volume content of steel fibres for SFCGC columns is about 1%.
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4. Discussion
4.1. Calculation of Cracking Load Capacity

Since steel fibres play a role in structural cracking resistance, the effect of steel fibres
must be considered when calculating cracking loads in eccentric compressed SFCGC
columns. The measured values of tensile strength and modulus of elasticity of SFCGC were
used to calculate the cracking load, as shown in Table 6. The cracking load equation for
SFCGC columns under short-term loading can be obtained from references [42,46,47]. The
calculated results are compared with the experimental results in Table 6.

Ncr =
γmαct f f t A0W0

e0 A0 −W0
(1)

A0 = bh + αE As (2)

W0 =
I0

h− y0
(3)

y0 =
(

bh2/2 + αE Ash0

)
/(bh + αE As) (4)
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I0 = by0
3/3 + b(h− y0)

3/3 + αE As(h0 − y0)
2 (5)

αE = Es/Ec (6)

ρ = As/bh0 (7)

where Ncr is the concrete cracking load; γm is the plasticity coefficient of the resisting
moment of the section, taken as 1.55; αct is the concrete tensile stress limiting factor, taken
as 0.85; fft is the standard value of tensile strength of SFCGC, taking the actual measured
value; A0 is the converted cross-sectional area of the member; e0 is eccentricity; W0 is the
elastic resisting moment of the converted section to the edge of the concrete tensile zone;
y0 is the distance from the axis of the centre of gravity of the converted section to the edge
of the concrete compressive zone; I0 is the moment of inertia of the section to its centre
of gravity axis; ρ is the reinforcement ratio of longitudinal tensile reinforcement; Es is the
modulus of elasticity of longitudinal tensile reinforcement; Ec is the modulus of elasticity
of concrete; As is the cross-sectional area of longitudinal tensile reinforcement.

The cracking load test values and the calculated values are shown in Table 6, their
average ratio is 0.967, and the coefficient of variation is 0.0182; the predicted results are in
good agreement with the test results.

4.2. Calculation of the Ultimate Bearing Capacity

The load-bearing capacity calculations for the large and small eccentric pressed
columns are shown in Figure 15. According to the force and moment balance conditions
and coordination conditions given in the literature [42,46], the ultimate bearing capacity
equations for columns are shown below, where Equations (9)–(12) are the equations for the
calculation of the small eccentricity of the specimens. Equations (13)–(15) are the formulae
for the calculation of the large eccentricity of the specimens.

Nu = α1 fcbxc + f ′y A′s − σs As (8)

Nue = α fcbxc(h0 − xc/2) + f ′y A′s
(
h0 − a′s

)
(9)

e = ηnse0 + h/2− as (10)

σs = Esεcu(h0/xc − 1) (11)

Nu = α1 fcbxc − f f tbxt + f ′y A′s − fy As (12)

Nue = α1 fcbxc(h0 − xc/2) + f ′y A′s
(
h0 − a′s

)
− f f tbxt(xt/2− as) (13)

xt = h− xc/β (14)

where Nu is the ultimate column load capacity; α, β is the concrete strength correlation
coefficient, according to the specification GB50010-2010 [42] to take 0.91, 0.71; f ′y is the
compression zone longitudinal reinforcement yield strength; fy is the yield strength of the
longitudinal reinforcement in tension; A′s is the cross-sectional area of the compressive
reinforcement; σs is the strength of the longitudinal tensile reinforcement; As is the cross-
sectional area of the longitudinal tensile reinforcement; xc is the height of the concrete
compression zone; a′s is the distance from the edge of the compressed zone to the point
where the combined force of the compressed reinforcement acts; as is the distance from the
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edge of the tensile zone to the point where the combined force of the tensile reinforcement is
applied; Es is the longitudinal tensile reinforcement modulus of elasticity; εcu is the ultimate
compressive strain of coal gangue concrete, taken as 0.0033; h0 is the effective height of the
section; fft is the tensile strength of the SFCGC; xt is the height of the concrete in tension; ηns
is the second-order effect factor, which takes the value of one because second-order effects
are not considered in this test.
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Figure 15. Equivalent force distribution in the positive section of the eccentrically pressed column:
(a) Large eccentricity, (b) Small eccentricity.

Table 6 shows the experimental and calculated data with a mean ratio of 0.967 and
a coefficient of variation of 0.0312, as expected.

4.3. Average Crack Spacing

Concerning the relevant provisions of the code CECS 2004 [46] and the relevant formu-
lae of [48], the average crack spacing of SFCGC columns under eccentric compression was
calculated using Equation (16); the average crack spacing of the specimens was calculated,
and the test results are shown in Table 7.

lcr = k1cs + k2
deq

ρte

(
1 + αtλ f

) (15)

ρte = As/Ate (16)

deq =
∑ nd2

i
∑ nividi

(17)

where lcr is the average crack spacing of concrete; k1 is the coefficient related to the protective
layer of SFCGC for longitudinal tensile reinforcement, and k2 is the coefficient related to
the bonding performance between SFCGC and reinforcement; cs is the distance from
the outer edge of the longitudinal tensile reinforcement to the edge of the tensile zone;
deq is the equivalent diameter of the longitudinal tensile reinforcement (mm); ρte is the
effective reinforcement ratio of longitudinal tensile reinforcement calculated according
to the effective tensile concrete cross-sectional area, when ρte < 0.01, take ρte = 0.01; αt is
the coefficient of bond enhancement due to the presence of steel fibres; Ate is the area of
the effective tensioned concrete section; di, ni, vi denote the diameter, number of rods and
relative bond characteristics of type i longitudinal tensile reinforcement, respectively, the
relative bond characteristics of ribbed reinforcement are taken as 1.0.
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Table 7. Average crack spacing of specimens.

Specimens
Lm

Tested Calculated Tested/Calculated

S-0-1 61.3 61.26 1.001
S-30-1 63.0 61.26 1.028
S-50-1 60.9 61.26 0.994
L-0-1 62.3 61.26 1.017

L-30-1 61.2 61.26 0.998
L-50-1 60.1 61.26 1.038
L-70-1 63.6 61.26 1.012
L-50-0 66.8 66.77 0.996

L-50-0.5 64.3 63.84 1.007
L-50-1.5 60.7 58.95 1.029

By fitting the mean crack spacing in this study, the results of k1 = 1.86 and k2 = 0.10 can
be obtained. Combined with the Chinese code [42,46], the average crack spacing equation
can be obtained as follow:

lm = 1.86cs + 0.1deq/ρte (18)

4.4. Average Crack Width

The average crack width is equal to the difference between the average tensile elon-
gation of the reinforcement and the concrete within the average crack spacing; due to the
small tensile deformation of concrete, according to the literature [42,46,47], it is possible to
introduce the coefficient of influence of tensile deformation of concrete αc and the strain
unevenness coefficient of reinforcement between cracks ψ, from which we can obtain the
Equation for calculating the average crack width of ordinary concrete:

wm = αcψ
σs

Es
lm (19)

ψ = 1.1− 0.65
f f t

ρteσs
(20)

where wm is the average crack width of concrete; αc is the coefficient of influence of tensile
deformation of concrete, which is taken as 0.77 according to the Chinese code [42,46]; ψ is
the strain unevenness coefficient of longitudinal tensile reinforcement between cracks,
which is taken as ψ = 0.2 when ψ < 0.2 and ψ =1 when ψ > 1; σs is the stress of longitudinal
tensile reinforcement between cracks, which is calculated according to Equation (22).

In consideration of the effect of steel fibres on the mean crack width, the mean crack
width equation was amended as follows:

wm = 0.77
(

1− βwλ f

)
ψ

σs

Es
lm (21)

where βw is the coefficient of influence of steel fibres on the average crack spacing; λf indi-
cates the characteristic value of steel fibre content (λf = ρflf/df); ρf indicates the volume rate
of steel fibres; lf is the length of steel fibres; df is the diameter of steel fibres.

As shown in Figure 14, to obtain the equilibrium diagram of the internal forces between
cracks, consider the influence of steel fibres in the tension zone, take the moment of the
combined force point in the pressure zone to obtain the following formula, according to the
equilibrium conditions to obtain the steel stress σs.

σs =
N(e− z)− σs f bxt(z− xt/2 + as)

Asz
(22)
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z =

[
0.87− 0.12

(
h0

e

)2
]

h0 (23)

e = ηnse0 + h/2− as (24)

σs f = αtλ f ft (25)

xt = 0.5h (26)

where e is the force loading point to the distance of the tension zone longitudinal reinforce-
ment joint point; z is the distance of the tension zone longitudinal reinforcement joint point
to the section concrete compression zone joint point; σsf is the crack between the steel fibre
tensile stress; αt is the steel fibre on the coal gangue concrete tensile strength coefficient,
according to the test to take 0.37; ft is the coal gangue concrete without considering the
impact of steel fibre tensile strength, fft = ft(1 + αtλf); xt is the height of the effective tensile
zone of the section affected by steel fibres.

By fitting the measured values of the average crack width to this experiment, we obtain
βw = 0.186. The average crack width of SFCGC columns under eccentric compression is
obtained according to Equation (21) as follows; the average crack width of the specimens is
calculated and tested as shown in Table 8.

wm = 0.77
(

1− 0.186λ f

)
ψ

σs

Es
lm (27)

Table 8. Crack width of specimens.

Specimens N/Nu
wm wmax

Tested Calculated Tested/
Calculated Tested Calculated Tested/

Calculated

S-0-1 70% 0.016 0.0172 0.930 0.030 0.0286 1.050
80% 0.021 0.0222 0.946 0.038 0.0368 1.032
90% 0.027 0.0272 0.994 0.046 0.0451 1.020

S-30-1 70% 0.014 0.0159 0.878 0.028 0.0265 1.057
80% 0.021 0.0206 1.018 0.035 0.0342 1.022
90% 0.026 0.0253 1.028 0.041 0.0420 0.976

S-50-1 70% 0.015 0.0148 1.011 0.024 0.0246 0.975
80% 0.021 0.0192 1.092 0.034 0.0319 1.065
90% 0.024 0.0236 1.016 0.042 0.0392 1.071

L-0-1 30% 0.011 0.0095 1.158 0.016 0.0157 1.014
50% 0.030 0.0276 1.087 0.050 0.0458 1.091
70% 0.049 0.0457 1.072 0.077 0.0759 1.015

L-30-1 30% 0.009 0.0080 1.122 0.014 0.0133 1.051
50% 0.024 0.0245 0.978 0.045 0.0407 1.104
70% 0.041 0.0410 0.999 0.073 0.0682 1.071

L-50-1 30% 0.008 0.0067 1.195 0.013 0.0111 1.169
50% 0.022 0.0218 1.011 0.040 0.0361 1.107
70% 0.037 0.0368 1.004 0.064 0.0612 1.047

L-70-1 30% 0.006 0.0056 1.063 0.010 0.0094 1.067
50% 0.021 0.0195 1.075 0.036 0.0324 1.110
70% 0.036 0.0334 1.077 0.058 0.0555 1.045

L-50-0 30% 0.005 0.0057 0.869 0.011 0.0096 1.152
50% 0.022 0.0205 1.072 0.033 0.0341 0.969
70% 0.034 0.0353 0.964 0.060 0.0586 1.024

L-50-0.5 30% 0.007 0.0064 1.093 0.012 0.0106 1.129
50% 0.022 0.0219 1.005 0.038 0.0363 1.046
70% 0.041 0.0374 1.097 0.061 0.0621 0.983
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Table 8. Cont.

Specimens N/Nu
wm wmax

Tested Calculated Tested/
Calculated Tested Calculated Tested/

Calculated

L-50-1.5 30% 0.008 0.0072 1.108 0.011 0.0120 0.918
50% 0.023 0.0219 1.052 0.037 0.0363 1.019
70% 0.038 0.0365 1.041 0.061 0.0606 1.007

From Table 8, the mean value of the ratio of the tested to the calculated mean crack
width for the SFCGC columns is 1.035 with a coefficient of variation of 0.071, which indicates
that the two values are close to each other. It is also clear from the test results that the
average crack width decreases as the steel fibre dose increases. It further shows that the
average crack width of SFCGC columns proposed in this test is in good agreement with the
test results and has good calculation accuracy.

4.5. Maximum Crack Width

The maximum crack width wmax of the specimens under short-term loading can be
obtained by multiplying the average crack width wm by the enlargement factor αs. Owing
to the few specimens in this test, the average crack width expansion factor was taken as
1.66 according to the specification [46,48]. The formula is as follows:

wmax = 1.66wm (28)

According to Table 8, the mean of the ratio between the tested and calculated values of
the maximum crack width for the SFCGC columns is 1.047, and the coefficient of variation
is 0.053, which gives a good agreement, indicating that the formula for calculating the
maximum crack width for the NAC columns is applicable to the SFCGC columns.

5. Conclusions

Based on the experimental and theoretical study of the behaviour of SFCGC columns
under eccentric compression loading, the following conclusions can be drawn:

(1) The whole process of loading the SFCGC column to the ultimate state is in accordance
with the plane cross-section assumption. During the loading process, the lateral dis-
placement curve of the SFCGC column is approximately sinusoidal and symmetrically
distributed in the middle. Under the same eccentricity, the coal gangue replacement
rate of the SFCGC columns has little effect on the lateral displacement corresponding
to the ultimate load. The final damage mode of the SFCGC columns resembled that of
the NAC columns, and their bearing capacity was greatly influenced by eccentricity.

(2) The increased crack resistance of SFCGC columns is directly associated with their
increased tensile strength. By means of applying the corresponding tensile strength
(fft) of SFCGC, the formula for NAC columns can be used for SFCGC columns.

(3) The cracking spacing decreased with an increase in steel fibres. The reduction of
longitudinal reinforcement stress contributed to the decline of crack width. On the
basis of the regression analysis of experiment results, the equations for computing the
average crack spacing and average crack width of SFCGC columns were presented.
For these results, there is excellent consistency with the experimental results.

(4) A salutary effect of steel fibres in improving the load-bearing capacity of SFCGC
columns is shown. Considering the beneficial contribution of steel fibres in the
tension zone, equations are presented to predict the axial load under load-bearing
conditions. Acceptable prediction accuracy indicates the suitability of SFCGC for its
structural applications.

(5) The increase in the coal gangue replacement rate will lead to a certain degree of
reduction in the bearing capacity of the specimens. Compared with the replacement
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rate of the 30% SFCGC column, when the gangue replacement rate is at 50% and 70%,
the reduction of the ultimate bearing capacity of the specimens increases significantly.
It is recommended that the coal gangue replacement rate for SFCGC columns is
about 30%.

(6) Steel fibres can effectively compensate for the negative impact of gangue on the
bearing capacity of SFCGC columns. As the volume content of steel fibres increases
from 0% to 0.5% and 1%, the ultimate load capacity of the SFCGC increases by 7.1%
and 9.3%, respectively. When the steel fibre content exceeds 1% by volume to 1.5%, the
increase in ultimate load capacity of the SFCGC column begins to slow down and only
increases by 5.4%. In view of the load-bearing performance and cost-effectiveness
of the specimens, it is suggested that the volume content of steel fibres for SFCGC
columns be about 1%.
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Abstract: Assembled methods play a critical role in the construction of precast concrete structures.
However, conventional dry-connections-like sleeve grouting joints in precast concrete structures
lagged at a low construction and management efficiency with poor quality control. In this study, a
novel steel joint for precast reinforced concrete beam-column components is proposed to improve
constructability. New joints transform the assembled method from reinforced concrete members
into a steel structure by setting a pre-embedded steel connector at both ends of reinforced concrete
beams and columns, showing outstanding economic, durability, and fire resistance capabilities. The
construction process, construction efficiency, economy, and energy consumption were discussed
based on the material, structure, and construction hybrid characteristics. Numerical simulation and
structural health monitoring methods are used to monitor and evaluate the deformation and stress
state of the proposed system in the whole construction process, so as to optimize the construction
scheme and ensure safe and orderly construction. The results reveal that the FEA-simulated values
of key building components during construction are in good agreement with the actual monitoring
values, which verifies the feasibility of the FEM models and provides a guarantee for construction
safety; the construction period of the proposed assemble system is reduced by approximately 56%
and 40%, compared with the conventional reinforced concrete frame structure and cast-in-place
joints in the precast concrete frame structure, respectively. Meanwhile, the energy consumption of
buildings decreases by 20%. This research provides a theoretical basis for the design, calculation, and
application of assembled precast structural systems.

Keywords: steel joint; precast concrete structure; construction process; building energy efficiency

1. Introduction

As stated by the master architect Gropius in 1910, ‘reinforced concrete buildings shall
be prefabrication and factory’; architectural industrialization has been widely explored by
researchers. Currently, the precast structure, the centerpiece of building industrialization,
has the advantages of less wet work, better energy conservation, and faster construction
than the conventional reinforced concrete structure [1–3]. It has been widely used, including
in the Osaka Kitahama Apartment Building in Japan, the Chunli River Apartment Building
in China, and Phoenix Library in the United States. However, according to numerous
investigations of strong earthquakes worldwide, the core area of the beam-column joint of
the precast structure can be severely damaged in the event of a disaster. The damage results
in the collapse of buildings, endangering people’s lives and property. The shortage of
antiseismic, precast structures limits the development of industrialized construction [4–8].
Numerous experimental investigations [9–13] have revealed that the connection design
of each precast component plays a key role in the seismic and mechanical performance
of precast structure buildings. Accordingly, the connection parts should have sufficient
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stiffness, energy dissipation capacity, and ductility to ensure the transmission of the bending
moment, shear force, and axial force between components [14–18]. Therefore, enhancing
the mechanical properties of fabricated structures by changing the connection mode of
precast components has become the focus of research in recent years.

Many types of precast concrete beam-column joints currently exist. Three examples
include the following: (1) In slot-bond assembled concrete joints, the precast concrete
components are spliced by way of sunk key and steel anchoring, and the concrete is poured
at the connection. This type of precast joint has good energy dissipation capacity and
ductility, but wet operations on construction sites are a common issue [19–21]. (2) In
prestressed precast concrete joints, concrete members are connected with prestressed
reinforcement. Many studies have found that, although this form of member connection has
self-recovery ability and slow stiffness degradation, the prestressed reinforcement should
be stretched during member assembly, making the construction complex [22–24]. (3) Bolted
or welded precast concrete joints refer to the pre-embedding of steel members in the joint
area. The concrete beams and columns are combined by bolting or welding connections
between the steel components. Although this type of connection mode improves the
construction efficiency, the joint performance is not significantly improved, compared to
when using the cast-in-suit concrete structure [25–27]. The engineering applications of
the above-mentioned precast joints are restricted, owing to the influence of factors, such
as the post-pouring of concrete and the use of a complex joint structure [8,14,17,20,23–27].
Therefore, it is of practical significance to develop an assembly system with superior
constructability and performance.

In this study, a new type of precast beam-column joint is proposed [28]. The joint has
a simple steel connection mode, and steel members are only embedded in the connection
of precast reinforced concrete members of the beam-column. During site construction, the
members are assembled by a combination of bolting and welding methods. Buildings that
rely on this form are called precast concrete structures with steel joints.

The connection form of the joints is the main factor affecting the production and
assembly process of the prefabricated components. The load of the precast structure
quickly rises during the construction process, then the overall stiffness, load, and stress of
the structure are constantly changing. Taken together, it is highly significant to ensure safety
during construction. Previous studies [29–34] in structural health monitoring are mostly
focused on complex component design, construction monitoring, and monitoring systems,
and they provide a volume of monitoring technologies [35]. However, this enormous effort
has yielded only a small amount of construction monitoring and simulation research for
the precast concrete structure; it is an ongoing research issue.

Construction monitoring is performed by means of monitoring and numerical simu-
lation [35]. The former arranges monitoring devices on the construction site to carry out
real-time monitoring of the structure status, so as to discover the construction risk in time;
The latter pre-analyzes the state of the building structure during the construction process by
means of numerical simulation and verifies the simulation results with the monitoring data
of the construction site, thereby preventing the construction risk in advance. Due to the lack
of theoretical verification, the accuracy of on-site monitoring data cannot be guaranteed,
and real-time monitoring repair of the damaged part may require great effort. In response
to some of the above shortcomings, this study applied both numerical simulation and
structural health monitoring methods to discuss the whole process of construction, struc-
tural deformation, and stress monitoring and evaluation, so as to optimize the construction
scheme and ensure the safety and orderly nature of construction.

This article intends to introduce this novel steel-joint precast concrete frame structure;
analyze engineering examples of this type of structural system; and describe the advan-
tages, component design, component production, and construction process. Meanwhile, a
reasonable construction technology of steel-joint precast concrete structure and a scientific
construction monitoring technology are proposed to guarantee the safety of the new system
in the construction stage. Then, we will compare the conventional reinforced concrete
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structure and the precast concrete structure in terms of construction efficiency and building
energy consumption. This research can provide a reference for future research on precast
buildings and the application of the structural system itself.

2. Steel-Joint Precast Concrete Structure System
2.1. Advantages of Steel-Joint Precast Concrete Structure System

Precast concrete structures are usually connected by grouting sleeves and steel bar
binding at the connection of the precast members. Moreover, the whole structure is formed
by pouring concrete at the joint. This type of structural system requires additional process
links, such as formwork, binding steel bar, concrete pouring, and maintenance, when
assembling precast members, which significantly occupies both construction time and labor.
Meanwhile, the concealment of the joint area in the concrete is not conducive to checking
the connection quality of the members and the reinforcement and repair of the defects at
the joint in the later stage.

The proposed structure improves upon the shortcomings of the precast concrete mem-
bers’ connectors. The main design purpose of the new joint is to use the steel structure
connection technology to solve the difficult assembly problem of the conventional con-
nection mode of the concrete precast members. However, the joint needs to be used in
conjunction with the structure system. If the other selected components do not match the
joint, the advantages of the joint or system cannot be utilized, and even the joint or system
cannot be truly put into application. Therefore, this study designs a steel-joint precast
concrete structure system based on the steel connection method.

The prefabricated steel-joint connection [28] refers to the reinforced concrete structure
in which the precast beams and columns are embedded with steel components at the
connection points, and the beam-column connection points are joined by the steel structure
connection mode. The main purpose of the joint connection design is to solve the related
problems of the difficult connection of the precast concrete structure with the steel structure
connection mode. The precast beam in this project is embedded with H-shaped steel at
the beam end, and the precast column connection node is embedded with a square steel
pipe. The upper and lower horizontal plates, cross-type dividers, and extending connecting
plates are built into the square steel pipe. The beam-column connection node is mainly
connected by a combination of high-strength bolts and welds.

The novel structural system is applied to a precast office building in Lingshou Town,
Shijiazhuang, Hebei Province, China. The building scene is shown in Figure 1.
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Figure 1. Real view of the building: (a) Front elevation; (b) Side elevation; (c) end face figure.

The project is a four-story frame structure building, which is partially three-story. The
building area is 2821.2 m2, the structure height is 16.5 m, and the building height from one
to four layers are 4.5 m, 3.6 m, 3.6 m, and 4.8 m, respectively. The first floor is used as an
exhibition hall, and the other floors are used as offices and meeting rooms. The building is
divided into two structural monomers. The structural monomer from axis 1 to axis 4 is a
steel-joint prefabricated concrete frame structure made of precast columns, precast beams,
composite slabs, and precast stairs. The structural monomer from axis 5 to axis 9 is the
casting reinforced concrete frame structure. The construction stage of axis 1~4 starts after
the completion of the construction stage of axis 5~9, and the two construction stages do not
affect each other.

The project building has the characteristics of low height and fewer layers, and the
prefabricated columns are all non-spliced full-length prefabricated components with a
cross-sectional area of 0.5 m × 0.5 m. The steel component material is Q345, the steel
reinforcement strength grade used in the building is mainly HRB400, and the concrete
strength grade used in the precast component and the concrete pouring of the building floor
is C30. The volume, weight, and quantity of each precast component are shown in Table 1.
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Table 1. Overview of precast components.

Component Type Quantity/Pieces Maximum
Volume/m3

Maximum
Mass/Tons

Precast columns 14 3.225 9.11
Precast beams 103 1.64 4.095

Composite slabs 194 0.41 1.038
Precast stairs 6 1.44 3.6

This structural system is popular and practical for project construction. The con-
struction of precast concrete structures with steel joints is shown in Figure 2. From the
perspective of engineering applicability, the precast components connected by the steel
structure are mature and reliable, which results in low requirements at the installation
and management level of the construction personnel. From the perspective of engineering
economy, the dry connection of precast components is fast and convenient, and concrete
should not be poured after the connection of members. Therefore, the demand for man-
power, construction time, and building materials is low in engineering construction. In
addition, unlike when using integral steel components for steel structures, the project cost
is reduced. From the perspective of engineering durability, the precast members are mainly
reinforced concrete materials with excellent corrosion resistance and fire resistance. In
summary, the precast concrete structure with steel joints is a form of building structure
system that combines the merits of steel structure and reinforced concrete structure.
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2.2. Design and Production of Precast Components

Reasonable modular design is an indispensable factor in determining whether the
precast structure system building can be popularized. The modular design can realize the
batch production of precast components and production with less specification, which
can reduce the amortization cost of molds and reduce the engineering cost. The modular
design is conducted in accordance with the requirements of building function, bearing
capacity, number of building floors, building elevation, etc. For example, the number of
steel-embedded parts of precast column members is selected according to the number of
building floors. In addition, the beam span length is selected according to the building-use
function. Moreover, steel members are buried in precast beams according to the location of
the filling wall in the building to erect secondary beams, and so on. In addition, the precast
concrete structure with steel joints can be applied to a variety of building types through
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a reasonable modular design, which can meet the different functions of the building and
improve the engineering economy.

The production process of precast components is shown in Figure 3.
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Therefore, this study introduces the design and manufacture of precast members used
in precast concrete structures with steel joints in accordance with building engineering
examples. In steel-member precast concrete structure buildings, the precast columns are in
the form of reinforced concrete, and the steel members are embedded only at the beam-
column joints. The steel member is a square steel skeleton composed of a diaphragm, a
cross-shaped partition, and an extension connecting plate with bolt holes, as shown in
Figure 4.
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Figure 4. Steel-embedded parts in the precast column.

The all-steel mold is used in the production of the members. All the steel bars used in
the precast columns are cut using industrial machinery and manually tied into steel frames.
A diaphragm is located in the steel-embedded parts in the column members. Only the
full-length longitudinal corner bars pass through the joint area of the precast column, and
the steel skeleton composed of the central longitudinal steel bar and stirrups is divided into
multiple sections by the joint. The multi-segment steel skeleton and the column nodal steel
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embedded parts are spliced outside the production mold, and the relative position between
the rebar skeleton and the joint steel embedded parts is adjusted during the production
of the column members. In addition, the longitudinal steel bar extending into the joint
steel embedded parts and the vertical plate of the joint steel buried parts are welded on
both sides. This requires that the weld length be no less than 10 times the longitudinal
steel diameter of the column. Subsequently, the long corner bar is penetrated and tied. The
connection between the steel reinforcement skeleton and the joint steel embedded parts is
shown in Figure 5.
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Figure 5. Connection diagram of reinforcing steel skeleton and joint steel embedded parts.

The crane hangs the precast column skeleton into the mold to pour concrete and
completes the manufacture of the precast column components. The production process of
the precast column is shown in Figure 6.
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Figure 6. Production process diagram of the precast column: (a) binding of column reinforcement;
(b) assembling steel joints and reinforcing steel skeleton; (c) column member is hoisted into the mold.

Because the system is mainly suitable for multi-story precast buildings, the general
steel-joint precast concrete frame buildings use non-spliced precast column members to
improve the assembly efficiency of the main frame of the building (Figure 7). The inability
of non-spliced precast column members to properly resist lateral effects in construction can be
effectively solved by using oblique supports to fix the precast columns in building construction.
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Figure 7. Column unit.

In the project, the precast concrete structure system with steel joints adopts composite
precast beam members, and the top of the beam protrudes part of the steel bar skeleton
into the building floor to reduce the weight of the members and increase the height of
the building floor. During construction, the precast beam laminated layer is poured
together with the building floor slab. Simultaneously, H-shaped steel with web openings
is embedded at both ends of the beam, and the H-shaped steel flange is welded with the
longitudinal steel bar in the beam on both sides. The weld length should not be less than
10 times the longitudinal bar diameter of the beam. The precast beam members are shown
in Figure 8.
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Figure 8. Beam unit.

The steel frame of the beam is first tied up in the production process of the precast
beam. Next, the H-shaped steel embedded parts are inserted into the mold at both ends
of the skeleton because tools in the mold can accurately locate the positions of the buried
parts of the H-shaped steel and ensure the finished product of the precast beam members.
It can meet the assembly accuracy requirements of the components.

The relative position of the steel bar skeleton and the H-section steel embedded parts
is adjusted according to the requirements of the welding length of the H-section steel flange
and the longitudinal steel bar in the beam. Owing to the small space in the mold, the
welding operation cannot be completed. Therefore, the relative position of the reinforcing
steel frame and the H-shaped steel embedded parts should be fixed by spot welding, then
the mold is hoisted out as a whole for the welding operation. Finally, the beam precast
components are hoisted into the mold to pour concrete to complete the fabrication of the
precast beam components. The production process is shown in Figure 9.
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2.3. Connection of Precast Column and Precast Beam

All beam-column precast members of the steel-joint precast concrete structures adopt
the steel structure connection mode of bolting and welding. Specifically, the outrigger
connecting plate of the square steel skeleton at the joint in the precast column and the web
plate of the H-shaped steel at the beam end of the precast beam are threaded with high-
strength bolts at the corresponding bolt holes. The upper and lower flanges of the H-shaped
steel are welded and connected with the wall of the square steel skeleton. The connection
is shown in Figure 10. During the construction of the steel-joint precast concrete structure,
the installation of beam-column components is not limited by the construction of the floor
slab. Simultaneously, no supporting formwork is needed, and concrete is poured at the
joint connection parts. Therefore, during construction, precast columns can be integrally
installed first. Second, precast beams and precast columns are spliced to form the main
frame of the building, and then floor construction is conducted. The connection mode
of this component has significantly reduced the manual requirements and construction
period. The construction of the steel-joint precast concrete structure is shown in Figure 11.
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Figure 11. Building construction drawing.

The connection between reinforced concrete members is changed into the connection
mode of steel structures, so it is easy to figure out the inconvenient connection between
prefabricated reinforced concrete members using wet connections. For this fabricated struc-
ture system, the welding and high-strength bolt connection construction technology of steel
structures is mature and reliable, which is convenient for the inspection and detection of the
connection joint. Meanwhile, the original professional team of steel structure construction
can be used for construction, which does not exceed the existing construction installation
and construction management level. Hence, it is suitable for the quality of domestic existing
construction and management and can effectively reduce the project cost.
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2.4. Key Technologies in Construction

The construction process and key technologies of this steel-joint precast frame system
were shown in Figure 12.

(1) The reinforced concrete precast column members used in the project have large
slenderness ratios and deadweight, which easily produce brittle fractures in the
hoisting process. Hence, the precast column members are hoisted smoothly into the
corresponding foundation of the cup mouth by two truck cranes.

(2) The accuracy control of precast column installation in the project is ensured by the
installation control lines placed on the cup base and column before the construction
stage. During the construction process, the truck crane was used to pull the precast
column and cooperate with the on-site workers to finely adjust the installation position
of the precast column in the cup foundation. After the adjustment, steel wedges
were built into the cup foundation to constrain the horizontal displacement of the
precast column. In addition, verticality control of the precast column by installing
inclined support adjustment in the scape, oblique support that is built in on both
ends can be adjusted by adjusting the screw support length on the transverse and
longitudinal axis of the installation of the prefabricated column, respectively; the
verticality control line on the scape erects theodolite observation, and on the basis
of the scape verticality control line in the theodolite eyepiece deviation in adjusting
inclined support, verticality controls scape.

(3) In order to improve the fault tolerance rate of precast components, the connecting
plate of precast column steel joints is prepared during construction, the connecting
plate is welded during the construction of beam and column components, and the
connection deviation of the beam and column components can be partially adjusted
through the weld.
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3. FEM Simulation for Staged Construction and Monitoring Scheme

In the construction stage, the stress and deformation status monitoring of key parts
of the structure can provide a timely grasp on the deformation trend of the structure,
visualize the structural damage and the parts with hidden risks, and effectively reduce
the construction risk. This section conducts finite element simulation analysis on the
construction process of the test project. According to the simulated data, it analyses the
stress variation law of precast concrete frame structure with steel joints during construction,
detects the structural parts with construction risks and hidden dangers, and warns the
actual construction. On the other hand, the secondary structure construction of steel-joint
prefabricated concrete frame structure is monitored, and the stress and strain changes in the
beam-column joint area are analyzed during the construction. By comparing the monitoring
data with the simulated data, it can provide a safety guarantee for the construction and
provide scientific experience for the construction monitoring of similar building structures
in the future.

3.1. FEM Simulation for Staged Construction

In this study, the “life-and-death unit” technology in ABAQUS finite element software
was used to simulate the construction process of the prefabricated concrete frame structure
building with steel joints. Due to the rapid construction speed of steel-joint prefabricated
concrete structures, the simulation process does not consider the influence of time-varying
factors, such as concrete creep and temperature on the construction. During the simula-
tion, the working load is divided into constant load and construction live load, and the
engineering entity (filled wall) that does not participate in the calculation is equivalent to
the constant load applied to the main frame of the building. The construction live load
is 2 kN/m2, which is applied to the building floor in the way of uniform load distribu-
tion. An 8-node linear 6-dihedral reduction and integration element (C3D8R) was used
for concrete and steel, and a 2-node linear 3-dimensional truss element (T3D2) was used
for reinforcement.

The plastic damage constitutive is considered for concrete, and the reinforced double
oblique constitutive is considered for steel members and rebar materials. The connection
between the upper and lower flange of H-shaped steel at the beam end and the square
steel pipe of the column are defined by the Tie constraint instruction. The tangential action
of face-to-surface contact is defined as a penalty, and the normal action of face-to-surface
contact is defined as hard contact.

In the simulation of this project, the main frame model of the building is first es-
tablished, and then the components that have not been built in the current analysis step
are “killed” from the current analysis step of the model, according to the real working
conditions, and then the corresponding units are gradually “activated”, according to the
actual construction sequence. The construction simulation process of the main frame of the
building is shown in Figures 13 and 14.
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(a) (b) 

Figure 13. Construction simulation process diagram of the main frame of the building: (a) Activate
the first analysis step—construction of precast columns; (b) Activate the second analysis step—the
construction of a layer of precast beams and slabs; (c) Activate the third analysis step—construction of
two-story precast beams and slabs; (d) Activate the fourth analysis step—construction of three-story
precast beams and slabs.
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Figure 14. Changes of maximum stress and displacement values for each working condition.

The stress cloud diagram of the final stage of construction is shown in Figure 15. In
the final stage, the stress value of each component reaches the maximum, so as to measure
the safety of construction.

The stress of reinforcement is generally smaller than the tensile strength of 360MPa to
HRB400 steel bars, and only the yield strength of the first-floor slab is slightly higher than
that of HRB400. According to the maximum principal stress cloud diagram of concrete, the
compressive stress of concrete components is much lower than the compressive strength
of C30 concrete material, and most components are in the linear elastic stage during the
construction process, which indicates that the construction process is safe and reliable.
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The plan of the first floor is shown in Figure 17a. In this project monitoring scheme, 

the frame system surrounded by four axes of A, B, 1, and 2 in the plan is selected. The 

number of beam-column connection points monitored in the frame is three, all on the first 

floor of the building, and the location of monitored nodes are marked by a circle in Figure 

17a. In the monitored beam-column connection joints, a total of eight YBM tool-type sur-

face strain sensors are welded on the square steel tube embedment of each joint and the 

beam-end H-shaped steel embedment is connected with it. In addition, three YNM-em-

bedded strain sensors are embedded in each point area on the reinforcement skeleton. 

There are 33 visual inspection points in this project. The number of measuring points is 

Figure 15. (a) The stress cloud diagram of steel bars in the final stage; (b) the stress cloud diagram
of concrete in working condition 8; (c) the stress cloud diagram of steel components in working
condition 8.

3.2. Monitoring Scheme

In this project, according to the different monitoring positions of strain gauges, two
kinds of resistance strain gauges with different applicability are selected, which are, re-
spectively, YBM tool-type surface strain sensors welded on the surface of the steel joints
of beam-column members and YNM-type embedded strain sensors tied together with the
steel cage of beam-column members, as shown in Figure 16.
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Figure 16. (a) YBM-type tool-type surface strain sensor (b) YNM-type concrete-embedded strain sensor.

The measurement point arrangement in the scheme is to select the connected corner
column, side column, and middle column in the building to form a small frame structure
instead of the overall arrangement of measurement points in the building. The beam-
column connection points with the largest stress in the small frame structure are selected as
the representative measurement point, which is used to study the stress state of the whole
construction process of the building structure.

The plan of the first floor is shown in Figure 17a. In this project monitoring scheme, the
frame system surrounded by four axes of A, B, 1, and 2 in the plan is selected. The number
of beam-column connection points monitored in the frame is three, all on the first floor of
the building, and the location of monitored nodes are marked by a circle in Figure 17a. In
the monitored beam-column connection joints, a total of eight YBM tool-type surface strain
sensors are welded on the square steel tube embedment of each joint and the beam-end
H-shaped steel embedment is connected with it. In addition, three YNM-embedded strain
sensors are embedded in each point area on the reinforcement skeleton. There are 33 visual
inspection points in this project. The number of measuring points is shown in the following
table. The letters represent the position of measuring points; the details are as follows.
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Figure 17. Schematic diagram of the location of measuring points: (a) Floor plan of the building;
(b) Layout of the sensor position of the connecting beam end of the center column; (c) Layout of the
sensor position of the connecting node in the center column.

U stands for the column, L stands for beam, Z stands for middle column point, B stands
for side column point, J stands for corner column point, H stands for horizontal plate, S
stands for cross plate, E stands for vertical plate, C stands for measuring point in concrete,
D stands for top of the upper flange, F stands for web, and the number of measuring points
is shown in Table 2.

The sensor arrangement position in each monitoring point area is the same. Taking
the beam-column connection point of the middle column as an example [28], the detailed
arrangement of measuring points in the joint is shown in Figure 17b,c.

Table 2. Number of measuring points.

Installation Site Measuring Points

Steel embedment of middle column joint UZH01, UZH02, UZS01, UZS02, UZE01, UZC01
Steel embedment of side column joint UBH01, UBH02, UBS01, UBS02, UBE01, UBC01

Steel embedment of corner column joint UJH01, UJH02, UJS01, UJS02, UJE01, UJC01
Steel embedment of middle column-beam connection LZD01, LZD02, LZF01, LZC01, LZC02

Steel embedment of side column-beam connection LBD01, LBD02, LBF01, LBC01, LBC02
Steel embedment of corner column-beam connection LJD01, LJD02, LJF01, LJC01, LJC02
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From the completion of the main structure to the completion of the project, daily
periodic monitoring is carried out to analyze the structural state of the strain and stress
changes subject to the gradually increasing construction load. The construction schedule
node is shown in Table 3.

Table 3. Construction schedule node table.

Construction Step Time Progress Schedule

0 1 The second and third floors have the building materials placed

1 5 The second and third floors of the infill wall masonry was completed and the second floor of the
building was tiled

2 9 Beams and parapets are poured on the top floor
3 16 The third floor was tiled and the top floor infill wall masonry was completed
4 24 The construction of the thermal insulation layer of the top floor is completed

By comparing the stress changes at the same measuring point of each precast beam
monitored on the first floor of the building, as shown in Figure 18, the analysis shows that:

(1) The stress values of the measured points at each beam end are relatively discrete and
the stress curves deviate significantly, which is mainly caused by the uneven distri-
bution of the construction load on the building floor and the irregular loading and
unloading during the construction. The stress fluctuation intervals of the measuring
points of the steel section on the upper flange, reinforced concrete section on the upper
flange, and web of H-shaped steel at each beam end are −2–12 MPa, −0.5~3.5 Mpa,
and −3.5~1.5 MPa, respectively. The stress fluctuation intervals of the measuring
points on the top of the concrete section at each beam end are −4.5~0.5 MPa. It can
be seen that the stress change of the beam end in the construction of the secondary
structure of the building is far less than the yield strength of the steel and concrete
materials used in the building.

(2) The stress variation at the same measurement point of each beam end during construc-
tion is basically the same, and the absolute value of stress shows a deviating upward
trend, indicating that the precast beams of the building can work well together.

(3) The stress value of steel section on the upper flange of H-shaped steel at the end of
each beam is generally higher than that of the reinforced concrete section, and both
of them show tensile stress. The compressive stress was observed at the top of the
concrete section at each beam’s end. It can be seen that the stress state of the precast
beam of the steel-joint prefabricated concrete frame structure during construction
is that the beam end presents negative bending moment, and the bending moment
gradually becomes positive when extending from the beam end to the middle of the
beam span. At the same time, it is found that the stress value of each measuring point
at the beam end has no obvious mutation, indicating that the connection state of the
monitored frame nodes under the action of construction load is good, and no risks,
such as unwelding or bolt slip, occur.

By comparing and analyzing the stress data of the measuring points of the steel joints
of the middle column, side column, and corner column in the construction process, as
shown in Figure 19, it can be seen that:
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Figure 18. Comparison of stress of measured points at each beam end: (a) The stress at the measuring
point of the pure steel section of the upper flange of the H-beam at the beam end; (b) the stress at
the measuring point of the mixed section of the upper flange of the H-beam at the beam end; (c) the
stress at the measuring point of the H-beam web at the beam end; (d) stress at the measuring point at
the top of the concrete section at the beam end.

(1) The stress curve of each measurement point is rather meandering, but the range of
stress fluctuation is small, which is caused by construction material handling and
stacking on the building floor. The stress fluctuation range of horizontal plate 01,
horizontal plate 02, cross partition 0◦, cross partition 90◦, and a vertical plate of each
column steel joint in the construction process of the secondary structure is −2~8 MPa,
−2~7 MPa, −1~4 MPa, −8~2 MPa, and −8~1 MPa, respectively. The maximum stress
variation is about 10 MPa, which is much lower than the yield strength of Q345 steel
used for steel joints. Combined with the analysis of the stress fluctuation range of
each beam end measurement point, it is concluded that in the construction of the
secondary structure of the building, the stress of the frame node position does not
change much, and the safety of the building is not greatly affected.

(2) Each column steel measuring point with the same location has almost the same stress
changes; the absolute value of the stress is winding up trends, which, combined with
the analysis of the stress curve of the beam end of the same measuring point, indicates
that the prefabricated concrete frame structure in steel point and edge point have the
same angle in the same state of stress changes in the process of construction, which
further indicates that the construction of each point can work better together. At the
same time, according to the stress data of each column’s steel joint in the building,
the stress value of the middle point is generally the largest, while the stress value of
the corner point is generally the smallest. This is because the force transmission path
of the frame structure is from the floor to the column and then from the beam to the
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column. Therefore, the number of columns connecting the beams is large, and the
stress is also generally large. The data show that the stress value of some measuring
points of the corner column steel joints is greater than that of middle column steel
joints, which is due to the occurrence of construction loads, such as building filling
walls, concentrated in the measuring point area of the corner column steel joints,
resulting in a larger stress value of some measuring points of the corner column
steel joints.

(3) Through the monitoring data, it is found that the stress change trend of measurement
points 01 and 02 of the steel-joint horizontal plate of each column is the same, which is
the tensile stress of tortuous growth. At the same time, through the monitoring data of
each column steel-joint cross partition and vertical plate, it can be seen that the cross
partition is subjected to horizontal tensile stress and vertical compressive stress, while
the vertical plate is mainly subjected to compressive stress. The results show that
steel joints can play a positive part in the stress work in the construction of building
structures and play a positive role in improving the bearing capacity of joints.

Buildings 2022, 12, x FOR PEER REVIEW 19 of 25 
 

to the column. Therefore, the number of columns connecting the beams is large, and 

the stress is also generally large. The data show that the stress value of some meas-

uring points of the corner column steel joints is greater than that of middle column 

steel joints, which is due to the occurrence of construction loads, such as building 

filling walls, concentrated in the measuring point area of the corner column steel 

joints, resulting in a larger stress value of some measuring points of the corner col-

umn steel joints. 

(3) Through the monitoring data, it is found that the stress change trend of measurement 

points 01 and 02 of the steel-joint horizontal plate of each column is the same, which 

is the tensile stress of tortuous growth. At the same time, through the monitoring 

data of each column steel-joint cross partition and vertical plate, it can be seen that 

the cross partition is subjected to horizontal tensile stress and vertical compressive 

stress, while the vertical plate is mainly subjected to compressive stress. The results 

show that steel joints can play a positive part in the stress work in the construction of 

building structures and play a positive role in improving the bearing capacity of 

joints. 

   
(a) (b) (c) 

  
(d) (e) 

Figure 19. The stress comparison diagram of the measured points on the column members: (a) Stress 

at measuring point 01 of steel-joint transverse plate; (b) Stress at measuring point 02 of steel-joint 

transverse plate; (c) 0° axis measuring point stress of steel-joint cross diaphragm; (d) 90° axis meas-

uring point stress of steel-joint cross diaphragm; (e) Stress at the measuring point of the vertical 

plate of the steel joint. 

3.3. Discussion 

The stress simulation data of the measuring point unit under each construction step 

is obtained through the field variable output function of the software. 

By comparing the monitored stress data and simulated stress data of measuring 

points under different construction steps, it is found that the simulated calculated value 

of each measuring point under different working conditions is generally less than the 

Figure 19. The stress comparison diagram of the measured points on the column members: (a) Stress
at measuring point 01 of steel-joint transverse plate; (b) Stress at measuring point 02 of steel-joint
transverse plate; (c) 0◦ axis measuring point stress of steel-joint cross diaphragm; (d) 90◦ axis
measuring point stress of steel-joint cross diaphragm; (e) Stress at the measuring point of the vertical
plate of the steel joint.

3.3. Discussion

The stress simulation data of the measuring point unit under each construction step is
obtained through the field variable output function of the software.

By comparing the monitored stress data and simulated stress data of measuring
points under different construction steps, it is found that the simulated calculated value
of each measuring point under different working conditions is generally less than the
actual monitored value. Figure 20 shows the comparison diagram of stress data of some
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measuring points. The main reason for the deviation between the monitored value and
the calculated value is that several construction steps are carried out simultaneously in the
actual construction, and the actual construction step is larger than the construction load
in the simulated construction step. The site of the construction process with measured
value and the simulation calculation of stress have the same change trend, numerical
deviation within ±2 MPa, monitoring data, and simulated data in which the coincidence
degree is higher; it shows that the finite element simulation analysis simulation steel-joint
prefabricated reinforced concrete frame structure building in the construction phase of
the stress change of the method is feasible, which provides theoretical support for the
construction of the building.
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Figure 20. Comparison of stress data of some measuring points: (a) 0◦ axis measuring point stress of
the cross diaphragm; (b) 90◦ axis measuring point stress of the cross diaphragm; (c) Measurement
point of the transverse plate.

The stress variation trend reflects that the maximum tensile stress and the maximum
compressive stress of the building model occur when the insulation layer of the top floor is
laid, and the maximum stress value of reinforcement, steel, and concrete materials in the
simulation process does not reach the yield strength of each material. It shows that the
building structure has high safety in the construction process.

4. Construction Efficiency Analysis

The construction technology of conventional reinforced concrete frame structure
(hereinafter, RC), precast concrete frame structure (hereinafter, PC), and steel-joint precast
concrete frame structure (hereinafter, SPC) is analyzed based on the actual construction
of the steel-joint precast concrete frame structure. The construction periods of the three
structural systems are compared. Consequently, the construction period of the steel-joint
precast concrete frame structure system is found to be the shortest. Compared with the
conventional reinforced concrete frame structure, the construction period is reduced by
50–60%; compared with the precast concrete frame structure, the construction period is
reduced by nearly 40%.

4.1. Comparative Analysis of Construction Process and Cycle

Based on the single-layer construction of the same frame structure building. The
construction process of each type of structure is shown in Figure 21.

The conventional construction procedure of a reinforced concrete frame structure
building, in turn, includes surveying, steel works of columns and walls, formwork installa-
tion of columns and walls, formwork installation of beams and floor slabs, steel works of
beams and floor slabs, and concrete works. The construction period of a single layer of a
frame structure building is 9 days.
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The construction process of a precast concrete frame structure building, in turn, in-
cludes surveying, steel works of walls, formwork installation of walls, installation of beam
and column units, formwork of unit connection parts and floor slabs, steel works of beams
and floor slabs, concrete works, and product protection. The construction process of this
structure system frame building is tedious, but the mutual interference of each construction
step is not strong, so multiple steps can be carried out simultaneously. Therefore, the
construction period for completing a single layer of a frame structure building is 6.5 days.

The construction process of the steel-joint precast concrete frame structure is as follows
in sequence: surveying, steel works of walls, formwork installation of walls, installation
of beam unit, formwork installation of floor slabs, steel works of floor slabs, assembly
works, and concrete works. The construction period for completing a single layer of a
frame structure building is 3.8 days. Because precast column members need to be hoisted
and installed during the first layer of construction of this structure system, the construction
period for completing the first layer of the building is 4.3 days.

To compare the construction periods of the three structural systems more intuitively,
this study introduces a four-story standard frame building as a calculation model. The
construction of a model building with a steel-joint precast concrete frame structure system
can be completed in 15.7 days, compared with the construction period of 26 days for the
precast concrete frame structure system. Therefore, the construction period is reduced by
39.6%. However, the conventional reinforced concrete frame structure system needs 36 days
to complete the project, and the construction period is reduced by 56.4%. Furthermore,
compared with the conventional reinforced concrete structure system, the precast structure
system mainly saves time in the construction steps of steel binding and formwork support,
in addition to saving labor and building materials. As an update of the precast concrete
structure system, the steel-joint precast concrete structure system mainly reduces the
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construction period from the assembly of precast components. Moreover, it reduces the
use of building materials, such as formwork and concrete, and gradually evolves into a
construction mode based mainly on machines and tools and assisted by manpower.

4.2. Anticipation of Perfecting Steel-Joint Precast Concrete Structure System

According to the construction period of the steel-joint precast concrete structure
system given in Table 1, the construction of walls and floors of the building accounts
for approximately 70% of the total construction period. Therefore, when the steel-joint
precast concrete structural system is applied to the framework building, the precast wall
panels and floors are formed with the precast building, fully utilizing the advantages of
the structural system. This further improves construction efficiency and reduces labor
consumption. The fully precast components are more consistent with the steel-joint precast
concrete structural system because the main frame of the structure building is formed
quickly during construction. This is sufficient for providing the bearing capacity for the
construction load introduced by the rapid installation of the precast components.

5. Building Energy Efficiency

Large amounts of energy are consumed in building construction as cities grow. Ac-
cording to the number of building materials consumed during the construction of different
structural types of buildings, the basic energy consumption of each structural type of
building is estimated with the energy amount consumed by the production of building
materials as the basic unit [36–40]. Taking a three-story framework structure as an example,
the building energy consumption of the steel-joint precast concrete, conventional concrete,
and precast concrete is calculated and compared. The calculation results are presented in
Table 4, indicating that the building energy consumption of the steel-joint precast concrete
structural system is reduced by 22.2% and 19.1%, compared with the conventional concrete
structure system and the conventional precast concrete structure system, respectively. The
energy consumption of formwork is reduced by 54.9% and 22.5%, respectively, because the
steel-joint precast concrete structure buildings only lay formwork in the floor construction,
which greatly shortens the usage of formwork. When the structural system is perfect,
the building adopts fully precast components, with a formwork energy consumption of
zero, which further reduces the energy consumption of the building. Compared with
the energy consumption of the conventional concrete structure system and conventional
precast concrete structure system, that of reinforcement is reduced by 34.9% and 37.6%,
respectively. In the beam-column connection joints, the dense steel bars are replaced with
steel members due to the resistance to the shear forces, resulting in a reduction in the
energy consumption of steel bars. Compared with the conventional concrete structure
and precast concrete structure systems, the concrete energy consumption is reduced by
25.5% and 31.6%, respectively. This is because steel members embedded in the precast
concrete structure of steel joints enhance the stiffness of each precast member, reducing
the cross-section area of the members and reducing the usage of concrete in the building.
In summary, the steel-joint precast concrete structure has certain advantages in building
energy consumption.

Table 4. Comparison of building energy consumption of various structures.

Material Energy Consumption per Original Unit
Amount of Materials Energy Consumptions

RC PC SPC RC PC SPC

Formwork 241 MJ/m2 6251 m2 3641 m2 2821 m2 1505 GJ 876 GJ 679 GJ
Steel section 4066 MJ/kN 0 0 257 kN 0 0 1045 GJ

Reinforcement 3522 MJ/kN 1107 kN 1156 kN 721 kN 3899 GJ 4073 GJ 2540 GJ
Concrete 2046 MJ/m3 931 m3 1013 m3 693 m3 1905 GJ 2073 GJ 1419 GJ

Sum 7308 GJ 7023 GJ 5683 GJ
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6. Conclusions

This research elucidates the steel-joint precast concrete structure system, consider-
ing engineering practices. This structure system solves the assembly difficulties of the
conventional connection mode for precast concrete components using steel connection.
The key technologies for construction have been investigated for steel-joint fabricated
concrete frame structures by using the methods of on-site supervision, stress monitoring,
and numerical simulation. The main research contents and conclusions are as follows:

(1) The steel-joint precast concrete structure combines the steel and concrete structures
effectively. With the quick and simple connection of beam-column members, the main
framework may be completed at one time without wet construction. This building
structure system can be widely used with high practical utility.

(2) Construction techniques, such as “piecewise casting”, “theodolite & oblique sup-
port” adjustment installation, and “lag-connect & lag-weld” installation of connecting
plates, are proposed, which can solve engineering difficulties and improve construc-
tion efficiency.

(3) The main structure can work coordinately and can be better at forcing transmission
performance works at an elastic state under the normal service condition. The com-
parison and analysis of simulation results and monitoring values show that the two
development trends are basically the same, indicating that the construction moni-
toring and simulation method adopted is feasible, and the building has high safety
during construction.

(4) Construction pile load has a significant influence on stress distribution. It is rec-
ommended to reasonably plan the placement of construction materials and tools in
the construction process to avoid excessive concentrated load on the floor slab and
safety accidents.

(5) For a single-story framework building, the construction cycle of the steel-joint precast
concrete structure is only 3.8 d, which is a 39.6% and 56.4% reduction, compared
with that of the precast concrete and reinforced concrete structures, respectively. The
construction progress analysis shows that the precast system composed of precast
floors and walls may further improve construction efficiency.

(6) Compared with the precast concrete and conventionally reinforced concrete structures,
the steel-joint precast concrete structure generally reduces the amount of formwork,
reinforcement, and concrete, lowering the building energy consumption by 19.1% and
22.2%, respectively.

The steel-joint precast concrete structure features low consumption of building mate-
rials, high assembly efficiency of precast components, and reduced energy consumption
of construction equipment. This research on steel-joint precast concrete structure systems
provides a reference for the development of precast concrete structures.
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Abstract: In ancient villages, the spread of uninterrupted fires caused great damage to clustered
wooden houses. Thus, the spread of fire among wooden houses should be systematically studied
to explore its characteristics. Statistical analysis is a feasible way to study the characteristics and
underlying mechanisms of fire in full-scale wooden houses. In this study, 4 full-scale wooden
buildings were built in an ethnic village in Guizhou Province, and the fire spread test was conducted
by igniting a 0.63-MW power wood crib. To investigate the fire spread, the visual characteristics
were observed, and the temperatures and heat radiation at special locations were monitored with
thermocouples and radiation flowmeters, respectively. The effect of relative slope, heat radiation,
and wind direction on fire spread characteristics was established by mathematical statistics, and
the measured temperatures were used to verify the statistics’ regularity. The results showed that
in wooden houses, fire spread was mainly influenced by the slope, the distance between houses,
and wind direction. When the inner wall of a wooden house is protected by a fireproof coating,
the thermal radiation spread and fire spread are both slower. The slope and distance had the same
influence weight (0.41) on fire spread; however, since they affect the process in different ways, they
should be analyzed separately for fire risk evaluation. The findings of this study provide a theoretical
foundation for understanding the fire spread process in wooden buildings.

Keywords: fire spread; full-scale experiment; wooden houses; fire behavior; flame temperature

1. Introduction
1.1. Introduction to Fire Spread of Wooden Houses

Due to China’s long history and ethnic diversity, ancient wooden buildings with
regional characteristics are widespread throughout the country [1–3]. These buildings have
not only residential value but also are integrated into the local folklore, culture, history,
economy, and natural scenery and have both historical and touristic value [4–6].

Figure 1 depicts one type of stilt-style architecture, which is a common style of ancient
rural wooden buildings in southwest China. This type of house is often built near the
mountains and is supported by wooden columns. Since this type of building is composed
of stacked wood, they are at high risk of fire [7]. When uninterrupted fires occurred in
ancient villages, the fire spread caused great damage to clustered wooden houses [8].
Deteriorated wooden buildings might have a greater possibility of catching fire when they
contact open flame [9–11]. However, the current fire protection force in rural areas is still
relatively weak, mainly due to a lack of public firefighting facilities, a lack of firefighting
management, low firefighting awareness among villagers, and difficulties in external
firefighting rescue [12]. Unlike wildfire spread in grass and forests, wooden houses are
prone to igniting from the building’s interior [13]. The internal fire process consists of
ignition, flashover, full development, collapse, and extinguishment. This happens quickly,
causes great damage, and harms people’s safety and lives [14,15]. Traditional small-scale
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experiments cannot objectively and accurately reproduce the fire spread characteristics of
wooden building clusters [5,16]. Therefore, it is important to adopt a full-scale experimental
approach for fire spread research on wooden houses.
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1.2. Literature for Wooden Houses Research

Several studies have investigated the fire spread characteristics of wooden build-
ing clusters in China and other countries. Hasemi [17] discussed the fire spread char-
acteristics of three-story wood houses using a full-scale experimental approach, while
Matthew et al. [18] found that fires of intermediate size were negatively associated with rel-
ative humidity. Zhang et al. [19] studied the thermo-mechanism behavior of wooden joints
under fire exposure. Kristoffersen et al. [11] summarized improving the fire protection of
wooden buildings with limited additional costs. Bartlett et al. [11] presented the pyrolysis,
ignition, and combustion processes associated with wood products. Li et al. [20] conducted
an in-depth study on fire safety planning and strategies for rural ancient building groups
in Japan; moreover, Maraveas et al. [21] studied the factors influencing the fire resistance
of wood-based houses. Stubbs et al. [22] found that flame height and surface area increased
significantly with wood materials but also approached asymptotic values.

Until now, only a few full-scale studies have focused on the fire hazard of multiple
wooden houses in China. Notably, the smoke concentration and the temperature dis-
tribution during fire spread are closely related to a series of conditions [23,24], such as
the fire separation between adjacent buildings [25], the combustion structure [26], the
relative slope [27], the roof temperature [28], the external wind speed at the time of
fire [29], the moisture content of wood [30], and the atmospheric temperature [31,32].
Therefore, the main factors influencing fire spread need to be analyzed by actual fire
tests [33,34]. Traditionally, fire spread tests have been based on small-sized models of
wooden structures [35,36]. Although these studies have provided a basic theoretical un-
derstanding of the fire spread phenomenon, they focused less on wind speed and space
temperature; therefore, their results were not completely realistic [37,38].

Fire spread in full-size buildings have been studied mainly considering the mate-
rial [39], geometry [39], ventilation [40], boundary properties [26,41,42], and wood struc-
tures [43,44]. Their studies have systematically analyzed how these factors affected the
spread of fire in full-scale buildings. However, these factors were analyzed by a simple
variable method, and only a few studies have investigated the main factors influencing the
fire spread process by statistical theory, which could further study the inter-correlations
among these factors. Additionally, the tendencies of fire spread when these factors are
simultaneously varied are not yet known. Thus, the aim of this study was to (i) investigate
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the fire spread in wooden houses when multiple factors simultaneously varied; (ii) analyze
the main factors influencing fire spread by statistical theory; (iii) provide fire protection
suggestions for wooden houses in the ethnic villages of China.

1.3. Brief Description of This Experiment

In this study, we studied the actual fire spread process in 4 full-scale wooden houses
by igniting a 0.63-MW power wood crib. Four full-size wooden houses were built on a
vacant lot in an ethnic village in Guizhou Province. The fire spread, temperature, and
heat radiation were monitored, and the factors, i.e., relative distance, height, relative
slope, and wind direction, influencing fire spread were investigated. Subsequently, the
statistical software Statistical Product Service Solutions (SPSS) was used on the measured
temperature and radiation; analysis of cluster and dimension reduction were used as the
main methods. Finally, the analysis result by SPSS was verified by the detection results.
The findings of this study will provide a theoretical foundation for understanding fire
spread in wooden houses.

2. Materials and Methods
2.1. Construction and Test Environment of the Wooden Houses

The test site was located on a vacant lot characterized by yellow mud in a village in
Southeastern Miao and Dong Autonomous Prefecture (Guizhou Province, China). A 6.0 m
high platform, backed by a wooded area, was positioned north of the site (Figure 2a).
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In order to improve the accuracy of the experiment, after field investigation, four
representative adjacent wooden houses were selected as models for the experimental
wooden houses. The building size, separation distance between houses, and architectural
structure were based on the models. The wood used for the test construction was taken from
a wooden building that had been inhabited for more than 10 years (Figure 2b). A total of
4 wooden buildings (1–4) were erected for the test. Their structural frames, roof covers, floor
slabs, beams, and other structural elements were composed mainly of wood (Figure 2c,d).
Figure 2d shows the side structure of one of the buildings. The space between the floor and
the ceiling of the living space was 2.3 m, and the space between the ceiling and the roof
(i.e., the loft) was 2.7 m. Notably, the loft was partially open (i.e., the building created a
non-completely confined space); moreover, the rooms and the loft of all the buildings had
the same height (Figure 2d). The four buildings were exactly made of the same materials.
The walls were composed of two parts, outer and inner wood panel walls. In addition,
Houses 1 and 4 had 2 floors (floor areas of 75.52 m2 and 42.24 m2, respectively), while
Houses 2 and 3 had only 1 floor (floor areas of 20.67 m2 and 42.24 m2, respectively).

2.2. Arrangement of the Test Points

A layout of the experimental site and the arrangement of test points are shown in
Figure 3. House 1 (i.e., the ignition building) had 2 floors, with 4 rooms on the first
floor; notably, the rooms on the second floor were intercommunicating. For free burning
conditions, these cribs would have had a maximum surface-controlled mass loss rate (MLR)
of 0.39 kg/s combined, according to [19].

A total of 80 wood cribs (about 25.0 Kg) with the dimension of 250 mm × 25 mm × 25 mm
(length × weight × height) were set as the fire source according to [15]. The heat of
combustion of wood cribs used was 17 MJ/kg as measured by a bomb calorimeter, thus
giving a maximum surface-controlled heat release rate of 0.63 MW.

The location of rooms 1, 2, 3, and 4 is shown in Figure 3. The center of room 1 was set
as the ignition point. Temperature measuring thermocouples (type K, Omega, New York,
NY, USA) were installed on the east, south, west, and north walls of room 1, with corre-
spondent measuring points named D, N, X, and B, respectively. Additional temperature
measuring thermocouples were installed at heights of 0.5, 1.0, 1.5, and 2.0 m from the floor
and on the floor of room 1: the corresponding points were 1-1-1, 1-1-2, 1-1-3, 1-1-4, and
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L2, respectively. In room 1, at the height of 1.0 m, we positioned another temperature
measuring thermocouple (E-1). The lobby, rooms 2, 3, and 4 were equipped with temper-
ature measuring thermocouples 1.0 m above the floor, named points T, 1-2, 1-3, and 1-4,
respectively. Additional temperature measuring thermocouples, named points E-2 and
E-3, were located 1.0 m above the ground on the second floor directly above the hall and
1-3. Another temperature measuring thermocouple, located in the middle of the staircase
against the wall, was identified as point L. At the height of 1.0 m, water-cooled radiant heat
flowmeters (radiant heat flow dual-use type, Shanghai Tuxin Company, Shanghai, China)
were set at the front door, at a horizontal distance of 3.0 m and 6.0 m, respectively, from
the front door, named points G1, G2, and G3. The total number of thermocouples and heat
flowmeter were 31 and 5, respectively, as listed in Table A1.
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The distance between Houses 1 and 2 was 0.5 m (based on the position of the respective
inner walls). In particular, House 2 was located to the east of House 1. In House 2,
temperature measuring thermocouples were set at the height of 1.0 m from the base of the
first floor, in correspondence to the inner and outer walls (points Q1 and Q2, respectively),
as well as 1.0 m below the eaves (point R1). There was also a water-cooled radiant heat
flow meter at the same location on the exterior wall Q1, named point G4. Notably, the
interior wall of House 2 was sprayed with a halogen-free, efficient, and environmental
fireproof paint (commercial products from Cuizhixin New Technology Development Co.,
Ltd., Suzhou, China), which has been independently fire-tested to a standard and applied
to materials made of wood, paper, and plastic. Detailed information about the fireproof
paint is listed in Appendix A. The dose of brushing the paint on the wall was 350 g/m2,
while the exterior wall was not sprayed.

House 3 was constructed to the west of House 1, and the distance between them (mea-
sured from the respective inner walls) was 1.0 m. The interior and exterior walls of House
3 were not treated with fireproof paint. Here, 1 temperature measuring thermocouple was
set at the height of 1.0 m from the floor (point 3-1), while the other was 1.0 m below the
eaves (point R2), respectively.
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House 1 was attached to a 6.0 m platform on the north side. This platform had a
slope inclination of about 80◦ and a slope length of 6.1 m. Six temperature measuring
thermocouples were uniformly distributed along the straight slope to measure the fire
spread temperature along its length. From bottom to top, the locations of the instruments
were marked as S1, S2, S3, S4, S5, and S6. House 4, whose interior and exterior walls
were not fireproof, was built on the platform. This house had two floors, each containing
intercommunicating rooms. Temperature measuring thermocouples were set at the height
of 1.0 m from the floor and 1.0 m below the eaves on the first and second floors, named
4-1, E-4, and R3 points, respectively. The exterior wall was equipped with a water-cooled
radiant heat flow meter located at the height of 1.0 m from the floor (point G5).

2.3. Test Procedure

The test took place on 23 August 2020, between 11:00 and 13:00, the temperature
ranged from 21 to 28 ◦C, and the humidity was 91%. The weather on that day was sunny,
with an east-southeast wind at the speed of 2.4–5.4 m/s. At 11:30 a.m., all the windows and
doors of House 1 were opened, and a fire was lit in the center of room 1 (Figure 3). A video
camera was used to film the spread of the fire in all four houses; meanwhile, the tempera-
ture measuring thermocouples monitored the temperature at different points. To ensure the
accuracy of the measurements, two measuring thermocouples were installed horizontally at
each measurement point, and their results were averaged. Additionally, radiation flowme-
ters were installed at special locations, shown in Figure 4, to monitor the heat radiation
power. In the middle and late stages of the test (20 min after ignition), a professional team
was asked to extinguish the fire in Houses 2 and 4 to prevent the test-fire from getting out
of control.
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2.4. Statistical Analysis

As shown in Figure 4, the temperature and thermal radiation results obtained from
the test were verified using the software IBM SPSS 25.0 (with the Python 2.2.17 extension
package); statistical analysis was conducted on the detection results using the actual
measured temperature and radiation during the whole experimental process. Following the
previous method [45], cluster analysis and dimension reduction analysis was applied
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to analyze the correlation among measured temperatures, while the algorithm of the
bootstrapping method was used to obtain the confidence intervals. The cluster analysis
was based on the algorithm of K-means, while the dimension reduction analysis was based
on the algorithm of principal component analysis.

3. Test Results and Discussion
3.1. Analysis of the Fire Spread Patterns in the Igniting House
3.1.1. Analysis of the Visual Characteristics

Figure 5 shows a series of photos taken from outside House 1 during the test. Fire ignition
occurred at 0 min in room 1-1. At 3.1 min, smoke began to overflow from room 1-1.
At 6.6 min, the floor of the room floor was lit, and the fire burned on the room’s inner
walls. At 8.9 min, a small amount of open fire spilled out of the window. At 10.2 min, a
large number of open flames came out of the window and gradually went through the
window to the second floor. At 10.8 min, the ceiling of room 1-1 collapsed, the fire quickly
reached the second floor, and the beams were burned. At 12.3 min, the roof of House 1
was completely burned, and a large amount of smoke was produced. At 12.7 min, the
foundation of the house (near room 1-1) was burned. At 16 min, only the main frame of
House 1 was left. At 23 min, the house completely collapsed, and the walls and floors were
completely consumed by the fire.
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(c) 10.2 min, (d) 10.8 min, (e) 12.3 min, and (f) 16 min.

3.1.2. Temperature Changing Rule

Figure 6 shows the temperature of each test point in room 1. Figure 6a shows how,
before 10.00 min, the detection height and the room temperature were significantly cor-
related, and the highest temperature was registered at point 1-1-4. Between 10–12.5 min,
the temperature increased rapidly at all 4 detection points in room 1. At 12.5 min, the
temperature at points 1-1-2, 1-1-3, and 1-1-4 was similar and slightly higher than that at
point 1-1-1; the correlation between height and room temperature decreased (in accordance
with the observations reported by Huang et al. [46]). Figure 6b shows how, before 10 min,
the temperature at the measurement points on all 4 walls of room 1 showed gentle change.
At 10 to 11 min, the temperature of all points increased significantly, showing the room had
reached flashover. This phenomenon may be due to the amount of oxygen provided by the
vacancy structure of lofts in ancient wooden buildings; a similar phenomenon could be
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found in a previous study [15]. The temperature began to rise at 12.5 min at point B and
at 14 min at points N and D. After 15 min, all 4 points reached a stable temperature; the
highest values were measured at point X (west wall), followed by point B (north wall) and
points N and D (south and east walls, respectively). Compared with the other three walls,
the west wall showed the earliest temperature rise and the highest final temperature; in
comparison, the north wall showed a slightly later temperature rise and a slightly lower
final temperature. This difference was related to the non-completely confined nature of the
experimental wood-frame building space. The outdoor east-southeast wind will, in fact,
enter the interior of a non-completely confined building, affecting the fire spread direction.
In our test, after 10 min from fire ignition, the ventilation direction significantly affected the
fire spread direction.
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Figure 6. Correlation among (a) relative height, (b) direction, and temperature in room 1 of House 1.
(a) Temperatures measured at the height of 0.5–2.0 m from the room floor, (b) Temperatures measured
on the four walls of the room.

Figure 7 shows the temperatures registered at the height of 1.0 m from the floor in each
room of House 1 during the fire spread. The increase in temperatures followed the order of
1-1-2 (room 1) > T (hall) = L (stairs) = L2 (floor) = 1-2 (room 2) > 1-4 > 1-3. Specifically, the
point 1-1-2 increased rapidly at 9.5 min, and T, L, L2, and 1-2 increased at 11.5 min, while 1-4
and 1-3 increased at 12 min and 12.5 min. The staircase was at a certain distance from room
1, and it heated up at the same time as the hall, possibly because the staircase was connected
to the second floor and had sufficient air (not a completely airtight loft). After 11 min, the
fire spread phenomenon was influenced by the direction of the wind coming from outside.
In addition, Room 3 was located northwest of the burning room and intercepted the wind;
here, the fire spread and heated up rapidly. Finally, in Room 4 (to the west of the burning
room), the fire spread and heated up slowly. It showed that the order of room heating was
similar to the ventilation direction. However, the order of increased temperature could not
verify this assumption; thus, the measured temperatures were analyzed using SPSS.

3.1.3. Principal Component Analysis and Validation

Figure 8 and Table 1 show the correlation of the temperatures during the whole experi-
mental process at each detection point in the building where the fire started. The confidence
intervals of measured temperatures are listed in Table A2. In particular, Figure 8a shows
that the detection points on the first floor of the ignition building can be classified into
two clusters; inside the ignition building, fire spread was mainly influenced by two factors.
These two factors were further analyzed (Figure 8b and Table 1). Component 1 (Factor 1)
and Component 2 (Factor 2) likely represented the wind direction (influence weight = 0.47)
and the relative height (influence weight = 0.43), respectively. Combining this information
with that in Figures 6–8, it was speculated that the relative height and the wind direction
significantly influenced both the fire spread phenomenon and the temperature change in
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the burning building. Similar studies have investigated fire spread in forests and found
that 76% of fire behavior is linked to wind direction, wind speed, altitude (height), and
other factors [46]. Specifically, before the fire started (at 12 min), the correlation between
fire spread and the relative height was greater than that between the wind direction and the
spread direction, and relative height and spread rate increased together; however, after the
fire started (11 min), the correlation between the wind direction and the spread direction
was greater than that between fire spread and the relative height.
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Figure 7. Variation of temperature at the test points on the first floor of House 1. 
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Table 1. Dimension reduction analysis of temperature at the test points in House 1 during the whole
experiment process.

Point Number Principal Component 1 Principal Component 2

1-3 0.966
1-1-1 0.957
1-4 0.956
1-2 0.873 0.475

1-1-4 0.864 0.497
1-1-2 0.825 0.478

T 0.709 0.669
X 0.955
N 0.930
D 0.921
B 0.914
L 0.408 0.821

L2 0.648 0.719
1-1-3 0.657 0.718

Note: The principal component matrix converged after three iterations by rotation.

Figure 9 shows the temperature results obtained at the measurement points on the
second floor of House 1. The point points E-1 (directly above room 1) and E-2 (directly
above the hall) almost simultaneously rose. Compared with E1, E2 was far away from the
fire source, which was supposed to warm up early. The simultaneous warming indicated
that both the wind direction and height strongly influenced the fire spread.
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Figure 9. Variations of temperature at the test points on the second floor of House 1.

The above results show that fireproofing measures need to be taken on the ceilings of
wooden buildings to reduce the influence of relative height. In addition, placing windows
in the area of the perennial prevailing wind direction should be limited.

3.2. Analysis of Fire Spread Rule in Wooden Houses
3.2.1. Analysis of the Visual Characteristics

Figure 10 contains photos taken from outside the buildings during the fire spread.
Between 10 and 12 min, House 1 was burning in its entirety (large amounts of fire and
smoke were visible from the outside), while Houses 2–4 showed no signs of ignition.
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Figure 10. Fire spread among the Houses 1-4 (a,b), of which (a1,b1,c1,d1) were during the time of
10–12 min, (a2,b2,c2,d2) were at the time of 16 min, (a3,b3,c3,d3) were at the time of 19 min, and
(a4,b4,c4,d4) were during the time of 23–33 min.

At 16 min, only the foundation structure of House 1 was left; moreover, the west
eaves of House 2 and the south eaves of House 4 had ignited. At 19 min, the foundation of
House 1 was burning, the west eaves of House 2 were burning, the east eaves of House 3
had ignited, and the south exterior wall and eaves of House 4 were burning. At 20 min,
firefighting operations were carried out on Houses 2 and 4. In the final part of the test
(between 23 and 33 min), Houses 1 and 3 completely collapsed, the exterior walls and eaves
of House 2 were completely burned (with no obvious changes in the interior), and the
south exterior wall and eaves of House 4 were completely burned.

3.2.2. Effect of Fireproof Materials

The correlations between temperatures at points 1-1 (room 1), 1-2 (room 2), T (hall)
(House 1), Q1 (exterior wall), and Q2 (interior wall) (1 m above the floor in House 2) are
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shown in Figure 11. In the case of House 1, the p-value between the temperatures of room 1
and room 2 (or the hall) was >0.05. Notably, there was a low significant relationship between
the temperatures of the 2 tested points and the external wall of House 2 (0.01 < p < 0.05).
The p-value between the temperature of room 1 (or the internal wall of House 2) and the
internal wall of House 2 was instead <0.01. The above results proved that the fireproof
paint sprayed on the inner wall of House 2 had a good fireproof effect, effectively slowing
down the heating rate and the spread of fire.
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3.2.3. Effect of Slope

The temperatures measured at points S1–S6 (along the slope between House 1 and
House 4) are shown in Figure 12. At points 1–4, the temperature did not significantly
change between 0 and 14 min; however, it started to rise from 14 min onwards. At points
5–6, the temperature gradually increased between 0 and 14 min, but it was higher at point
6; then, from 14 min onwards, it rose faster. The calculation followed Equations (1) and
(2) and showed that F and R were 1.79 and 0.23 km/h, respectively. Thus, the rate of
forward spread of fire on level to undulating ground was 0.233 km/h. The above results
indicate that the slope had the greatest effect on fire spread. Before the fire spreads, a large
amount of fire and smoke spread upward along the slope due to thermal pressure and the
wall-hugging effect. This explains why the highest points (5 and 6) warmed up first.

F = 2.0× e(−23.6+5.01×ln (C)+0.0281×T−0.226
√

H+0.633
√

V) (1)

R = 0.13× F (2)

where F was the fire danger index; C was the degree of curing (percent), 89%; T was the air
temperature (◦C), 24.5 ◦C; H was the relative humidity (percent), 91%; V was the average
wind velocity in the open at the height of 10 m (km/h), 14.04 km/h; R was the rate of
forward spread of fire on level to undulating ground.
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3.2.4. Effect of Distance

The thermal radiation results obtained from points G1–G5 are shown in Figure 13.
At point G1, thermal radiation started to increase at 8 min; then, from 10 min, it increased
exponentially. Boom combustion occurred due to the non-completely confined configura-
tion of the space fueling the combustion. Meanwhile, thermal radiation began to rise also at
G2 and G3; however, the amount of thermal radiation at G2 was twice as high as that at G3.
These results are consistent with those of Nishino et al. [47]; thermal radiation decreased as
the distance between the monitoring point and the heat center increased. At G4 and G5,
thermal radiation started to increase at 12 min and reached its maximum (9.53 kW m−2 and
15.29 kW m−2, respectively) at 14 min. The low thermal radiation of House 2 was related to
the relative height and slope compared to House 4.

3.2.5. Principal Component Analysis Results and Validation

Figure 14 and Table 2 show the temperatures registered in Houses 1, 2, 3, and 4 and
elaborated using the SPSS software, and the confidence intervals of measured temperatures
are listed in Table A3. Figure 15a shows that the test points could be classified into three
clusters, indicating that the fire spread phenomenon in the wooden houses was mainly
influenced by three factors.

These three factors were further analyzed (Figure 15b and Table 1). Component 1
(Factor 1, identified as the slope) had an influence weight of 0.41, Component 2 (Factor
2, identified as the distance) had an influence weight of 0.41, and Component 3 (Factor
3, identified as the wind direction) had an influence weight of 0.08. Thus, distance and
slope had the same influence weights on fire spread in the wooden houses, but thermal
radiation was lower at G5 (where the slope was high) than at G3 (where the slope was low)
(Figure 13). This indicates that, despite the high correlation between slope and distance,
these two parameters influenced fire spread in different ways. In the fire risk assessment of
wooden houses, safety analyses and calibrations of both distance and slope are required.
Fireproofing materials achieve fire protection by slowing down heat radiation (Figure 11).
Compared to slope and distance, wind direction had a lower influence weight in the test.
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This may have been due to the absence of adjacent buildings to the northwest (downwind
side) of the burning building.
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Figure 13. Thermal radiation at the test points. 
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Figure 14. Building eaves temperature of House 2–4. 
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Figure 14. Building eaves temperature of House 2–4. Figure 14. Building eaves temperature of House 2–4.
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Table 2. Dimension reduction analysis results for temperature and thermal radiation at the test points.

Point Number Principal
Component 1

Principal
Component 2

Principal
Component 3

G2 0.952
G4 0.947
G1 0.945 0.315
G3 0.920 0.320
Q2 0.806 0.567
Q1 0.739 0.653
1-2 0.723 0.606
G5 0.456
S5 0.932
S3 0.893 0.324
S4 0.333 0.871
1-1 0.496 0.852
S6 0.321 0.834
S2 0.506 0.769
T 0.540 0.741
S1 0.944

Note: The principal component matrix converged after five iterations by rotation.
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were the main factors influencing fire spread in the wooden houses, which was consistent 

with previous studies [48]. 

Therefore, while fire safety and cost should be simultaneously considered in a pro-

ject, the fire damper and fireproof coating were preferentially chosen since the main fac-

tors are distance and slope. Additionally, further expansion of fire prevention space needs 

to be considered in rural planning due to the coupling effect of multi-factors. 

4. Conclusions 

The following conclusions were inferred from our experimental study. 

(1) Fire spread was significantly correlated with relative height and wind direction. 

Before the fire started at 12 min, the correlation between height and fire spread was great 

(influence weight of 0.42); the higher the relative height, the greater the spread rate. At 11 

min after the fire started, the correlation between wind direction and fire spread was great 

(influence weight of 0.47); the wind direction influenced the spread direction. 

(2) The fire spread between adjacent buildings was mainly influenced by the dis-

tance, wind direction, and slope; specifically, the rate of forward spread of fire increased 

to 0.06 m/s when at the slope of 80°. 

(3) When fire risk assessments are conducted, the relative slope and the distance be-

tween buildings need to be calibrated and analyzed separately. 

(4) In this study, the findings provide a theoretical foundation for understanding the 

fire spread characteristics of wooden buildings. Further experiments should set varied 

wind velocities and directions to compare the influence weights of slope, distance, and 

wind properties. 

Author Contributions: S.Y. and Y.L. were responsible for the experimental work, K.X., F.Y., and 

X.S. supervised the laboratory work, Q.L. and P.D. led the research. All authors have read and 

agreed to the published version of the manuscript. 

Figure 15. Results of the statistical correlations between temperature and thermal radiation at the
whole test points. (a) Cluster analysis, (b) Dimension reduction analysis.

Since floors 2, 3, and 4 were first lit in correspondence with the eaves, we monitored
the temperature at these locations (Figure 15). The temperatures of both R2 (eaves of
House 2) and R4 (eaves of House 4) started to increase rapidly from 7.5 min; then, between
13 and 20 min, they remained relatively stable (averages of 650 and 550 ◦C, respectively).
Finally, they started to decrease after 20 min due to fire extinguishing.

The temperature at R3 (eaves of House 3) started to rise at 15 min, reaching an average
value of 800 ◦C at 21.5 min. Notably, R2 was ignited earlier due to its closer proximity to
the fire source and the higher heat radiation compared to R4. Additionally, R4 was ignited
earlier than R3 due to the higher slope of Houses 2 and 4. R2 and R4 were ignited almost
simultaneously, indicating that distance and slope had a similar influence weight on fire
spread. The temperatures shown in Figure 14 confirmed that distance and slope were
the main factors influencing fire spread in the wooden houses, which was consistent with
previous studies [48].

Therefore, while fire safety and cost should be simultaneously considered in a project,
the fire damper and fireproof coating were preferentially chosen since the main factors are
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distance and slope. Additionally, further expansion of fire prevention space needs to be
considered in rural planning due to the coupling effect of multi-factors.

4. Conclusions

The following conclusions were inferred from our experimental study.
(1) Fire spread was significantly correlated with relative height and wind direction.

Before the fire started at 12 min, the correlation between height and fire spread was
great (influence weight of 0.42); the higher the relative height, the greater the spread rate.
At 11 min after the fire started, the correlation between wind direction and fire spread was
great (influence weight of 0.47); the wind direction influenced the spread direction.

(2) The fire spread between adjacent buildings was mainly influenced by the distance,
wind direction, and slope; specifically, the rate of forward spread of fire increased to
0.06 m/s when at the slope of 80◦.

(3) When fire risk assessments are conducted, the relative slope and the distance
between buildings need to be calibrated and analyzed separately.

(4) In this study, the findings provide a theoretical foundation for understanding the
fire spread characteristics of wooden buildings. Further experiments should set varied
wind velocities and directions to compare the influence weights of slope, distance, and
wind properties.
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Appendix A

Appendix A.1 Previous Fire Spread Tests for Fireproof Paint

Appendix A.1.1 In the Treatment of Chinese Fir Board (Nominal Density of 500 kg/m3,
Nominal Density of 15 mm)

The dose of brushing the paint was 70 kg/m3 or 350 g/m2. After brushing, the
pressure of 1 bar on board lasted for 10 min, followed by 12–14 bar for 150 min. After fire
spread test, the woods with the paint brushing had a better property of fireproof than that
without brushing. In addition, the board after painting had the corrosion protein.

Appendix A.1.2 In the Treatment of Other Materials

The dose of brushing the paint when the materials:

Bafta: 0.15 g paint per gram
Wool fabric: 0.12 g paint per gram
Polyamide: 0.12 g paint per gram
Polyester: 0.27 g paint per gram
Paper: 0.06 g paint per gram
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Table A1. Description of site of measured thermocouple.

Location Number of Thermocouples Sum

Inside the House 1 Room 1 D, N, X, B, 1-1-1, 1-1-2, 1-1-3, 1-1-4 8
Room 2 1-2 1
Room 3 1-3 1
Room 4 1-4 1

Hall T 1
Staircase L 1

Second floor L2, E1, E2, E3 4
Outside the House 1 and House 4 S-1, S-2, S-3, S-4, S-5, S-6 6

Inside the House 2 Q2, 2-1, R1 3
On the wall of House 2 Q1 1

Inside the House 3 3-1, R2 2
Inside the House 4 4-1, R3 2

Total numbers 31

Appendix A.2 Principal Component Analysis and Validation

Table A2. Sample description a.

Points Statistics Deviation Standard Error Inferior Limit Upper Limit

R112

Average 356.63 0.56 75.71 212.80 507.03

Standard deviation 371.01 −11.06 53.512 240.99 457.53

Case number 23 0 0 23 23

R12

Average value 132.05 0.98 46.17 47.68 232.26

Standard deviation 225.76 −10.89 54.87 61.47 299.22

Case number 23 0 0 23 23

T

Average value 219.85 1.40 71.73 86.43 375.76

Standard deviation 355.68 −11.51 61.94 195.57 434.16

Case number 23 0 0 23 23

1

Average value 44.79 0.07 4.69 36.65 54.88

Standard deviation 22.84 −1.14 5.49 9.75 31.69

Case number 23 0 0 23 23

Q2

Average value 30.06 0.01 0.29 29.55 30.72

Standard deviation 1.43 −0.08 0.39 0.44 2.01

Case number 23 0 0 23 23

G4

Average value 0.29 0.01 0.14 0.10 0.61

Standard deviation 0.67 <−0.10 0.31 0.03 1.06

Case number 23 0 0 23 23

G5

Average value 0.12 0.01 0.01 0.11 0.13

Standard deviation 0.02 <−0.01 0.01 0 0.04

Case number 23 0 0 23 23

G1

Average value 5.24 0.05 3.03 0.56 12.21

Standard deviation 14.74 −1.52 5.75 1.08 22.58

Case number 23 0 0 23 23
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Table A2. Cont.

Points Statistics Deviation Standard Error Inferior Limit Upper Limit

G2

Average value 0.84 <0.01 0.24 0.47 1.40

Standard deviation 1.18 −0.12 0.45 0.10 1.80

Case number 23 0 0 23 23

G3

Average value 0.52 <0.01 0.09 0.39 0.73

Standard deviation 0.44 −0.05 0.17 0.07 0.68

Case number 23 0 0 23 23

S1

Average value 31.72 −0.01 0.15 31.41 32.00

Standard deviation 0.72 −0.02 0.10 0.50 0.88

Case number 23 0 0 23 23

S2

Average value 29.79 <0.01 0.20 29.43 30.21

Standard deviation 0.99 −0.03 0.14 0.64 1.22

Case number 23 0 0 23 23

S3

Average value 30.08 <−0.01 0.14 29.80 30.37

Standard deviation 0.70 −0.02 0.07 0.52 0.80

Case number 23 0 0 23 23

S4

Average value 30.25 <0.01 0.12 30.02 30.50

Standard deviation 0.57 −0.01 0.06 0.42 0.66

Case number 23 0 0 23 23

S5

Average value 43.40 <0.01 1.81 39.82 47.07

Standard deviation 8.93 −0.22 0.82 7.06 10.28

Case number 23 0 0 23 23

S6

Average value 55.53 <0.01 3.42 48.83 62.24

Standard deviation 16.97 −0.45 1.80 12.80 19.92

Case number 23 0 0 23 23

R1

Average value 74.48 0.15 17.02 44.37 111.60

Standard deviation 83.25 −4.99 22.00 28.67 115.98

Case number 23 0 0 23 23

R2

Average value 28.62 <0.01 0.04 28.53 28.70

Standard deviation 0.21 −0.01 0.05 0.12 0.28

Case number 23 0 0 23 23

R3

Average value 60.51 0.13 12.11 39.22 87.05

Standard deviation 59.00 −3.59 16.16 20.77 84.62

Case number 23 0 0 23 23
a. Unless otherwise noted, Self-help sampling results were based on 1000 samples, and the confident interval
was 95%.
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Appendix A.3 Principal Component Analysis and Validation

Table A3. Sample description a.

Points Statistics Deviation Standard Error Inferior Limit Upper Limit

D

Average 262.31 −2.65 53.74 165.11 368.37

Standard deviation 335.60 −10.61 50.20 220.97 408.14

Case number 39 0 0 39 39

N

Average value 250.54 −2.28 44.26 166.79 339.38

Standard deviation 279.74 −7.99 33.04 201.12 330.23

Case number 39 0 0 39 39

X

Average value 314.05 −2.77 54.76 210.00 427.83

Standard deviation 344.22 −11.10 47.37 235.27 415.66

Case number 39 0 0 39 39

B

Average value 324.40 −2.03 47.03 230.22 418.31

Standard deviation 297.74 −7.38 27.38 230.42 339.12

Case number 39 0 0 39 39

R111

Average value 86.48 −0.34 14.33 59.12 114.66

Standard deviation 90.44 −2.20 12.46 60.02 109.63

Case number 39 0 0 39 39

R112

Average value 117.78 −1.00 22.48 75.21 162.56

Standard deviation 139.10 −3.23 14.52 101.41 158.28

Case number 39 0 0 39 39

R113

Average value 310.65 −2.75 59.01 196.78 429.91

Standard deviation 375.38 −6.98 23.74 311.73 404.59

Case number 39 0 0 39 39

R114

Average value 187.86 −1.61 38.05 114.45 259.38

Standard deviation 239.63 −4.34 19.48 189.59 264.50

Case number 39 0 0 39 39

R12

Average value 266.33 −2.04 54.68 163.47 370.59

Standard deviation 344.25 −6.09 30.72 267.89 387.57

Case number 39 0 0 39 39

R14

Average value 145.88 −0.97 29.93 89.22 203.47

Standard deviation 188.68 −4.27 22.72 132.36 221.88

Case number 39 0 0 39 39

R13

Average value 184.71 −0.78 51.86 90.33 294.16

Standard deviation 323.33 −9.97 57.55 184.45 413.93

Case number 39 0 0 39 39

L

Average value 243.00 −2.88 55.53 134.22 358.23

Standard deviation 360.46 −9.12 46.43 249.06 426.73

Case number 39 0 0 39 39

T

Average value 318.63 −3.34 64.80 194.88 446.98

Standard deviation 415.31 −7.93 32.63 335.43 461.11

Case number 39 0 0 39 39
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Table A3. Cont.

Points Statistics Deviation Standard Error Inferior Limit Upper Limit

L2

Average value 264.16 −3.05 55.37 157.41 377.83

Standard deviation 350.73 −7.89 33.36 268.41 396.39

Case number 39 0 0 39 39
a. Unless otherwise noted, Self-help sampling results were based on 1000 self-help samples, and the confident
interval was 95%.
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Abstract: In this study, novel cross-shaped concrete-filled steel tube (CFST) and steel tube (ST)
columns were developed. CFST columns have a high load-carrying capacity and excellent perfor-
mance under seismic conditions, and the construction process is fast. In order to investigate the axial
load bearings and failure mechanisms, six specimens of CFST and ST columns were tested under
the axial load. Three different forms of CFST were employed in this study; one was an ordinary
cross-shaped CFST (OC-CFST), while the other two were executed with significant inner changes;
namely, stiffeners cross-shaped CFST (SC-CFST), and multi-cell cross-shaped CFST (MC-CFST) filled
with concrete. The other group has the same OC-ST, SC-ST, and MC-ST, but these test subjects were
without filled concrete. Through discussion of the failure mechanism, load displacement and load
strain correlations are determined. The effects of parameters on ultimate resistance, failure pattern,
and ductility index were studied. The axial load-carrying performance of the cross-shaped CFST
columns was 75–80% better than that of ST columns; and each ST column displayed cooperative
behavior. The finite element model (FEM) was simulated, and the outcomes of the experiments were
used to validate it. The load–displacement relationships were established using parametric analysis.
Existing design standards were used to calculate CFST column loading capacity. Finally, mathematical
formulas were improvised to determine the ultimate load of the cross-shaped CFST column.

Keywords: cross-shaped CFST column; multi-cell CFST column; stiffened column; steel tube column;
FEM analysis; structural application

1. Introduction

Applying specially shaped CFSTs, as the columns that protrude from walls, can in-
crease the amount of floor space accessible in structures. Special-shaped CFST columns
are widely used in industrial sites, tall buildings, bridges, substantial transmission towers,
and other structures due to their high load-bearing capacity, outstanding ductility, com-
patible construction, better construction technique and economic advantages [1]. They
are currently being used in several buildings in China, including the Fukang Home, the
Guangzhou new China Mansion, the Guangzhou Mingsheng Plaza, and the residences in
Yuzixi village [2,3]. CFST columns are currently primarily classified into groups possessing
square, rectangular, circular, and special-shaped cross-sections. Implementing specially
shaped CFST columns can improve the internal usage area of a high-rise structure sig-
nificantly [4–6]. A proper theoretical and specification system for CFSTs was created as
a result of significant laboratory experiments and theoretical study that revealed the me-
chanical characteristics of square and circular CFST columns [7–13]. Commonly, a square,
rectangular, or circular cross-section is used for the steel column in a typical residential
building. In these situations, the column can protrude out from the wall and affect the
building structure [14,15]. There are several conventional section forms. Corner columns
for architectural construction frequently use cross-sections which are T-shaped, L-shaped,
and cross-shaped.
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Researchers have previously examined the achievement of multi-cell, L-shaped CFST
columns that have been stiffened while loaded in either pure bending or axial compres-
sion conditions [3,14,16–19], and the currently available design methodologies have been
suggested. Qiguang et al. [20] presented a calculation method for CFST columns with
cross-shaped sections; it investigated how factors such as cross-section dimensions, width-
to-thickness ratio, and yield stress affected loading capacity, displacement form, and stress
formation for the steel tube. According to experimental findings, lowering the tube’s
width-to-thickness ratio decreased the overall out-of-plane displacement at the corner. As
the steel grade was raised, the ductility increased while the bearing load and deformation
decreased inversely. Increased premature load buckling and overall outward extrusion
were seen when the tube’s length-to-width ratio was increased. A CFST column that has
been exposed to axial compression can have its ultimate load-bearing capacity and lateral
displacement impact of a wide range of factors, however, it has been discovered that one
of the more effective factors, in this case, is the concrete confinement [21–26]. Multi-cell
CFST columns with axial loading were introduced by Song et al. [27]; these researchers
carried out both experimental and FEM research. The strength of the concrete and specimen
width–thickness ratio were the experiment criteria. A parametric investigation was carried
out using ABAQUS once the experimental and numerical data had been validated. China
and European standards were the most accurate in calculating the specimen’s loading ca-
pacity according to a comparison of experimental data with those produced using various
standard methodologies.

In order to create a multi-cell T-shaped CFST column, Cao et al. [28] and Xu et al. [29] in-
vented welding techniques for rectangular tubes. The proposed method improved confinement
in infilled concrete by increasing load carrying capacity and recommending design strategies
based on parametric analysis. Liu et al. [2] established a numerical model for ordinary, stiffened,
multi-cell T and L-shaped CFST columns with concentric and eccentric loads. According to
the investigation, multi-cell special-shaped CFST excelled over other types of special-shaped
CFST columns in mechanical behaviour. Earlier studies have shown that adding longitudinal
stiffeners or implementing a multi-cell cross-section can improve the mechanical behaviour of
the special-shaped CFST columns.

In comparison to previous studies’ findings on the behavior of peculiar cross-shaped
CFST and ST columns, the number of research investigations is limited and insufficient.
This research is an experimental, numerical, and analytical study of six cross-shaped CFST
and ST columns subjected to concentric axial compression. The main goal of the test system
is to concentrate on the behavior of the columns with internal changes, like MC-CFST, MC-
ST, SC-CFST, SC-ST, OC-CFST, and OC-ST. Additionally, parametric analysis is carried out
by the FEM approach using the ABAQUS software while considering different geometric
cross-sections and material properties. A mathematical formula for structural engineering
practice in the future has also been proposed, along with a discussion of the best way to
estimate how much resistance particular cross-shaped CFST columns will exprerience.

2. Experimental Research
2.1. Specimens Details

Three types of special-shaped CFST and ST columns cross-sections are made up of
steel tubes with 300 mm × 300 mm dimensions. All the study specimens had identical
overall cross sections with internal changes. In Figure 1 and Table 1, the cross-sectional
information of all specimens is presented. The six specimens were identified as MC-CFST,
SC-CFST, OC-CFST, MC-ST, SC-ST, and OC-ST by symbol codes. Concentric axial loading
was performed on all specimens. Respectively, l and b represent the length and width of
the column, t represents the thickness of the steel tube, and ξ is the confinement factor.
Montuori et al. [30] analyze the finding of a study, looking at several fundamental laws for
the confinement factor. Among them, the square section constitutive laws are shown in
Table 2.
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Figure 1. Typical specimen cross-section: (a) MC-CFST; (b) MC-ST; (c) SC-CFST; (d) SC-ST; (e) OC-
CFST; (f) OC-ST.

Table 1. The specimen’s parameters.

No. Specimens l (mm) b (mm) t (mm) Concrete Strength (MPa) Steel Strength (MPa) l/b ξ

1 MC-CFST 900 300 3 45.28 330 3 1.136
2 SC-CFST 900 300 3 45.28 330 3 0.936
3 OC-CFST 900 300 3 45.28 330 3 0.842
4 MC-ST 900 300 3 - 330 3 -
5 SC-ST 900 300 3 - 330 3 -
6 OC-ST 900 300 3 - 330 3 -

Table 2. Constitutive laws of Confinement.

Method Formula Reference

01 fcc = fc0 ×
[

2×
(

ρ f ·E f

fc0

)
×
(
−0.4142·E f ·10−7 + 0.0248

)
×
(

2r
d

)
+ 1
]

[30,31]

02 fcc = fcc,s + fcc,c [30,32]

03 (Used method) ξ =
As

Ac
× fy

fck

[15]

Here, fy and fck are the steel and concrete strengths. As and Ac represent steel and
concrete cross-sectional area. The length–width ratio (l/b) is maintained at 3 mm for all
cross-shaped columns to avoid the general buckling reaction and boundary condition,
culminating in a physical column length of 900 mm.

2.2. Material Properties

During the experiment, a Q235-grade steel sheet was used. Five tensile test samples
were taken and inspected to look at the mechanical properties of a steel sheet with a
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thickness of 7.43 mm inner lengths of 111 mm and 80 mm. An electronic universal testing
machine based on (GBT228.1-2010) [33] was used to conduct the tensile test.

Figure 2 displays the typical stress–strain curve and tensile coupon sample. Table 3
shows the average results for the inspected yield strength, ultimate strength, elastic modu-
lus, and Poisson’s ratio, denoted as fy, fu, Es, and µs, respectively.

Buildings 2023, 12, x FOR PEER REVIEW 4 of 21 
 

cross-shaped columns to avoid the general buckling reaction and boundary condition, 
culminating in a physical column length of 900 mm. 

2.2. Material Properties 
During the experiment, a Q235-grade steel sheet was used. Five tensile test samples 

were taken and inspected to look at the mechanical properties of a steel sheet with a thick-
ness of 7.43 mm inner lengths of 111 mm and 80 mm. An electronic universal testing ma-
chine based on (GBT228.1-2010) [33] was used to conduct the tensile test. 

Figure 2 displays the typical stress–strain curve and tensile coupon sample. Table 3 
shows the average results for the inspected yield strength, ultimate strength, elastic mod-
ulus, and Poisson’s ratio, denoted as fy, fu, Es, and µs, respectively. 

    
(a) (b) 

 
(c) 

Figure 2. Tensile test results of the Steel: (a) 111 mm length sample; (b) 80 mm length sample; (c) 
Steel tensile in tested properties graph. 

There, concrete cube samples of 150 × 150 × 150 mm were manufactured, self-made 
core concrete was utilized for the concrete material property test, and the concrete was 
poured into the steel tube columns. The proportions of the concrete mixtures were Ce-
ment:Sand:Stone:Water (1:1.11:2.25:0.4). To optimize the curing state of the concrete core 
in the steel tube, the concrete cubes were first covered in aluminum foil and subsequently 
in translucent protective plastic. According to the standard concrete cube tests, the aver-
age cubic compressive strength (fcu) was 45.28 MPa, and the elastic modulus of concrete 
(Ec) was 28023 MPa. 

Table 3. Steel inspected properties. 

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0

100

200

300

400

500

600

St
re

ss
 (M

Pa
)

Strain

 80mm
 111mm

Figure 2. Tensile test results of the Steel: (a) 111 mm length sample; (b) 80 mm length sample; (c) Steel
tensile in tested properties graph.

Table 3. Steel inspected properties.

Inner Length fu (MPa) fy (MPa) Es (MPa) νs

111 mm 587 328 201,059 0.30
80 mm 607 333 201,426 0.30

There, concrete cube samples of 150 × 150 × 150 mm were manufactured, self-made
core concrete was utilized for the concrete material property test, and the concrete was
poured into the steel tube columns. The proportions of the concrete mixtures were Ce-
ment:Sand:Stone:Water (1:1.11:2.25:0.4). To optimize the curing state of the concrete core in
the steel tube, the concrete cubes were first covered in aluminum foil and subsequently in
translucent protective plastic. According to the standard concrete cube tests, the average
cubic compressive strength (fcu) was 45.28 MPa, and the elastic modulus of concrete (Ec)
was 28023 MPa.
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2.3. Specimens’ Construction

The experiment specimen may sustain damage or develop flaws throughout the
manufacturing and processing of steel tubes due to welding and other procedures. As a
result, logically planning the manufacture and processing method, shortening the welding
method, and optimizing welding accuracy can raise the experiment specimen performance.
Cold-formed empty tubes made from the same steel sheet were created to preserve the
comparable qualities of all specimens. Two bent-over steel sheets were used to construct
each OC-CFST, OC-ST specimen, for MC-CFST, SC-CFST, MS-ST, and SC-CFST specimens
welded with the extra steel sheet in mid-portion, and they were linked by vertical welding,
as illustrated in Figure 3.
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At the bottom of the steel tube, a loading cover plate with a 20 mm thickness and
measurements of 300× 300 mm was welded, providing the framework for pouring concrete.
Before welding the loading plate, we checked the leveling to ensure that the load was
distributed accurately on the specimens, as illustrated in Figure 4. Following vertical filling,
concrete was compacted, utilizing a poker vibrator on the outside of the steel tubes and a
vibrating rod on the inside. After pouring, the top portion of the concrete in steel tubes was
covered with aluminum foil and a thin plastic sheet to prevent drying shrinkage. After that,
all specimens were left in the room for 28 days. To ensure that the concrete core and steel
tube could bear loads combinedly, another steel loading plate with a thickness (of 20 mm)
was welded at the top of the specimen. Figure 3 demonstrates several crucial steps that
must be taken before and during the concrete pouring.
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Figure 4. Specimen before and during concrete pouring: (a) Loading plate leveling; (b) Loading plate
welding with the specimen; (c) Levelling the specimen; (d) Concrete pouring.

2.4. Measuring Instrument and Timeline for Loading

Using 72 resistance strain gauges, 36 strain gauges were installed longitudinally,
and the other 36 were installed horizontally. All the strain gauges were glued to the
column’s middle, upper-middle, and lower-middle 225 mm surface to acquire the axial
load. Figure 5 illustrates the experimental configuration and the arrangement of the
measuring instruments. The CFST and ST columns were placed up in a similar manner.

Nine displacement transducers (LVSTs) were placed at different places to obtain the
vertical and lateral deformation of the specimen. The compression-controlling device
and the computer automatically measure and record axial load and vertical deformation.
Besides this, we installed LVDTs vertically under the loading plate to get the exact vertical
deformation. Each specimen had eight lateral deformation LVSTs installed on every outer
face and corner face. For OC-CFST, all lateral LVSTs were in the center, but after seeing the
actual effect on the OC-CFST column, the rest of all columns, D-2, 4, 6, and 8, were installed
from the upper-inner part to the 225 mm center.

A hydraulic machine with a 10,000 kN capacity was used to evaluate the cross-shaped
CFST and ST columns under axial compression. The compressive axial load was imposed
at the cross-shaped CFST and ST column centers. The information from the strain gauges
and LVDTs was recorded by an automatic data recorder system that was connected to
a computer.

The load was first discharged to zero and then reloaded for formal loading after
the specimen had completed its preliminary work. The formal load application stage
implements the rule of applying the load in stages regulated by force and establishes the
size of the load applied in stages.
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The force-controlled load was applied at this phase loading at a speed of 120 kN/min.
This loading motion continued until the maximum load was reached. Once the maximum
load has been attained, the force load is maintained to assure the experiment’s safety.

Now the experiment loading stage has entered the failure stage. The experiment is
considered to have failed when the load falls below 75% of the observed limit load, or if the
experiment specimen deforms excessively. The local buckling’s location was identified, and
the associated load data were recorded. The specimen failed due to the concrete crashing
and steel tubes’ outward expansion, which ended the loading procedure.

3. Discussion and Analysis
3.1. Failure Occurrence

Effective ductile behavior was displayed in every cross-shaped CFST column. The
failure system of the specimens is illustrated in Figures 6 and 7. There was no welding
failure at the initial loading stage, and the welded seams held up well while loading. During
the failure phase, most specimens made the sound. Each type was carefully inspected due
to the various failure occurrences and specimen-related modes.

3.1.1. Cross-Shaped CFST Specimen’s Failure Modes

Similar failure processes were displayed by the specimens MC-CFST, SC-CFST, and
OC-CFST when loaded concentrically. No obvious occurrence was seen during the initial
loading process on the specimen’s face. For specimen MC-CFST, the load–displacement
graph increased linearly until 3082 kN and then became nonlinear as the load increased.
Local buckling started on two faces when specimen MC-CFST’s average load declined
to 3652 kN from an ultimate load of 3805 kN. When the MC-CFST specimen reached its
maximum load, there was a crack in the joint, as seen in Figure 6a. After that, during the
load-dropping phase, significant local buckling happened randomly at adjusted faces.

However, significantly less local buckling can be detected in specimen SC-CFST,
demonstrating the cooperation and development between the core concrete and steel tube
and also the different cross sections. A reduced steel ratio is to blame for this, which
enhances the restraining effect of the infilled core concrete and the control of local buckling.
There was no bulging on the specimen’s MC-CFST and SC-CFST concave portions.
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Figure 7. Cross-shaped ST specimen’s failure modes: (a) MC-ST specimen; (b) SC-ST specimen;
(c) OC-ST specimen.

The specimen OC-CFST was in the initial stage during the first loading, and no
deformation was visible before the specimen reached its ultimate load. In specimen OC-
CFST, local buckling started as the load decreased from its ultimate load of 2824 kN to
roughly 2767 kN, as shown in Figure 6b. There was no sign of local buckling waves on the
faces in the zone, in contrast to the MC-CFST and SC-CFST specimens. Figure 6c shows that
subsequent local buckling in specimens OC-CFST was less pronounced than in specimens
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MC-CFST and SC-CFST due to changes in the steel confinement value and cross section
following the failure load.

3.1.2. Cross-Shaped ST Specimen’s Failure Modes

During the initial stage of the experiments, the performance of the specimen’s MC-ST,
SC-ST, and OC-ST, loaded concentrically, was consistent. Before the ultimate load, lateral
deformation did not immediately enter the failure stage. In specimen MC-ST, the first wave
of local buckling was seen when the load decreased from an ultimate load of 1195 kN to
roughly 1183 kN. In the compression area, there was noticeable buckling. After that, the
displacement quickly dropped. While there was no noticeable buckling on the bottom of
the specimen, the steel surface displayed significant buckling close to the top, as illustrated
in Figure 7. It is possible that this occurred because the inner part of the steel tube lacked a
sufficient solid area, preventing the load from properly transferring to the lower portion
of the column. Although the local buckling shape was perfect, it undoubtedly became
deformed, possibly due to an empty steel tube.

3.2. Axial Load–Displacement Relationship

To examine the specimens MC-CFST, SC-CFST, and OC-CFTS, the ultimate load-
bearing capacity and ductility were improved in specimen MC-CFST compared to SC-CFST
and OC-CFST. On the other hand, SC-CFST’s ultimate loading capacity is better than ha of
OC-CFST, as illustrated in Figure 8a,c.

Table 3 shows the ultimate loading capacities (NEmax) of cross-shaped CFST and ST
group columns that are compressed axially. As shown in Figure 8b,d, when comparing the
specimens MC-ST, SC-ST, and OC-ST, the specimen MC-ST had enhanced load-carrying
capacity. Due to the inner cross-sectional difference, the SC-ST and OC-ST specimens’
loading capacities were lower than those of the MC-ST specimen. Compared to cross-
sectional changes, MC-CFST and MC-ST specimen capacity improved by 22.48% and
18.26% more than SC-CFST and SC-ST specimens, respectively. On the other side, SC-CFST
and SC-ST specimens improved by 7.23%, and 19.04% more than OC-CFST and OC-ST
specimens. The confinement factor benefit for infilled concrete, provided by the steel
tubes, prevented potential local buckling of the steel tube and raised ductility. Due to the
cross-sectional changes and increased steel ratio in the MC-CFST and MC-ST specimens,
the steel tubes played a significant role in the ultimate loading capacity and the outside
swelling of the steel surface. The confinement effect for infilled concrete provided by the
steel tubes prevents potential local buckling of the tube and improves ductility. All CFST
columns perform better than ST columns; CFST columns have shown an almost three times
batter performance.

3.3. Ductility Index

According to the geometric graphic approach, as illustrated in Figure 9, some loading
and Vertical displacement highlighted position, such as the yielding experimental location
(NEy, δEy), ultimate experimental place (NEmax, δEmax), 0.85% dropped location (N0.85Emax,
δ0.85Emax) [34–36]. A member’s ability to resist significant plastic deformation without a
noticeable loss of strength is referred to as mechanical ductility. In order to create the
ductility index (η), the ratio of the compressive strain must be equal to the residual load-
bearing capacity (average 0.85NEmax) of the strain, equivalent to NEmax, used,

η =
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There is a list of the determined ductility index (η) values in Table 4 as well. Although
the increase was relatively small, η improved when the confinement increased; due to the
decrease in confinement, OC-CFST had a lower value.
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Figure 9. Graphical geometric method.
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Table 4. Summary of the experimental and FEM results.

Specimen N0.85E
(kN)

NEy
(kN)

δEy
(mm)

NEmax
(kN)

δEmax
(mm) NFEM NFEM/NEmax η

MC-CFST 3234.24 3306 2.138 3805 3.581 3688 0.97 0.93
SC-CFST 2580.6 2735 2.067 3036 3.063 2948 0.97 0.862
OC-CFST 2400.4 2627 2.045 2824 2.936 2845 1.007 0.810

MC-ST 939.25 1105 1.445 1195 1.445 1210 1.012 -
SC-ST 794.75 935 1.224 995 1.224 974 0.979 -
OC-ST 698.7 791 1.1853 822 1.185 843 1.026 -
AVP 0.99
AVE 0.01

4. Numerical Model Analysis
4.1. Type of Elements

A three-dimensional (3D) FEM model was created in the ABAQUS application to
more closely research the impact of different parameters on the axial bearing capacity
of the cross-shaped CFST and ST column specimens. Both steel tube and core concrete
were modeled by solid 8-node model variant (C3DR), and the loading cover plate had a
stiff body.

4.2. Materials, Interaction, Boundary Condition, and Meshing

In the steel stress–strain relationship graph, that graph separated into five stages: the
elastic stage; the elastic–plastic step; the plastic stage; the strengthening stage; and the
second plastic flow stage, as illustrated in Figure 10c, and the equation that describe the
related theoretical expression is presented below [37].

σs =





Esεs εs ≤ εe

−Aε2
s + Bsεs + C εe < εs ≤ εy1

fy

[
1 +

0.6
(
εs − εy2

)
(
εu − εy2

)
]
εy2 < εs ≤ εu

1.6fy εs > εu

(2)

Here,

εc =
0.8fy

Es
, εy1 = 1.5εe, εy2 = 10εy1, εu = 10εy2, A =

0.2fy(
εy1 − εe

)2 , B = 2Aεy1, C = 0.8fy + Aε2
e − Bεe

where σs, εs represent the Steel stress and strain, respectively, Figure 10a,b demonstrate
the model suggested in the standard for the design of concrete structures [37,38]. The
theoretical statement is as follows:

y =





2x− x2 , x ≤ 1
x

β0(x− 1)η + x
, x > 1

(3)

x =
ε

ε0
, y =

σ

σc0
, σco = f

′
c, f

′
c = 0.76fcu, εco = εc + 800ξ0.2 × 10−6

εc =
(

1300 + 12.5f
′
c

)
× 10−6, η = 1.6 +

1.5
x

, β0 =

(
f’
c

)0.1

0.2
√

1 + ξ
, ξ =

fyAs

fckAc

Here,

σc0 —Compressive stress and strain relationship of the ultimate stress;
εc0 —The ultimate strain of the compressive stress and strain relationship;
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f
′
c , fck , fcu —Compressive strength of concrete cylinders, and cube;

As , Ac —The cross-sectional area of the steel tube and the concrete in the core area;

y =





1.2x− 0.2x6 , x ≤ 1
x

αt(x− 1)1.7 + x
, x > 1 (4)

x =
ε

εt0
, y =

σ

σt0
, σto = 0.26f2/3

cu , εto = 65× 10−6 × σ0.54
t0 , εto = 65× 10−6 × σ0.54

t0

Here

σt0 —The ultimate stress of the tensile stress and strain relationship;
εt0 —The ultimate strain of the tensile stress and strain relationship;

The material plasticity parameter was chosen, as illustrated in Table 5. Surface-to-
surface contact establishes the interface between the concrete and the steel tube. The slave
and enslaver surface, respectively, correspond to the interior side of the steel plant and the
outer faces of the core concrete plan. The definitions of hard contact and penalty friction
were used to characterize normal and tangential contact, respectively. Based on earlier
studies, the friction coefficient was expected to be 0.3 [39].
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Table 5. Concrete plasticity parameter.

Dilation Angle Eccentricity fb0/fc0 Shape Factor, K Viscosity Parameter

30o 0.1 1.16 0.667 0.0001

The two end sides of the cross-shaped CFST and ST columns were given two reference
points: the top and bottom. The boundary conditions were implemented using the experi-
ment circumstances as a guide. The top was subjected to loading by using displacement
control models. The tie function applied rigid constraints between the top and bottom
surfaces and corresponding reference points. End plates were not used in the studies since
the end faces were uniform due to strict constraints. The element sizes used for meshing
were all 20 mm through the cross-section.

4.3. FEM Model Verification

In Table 4, the ultimate load NEmax from the experiment is compared with the maxi-
mum load NFEM from the FEM. The two groups of results are harmonious, and NFEM has
an average percentage (AVP) value of 0.99; this average error percentage (AVE) is 0.01.
Figures 11 and 12 display a comparison between the experimental and FEM simulation
results of the failure characteristics of the MC-CFST, SC-CFST, OC-CFST, MC-ST, SC-ST,
and OC-ST specimens. Figure 11 shows that the two kinds of buckling for MC-CFST and
SC-CFST specimen include outward and local buckling, but OC-CFST just has outward
buckling. In the ST specimen all local buckling in the upper area of the specimen as illus-
trated Figure 12. As can be observed, the FEM simulation failure pattern was essentially
consistent with the experimental pattern. In the experiments on cross-shaped CFST and
cross-shaped ST specimens, the axial load–vertical and –lateral strain graphs generated
from the FEM were compared in Figures 13 and 14.
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strain; (b) Axial load–lateral strain. 

It can be seen that the FEM strains match the experiment results in the elastic stage; 
the load–strain graphs are almost identical. The FEM and experiment load–strain graphs 
are not entirely as accurate for all specimens but are still close in the elastic–plastic and 
failure stages. This comparison further confirms the accuracy of the FEM. It is possible to 
say that the axial compression properties of the cross-shaped CFST and cross-shaped ST 
column specimens can be accurately reflected by the FEM simulation model developed in 
this research. 
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Figure 13. Axial load–strain graph FEM and experimental CFST Specimen: (a) Axial load–vertical
strain; (b) Axial load–lateral strain.

It can be seen that the FEM strains match the experiment results in the elastic stage;
the load–strain graphs are almost identical. The FEM and experiment load–strain graphs
are not entirely as accurate for all specimens but are still close in the elastic–plastic and
failure stages. This comparison further confirms the accuracy of the FEM. It is possible to
say that the axial compression properties of the cross-shaped CFST and cross-shaped ST
column specimens can be accurately reflected by the FEM simulation model developed in
this research.
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Figure 14. Axial load–strain graph FEM and experimental ST Specimen: (a) Axial load–vertical strain;
(b) Axial load–lateral strain.

4.4. Parametric Analysis of CFST Columns

The parametric analysis investigates the impact of the steel tube thickness (t), steel
yield strength (fy), and concrete strength (fcu), on the mechanical performance of cross-
shaped CFST column specimens. Table 6 shows the chosen mechanical performance for
parametric analysis. Figure 15 illustrates the specimen numbering guidelines for the
parameter analysis.

Table 6. The values of analysis parameters.

Parameter t (mm) fy (MPa) fcu (MPa)

Concrete strength 3 330 40
3 330 60

Steel strength
3 300 60
3 390 60
3 420 60

Steel thickness
2 330 45
5 330 45
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4.4.1. Impact of Concrete Strength

As illustrated in Figure 16a, the impacts of concrete strength on the axial load–vertical
displacement graphs for MC-CFST, SC-CFST, and OC-CFST columns were evaluated. The
chart matches up during the initial phase, showing that altering the concrete’s strength
minimizes the initial compression flexibility. The load-bearing capacity seems to rise as
concrete strength rises until it reaches the ultimate stage. High-strength concrete displays a
faster reduction in load-bearing capacity during the failure stage, and low-strength concrete,
compared to high-strength concrete, displays a slight decrease in load-bearing capacity.
This is due to the steel tube’s fundamental role in supporting the load placed on the core of
the crushed concrete.
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Figure 16. Axial load–displacement graph of CFST specimen: (a) different concrete strength; (b) dif-
ferent steel tube thickness; (c) different steel strength.

4.4.2. Impact of Steel Thickness

The axial load–displacement graph of the MC-CFST, SC-CFST, and OC-CFST columns
is shown as a function of steel tube thickness in Figure 16b. Based on thickness, the SC-CFST
and OC-CFST column’s ultimate load is almost the same, but the MC-CFST column shows
a very high maximum loading capacity. However, in initial loading, all columns show the
same growth. Based on steel tube thickness in the failure phase, MC-CFST loading capacity
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decreases slowly compared to SC-CFST and OC-CFST. This happened because of the steel
confinement factor. Better confinement factors showed better performance, but to reach
the ultimate loading capacity, all CFST columns follow almost the same slope with the
same thickness.

4.4.3. Impact of Steel Strength

Figure 16c illustrates the axial load—displacement graph for MC-CFST, SC-CFST,
and OC-CFST columns of various steel strengths. The axial compression flexibility of all
CFST specimens appears to be unaffected by changes in steel strength with the same cross-
section. A more substantial restriction of the steel tube to the core concrete is suggested by
higher steel strength. As all CFST specimens’ ultimate load-bearing capacity rises, the axial
load–vertical displacement graph grows softer and softly reaches a point of failure.

5. Cross-Shaped CFST Column Calculation Method

A particular design standard cannot be used to directly calculate the axial ultimate
load-bearing capacity of cross-shaped CFST columns. The CFST column’s load-bearing
capacity is determined in Table 7, using the different standards, AIJ [40], GB50936-2014 [41],
ACI and AS [42], EC-4 [43], and CECS-2004 [44], made for square and rectangular CFST
columns. Table 7 shows Nus standards ultimate loading capacity of cross-shaped CFST
columns and
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= NEmax/Nus.

Table 7. Cross-shaped CFST column load-bearing capacity with different standards.

Specimen
AIJ GB50936-2014 ACI & AS EC-4 CECS-159:2004

Nus
(kN)
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MC-CFST 3699.45 1.03 3321.96 1.15 3281.40 1.16 2766.84 1.38 3340.45 1.14
SC-CFST 3410.40 0.89 3126.67 0.97 3059.95 0.992 2561.91 1.18 3143.61 0.67
OC-CFST 3269.85 0.86 3033.11 0.93 2952.30 0.957 2462.28 1.15 3051.20 0.93

Different standards have few errors to get accurate results, as shown in Table 7. In this
research developed GB50936-2014 [41] formula to obtain the more precise ultimate loading
capacity of cross-shaped CFST columns,

Nu = ϕN0 (5)

N0 is the CFST column design value under axial strength load that is calculated by

N0 = fscAsc (6)

fsc = (1.212 + θBs + θ
2Cc)fc (7)

θ = αsc
fy

fc
(8)

αsc =
As

Ac
(9)

Bs =

(
0.131× fy

213

)
+ 0.723 (10)

Cc = −
(

0.070× f
′
c

14.4

)
+ 0.026 (11)

ϕ is dependent on the confinement factor value, that is,

ξ ≥ 1.5, ϕ = 0.95
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ξ = 1.2, ; ϕ = 0.90;

ξ = 1, ϕ = 0.85;

ξ ≤ 0.75; ϕ = 0.80;

The section capacities were calculated using the developed mathematical Equation (5),
applying representative models from the different parametric analyses. As demonstrated
in Figure 17, there is a logical correlation between parametric and mathematical results and
the mean (τ) and standard deviation (µ), which shows a better relationship between them.
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6. Conclusions

An in-depth analysis of the structural behavior of MC-CFST, SC-CFST, OC-CFST,
MC-ST, SC-ST, and OC-ST columns under axial compression is discussed in this study. The
following is a list of the main findings from the research that is being presented:

1. The cross-shaped CFST showed more significant load-carrying capacity than cross-
shaped ST columns. The cross-shaped columns’ load-bearing capacity can be in-
creased by increased CFST column confinement factor. A decrease the in the confine-
ment factor ratio will decrease the local buckling. Additionally, there was a crack
indication in the corner area on the MC-CFST and MC-ST specimens.

2. The results of the experiments were used to establish and validate the FEM model. The
load-bearing capacity and stiffness of the specimen might all be accurately simulated
by the FEM model. The FEM model has been used to analyze the steel tube’s local
buckling and the concrete’s stress concentration.

3. The MC-CFST column loading capacity under compression is underestimated by
the design code GB50936-2014, ACI & AS, EC-4, and CECS-159:2004. The SC-CFST
and OC-CFST columns’ capacity was underestimated by AIJ and EC-4 design codes.
However, the cross-shaped CFST column is unsafe in those cases.

4. Improved calculation procedures were proposed for estimating the ultimate load-
bearing capacity of cross-shaped CFST columns under axial compression. The cal-
culation technique for the factor coefficient, ϕ, has been provided by introducing
the influence of the confinement factor, ξ, for the axial compressive load. With the
conclusion of experimental and FEM data, the mathematical calculation values are in
better agreement.
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Abstract: Regarding the effect of the initial geometric defect (IGD) on the static stability of single-
layer reticulated shells, its distribution pattern and magnitude are the main concerns to researchers.
However, the suitable selection of the initial geometric defect magnitude (IGDM) is still a contro-
versial topic. Therefore, it is intended to study the determination of the proper IGDM based on the
structure force state (SFS) and the defect coefficient. In order to find out a qualified IGDM, more
than 5200 numerical cases are carried out for four types of commonly used single-layer reticulated
shells with the span ranging from 40 to 70 m and the rise–span ratio from 1/4 to 1/7, within the
random defect mode method, by taking both geometric and material nonlinearity into account. The
results show that it is more feasible to set the L/500 as IGDM when evaluating the stability of the
single-layer reticulated shell. In addition, an updated criterion to identify the SFS at the stability
critical state (SCS) is developed.

Keywords: single-layer reticulated shells; stability analysis; random defect mode method; initial
geometric defect magnitude; structural force state; defect coefficient

1. Introduction

Highlights:

• An accurate calculation method for the stable critical load of the single-layer reticulated
shell is proposed.

• Put forward the calculation formula to evaluate the structural force state at stable
critical state.

• An updated criterion to identify the structural force state at the stability critical state
is developed.

• The initial geometric defect magnitude is determined by the structural force state and
the defect coefficient.

Due to the light weight, excellent mechanical properties and economic benefits, single-
layer reticulated shells are widely used in long-span space structures [1,2]. In our previous
study, the static stability of single-layer reticulated spherical shells with Kiewitt–Sunflower
type was discussed [3], and the damage constitutive model for circular steel tube of reticu-
lated shells was proposed [4,5]. However, because of the initial eccentricity of member, the
initial bending of member [6,7], the installation deviation of the reticulated shell node [8],
etc., the phenomenon that IGD occurs in single-layer reticulated shells is nearly inevitable.
In the early documented work, it is demonstrated that the single-layer reticulated shell
is quite sensitive to IGD [9–12]. For instance, even a small IGD may lead to a substantial
reduction in bearing capacity of the structure [13–16]. SFS regard as one of the reflections
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of structure stability; the relationship between SFS and IGDM is required for further inves-
tigation. Zhu [17] discussed the non-linear buckling load of aluminum alloy reticulated
shells with gusset joints, and the result showed that the non-linear buckling load is not
highly associated with the bending strain energy ratio and the total strain energy. Shan [18]
examined the effect of joint stiffness on the dynamic response of single-layer reticulated
shells jointed with bolt–column join, and the joint with large stiffness displayed deep plastic
development. In order to exhibit the SFS in essence and ensure the structure safety, it is
essential to consider the IGD in the stability analysis of the single-layer reticulated shells.

The influence of IGD on the stability of single-layer latticed shells are primarily
charactered from two aspects: the distribution and the magnitude of IGD. With respect to
various numerical methods to calculate IGD distribution, the consistent imperfection mode
method [19] and random defect modal method [20] are the most popular. In consistent
imperfection mode method, the lowest buckling mode is used as the IGD distribution
mode, and the stability critical load (SCL) of the structure can be obtained through one
direct calculation. However, the SCL obtained by this approach may not be reliable. Within
the random defect mode method, the IGD can be allocated stochastically on the reticulated
shell structure. Using this strategy, the obtained SCL is more accurate [21,22], though this
approach is more expensive. With respect to IGDM, it was adopted as a certain value in
early work [23–25]. Until recent decades, it was suggested by the current standard [26] that
IGDM should be related to the span of the structure and could be assigned as L/300 (L is
the structural span). Moreover, He et al. [16] investigated the elastic and elastic–plastic
stability of the single-layer inverted catenary cylindrical reticulated shell, then proposed
that it is appropriate to assign IGDM as an amplitude of 1/300 of the structural span in
terms of the stability research on latticed shells. A similar conclusion was presented by Liu
et al. [27] Meanwhile, Cui [28] evaluated the critical load capacity for the global instability
of a spherical latticed shell, the IGDM of L/300 exhibited the ability to prevent the rapid
decrease in critical load factor for a range of values of maximum IGD. Xiong [29] carried
out an elasto-plastic stability analysis of the K6 shell with six different IGDMs, and the
result indicated that when the IGDM was larger than L/300, the ultimate buckling load
of K6 shells tended to be stable. However, according to the standard [26] and refs. [16,27],
the lowest buckling mode is employed as the IGD distribution mode. Therefore, the
obtained SCL of the structure is usually not the most critical, which leads to inaccurate
analysis results. Guo [30] carried out a stability analysis of a single-layer latticed shell and
three type of suspen-dome, then assumed that the installation deviation arranging from
L/500 to L/300 can be regarded as the maximum allowable defect value of the reticulated
shell. Chen et al. [12] conducted an experimental measurement of IGD of a real reticulated
shell and insisted that the designed value of L/300 for IGD appears to be somewhat
conservative. Su [31] proposed a new type of joint with the angled slotted-in steel plates,
and the numerical result illustrated that the amplitude of IGD larger than L/1000 led to a
great loss of its ultimate bucking capacity. Shen and Chen [32] pointed out that if the IGDM
is too large, the structure may become a distorted structure. As mentioned above, a further
discussion on the identification of suitable IGDM is required.

This paper intends to select a more reasonable IGDM which is suitable for reticu-
lated shells with a different type, span, and rise–span ratio. Based on the comprehensive
consideration of the SFS, the influence of IGD on the structural stability and structural
defect coefficient, we intend to suggest L/500 as a more feasible value for IGDM in the
stability investigation of single-layer reticulated shells in this work. This paper is organized
as follows: in Section 2, the governing equation and constitutive model are described.
Meanwhile, the calculation procedure of the SCL and analysis method of a single-layer
latticed shell is introduced. In Section 3, the numerical analysis is carried out. In Section 4,
the stress of the single-layer reticulated shell is analyzed, and the force state of the members
and the structure is defined. Then, an updated criterion to identify the SFS at the SCS is
proposed, and it is applied to determine the suitable IGDM. Furthermore, the IGDM is
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characterized using the defect coefficient. The conclusions are drawn in Section 5, and the
recommendations for future research and engineering practice are put forward in Section 6.

2. Material and Methods
2.1. The Governing Equation and Constitutive Model
2.1.1. The Governing Equation

Motivated by the investigation on elastic–plastic bending of beams conducted by
Štok and Halilovič [33], we assume that a straight circular steel tube with an area of
cross section A(x) is mainly subjected to the bending moment My(x), Mz(x) and uniaxial
force N(x), as shown in Figure 1a. As the tube studied in this work is slender (ratio
l/D > 5, where l is the length of the tube and D is outer diameter for cross section), the
shear stress is too small compared with the normal stress such that it can be ignored
(i.e., τxy(x, y, z) = τxz(x, y, z) = 0). Then the governing equations of stress state distributed
on the cross section can be identified according to the Bernoulli–Navier hypothesis on
planarity and respective perpendicularity for cross section [34], which reads:

∫

A(x)

σxxdA = N(x), (1)

∫

A(x)

zσxxdA = My(x), (2)

∫

A(x)

yσxxdA = Mz(x), (3)

∫

A(x)

τxydA = 0, (4)

∫

A(x)

τxzdA = 0, (5)

∫

A(x)

(τxzy− τxyz)dA = 0. (6)

Here, normal stress σ = σxx(x, y, z) is the sum of the stress caused by uniaxial force
N(x), bending moments My(x) and Mz(x), respectively. The stress distribution along the y
and z directions, for instance, is presented in Figure 1b, and it can be observed that before
the stress achieves the yield stress σyield, the mechanical behavior is linear elastic, and it
becomes nonlinear when the material comes to the plastic phase. Thus, the elastic–plastic
response along the y direction can be expressed by the following:

σ(x, z) =





N(x)
A(x) +

My(x)
Iy(x) z, |z| ≤ d

2 + δe, σ ≤ σyield

σp(x, z), |z| > d
2 + δe, σ > σyield

, (7)

where Iy(x) denotes the moment of inertia with respect to the y axis, δe indicates the elastic
zone with the z direction and d is the inner diameter. σp is the plastic stress to be determined
by our proposed constitutive model in the following section.
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Figure 1. Elastic and elastic–plastic stress distribution in a circular steel tube bending problem. (a): A
straight circular steel tube subjected to the bending moment My(x), Mz(x), and uniaxial force N(x).
(b): The stress distribution along the y and z directions.

2.1.2. The Constitutive Model

According to the research over past decades, people have generally used the conven-
tional Prandtl–Reuss material model, wherein the elastic–perfectly plastic stress–strain
relations are derived on the basis of the von Mises yield criterion and its associated flow
rule [35]. The Prandtl–Reuss model is the simplest ideal elasticity model. The material
yield function adopts the Mises yield function, and its expression is

φ(σij)
=
√

J2 − k, (8)

where J2 is the second stress tensor invariant, and k is the hardening coefficient. Then, the
partial derivative of the yield function Φ with respect to the deviatoric stress tensor Sij is
written as

∂Φ
∂Sij

=
Sij

2
√

1
2 SijSij

. (9)

Furthermore, the variation of strain δεij reads such that

δεij =
δSij

2G
+

δσm

3K
δij +

dλSij

2k
, (10)

where G indicates the shear modulus, K represents the bulk modulus, dλ is the plastic factor,
and σm is the average of principal stress. Then, the variation of stress δσij is denoted as

δσij = Kδε
p
kkδij + 2Gδep

ij − G
dλ

k
Sij, (11)

where we have
dε

p
kk = 3dλ

∂Φ
∂σkk

, dep
ij = dλ

∂Φ
∂Sij

. (12)

Thus, dλ, δεij and δσij can be written as follows:

dλ =

Sij
2k δeij

1
2

SijSij/2

(
√

J2)
2

, (13)

δεij =
δSij

2G
+

δσm

3K
δij +

Smnδemn

2k2 Sij, (14)

δσij = Kδε
p
kkδij + 2Gδep

ij − G
Smnδemn

k2 Sij. (15)
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2.2. Methodology

The analysis process on the static stability of the reticulated shell using the stochastic
defect mode method is illustrated in Figure 2. The simulation is carried out based on
the software ANSYS. It can be seen in Figure 2 that the finite element model of structure
is established firstly. Then a reasonable initial geometric defect distribution pattern and
magnitude are applied, and the appropriate numerical iterative calculation coefficients are
set. The main factors to determine the convergence numerical method are the quality of
grids, the reference arc length radius factor and the load steps. Since the grids are fixed
once the finite element model is generated, if the numerical iteration is not convergent,
the calculation coefficients involving the reference arc length radius factor and the load
steps need to be adjusted until the solution satisfies the criterion. Finally, output the
load-displacement result.
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Figure 2. The schematic diagram of static stability analysis for reticulated shell using stochastic defect
mode method.

2.2.1. Analysis Model

For the analysis method, the complicated point is how to propose the hypothesis
to impose the IGDM using the random defect mode method. In this work, two basic
assumptions are adopted in the following:

1. The installation deviation of each node in three directions of the coordinate axis con-
forms to the normal probability density function within the two-fold mean variance
range, that is, the random variable of the installation deviation of each node is δX/2
(δ is the maximum allowable installation deviation, namely, the maximum calculated
value of the initial geometric defect), and the random variable X obeys the standard
normal distribution. The range of the error random variable is [−δ, δ];

2. The random variable of each node installation error for the structure is mutually
independent.

Based on the above assumptions, the installation deviation of each node of the struc-
ture is one multidimensional independent random variable, and each space sample point
corresponds to one initial defect distribution pattern of the structure. Therefore, n sam-
ples can be taken out for nonlinear stability analysis, and the corresponding n SCL can
be obtained.

In order to obtain the reasonable IGDM, it is essential to determine the SCL under the
each IGDM. The calculation steps of the SCL of the reticulated shell within the random
defect mode method are as follows:
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1. The installation deviation with random variable RW/2 is introduced for each node
of calculation model (R is the maximum allowable installation deviation, and W is a
random variable, which obeys the standard normal distribution). For each nonlinear
buckling analysis of the model, a SCL can be obtained.

2. After repeated calculation for n times, n sample space for SCL is generated.
3. The SCL sample space follows the standard normal distribution, and hence the SCL

of each model is determined by the “3σ” principle [36].

The SCL sample space capacity is set as n = 100.

2.2.2. Calculation Model

The difficulty of the calculation model is in computing the structural nonlinear stability
during the development from the stable state to unstable state. It is required to study the
equilibrium routine for the whole computation process. In this work, the arc-length
method [37–39] is used to track the equilibrium path. The method is briefly introduced
as follows. The linear finite element increment equation based on the energy variation
principle can be expressed as

Kt∆U(i) = Ft+∆t −N(i−1)
t+∆t , (16)

and employing the incremental displacement strategy proposed by Batoz and Dhatt [40],
we can rewrite the Equation (16) by following

Kt∆U(i)
= λ

(i)
t+∆tF−N(i−1)

t+∆t , (17)

in which
∆U(i) = ∆U(i)

+ λt+∆t∆U∗(i), (18)

∆U(i)
t+∆t = ∆U(i−1)

t+∆t + ∆U(i), (19)

∆λ
(i)
t+∆t = ∆λ

(i−1)
t+∆t + ∆λ(i), (20)

where Kt is the structural tangential stiffness matrix at time t, ∆U(i) is the iteration displace-
ment increment at current time step, F is the load vector, and λ

(i)
t+∆t is the proportional

coefficient of load at the i-th iteration. There are N + 1 unknown ∆U(i) and ∆λ(i) but only N
linear equations above. Therefore, a constraint equation is demanded. For different types
of arc-length methods, the constraint equations are different. Here, two kinds of constraint
equations are presented, which read as follows:

(1) Spherical arc-length method

(∆λ
(i)
t+∆t)

2
+
(

U(i)
)T

U(i) = ∆l2, (21)

(2) Cylindrical arc-length method

(
U(i)

)T
U(i) = ∆l2, (22)

where ∆l is the increment of the arc length at each iteration.

The arc-length method uses an arc-length increment to determine the loading step,
and the calculation is proceeded along the arc direction of the curve so that it is more
adaptable than other methods. Regarding two arc-length methods referred above, the
load increment method is used at the first calculation, and the structure displacement
vector U∆t is obtained after iteration until it is convergent. Starting from the second step
of the calculation, U∆t is substituted into Equations (21) or (22) to calculate the arc-length
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increment ∆l′ . The arc-length increment needs to be calculated before each computation,
which yields the following:

∆l = 4
√
(N1/N2)

3 · ∆l′ , (23)

where ∆l is the arc length increment of the current computation step, N1 is the assumed
optimal number of iterations at each step, and N2 is the number of iterations in the pre-
vious calculation step. Although the arc-length method is quite adaptable, it still has
some limitations to some extent. It is suggested that adopting the iterative strategy flex-
ibly and combining multiple methods reasonably is a good way to achieve an optimal
balanced-path tracking.

2.2.3. Numerical Model

In the present paper, for the four types of commonly used, single-layer reticulated
shells (as shown in Figure 3) are investigated through geometric and material nonlinear
analysis within the random defect mode method, with the magnitude of δ = L/1000,
L/900, L/800, L/700, L/600, L/500, L/400, L/300, L/200, and L/100 (δ is the IGDM).
Parameters of single-layer reticulated shells are shown in Table 1. Steel with the elastic
modulus E = 2.06 × 106 MPa, the Poisson ratio ν = 0.3 and the yield strength f y = 240 MPa
were determined as the material properties of calculation models. The roof static load is
0.8 kN/m2, and the roof live load, which is considered the whole span arrangement, is
0.5 kN/m2.
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Table 1. Parameters of single-layer reticulated shells.

Type L(m) f /L
Radial and Hoop Members Oblique Members

Outer Diameter ×Wall Thickness (mm)

Geodesic 40

1/7, 1/6, 1/5, 1/4

Φ121 × 5 Φ121 × 5
Kiewitt 8 50 Φ168 × 6 Φ152 × 5

Sunflower 60 Φ180 × 6 Φ168 × 5
Kiewitt 8-Sunflower 70 Φ219 × 7/Φ152 × 6 Φ180 × 6/Φ203 × 6
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3. Results

In this paper, 4000 cases of elastic–plastic stability analysis were conducted. The
numerical results of SCL were based on 100 cases and are presented in Table 2.

Table 2. Maximum SCL under different IGDMs.

δ

Geodesic (f /L = 1/7) Kiewitt 8 (f /L = 1/5) Sunflower (f /L = 1/6) Kiewitt 8-Sunflower
(f /L = 1/4)

∆

(mm)
Fδ

(kN/m2) βδ
∆

(mm)
Fδ

(kN/m2) βδ
∆

(mm)
Fδ

(kN/m2) βδ
∆

(mm)
Fδ

(kN/m2) βδ

0 0 5422 — 0 10.237 — 0 5158 — 0 9.810 —
L/1000 40 3815 0.70 50 6953 0.68 60 3603 0.70 70 6918 0.71
L/900 44 3498 0.65 56 6616 0.65 67 3387 0.66 78 6566 0.67
L/800 50 3222 0.59 63 6255 0.61 75 3154 0.61 88 6123 0.62
L/700 57 3007 0.55 71 5846 0.57 86 3001 0.58 100 5699 0.58
L/600 67 2794 0.52 83 5482 0.54 100 2788 0.54 117 5284 0.54
L/500 80 2540 0.47 100 4869 0.48 120 2497 0.48 140 4886 0.50
L/400 100 2432 0.45 125 4206 0.41 150 2196 0.43 175 4412 0.45
L/300 133 2262 0.42 167 3979 0.39 200 1998 0.39 233 3953 0.40
L/200 200 1958 0.36 250 3532 0.35 300 1656 0.32 350 3217 0.33
L/100 400 1488 0.27 500 2911 0.28 600 0963 0.19 700 2112 0.22

Note: ∆, Fδ, and βδ denote IGD, the maximum SCL in 100 samples with the same IGDM, and the Fδ ratio of the
imperfect model to the perfect model, respectively.

It is documented in the literature [32] that when the IGDM reaches L/300, the SCL
falls to the minimum value. Then, with the increase in IGDM, the SCL performs an increase
trend. Therefore, it is suggested in ref. [32] that the L/300 be regarded as the IGDM of the
reticulated shell. Nevertheless, as it can be seen in Table 2, for all the models, with the
increase in IGDM, the SCL always falls down, even until the end of calculation (δ = L/100).
It is clear that the obtained result in our work is different from that in ref. [32]. The
reasons can be attributed to two points by the following. (1) The random imperfections
modal method is adopted in our work, while the consistent mode imperfection method
is employed in ref. [32]. (2) Only the geometric nonlinearity of the structure is considered
in ref. [32], whereas this paper takes into account the geometric and material nonlinearity.
According to previous research, due to the large span of the reticulated shell, the plastic
response of the member quite affects the mechanical behavior of the structure. He et al. [16]
shows that the elastic–plastic ultimate strength of the structure could be computed by
taking into account a plastic influence coefficient of 0.60 on the basis of the elastic result.
Liu et al. [27] demonstrated that the ultimate bearing capacity of the latticed shell that
considers the influence of material nonlinearity can be determined by multiplying the result
of the ultimate bearing capacity of the latticed shell that does not consider the material
nonlinearity by a reduction factor of 0.742. Hence, in order to find out a qualified IGDM,
the double nonlinearity of the structure is used to analyze the single-layer reticulated shell
structure within the random defect mode method in this manuscript.

4. Discussion
4.1. Stress Analysis

It is well known that the latticed shell structure is developed from a thin shell structure.
In the early stability analysis of the latticed shell structure, the “method of simulated shell”
is used to transform the reticulated shell structure into a continuous shell structure, and
then some approximate nonlinear methods are used to solve the SCL of the reticulated
shell structure. Although the finite element method is widely used, the analysis method of
the thin shell theory can clearly understand the force characteristics of the reticulated shell
structure. The internal forces generated by external forces in the reticulated shell structure
are divided into “film internal force” and “bending internal force”, which correspond to the
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“no-moment theory” and “moment theory” of the thin shell structure, respectively. It can
be seen from the force analysis of the reticulated shell by adopting the bending moment
theory and the non-bending moment theory that the film internal force mainly drives the
axial stress, while the bending internal force mainly triggers the bending stress and shear
stress (including the torsional shear stress and transverse shear stress). In the stability
analysis of the single-layer reticulated shell, the increase in IGDM not only reduces the
SCL of structure, but also changes the SFS at SCS. Although the accepted reticulated shell
structure in actual engineering inevitably has initial geometric defects, it is controlled in
a small range, and hence the SFS is still dominated by the film internal force at SCS. If
excessive IGD is applied in the stability analysis of latticed shell, the SFS may not conform
to its actual working state, and the structure stability cannot be truly reflected. Therefore,
this section puts forward the calculation formula to judge the SFS at SCS.

4.1.1. Analysis of the Member Force State

The identification of the SFS at SCS needs to be based on the analysis of the member
force state. In order to study the member force state at SCS, the ratio of normal stress
produced by the bending moment and axial force (RBA) is defined as

αi = |σMi/σNi|, (24)

where αi, σMi and σNi are the RBA, maximum bending stress and axial stress of the i-th
member, respectively. It should be pointed out that since the torsional and transverse
shear stress of the member are rather smaller than the axial and bending stress during
stability analysis of reticulated shell, the RBA can be used to represent the member force
state directly. In this manuscript, the member with RBA less than 0.50 is defined as the
member in which the force caused by axial stress dominates (MAS); otherwise, it is the
member with the force led by both axial stress and bending stress (MAB).

4.1.2. Analysis of the SFS

Based on the classification of the member force state, the SFS at SCS can be examined
subsequently. As discussed above, the member of the latticed shell structure is either MAS
or MAB. This paper defined the following variables to represent the percentage of MAS
and MAB among all the effective members, which read

γN =

(
j

∑
s=1

αNs

)/
j, (25)

ηN = j/m, (26)

γN =

(
k

∑
s=1

αNs

)/
k, (27)

ηN = k/m, (28)

where γN,
j

∑
s=1

αNs and j are the average of the RBA of the MAS, sum of the RBA of the MAS,

and number of the MAS, respectively, ηN represents the percentage of MAS to effective

member, γN,
k
∑

s=1
αNs and k are the mean value of the RBA of the MAB, sum of the RBA of

the MAB and number of the MAB, respectively, ηN denotes the percentage of MAB to the
effective member, and m is the number of effective members. As the bending stress and
axial stress of the outermost ring member connected with the fixed hinge support are small,
the value of RBA appears abnormal. Moreover, the outermost ring rod connected with the
fixed hinge support has little influence on the overall buckling behavior of the structure.
Therefore, when calculating the percentages of two kinds of members, the ring members

157



Buildings 2022, 12, 615

at the support are not taken into account, which means the number of effective members.
Meanwhile, m is computed by the difference between the number of all members and the
number of outermost ring members.

The random defect mode method requires multiple calculations, and each calculation
can produce a percentage of MAS and RBA of MAS. Therefore, the average of multiple
calculations is applied by the following definitions:

ϕN =

(
n

∑
s=1

γNs

)/
n, (29)

θN =

(
n

∑
s=1

ηNs

)/
n, (30)

ϕN =

(
n

∑
s=1

γNs

)/
n, (31)

θN =

(
n

∑
s=1

ηNs

)/
n, (32)

where ϕN indicates the average of the MAS with RBA, θN represents the average percentage
of MAS to effective member, ϕN expresses the average of the MAB with RBA, and θN de-
notes the average of percentage of MAB to effective member. Hence, the SFS is determined
by the average of percentage of MAS to effective member and the average of RBA.

4.2. Selection of IGDM Based on the SFS
4.2.1. Determination Criteria for SFS

This section uses the same calculation model (four types of commonly used single-
layer reticulated shells) as those in Section 2.2.2 to analyze the SFS under the SCS. The SFS
under different IGDMs are shown in Table 3.

Table 3. The SFS under different IGDMs.

δ

Geodesic (f /L = 1/7) Kiewitt 8 (f /L = 1/5) Sunflower (f /L = 1/6) Kiewitt 8-Sunflower
(f /L = 1/4)

∆

(mm) ϕN
θN
(%)

∆

(mm) ϕN
θN
(%)

∆

(mm) ϕN
θN
(%)

∆

(mm) ϕN
θN
(%)

0 0 0.169 82.8 0 0.141 92.9 0 0.175 89.0 0 0.183 89.3
L/1000 40 0.186 82.1 50 0.165 83.8 60 0.198 80.2 70 0.195 83.6
L/900 44 0.195 80.5 56 0.177 82.2 67 0.204 78.5 78 0.201 82.3
L/800 50 0.206 79.5 63 0.190 79.9 75 0.215 77.2 88 0.211 81.1
L/700 57 0.218 78.3 71 0.203 77.6 86 0.223 75.5 100 0.226 79.8
L/600 67 0.224 75.0 83 0.225 75.3 100 0.234 73.4 117 0.235 78.3
L/500 80 0.235 71.7 100 0.249 72.0 120 0.240 70.5 140 0.244 76.0
L/400 100 0.281 65.3 125 0.279 63.9 150 0.282 65.0 175 0.293 68.5
L/300 133 0.325 54.4 167 0.319 55.2 200 0.306 55.4 233 0.323 54.5
L/200 200 0.411 42.9 250 0.402 41.0 300 0.376 40.2 350 0.409 40.0
L/100 400 0.505 22.2 500 0.498 21.2 600 0.437 20.9 700 0.499 20.5

It is clear in Table 3 that when the IGDM is less than L/500, with the increase in the
IGDM, the decrease in the MAS with percentage and the increase in the MAS with RBA
are slow. While after the IGDM is greater than L/500, with the increase in the IGDM, the
drop of the MAS with percentage and the rise in the MAS with RBA are sharp. It indicates
that with the rise in the IGDM, the SFS at SCS changes from the film internal force to the
bending internal force. In this paper, the dual-control principle is proposed to judge the
SFS at the SCS. To be specific, when the average of the percentage of MAS to the effective
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member is larger than 0.70, and meanwhile, in these members, the average of RBA is not
larger than 0.25, and the SFS is dominated by the film internal force. As it is mentioned in
Section 4.1, the SFS of the reticulated shell can be interpreted to be dominated by either the
internal film force or bending moment, depending on the percentage of the MAS member
(namely, the value of θN in Equation (30)). When considering the allowed IGDM for the
reticulated shell in practical engineering, it is safe to control the SFS of the structure to
perform as an internal film force. As it is illustrated in Table 3, before the IGDM δ reaches
the L/500, the θN for all the four types of reticulated shell structures (Geodesic, Kiewitt 8,
Sunflower, and K8-Sunflower) decreases steadily and the value of it remains beyond 70%.
After that, the value of θN drops remarkably with the rise in IGDM δ, and its value falls
beneath 50%, and to 20% finally. This means that the SFS of the shell structure changes to
be dominated by the bending moment.

4.2.2. Determination of the IGDM

In this section, the value of IGDM is allocated as L/500 and L/300, respectively,
which aims to figure out the effect of IGDM on the SFS at the critical situation. Four
types of single-layer reticulated shells (Geodesic L = 40 m, Kiewitt 8 L = 50 m, Sunflower
L = 60 m and Kiewitt 8-Sunflower L = 70 m) with a rise–span ratio (f /L = 1/4, 1/5, 1/6
and 1/7) are investigated within the random defect mode method and the 100 samples
(n = 100). The SFS under the IGDM with L/500 and L/300 are reported in Table 4. The
average of the percentage of MAS and the average of RBA of MAS are presented in
Figures 4 and 5, respectively.

Table 4. The SFS under the IGDM with L/500 and L/300.

Type L(m) f /L
δ = L/500 δ = L/300

ϕN θN(%) ϕN θN(%)

Geodesic 40

1/4 0.244 79.0 0.326 48.6
1/5 0.240 73.0 0.326 58.9
1/6 0.232 74.3 0.325 56.4
1/7 0.235 71.7 0.325 54.4

Kiewitt 8 50

1/4 0.248 75.8 0.314 51.2
1/5 0.249 72.0 0.319 55.2
1/6 0.236 71.1 0.326 48.5
1/7 0.240 75.1 0.328 43.4

Sunflower 60

1/4 0.236 74.0 0.303 51.5
1/5 0.246 76.4 0.306 42.2
1/6 0.240 70.5 0.306 55.4
1/7 0.238 77.6 0.308 43.6

Kiewitt 8-
Sunflower

70

1/4 0.244 76.0 0.323 54.5
1/5 0.246 72.8 0.325 42.7
1/6 0.242 70.5 0.326 49.5
1/7 0.248 75.6 0.327 45.9
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Figure 5. The average of RBA of MAS with L/300 and L/500.

For each model, when the IGDM is L/500, the average of the percentage of MAS is
over 70%, and the average of RBA is less than 0.25. It demonstrates that the film internal
force is the main SFS. For each model, when the IGDM rises to L/300, the average of the
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percentage of MAS is less than 50%, and the average of RBA is greater than 0.30. It denotes
that the SFS at SCS changes from the film internal force to the bending internal force (from
Figures 4 and 5). Therefore, it can be concluded that it is more reasonable to take the IGDM
as L/500 in the stability analysis of the single-layer reticulated shell.

4.3. Selection of the IGDM Based on the Defect Coefficient
4.3.1. Choosing of the Defect Coefficient

To some extent, the IGD determines the SCL of the structure. In order to quantify this
effect, this paper introduced a defect factor βδ to represent the decreasing amplitude of
SCL on the latticed shell structure, which is expressed as follows:

βδ = Fδ/F0, (33)

where δ is the IGDM, and Fδ and F0 are the SCL of imperfected and perfect structures,
respectively. In this paper, the defect coefficient βδ is utilized to help to identify the IGDM.
As we can see in Figure 6, for each structure, βδ can clearly reflect the influence of IGD on
the SCL. It was suggested by Shen and Chen [32] and Fan et al. [9] that 50% of the SCL of
the perfect lattice shell should be defined as the SCL of the defected latticed shell. It was
proposed in ref. [16] that the ultimate bearing capacity of the structure with considering
the geometric imperfection influence can be obtained through the perfect structure results
multiplied by the reduction coefficient of 0.46. Therefore, it is appropriate to take the defect
coefficient around 0.50. Note that the defect coefficient βδ defined in Equation 33 relies on
the IGDM δ. As it is referred in Sections 4.1 and 4.2.2, the primary factor to identify IGDM
is to guarantee that the SFS of the shell mainly behaves as the internal film force, which is
determined by the key parameter θN defined in Equation (30). Recall the definition of θN;
we find that it derives from the coefficient αi (RBA) in Equation (24). Look at the expression
of αi in Equation (24); we recognize that it involves the performance of bending stress σMi
and axial stress σNi, which is dependent on the material property. Hence, we assume that
our defect model can be extended to different materials.
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As it is plotted in Figure 6, when the IGDM is L/1000, the defect coefficient βδ is about
70% for four kinds of reticulated shell structures, which means that the stability critical load
(SCL) drops around 30%. With the increase in IGDM, the values of βδ decrease gradually
with the nearly linear trend until the IGDM arrives L/300. Afterwards, the βδ falls sharply
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to a small magnitude finally (around 17% for the lowest value). This is because, as we
mentioned in Section 4.2, as long as the IGDM is over L/300, the SFS transfer from the
state is dominated by the internal film force to the situation controlled by the bending
moment, which indicates that the shell structure is not so stable anymore, leading to the
tremendous reduction in SCL. Therefore, in a word, it is assumed that the defect coefficient
βδ is sensitive to IGDM δ in this work.

4.3.2. Identification of the IGDM

The same calculation model as those in Section 4.2.2 was used to figure out the feasible
IGDM under the defect coefficient. The defect coefficient under the IGDM with L/300
and L/500 is shown in Table 5; when the IGDM is L/500, the defect coefficient of each
model is around 0.48. As the IGDM increases to L/300, nearly all defect coefficients of the
calculation model are less than 0.40. Thus, the selected IGDM is equal to L/500, which is
more reasonable for the single-layer reticulated shell; meanwhile, it demonstrates that 0.50
as the defect coefficient is reasonable.

Table 5. Defect coefficient under the IGDM with L/300 and L/500.

Type L
(m)

f /L F0
(kN/m2)

δ = L/500 δ = L/300

Fδ

(kN/m2) βδ
Fδ

(kN/m2) βδ

Geodesic 40

1/4 9598 4650 0.48 3793 0.40
1/5 8829 4527 0.51 3314 0.38
1/6 6802 3396 0.50 2722 0.40
1/7 5422 2540 0.47 2262 0.42

Kiewitt 8 50

1/4 12,077 5997 0.50 4795 0.40
1/5 10,237 4869 0.48 3979 0.39
1/6 9154 4438 0.48 3418 0.37
1/7 8163 3861 0.47 3059 0.37

Sunflower 60

1/4 8179 4012 0.49 3196 0.39
1/5 6050 2972 0.49 2419 0.40
1/6 5158 2497 0.48 1998 0.39
1/7 4545 1996 0.44 1817 0.40

Kiewitt
8-Sunflower

70

1/4 9810 4886 0.50 3953 0.40
1/5 8646 4229 0.49 3371 0.39
1/6 7538 3722 0.49 2963 0.39
1/7 5940 2780 0.47 2484 0.42

5. Conclusions

Based on four types of commonly used single-layer reticulated shells (Geodesic,
Kiewitt 8, Sunflower, and Kiewitt 8-Sunflower), more than 5200 numerical cases of the
elastic–plastic load-displacement of single-layer reticulated shells were investigated within
the random defect mode method. Afterwards, an updated criterion to identify the structure
force state at the stability critical state (SCS) was developed, and the reasonable initial
geometric defect magnitude (IGDM) in the stability analysis of the single-layer reticulated
shell was discussed. The main conclusions can be drawn as follows:

1. Increasing the initial geometric defect magnitude (IGDM) within a rational range
always leads to a fall down of the stability critical load (SCL), and it does not perform
a smooth or increase trend as did the earlier research [32].

2. It is feasible to select 0.50 as the defect coefficient, which is better to describe the
influence of the initial geometric defect (IGD) on the structural stability.

3. The structure force state at the stability critical state (SCS) could be estimated by
the ratio of normal stress produced by the bending moment and axial force. Briefly
speaking, when the average of percentage of the member in which the force caused
by the axial stress dominates (MAS) and is larger than 0.70 and meanwhile in these
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members, the average of the ratio of normal stress produced by the bending moment
and axial force (RBA) is less than 0.25, the structural force state is dominated by the
film internal force.

4. When the initial geometric defect magnitude (IGDM) is adopted as L/300, the struc-
ture force state (SFS) is not the film internal force, and hence in this case, the initial
geometric defect (IGD) on the structural stability is overestimated. Therefore, consider-
ing the structure force state (SFS) and the influence of the initial geometric defect (IGD)
on the structural stability, it is more proper to select L/500 as the initial geometric
defect magnitude (IGDM).

6. Recommendation for Future Research and Engineering Practice

Future research in static stability analysis for reticulated shells is required to consider
the influence of more parameters, including the initial geometric defect of the bar member,
the semi-rigid connection, etc.

It is more reasonable to appropriately relax the requirement of the construction accep-
tance in the maximum coefficient of the initial geometric defect. The defect coefficient with
0.50 is recommended.
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Nomenclature

IGD (∆) R
installation deviation

Initial Geometric Defect Maximum allowable

IGDM (δ)
Initial Geometric

W Random variable
Defect Magnitude

SFS Structure Force State Kt
Structural tangential

stiffness matrix at time t

SCS Stability Critical State ∆U(i) Iteration displacement increment
at current time step

SCL Stability Critical Load F Load vector

RBA (αi)
Ratio of normal stress produced by

λ
(i)
t+∆t

Proportional coefficient of
Bending moment and Axial force load at the i-th iteration

MAS
Member in which the force

∆l
Increment of arc length

caused by Axial Stress dominates at each iteration

MAB
Member with the force led by both

N1
Assumed optimal number

Axial stress and Bending stress of iterations at each step

L Structural span N2
Number of iterations in

the previous calculation step

A
Area of cross section of

E Elastic modulus
straight circular steel tube

My Bending moment with y direction ν Poisson ratio
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Mz Bending moment with z direction f y Yield strength
N Uniaxial force f Structural rise

l Length of the tube βδ
SCL ratio of the imperfect

model to the perfect model
D Outer diameter for cross section σMi Maximum bending stress

τxy Shear stress with y direction σNi Axial stress of the i-th member
τxz Shear stress with z direction γN Average of the RBA of the MAS

σxx Normal stress
j

∑
s=1

αNs Sum of the RBA of the MAS

σyield Yield stress j Number of the MAS

Iy
Moment of inertia with

ηN
Percentage of MAS to

respect to the y axis effective member

δe Elastic zone with z direction γN
Mean value of the
RBA of the MAB

d Inner diameter
k
∑

s=1
αNs Sum of the RBA of the MAB

σp Plastic stress k Number of the MAB

J2 Second stress tensor invariant ηN
Percentage of MAB
to effective member

k Hardening coefficient m Number of effective members
Φ Mises yield function ϕN Average of the MAS with RBA

Sij Deviatoric stress tensor θN
Average percentage of

MAS to effective member
G Shear modulus ϕN Average of the MAB with RBA

K Bulk modulus θN
Average of percentage of
MAB to effective member

dλ Plastic factor Fδ SCL of imperfected structure
σm Average of principal stress F0 SCL of perfect structure
δσij Variation of stress
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Abstract: The dilation of concrete in the radial direction is crucial in understanding the failure process
and the key to predicting the confining level of passively confined concrete. To better understand
this problem, we established a mesoscale model of concrete by considering the random distribution
of coarse aggregate and the different properties between mortar and concrete. The model’s validity
was demonstrated by comparing with the stress–strain curves in code and the lateral–axial strain
curves in test. The simulation results show that the lateral dilation is non-uniformly distributed
along the specimen height and the circumferential direction of sections. Moreover, the deformation
mainly occurs in the middle part of the specimen ranging from 3/8 to 5/8. The strength of concrete
influences the stress ratio at maximum compressive strain, while it slightly influences the stress ratio
at zero volumetric strain. The secant strain ratio is about 0.5 as the compressive stress reaches the
strength of concrete. Compared with the simulation, the relationship between lateral strain and axial
strain proposed by Teng and Binici shows excellent performance on the dilation trend prediction of
plain concrete.

Keywords: dilation of concrete; lateral–axial strain relationship; secant strain ratio; mesoscale model;
finite element analysis

1. Introduction

As a composite material, concrete is widely used in buildings, bridges, tunnels, water
conservancies, and other engineering projects due to its advantages, such as economy,
convenience, high strength, and excellent durability. The economic and safe design of such
structures cannot be realized until a deep understanding of the mechanical behavior of
concrete is available. At present, the research mainly focuses on the analysis of concrete
in the longitudinal direction [1–10], while research on the dilation behavior of concrete
in the radial direction is relatively limited. Relevant research is crucial in understanding
the failure process of concrete. Moreover, it is also the key to predicting the mechanical
behavior of passively confined concrete, because the performance of the developed model
depends on how well it captures the dilation tendency of concrete.

The dilation of plain concrete under axial load has attracted the interest of several
researchers. Klink studied the distribution of dilation at the section of a concrete specimen
experimentally [11], and Allos investigated the influences of compressive strength and age
on the dilation of concrete [12]. The volumetric strain of concrete was analyzed in Ferretti’s
study [13], which was used to describe the biaxial behavior of concrete using damage
mechanics [14]. Although relevant studies have been carried out, no theoretical formula for
the dilation of plain concrete has been put forward in the above literature. In FRP-confined
concrete, the confinement enhances the strength and ductility of concrete [15–19]. The
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performance of the developed model depends on how well it captures the dilation tendency
of concrete. Thus, the dilation property of FRP-confined concrete has been investigated
by many scholars [20–27], and can be used to predict its mechanical behavior through an
iterative procedure. Harries et al. [24] developed a dilation ratio formula for FRP-confined
concrete, in which the ratio kept constant at the value of Poisson’s ratio before reaching
66% peak strain. After that, the ratio increased linearly until it reached a maximum value
at two times the peak strain. Beyond this point, the increase in this ratio stopped and
kept constant. A fractional equation was proposed by Mirmiran to describe the dilation
rate of a concrete specimen confined by FRP jacket [25], in which the rate decreased to an
asymptotic value after reaching a peak value. A similar conclusion was also obtained in the
studies of Pimanmas and Nguyen [26,27] because the increasing confining pressure will
inhibit the dilation of concrete. The authors believe that the increasing pressure makes the
dilation of concrete specimens confined by FRP jacket differ from that of plain concrete,
and thus, these formulas are not suitable for plain concrete. Based on the test data of plain
concrete and actively confined concrete, researchers [28–30] proposed the lateral–axial
strain relationship formula for concrete specimens confined by constant pressure. The
dilation behavior of plain concrete can be obtained when the confining pressure is set as
zero. However, the derived dilation curves of plain concrete are different in form and
values, because the test data of plain concrete in literature are limited. Moreover, the dilation
of plain concrete after reaching the peak stress has a large discreteness due to the local
failure and non-uniform distribution of strain. Therefore, dilation analysis of plain concrete
from limited experimental data is far from sufficient. The improvement in computing
power promotes the development of the mesoscale simulation in concrete, in which the
heterogeneity of concrete and the interaction among phases are considered [31–42]. As an
essential supplement to experimental research, numerical simulation of dilation behavior
will deepen our understanding of the concrete failure process.

The purpose of this study was to propose a new method to predict the dilation
behavior of concrete. To achieve this goal, a mesoscale model was first established based
on random distribution theory, in which concrete was divided into the mortar, aggregate,
and interfacial transition zone (ITZ). After validation of the proposed model, the dilation
of plain concrete subjected to axial compression was analyzed. Finally, we compared the
predictions of the existing theoretical formulas with the simulation results.

2. Mesoscale Model of Concrete
2.1. Generation of the Coarse Aggregate

In this paper, the Fuller curve [31] was adopted to describe the particle gradation
of coarse aggregate, which was proposed based on the theory of maximum density. The
cumulative percentage P of the coarse aggregate that passes through the sieve is shown by
the following equation.

P = 100 × (d/dmax)
n (1)

where d is the sieve size; dmax is the maximum diameter of coarse aggregate; n is a constant
value ranging from 0.45 to 0.70, and 0.5 was used herein. Therefore, the aggregate volume
Vp in size range of ds + 1 to ds is shown by Equation (2).

Vp =
P(ds)− P(ds+1)

P(dmax)− P(dmin)
× vp × V (2)

where V is the total volume of the specimen and vp is the volume ratio of coarse aggregate.
Similar to the studies in the literature [32–34], the spherical aggregate particles were

used in the simulation. The random distribution of coarse aggregate was fulfilled by
adopting the Monte Carlo method in MATLAB (version 2016, MathWorks, Natick, MA,
USA) until the aggregate content in each size range had been determined. To improve the
computational efficiency, coarse aggregate less than 5 mm was assumed as the mortar phase,
and a relatively lower aggregate percentage of 30% was used, which was also demonstrated
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by other studies [35–37]. In the mesoscale model, 10 mm and 20 mm were used as the
equivalent diameter representing the aggregate in size range of 5–15 mm and 15–25 mm,
respectively. Moreover, all coarse aggregates are in the range of specimen volume and do
not intersect with each other.

2.2. Determination of the Three Phases

The specimen was divided into hexahedra elements of the same size using the mapping
mesh method, and the attribute of each element can be determined according to the
coordinates of element nodes and the center of spherical aggregate. The classification
principle of each phase is shown in Figure 1.
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Figure 1 shows the classification principle of each phase, and the principle of classi-
fication is as follows. (1) If 0–2 nodes of the hexahedra element are inside the spherical
aggregate, the property is defined as the mortar phase. (2) If 3–5 nodes are inside the
spherical aggregate, the property is defined as the interface phase. (3) If 6–8 nodes are
inside the spherical aggregate, the attribute is defined as the aggregate phase.

Based on the studies in the literature [38–40], the actual size of ITZ is about 10–50 µm,
and the variation in element size in the range of 0.5–2 mm only has a slight influence on the
stress–strain curve of concrete. Thus, 2 mm was used as the element size in the mesoscale
simulation to reduce the computational cost, and the same method was also adopted by
previous scholars [41,42]. The numerical model is shown in Figure 2.
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spherical aggregate
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Aggregate6≤n ≤8

Hexahedra elements of 
concrete specimen

 
Figure 1. Classification principle of each phase. 

Figure 1 shows the classification principle of each phase, and the principle of classi-
fication is as follows. (1) If 0–2 nodes of the hexahedra element are inside the spherical 
aggregate, the property is defined as the mortar phase. (2) If 3–5 nodes are inside the 
spherical aggregate, the property is defined as the interface phase. (3) If 6–8 nodes are 
inside the spherical aggregate, the attribute is defined as the aggregate phase. 

Based on the studies in the literature [38–40], the actual size of ITZ is about 10–50 μm, 
and the variation in element size in the range of 0.5–2 mm only has a slight influence on 
the stress–strain curve of concrete. Thus, 2 mm was used as the element size in the 
mesoscale simulation to reduce the computational cost, and the same method was also 
adopted by previous scholars [41,42]. The numerical model is shown in Figure 2. 

 
Figure 2. Mesoscale model of concrete cylinder. Figure 2. Mesoscale model of concrete cylinder.

In Figure 2, the numerical concrete column is subjected to axial compression, where
the coarse aggregate, the mortar, and interfacial transition zone (ITZ) are represented by
green, gray, and red colors, respectively.
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2.3. Damage Plasticity Model of Concrete

The damage plasticity model established by Lubiliner and Lee et al. [43,44] has been
widely used to describe the property of concrete, which accounts for the tension cracking
and compression crushing of concrete. The stress–strain relationship of concrete under
axial load can be defined by Equations (3) and (4), in which dt, εt, and ε̃

pl
t represent the

damage coefficient, the total strain, and plastic strain under axial tension, respectively. The
subscript c represents the variables under axial compression.

σc = (1 − dc)E0

(
εc − ε̃

pl
c

)
(3)

σt = (1 − dt)E0

(
εt − ε̃

pl
t

)
(4)

In the software of ABAQUS (version 6.14, Dassault Simulia, France), the plastic
strain of concrete under compressive and tensile load depends on the definition of in-
elastic strain ε̃in

c and cracking strain ε̃ck
t of concrete. The relationship can be described by

Equations (5) and (6). Meanwhile, the inelastic strain and cracking strain can be obtained
until the constitutive model of the material is available, as shown by Equations (7) and (8).
The characteristic length le is set as 2 mm, and the symbol w represents the
cracking displacement.

ε̃
pl
c = ε̃in

c − dc

1 − dc

σc

E0
(5)

ε̃
pl
t = ε̃ck

t − dt

1 − dt

σt

E0
(6)

ε̃in
c = εc −

σc

E0
(7)

ε̃ck
t =

w
le

(8)

Based on the theory of energy equivalence in the literature [45–47], the damage
coefficient of concrete under axial load can be expressed by Equation (9), which reflects the
stiffness degradation of the material.

d = 1 −
√

σ

E0ε
(9)

2.4. Constitutive Model of Each Phase

Compared with the mortar and ITZ phase, the aggregate particles have a higher
strength, and the fracture of aggregate in normal concrete is usually ignored. Therefore,
it was assumed as an elastic body in the mesoscale simulation. The difference between
aggregate and mortar in mechanical and thermal properties results in higher porosity and
water–cement ratio in ITZ. Nevertheless, the ITZ can be regarded as the mortar with weak-
ened mechanical properties, considering that they have a similar material composition [48].
Thus, the key to the mesoscale model lies in the definition of the constitutive model of
the mortar.

Based on the test data and analysis in the literature [49–51], it was found that there
existed great differences between the mortar and concrete in aspects of peak strain, elas-
tic modulus, and decreasing index. The authors [52] conducted a parameter analysis
to investigate the influence of these parameters on the properties of concrete, and then
proposed three correction coefficients to consider the difference. Finally, a constitutive
model of the mortar under axial compression and tension was proposed, as shown by
Equations (10) and (11) and Equations (12)–(14), respectively. The stress-cracking relation-
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ship rather than the stress–strain relationship was used in the tension definition, which can
reduce the mesh size dependency in simulation [53,54].

y =

{
2x − x2

xr
r−1+xr

x ≤ 1
x > 1

(10)

εm0 = 1260 + 310
√

fm (11)

where y = σm/ fm, x = εm/εm0, r = Em/
(
Em − Ep

)
, Em = 4000

√
fm, and Ep = 1.44 fm/εm0.

σt =

{
ft

(
1 − w

w0

)
w ≤ w0

0 w > w0
(12)

ft = 0.26(1.25 fc)
2/3 (13)

Gf = (1.25dmax + 10)( fc/10)0.7 × 10−3 (N/mm) (14)

2.5. Validation of the Mesoscale Model

The concrete studied in this work is made up of conventional cement and additives,
and the compressive strength of the mortar instead of the water–cement ratio was taken
as the basic parameter in the mesoscale simulation. This is because the mesoscale model
is not able to describe the interaction between water and cement. Figure 3a depicts the
stress–strain relationship of the concrete specimen with varying mortar strengths. To reflect
the accuracy of the simulation results, the stress–strain curves derived from code GB50010-
2010 are also added to this figure. The comparison shows that the mesoscale model
can make a satisfactory estimation of the properties of concrete under axial compression.
Figure 3b shows the relationship between the mortar strength and peak values of concrete.
It can be noticed that the peak stress and peak strain increase linearly with the increase in
mortar strength, and the strength relationship between mortar and concrete is shown by
Equation (15), which can be utilized to simulate the concrete with different strengths in the
following sections.

fc = 2.7 + 0.67 fm (15)
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Figure 3. Mechanical properties of concrete specimens with varying mortar strengths: (a) stress–strain
curve; (b) peak values.

To further illustrate the validity of the established mesoscale model, the lateral–axial
strain curves of plain concrete with six strengths were collected from the existing litera-
ture [55–59], as shown in Figure 4. The strength of concrete is 26 MPa, 35.8 MPa, 40 MPa,
50 MPa, 60 MPa, and 68 MPa, respectively, while the corresponding strength of the mortar
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in the mesoscale simulation is 34.8 MPa, 49.4 MPa, 55.7 MPa, 70.6 MPa, 85.5 MPa, and
97.5 MPa, according to the strength relationship shown by Equation (15).
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Figure 4 shows the comparison of the lateral–axial strain relationship between the
simulation and test results in the middle section of the specimen. The established model
can make an adequate prediction of the development trend of the lateral–axial strain curve.
Although there are some differences in specific values, the model is still deemed effective
considering the sensitivity and discreteness of the strain measurement.

In sum, a mesoscale model of concrete was established in this section, which can be
utilized to investigate the dilation properties of plain concrete. Based on this, the dilation
law of concrete under axial compression is discussed in the following section.

3. Results
3.1. Failure Process of the Concrete Specimen

The properties of concrete specimens subjected to axial compression were studied
through parameter analysis, and it was found that they had a similar failure process.
Figure 5 shows the schematic diagram of axial strain and lateral strain. In the simulation,
the axial displacement ∆h and radial displacement ∆r were extracted and divided by the
height h and diameter r of the specimen, respectively, as shown in Equations (16) and (17),
and the axial strain εv of the specimen and lateral strain εh at the middle section could
be obtained. The secant strain ratio is the ratio between lateral strain and axial strain, as
shown in Equation (18).

εv =
∆h
h

(16)

εh =
∆r
r

(17)

µs =
εh
εv

(18)
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Figure 6 depicts the development of the stress–strain curve and secant strain ratio–
strain curve. It shows that the secant strain ratio increases slowly when the axial strain is 
less than 1000 με, because the cracks in the specimen grow slowly in the elastic stage. The 
result is consistent with the study conducted by Spoelstra and Marques [60,61]. With the 
increase in axial strain, the secant strain ratio increases rapidly. 

Figure 5. The axial and lateral strain of the specimen.

Figure 6 depicts the development of the stress–strain curve and secant strain ratio–
strain curve. It shows that the secant strain ratio increases slowly when the axial strain is
less than 1000 µε, because the cracks in the specimen grow slowly in the elastic stage. The
result is consistent with the study conducted by Spoelstra and Marques [60,61]. With the
increase in axial strain, the secant strain ratio increases rapidly.
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Figure 6. Secant strain ratio of concrete under axial load.

The axial stress is close to concrete strength as the secant strain ratio reaches 0.5. The
secant strain ratio increases slowly after the axial strain reaches 4000 µε, which may be
related to the larger value of the current axial strain. The residual stress is about 1/3 of the
concrete strength as axial strain reaches 6000 µε. At this time, the cracks in concrete have
been fully developed and the secant strain ratio is about 2.5, which is close to the statistical
results in the literature [28].

3.2. Distribution of Lateral Strain in the Specimen

Seven sections were selected on the specimen to study the distribution of lateral strain
along the specimen height, as shown in Figure 7a. The specimen height is designed as
200 mm, and the spacing of each section is 25 mm. Based on Equation (17), the lateral strain
of each section can be obtained by extracting the radial displacement. Figure 7b reflects the
distribution of lateral strain along the specimen height. It shows that the lateral strain is
relatively uniform along the specimen height when the axial strain is less than 1000 µε. The
lateral strain at the middle section increases sharply as the axial strain increases. The main
reason is that the middle region of the specimen is less affected by the end constraint and
the crack development is intensive. This phenomenon is also observed in Figure 8, where
the radial displacement field at axial strains of 1000, 2000, and 4000 µε is depicted. The
figure shows that the dilation of concrete mainly occurs in the middle part of the specimen
ranging from 3/8 to 5/8, where the stiffness degradation of the material is the most serious,
as shown in Figure 8d.
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Figure 8. Field of radial displacement and stiffness damage in concrete specimen: (a) Ur at 1000 µε;
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To study the distribution of lateral strain along the circumferential direction, the lateral
strains of 50 points along the middle section of the specimen were extracted, as shown in
Figure 9.
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One can see from Figure 9 that the lateral strain at the middle section is evenly
distributed along the circumferential direction when the axial strain is less than 2000 µε.
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As the axial strain reaches 3000 µε, the lateral strain along the circumferential direction
begins to fluctuate, which shows that the strain starts to distribute non-uniformly. This is
because the extended cracks pass through different positions at the middle section in this
stage, resulting in differences in radial displacement.

3.3. Lateral–Axial Strain Relationship for Plain Concrete

The cracks mainly concentrate in the middle part of the specimen, and the lateral
strain develops quickly in this area. Thus, the average strain at the sections of 3/8, 1/2,
and 5/8 is taken as the lateral strain of the specimen, and the ratio between lateral strain
and axial strain is defined as the secant strain ratio. Figure 10 shows the lateral strain–axial
strain curves and secant strain ratio–axial strain curves of concrete with different strengths
under axial compression. It shows that the development of lateral strain and secant strain
ratio can be divided into three stages. The lateral strain is small and the secant strain ratio
increases slowly from 0.2 in the first stage, because the fracture development is less in this
stage. When the axial strain exceeds 1000 µε, the internal cracks continue to accumulate,
leading to a rapid increase in lateral strain and secant strain ratio. Moreover, the lateral
strain and the secant strain ratio of concrete with higher strength are smaller than those
with lower strength. The lateral–axial strain relationship is approximately linear in the last
stage as the axial strain exceeds 4000 µε. At the same time, the secant strain ratio grows
slowly and approaches its critical value with the increase in axial strain.
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Figure 10. Dilation behavior of concrete in radial direction: (a) εh–εv curve; (b) µs–εv curve.

The volumetric strain is an important parameter to illustrate the failure process of con-
crete, and its definition is shown by Equation (19). Figure 11a depicts the stress–volumetric
strain relationship of the specimens with different strengths under axial compression. One
can see that the volume of the specimen decreases slowly due to the compression, and then
expands rapidly with the development of internal cracks.

Figure 11b depicts the stress ratio at maximum compressive strain and zero volumetric
strain, where stress ratio represents the ratio between stress at a certain strain and the
maximum stress. It shows that the stress ratio at maximum compressive strain increases
from 0.64 to 0.82 when the mortar strength varies from 20 MPa to 80 MPa, illustrating that
the initiation of cracks starts later in concrete specimens with higher strength. The volume
of concrete changes from compression to dilation when the volumetric strain reaches zero,
and the stress ratio at this point is approximately equal to 1.0. That is to say, the secant strain
ratio is about 0.5 when the axial stress reaches the concrete strength, which is consistent
with the literature [28,60,61].

εvol = εv + 2εh = (1 − 2µs)εv (19)
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In sum, the development trend of secant strain ratio, the distribution of lateral strain,
and the lateral–axial strain relationship of plain concrete under axial compression were stud-
ied in this section, which deepens our understanding of the dilation behavior of concrete.
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4. Comparison with Current Formulas

Currently, several formulas are available for determining the lateral–axial strain re-
lationship of concrete specimen. To illustrate the accuracy of the formulas for different
strengths of concrete, three formulas, namely, the Binici model [28], Teng model [29], and
Lim model [30], are utilized to make a comparison.

Equation (20) was proposed by Binici [28] to describe the secant strain ratio of concrete
under axial compression. In the elastic stage, the secant strain ratio keeps constant at the
value of Poisson’s ratio, which is between 0.15 and 0.2. With the increase in axial strain,
the secant strain ratio increases nonlinearly. The authors believe an ultimate strain ratio
exists as the axial strain becomes much larger, and the critical value can be calculated by
Equation (21). The diameter φ is the ratio between the confinement pressure and concrete
strength, and the value is set as zero for plain concrete.

µs =

{
µ0 ε ≤ εe

µl − (µl − µ0) exp
[
−
( εv−εe

∆
)2
]

ε > εe
(20)

∆ =
εco − εe√
− ln β

β =
µl − µp

µl − µ0
µl = µp +

1

(φ + 0.85)4 (21)

where µ0 represents Poisson’s ratio of concrete, and 0.2 is adopted here; µp represents the
secant strain ratio as axial strain reaches peak strain, and 0.5 is set as the value; µl represents
the critical secant strain ratio when the axial strain is much larger.

Based on the test data of plain concrete and confined concrete, Teng et al. [29] proposed
a lateral–axial strain curve for confined concrete, which can be used to study the properties
of FRP confined concrete. The equation is shown as follows:

εv

εco
= 0.85

(
1 + 8

p
fco

){[
1 + 0.75

(
εh
εco

)]0.7
− exp

[
−7
(

εh
εco

)]}
(22)

where p is the confining pressure; its value is zero for plain concrete.
After that, Lim et al. [30] also proposed a lateral–axial strain curve for concrete based

on statistical test data shown by Equation (23). The strain relationship for plain concrete
can be obtained when the confining pressure is set as zero. A parameter n was introduced
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in this formula to consider the influence of concrete strength on initial turning point of the
curves, and its value is defined by Equation (24).

εv =
εh

µ0

[
1 +

(
εh

µ0εco

)n]1/n + 0.04εh
0.7

[
1 + 21

(
p

fco

)0.8
]

(23)

n = 1 + 0.03 fco (24)

Figure 12 compares the secant strain ratio–axial strain relationship between simula-
tion and formula predictions. The comparison illustrates that the simulation results are
consistent with those predicted by formulas of Teng et al. and Binici et al. [28,29] when the
axial strain is less than 2000 µε. At this stage, the stress–strain curve of concrete is in the
ascending branch. However, the formula proposed by Lim et al. [30] makes a relatively
more significant difference due to the longer constant stage. The stress–strain curve of
concrete enters the descending branch as the axial strain exceeds 2000 µε, and a certain
degree of difference occurs between the simulation and formulas proposed by Teng et al.
and Binici et al. [28,29]. Nevertheless, the simulation result is in the range of the theoretical
results, which demonstrates the validation of the mesoscale model in predicting the dilation
of plain concrete. Therefore, the mesoscale simulation is an efficient tool to investigate the
dilation behavior of concrete.
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5. Conclusions

In this work, we established a mesoscale model of concrete by considering the random
distribution of coarse aggregate and the different properties between mortar and concrete.
The validity of the proposed model was demonstrated by code curves and test data; then,
the failure process of the concrete, the distribution of lateral strain, and the lateral–axial
strain relationship of concrete were analyzed. The main conclusions are summarized
as follows:

(1) The lateral strain is non-uniformly distributed along the specimen height, and the
lateral deformation mainly occurs in the middle part of the specimen ranging from
3/8 to 5/8, where the stiffness degradation is the most serious. Moreover, the lateral
strain along the circumferential direction becomes non-uniform as axial strain reaches
3000 µε.

(2) The development of lateral strain and secant strain ratio can be divided into three
stages. In the first stage, the lateral strain is small and the secant strain ratio increases
slowly from 0.2. In the second stage, the lateral strain and the secant strain ratio
increase rapidly as the internal cracks continue to accumulate. In the third stage, the
lateral–axial strain curve is approximately linear, and the secant strain ratio grows
slowly and approaches its critical value.
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(3) The strength of concrete influences the stress ratio at maximum compressive strain,
and the stress ratio varies from 0.62 to 0.82 when the mortar strength varies from
20 MPa to 80 MPa, illustrating that the initiation of cracks starts later in concrete with
higher strength. Moreover, the secant strain ratio is about 0.5 as the stress reaches the
concrete strength.

(4) The secant strain ratio–axial strain curves in the simulation are consistent with the
results predicted by the formulas of Teng et al. and Binici et al. in the ascending
branch of the stress–strain curve of concrete. When the stress–strain curve of concrete
enters the descending branch, the simulation of the secant strain ratio is in the range
of the theoretical results, which demonstrates the validation of our mesoscale model
in predicting the dilation of plain concrete.

We have proposed a new method to predict the dilation behavior of concrete, and the
relevant analysis will deepen our understanding of the failure process of concrete. The
content in this manuscript is part of our current work, based on which we are trying to
investigate the dilation of concrete columns under varying confining pressures, and then
propose a formula that can be applied to both unconfined and confined concrete.
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Abstract: The associated effect of sodium chloride and dihydrate gypsum on the mechanical perfor-
mance of a slag-based geopolymer activated by quicklime was investigated by compressive strength,
shrinkage, and square circle anti-cracking tests of mortar with a 0.5 water–binder ratio and a 1:3
binder–sand ratio, as well as paste soundness, powder X-ray diffraction (XRD), thermogravimetric
analysis (TGA), scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS), and
mercury intrusion porosimetry (MIP) of the paste. The results indicate that (1) when dihydrate
gypsum is used alone, it combines with calcium aluminate hydrate (C-A-H) to form calcium sul-
foaluminate hydrate (AFt), which encourages the hydration process of slag. A 7.5% addition can
result in an increase of 97.33% and 36.92% in 3-day and 28-day compressive strengths, respectively.
When NaCl is used by itself, it facilitates the condensation of the aluminum silicate tetrahedron unit
and generates zeolite. A 2% dosage can lead to a 66.67% increase in the 3-day compressive strength,
while causing a 15.89% reduction in the 28-day compressive strength. (2) The combined effect of 2%
NaCl and 7.5% gypsum results in the formation of needle-like and rod-shaped AFt, Friedel’s salt, and
plate-like Kuzel’s salt in the geopolymer. This leads to an increase in 3-day and 28-day compressive
strengths by 148% and 37.85%, respectively. Furthermore, it reduces the porosity by 18.7%. (3) Both
NaCl and gypsum enhance the paste soundness of the slag-based geopolymer, and they do no harm
to the crack resistance of the geopolymer. The drying shrinkage of the geopolymer at 28 days is
just 0.48 × 10−3, which is only 66.7% of OPC. This slag-based geopolymer has a simple preparation
process, good volume stability, low raw material cost, low energy consumption, and low carbon
emissions. It can be used instead of 32.5 slag Portland cement in plain concrete applications, and has
high engineering, economic, and environmental values.

Keywords: sodium chloride; dihydrate gypsum; slag-based geopolymer; mechanical performance;
hydration mechanism; Friedel’s salt; Kuzel’s salt

1. Introduction

The worldwide construction sector bears the onus of generating 39% of CO2 emissions
and depleting over 50% natural resources extracted [1], and cement manufacturing is
directly responsible for approximately 5% of artificial CO2 emissions, with 0.8–1.1 tons of
CO2 released against each ton of cement production [2]. Geopolymers are one of the several
alternative cementitious materials to Portland cement being investigated. They are formed
by the alkaline activation of industrial solid wastes, such as slag, steel slag, fly ash [3],
red mud [4], as well as natural pozzolan [5]. Their preparation process has low energy
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consumption and low emissions, so the advantages of geopolymers fit well with China’s
strategic goals of “carbon peak and carbon neutrality” [6]. Additionally, geopolymers
have exceptional characteristics, such as fast setting and hardening, high strength [7,8],
resistance to high temperature [9] and acid corrosion [10–13], excellent impermeability [14],
and good freeze–thaw resistance [15–17]. They can recycle industrial solid waste and have
great potential for use in various applications.

Traditional slag-based geopolymers usually require a strong alkaline activator. Al-
though they have a remarkable activation effect, they have several drawbacks, including
over-rapid early-stage strength formation, low later-stage strength potential, and severe
shrinkage. The shrinkage of alkali-activated slag concrete is generally at least twice that
of ordinary Portland cement concrete, and the shrinkage of alkali-activated slag mortar
activated by sodium hydroxide and water glass is three and six times that of ordinary Port-
land cement [18–22], respectively. Currently, it is widely believed that the high gel content
of geopolymers and the excessively high proportion of pores smaller than 10 nm cause
significant negative pore pressure during dehydration, resulting in excessive shrinkage [23].

Cheng et al. [24] found that the addition of NaCl at a dosage between 0% and 5%
resulted in a greater improvement in the strength of slag-based geopolymers. However,
when the NaCl content exceeded 5%, the strength increase in slag-based geopolymers
becomes lower. Lv et al. [25] observed that the addition of 1% NaCl increased the strength
of fly-ash-based geopolymer, but when the NaCl content is 3~11%, the strength of fly-ash-
based geopolymers drops. Cao et al. [26] also found that adding 1% NaCl accelerated the
hydration process of cement. He et al. [27] discovered that increasing the NaCl level to
2% increased the strength of slag-based geopolymers. Liu et al. [28] discovered that the
geopolymer strength is greatest when the gypsum component is 10%. Zhang et al. [29]
found that the strength of geopolymer mortar increased when adding less than 2% gypsum
and decreased significantly when adding 5% gypsum. Xing et al. [30] found that the com-
pressive strength of the geopolymer test block is the greatest when the gypsum component
is 10%.

Previous studies [25,31–33] used a composite activator consisting of light calcined
magnesia (MgO), sodium chloride (NaCl), building gypsum, and quicklime (CaO) to
activate slag. During the hydration process, abundant crystalline hydration products, such
as Fredel’s salt, Kuzel’s salt, and Aft, filled the gel pores, while MgO compensated for the
shrinkage. The geopolymer met the strength requirements of 32.5 slag Portland cement.
However, MgO is costly and limits its application potential. So, in this study, we removed
the MgO component and used more gypsum and quicklime to compensate for shrinkage.
By adjusting, it can further reduce energy consumption and emissions and be cheaper than
OPC and strong alkali-activated slag-based geopolymer. The mechanical properties of this
geopolymer were investigated by the compressive strength, square circle anti-cracking
tests of mortar, and soundness of paste, and its microscopic mechanism was studied using
XRD, SEM, TGA, and MIP. The differences in shrinkage between this geopolymer and
P.O. 42.5 cement were also compared to comprehensively evaluate the performance of
the slag-based geopolymer and provide theoretical support for its application in concrete
engineering, especially in plain concrete engineering. The research of the composite-
activated slag-based geopolymer has positive significance for reusing granulated blast-
furnace slag and reducing carbon emissions caused by cement production.

2. Materials and Methods
2.1. Materials

The slag utilized in this paper is S95 slag powder manufactured by Hebei JINTAICHENG
Environmental Resources Co., Ltd., Xingtai, China, with a density of 2.87 g/cm3. Chemical
compositions were analyzed using XRF, and the instrument used was Japanese Rigaku
Supermini 200. The specific surface area and particle size distribution were analyzed using
a Laser Diffraction Particle Size Analyzer. The instrument used was Mastersize 3000-F made
by Malvern Panalytical. The results are shown in Table 1, Table 2, and Figure 1, respectively.
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The slag’s chemical module was K = 2.17; alkalinity modules were Mo = 1.14; and the
observed 28-days activity coefficient was 95. The XRD spectrum shown in Figure 2 clearly
exhibits a ‘steamed bread peak’, suggesting the presence of amorphous phase minerals in
the slag, primarily active SiO2 and active Al2O3 [34].
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Table 1. Chemical composition of slag (mass %).

SiO2 Al2O3 SO3 MgO CaO Fe2O3 Na2O K2O

27.56 15.80 2.89 7.52 42.19 0.31 0.45 0.45

Cl P2O5 TiO2 MnO SrO2 Y2O3 Others

0.09 0.05 1.97 0.61 0.09 0.01 0.01

Table 2. Particle size distribution.

Specific Surface Area Dx (10) Dx (50) Dx (90)

432.9 m2/kg 2.23 µm 12.0 µm 28.3 µm

Tianjin BEICHEN, Tianjin BEILIAN, and Tianjin ZHIYUAN Chemical Industry pro-
vided the analytical pure NaCl (>99.9%), dihydrate gypsum (CaSO4·2H2O) (>99.9%), and
quicklime (>99.9%) employed in the experiment, respectively. Quicklime reacts with water
to form calcium hydroxide, which increases the alkalinity of the gelling system and plays
the role of an alkaline activator. Xiamen AISOU standard sand Co., Ltd., Xiamen, China
manufactured the ISO standard sand. A comparison experiment was carried out with
42.5 ordinary Portland cement produced by Beijing JINYU Group Co., Ltd., Beijing, China,
with a specific surface area of 349.8 m2/kg, to assess the volume stability difference between
the compound slag-based geopolymer and ordinary Portland cement.

The flowchart of this study is shown in Figure 3.

Buildings 2023, 13, x FOR PEER REVIEW 4 of 25 
 

0.09 0.05 1.97 0.61 0.09 0.01 0.01  

Table 2. Particle size distribution. 

Specific Surface Area Dx (10) Dx (50) Dx (90) 

432.9 m²/kg 2.23 μm 12.0 μm 28.3 μm 

Tianjin BEICHEN, Tianjin BEILIAN, and Tianjin ZHIYUAN Chemical Industry pro-

vided the analytical pure NaCl (>99.9%), dihydrate gypsum (CaSO4·2H2O) (>99.9%), and 

quicklime (>99.9%) employed in the experiment, respectively. Quicklime reacts with wa-

ter to form calcium hydroxide, which increases the alkalinity of the gelling system and 
plays the role of an alkaline activator. Xiamen AISOU standard sand Co., Ltd., Xiamen, 

China manufactured the ISO standard sand. A comparison experiment was carried out 
with 42.5 ordinary Portland cement produced by Beijing JINYU Group Co., Ltd., Beijing, 
China, with a specific surface area of 349.8 m2/kg, to assess the volume stability difference 

between the compound slag-based geopolymer and ordinary Portland cement. 
The flowchart of this study is shown in Figure 3. 

 

Figure 3. Flowchart of the research. 

2.2. Experiment Methods 

Although NaCl and gypsum have overlapping reactants in slag-based geopolymers 
activated by NaCl, gypsum, and quicklime, they are also distinct, and the composite ap-

plication can give superior results. Based on previous experiments, the strength is stronger 
when the composite activator content is 25%. Therefore, under the condition of 25% acti-
vator content, the NaCl dosage was set at 2%, 4%, and 6%, marked as L, M, and H, respec-

tively; the gypsum dosage was set at 2.5%, 5%, 7.5%, and 10%, represented by A, B, C, and 
D, respectively. The effects of NaCl and gypsum on slag-based geopolymer characteristics 

were investigated. The test group LC with the highest strength was chosen as the control 
group without NaCl (0C), without gypsum (L0), and neither NaCl nor gypsum (OQ, only 
quicklime) by replacing the NaCl and gypsum components with quicklime in order to 

study the activating mechanism of NaCl and gypsum. The amount of activators in the LC 
group was adjusted to 20%, 30%, and 35%, and the optimum activator dose was tested. 

Because conventional geopolymer has a far higher dry shrinkage than Portland cement, it 
can cause interior micro fractures and strength degradation [18]. 

The calcium oxide level was relatively low, and the alkaline environment that may 

be created was restricted. Previous research had also shown that the excitation process 

Figure 3. Flowchart of the research.

2.2. Experiment Methods

Although NaCl and gypsum have overlapping reactants in slag-based geopolymers
activated by NaCl, gypsum, and quicklime, they are also distinct, and the composite
application can give superior results. Based on previous experiments, the strength is
stronger when the composite activator content is 25%. Therefore, under the condition of
25% activator content, the NaCl dosage was set at 2%, 4%, and 6%, marked as L, M, and
H, respectively; the gypsum dosage was set at 2.5%, 5%, 7.5%, and 10%, represented by
A, B, C, and D, respectively. The effects of NaCl and gypsum on slag-based geopolymer
characteristics were investigated. The test group LC with the highest strength was chosen as
the control group without NaCl (0C), without gypsum (L0), and neither NaCl nor gypsum
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(OQ, only quicklime) by replacing the NaCl and gypsum components with quicklime in
order to study the activating mechanism of NaCl and gypsum. The amount of activators in
the LC group was adjusted to 20%, 30%, and 35%, and the optimum activator dose was
tested. Because conventional geopolymer has a far higher dry shrinkage than Portland
cement, it can cause interior micro fractures and strength degradation [18].

The calcium oxide level was relatively low, and the alkaline environment that may be
created was restricted. Previous research had also shown that the excitation process takes
longer with this excitation combination, so the 28-day strength of geopolymer under com-
pound activators may be insufficient; therefore, a 56-day strength test was performed for the
LC group. The volume stability of the geopolymer was compared with a P.O. 42.5 cement
control group (OPC). Mixture proportions are detailed in Table 3. The reaction mechanism
of the compound slag-based geopolymer activated by quicklime was analyzed, the law of
mechanical properties was studied, and the volume stability was compared and evaluated
by studying the products, pore structure, and mortar strength of the composite system
of NaCl, gypsum, quicklime, and slag with different ratios and comparing the stability,
shrinkage, and crack resistance of the paste. The reaction mechanism is comparable for the
test groups with the same composition and little change in dose, and the test group with
high strength as well as good volumetric stability (or not) has research value. As a result,
the conventional test group and the control group are primarily investigated. In Table 3, a
checkmark (

√
) indicates that this set of tests was performed, whereas a slash (/) indicates

that it is not within the scope of the research.

Table 3. Mixture proportions (SC, NaCl; DG, dihydrate gypsum; QL, quicklime; AT, activator/%).

No. Ratio SC DG QL AT Slag
Paste Mortar

Micro-Test Soundness Strength Shrinkage Cracking

1 LA 2 2.5 20.5 25 75 /
√ √

/ /
2 LB 2 5 18 25 75 /

√ √
/ /

3 LC 2 7.5 15.5 25 75
√ √ √ √ √

4 LD 2 10 13 25 75 / /
√

/ /
5 MA 4 2.5 18.5 25 75 / /

√
/ /

6 MB 4 5 16 25 75 / /
√

/ /
7 MC 4 7.5 13.5 25 75 / /

√
/ /

8 MD 4 10 11 25 75 / /
√

/ /
9 HA 6 2.5 16.5 25 75 / /

√
/ /

10 HB 6 5 14 25 75 / /
√

/ /
11 HC 6 7.5 11.5 25 75 / /

√
/ /

12 HD 6 10 9 25 75 / /
√

/ /
13 0C 0 8 17 25 75

√ √ √
/

√
14 L0 3 0 22 25 75

√ √ √
/

√
15 OQ 0 0 25 25 75

√ √ √
/

√
16 LC 20% 1.5 6 12.5 20 80 / /

√
/ /

17 LC 30% 2.5 9 18.5 30 70 / /
√

/ /
18 LC 35% 3 11 21 35 65 / /

√
/ /

(1) Micro-tests of Hardened paste
A pure paste sample was made with a 0.35 water–binder ratio and placed in a test

tube for standard curing. The sample was taken out at the age of 3 and 28 days and split
into little pieces before being sealed in a test tube containing anhydrous ethanol to stop
hydration. The samples were collected from a sealed anhydrous ethanol test tube and
vacuum-dried for 24 h at 60 ◦C for tests in the LC test group as well as the 0C, L0, and OQ
control groups.

a. X-ray diffraction (XRD)
The paste sample was ground using a mortar until there was no particle sensation and

then passed through a 45 µm sieve. The groove on the diffractometer sample table was
filled with the sieved paste powder. To scan the phase, a Cu target was used with a tube
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voltage of 40 kV, a tube current of 40 mA, a scanning speed of 6 ◦/min, and a test range of
3 to 80◦.

b. Thermogravimetric analysis (TGA)
The AFt, Ca(OH)2, and chemical bonding water of the samples were evaluated by

mass changes with temperature after being heated from 30 ◦C to 1000 ◦C at 10 ◦C/min in a
nitrogen environment.

c. Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS)
The microstructure of the shattered sample was examined using a ZEISS Gemini

300 scanning electron microscope, manufactured by Zeiss, Germany, after a portion of it
was sprayed with carbon.

d. Mercury intrusion porosimetry (MIP)
The mercury injection experiment technique involves calculating the diameter and

volume of various-sized holes based on the functional connection between the amount of
mercury injected into the hardened paste and the applied pressure. The fractal dimension of
pore volume may be determined directly from the experimental data of mercury intrusion
porosimetry based on the variable features of pore volume and pore diameter. The curves
are displayed after calculating the logarithms of dV/dr and dr, and the fractal dimension
of the pore volume is estimated using the slope of the curve.

(2) Soundness of paste
The SO3 content of Portland cement specified in GB 175–2007 “Universal Portland

Cement” standard is not more than 3.5%, mainly because of the potential risk of soundness
caused by AFt. So, the pat paste was prepared in accordance with the measured standard
consistency water consumption for study of soundness under standard curing conditions.
Considering the mechanical properties and volume stability test results, LA, LB, LC, 0C,
L0, and OQ test groups were selected for key research, and the cracking was observed and
recorded regularly. The boiling test method was not used in the soundness test. AFt plays
an important role in compensating for shrinkage and preventing cracking at the early stage
of hardening, while AFt decomposes above 70 ◦C.

(3) Rupture and compressive strength tests of mortar
According to GB/T 17671-1999 test method for the strength of cement mortar (ISO

method), 40 mm× 40 mm× 160 mm cement mortar samples were made with a 0.5 water–
binder ratio and a 1:3 binder–sand ratio in line with Table 3. The rupture strength and
compressive strength were measured after 3 and 28 days of curing.

(4) Shrinkage tests of mortar
The LC group with the highest strength was compared with grade 42.5 ordinary

Portland cement. The mortar test blocks were prepared according to a binder–sand ratio of
1:3 and a water–binder ratio of 0.5. The drying shrinkage mortar samples were made in a
40 mm × 40 mm × 160 mm triple steel mold, and the plates at both ends of the mold have
three 6 mm blind holes. A 25 mm long, 6 mm round head copper rod probe was placed
before shaping, the surface was covered with a layer of the fresh-keeping film after forming,
and it was placed in a standard curing room (temperature (20 ± 2) ◦C, relative humidity
above 90%). The mold was removed after curing for 1 day, the initial value of the samples’
length (accurate to 0.001 mm) was measured using a screw micrometer, the samples were
placed on the confined frame, moved into the constant temperature and humidity room
for curing (temperature (20 ± 2) ◦C, relative humidity 60% ± 5%), and the dial indicator
readings of the samples at the age of 1 to 28 days were read. Paraffin wax was applied to
the three removed mortar cubes, the interface was isolated with water in the air, and the
autogenous shrinkage value was measured for 14 days under the same circumstances, as
shown in Figure 4.
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Figure 4. (a) Coated specimens with paraffin wax; (b) shrinkage test frame.

The autogenous and dry shrinkage strain values of each age was calculated according
to the following formula:

ε = (l0 − lt)/l0

where ε represents the value of shrinkage strain; l0 is the initial length of the specimen; and
lt is the length of the specimen at the age of t days. The average value of the shrinkage
strain of three specimens was taken for each ratio.

(5) Square circle anti-cracking tests of mortar
The traditional ring method is widely used in the early crack resistance test of concrete.

The earliest ring-cracking method was proposed and applied by Carlson [35]. The ring
device is composed of two steel rings. The uniform constraint on the specimen is realized by
limiting the shrinkage of cement-based materials by the inner ring. However, the commonly
used uniaxial constraint method is complex and cannot be compared in large quantities;
the plate constraint method has some problems, such as uneven constraint. Therefore,
this study adopts a new cracking evaluation model—square and circular anti-cracking
mold—which can not only uniformly restrict the concrete sample but also crack the surface
of the concrete sample within a certain time, so as to measure the crack length and width
conveniently and quickly. The center of the square round anti-crack test mold used in
this experiment is square, and the location of the crack is guided by the cube edges and
corners, so as to observe the process of crack generation and propagation [36]. The outer
ring diameter of the ring test mold used in the test is 210 mm, the inner ring diameter is
200 mm, the height is 100 mm, and the side length of the central square is 106.05 mm [37],
as shown in Figure 5. The test samples were placed indoors, observed for 28 days, and the
number and width of cracks were recorded.
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3. Results and Discussion
3.1. Influence of NaCl and Gypsum on the Properties of Hardened Paste

To explore the hydration products and reaction process, the experimental groups LC,
0C, and L0 were principally investigated and compared to the control group OQ.

3.1.1. XRD

The hydration products of the geopolymer activated by quicklime, gypsum, and NaCl
were analyzed using XRD, and the types of hydration products were obtained by qualitative
analysis of the diffractogram, as shown in Figure 6.

In Figure 6, the LC group exhibits obvious diffraction peaks of Ca(OH)2, AFt (3CaO·Al2O3 ·
CaSO4·12H2O), Friedel’s salt (3CaO·A12O3·CaCl2·10H2O), and Kuzel’s salt (3CaO·A12O3·
0.5CaCl2·0.5CaSO4·12H2O), as well as unknown zeolite. Friedel’s salt and Kuzel’s salt are
both double-layer metal hydroxides with positive charge on their laminates. To maintain
overall electrical neutrality, a specific number of anions such as Cl− and SO2−

4 are present
between the laminates; at the same time, a particular number of water molecules are
also present between layers [38,39]. The hydration of CaO generates Ca(OH)2, which
subsequently reacts with slag to produce C-A-H. It then reacts with gypsum to form AFt.
With time, the combined effect of NaCl and gypsum promotes the continued formation of
Friedel’s salt and Kuzel’s salt, resulting in the enhancement of their diffraction peaks at
28 days. The diffraction peaks of Friedel’s salt are found in the L0 group without adding
gypsum because the slag includes a trace of SO3. In contrast, no diffraction peaks of
Friedel’s salt or Kuzel’s salt were detected in the 0C group.

Buildings 2023, 13, x FOR PEER REVIEW 8 of 25 
 

3. Results and Discussion 

3.1. Influence of NaCl and Gypsum on the Properties of Hardened Paste 

To explore the hydration products and reaction process, the experimental groups LC, 

0C, and L0 were principally investigated and compared to the control group OQ. 

3.1.1. XRD 

The hydration products of the geopolymer activated by quicklime, gypsum, and 
NaCl were analyzed using XRD, and the types of hydration products were obtained by 

qualitative analysis of the diffractogram, as shown in Figure 6. 
In Figure 6, the LC group exhibits obvious diffraction peaks of Ca(OH)2, AFt 

(3CaO·Al2O3·CaSO4·12H2O), Friedel’s salt (3CaO·A12O3·CaCl2·10H2O), and Kuzel’s salt 
(3CaO·A12O3·0.5CaCl2·0.5CaSO4·12H2O), as well as unknown zeolite. Friedel’s salt and 
Kuzel’s salt are both double-layer metal hydroxides with positive charge on their lami-

nates. To maintain overall electrical neutrality, a specific number of anions such as Cl− and 
SO4

2−are present between the laminates; at the same time, a particular number of water 

molecules are also present between layers [38,39]. The hydration of CaO generates 
Ca(OH)2, which subsequently reacts with slag to produce C-A-H. It then reacts with gyp-
sum to form AFt. With time, the combined effect of NaCl and gypsum promotes the con-

tinued formation of Friedel’s salt and Kuzel’s salt, resulting in the enhancement of their 
diffraction peaks at 28 days. The diffraction peaks of Friedel’s salt are found in the L0 

group without adding gypsum because the slag includes a trace of SO3. In contrast, no 
diffraction peaks of Friedel’s salt or Kuzel’s salt were detected in the 0C group. 

10 20 30 40 50 60



□Unnamed zeolite-PDF#00-002-0929
 Quartz-PDF#97-001-8112
¨ Portlandite-PDF#97-001-5471

☆ Friedel's salt-PDF#00-054-0851
△ Kuzel's salt-PDF#00-019-0203
○ Ettringite-PDF#99-000-1074

□□
☆ ¨

2-Theta

LC-28 d

0C-28 d

L0-28 d

OQ-28 d

¨

¨ ¨○○ ○○○
☆

☆

¨

¨

¨ ¨
☆

☆
☆

☆

¨

¨

¨ ¨

○ ○ ○ ○ ○

☆







¨
¨

¨ ¨

△

○

○
△

○ ☆
△ ○ ¨

☆
○


☆○ ○

☆ ○ □ △ ¨ ¨ □
○ ☆

△ ○ ¨
☆
○


☆○ ○

☆ ○ □ △ ¨ ¨ □
○ ☆

△ ○ ¨
☆
○


☆○ ○

☆ ○ □ △ ¨ ¨ □
○ ☆

△ ○ ¨
☆
○

△
△


□☆ ○
☆ ○ □ △ ¨ ¨ □

○ ☆

△
○
¨

☆
○

△
△



□☆○ ○
☆ ○ □ △ ¨ ¨ □

¨
LC-3 d

 

Figure 6. XRD pattern of geopolymer paste. 
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3.1.2. TGA

To quantify the influence of NaCl and gypsum on the hydration of slag, thermogravi-
metric analysis was carried out on the LC, 0C, L0, and OQ groups, and the TG-DTG curves
are shown in Figure 7.
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Figure 7. TG-DTG curves of geopolymer paste.

As shown in Figure 7, obvious AFt decomposition peaks occurring at 70~150 ◦C [40]
can be seen in the 0C and LC groups. Hydration of CaO produced Ca(OH)2, which can
stimulate the activity of slag and promote hydration. As Ca(OH)2 acts as an activator in
this process, a lower residual amount of Ca(OH)2 leads to a better slag hydration.

TG analysis can be used to determine the residual amount of Ca(OH)2, as it decom-
poses and releases water at 350 ◦C to 550 ◦C. Although the thermogravimetric loss of C-S-H
can occur throughout the entire temperature range, certain inaccuracies in the predicted
quantities of AFt and Ca(OH)2 cannot be measured. However, under the same conditions,
measuring the relative concentration of Ca(OH)2 in each test group might still represent
the degree of slag hydration. As the chemical bonding water content includes the water
released by the thermogravimetric loss of Ca(OH)2, the hydration degree of slag must be
subtracted from the quantity of water released by residual Ca(OH)2.

The amounts of AFt, Ca(OH)2, and chemical bonding water content are calculated
and shown in Figure 8.
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As shown in Figure 8, the CCW-NCH of the L0 and 0C groups are significantly higher
than that of the 00 group at both 3 and 28 days, implying that sodium chloride and gypsum
can effectively promote hydration individually. Furthermore, the CCW-NCH value of the
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LC group is higher than both groups, demonstrating that the combined use of sodium
chloride and gypsum results in a more pronounced promotion of hydration. Notably, the
AFt contribution to CCW-NCH is relatively high in the 0C and L0 groups. AFt content in the
LC group is 3.9% lower than 0C, suggesting that NaCl serves to boost slag hydration and
reduce AFt formation. Moreover, the 28-day CCW-NCH increase is greater in the LC group
than in the 0C group, thereby indicating that the addition of NaCl facilitates subsequent
hydration enhancement. Within a few hours of mixing with water, AFt was produced,
thereby improving early strength, while the formation of Freidel’s salt and Kuzel’s salt
typically occurred later than that of AFt. The formation of Freidel’s salt and Kuzel’s salt
consumed chloride ions, sulfate ions, and C-A-H, thereby reducing the formation of AFt in
the hardened paste. There is no noticeable AFt decomposition peak observed in the OQ
test group’s DTG curve, which is attributed to the absence of gypsum. Furthermore, the
Ca(OH)2 content of the 0C and L0 groups is lower than that of OQ, and the CCW-NCH
content rose concomitantly, indicating that both gypsum and NaCl serve to enhance the
reaction degree of slag. Finally, the LC group exhibits the greatest 28-day CCW-NCH
content, indicating the highest reaction degree of slag and the most effective activation
when NaCl and gypsum are used together.

NaCl reacts with the hydration products of slag to release NaOH, which further
promotes the hydration of slag. The amount of chemically combined water in each group
is increased after 28 days, compared to 3 days, indicating that the slag undergoes enhanced
hydration over time, while the amount of Ca(OH)2 decreases. At 28 days, the Ca(OH)2
content of the LC group is 5.31%, meaning that 65.74% of the quicklime has engaged in the
hydration process, thereby indicating that the amount of quicklime was sufficient.

3.1.3. SEM and EDS

The hydration products of the geopolymer were meticulously analyzed using SEM
and EDS. The identification of the hydration products was based on their visual appearance
and elemental composition, which are presented in Figures 9 and 10, as well as in Table 4.

Table 4. EDS analysis results of dots (atomic percentage).

Elements Ca Si O Al S Mg Na Cl

dot 1 20.90 6.16 58.23 2.34 3.38 1.49 1.57 1.33
dot 2 22.34 1.79 53.49 10.48 0.22 0.33 1.3 4.94
dot 3 13.49 4.64 59.27 3.22 1.08 0.75 3.43 1.10
dot 4 15.51 3.62 58.61 4.19 1.24 0.85 2.93 1.29
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Figure 10. EDS spectra of geopolymer paste (the LC group).

It can be seen from Figure 10 and Table 4 that since the diameter of the determination
point of the energy spectrum analysis may be larger than the size of the chlorine-containing
compounds, the determination areas are mixed with other compounds, such as C-S-H
gel, which may cause errors, so the influence of this part should be eliminated as much as
possible. C-S-H gel has a calcium–silicon ratio that ranges between 0.8 and 2. It is assumed
that the calcium–silicon ratio is constant and that all Si is present in the hydrated silica gel.
After subtracting the calcium in the hydrated calcium silicate in Table 4, the Ca-Al-S-Cl
ratio is recalculated to yield Table 5.

Table 5. Atom ratio.

Elements Ca Si O Al S Mg Cl Content

dot 1 4.95 0 24.2 2.34 0.67 0 1.33 KS
dot 2 12.16 0 31.24 5.48 0.00 0 4.94 FS
dot 3 6.53 0 40.78 3.22 1.08 0 1.10 AFt + FS
dot 4 8.08 0 39.39 4.19 1.24 0 1.29 AFt + FS

The combination of AFt, gypsum, portlandite, Friedel’s salt, and Kuzel’s salt with
zeolite products (including Na and forsterite) can cause changes in the relative content of
elements. The atom ratio of Ca-Al-Cl in Friedel’s salt (3CaO·A12O3·CaCl2·10H2O) is 4:2:2,
while the atom ratio of Ca-Al-S in AFt (3CaO·Al2O3·CaSO4·12H2O) is 4:2:1. Table 5 shows
that dot 1 represents Kuzel’s salt (3CaO·Al2O3·0.5CaCl2·0.5CaSO4·12H2O) with a Ca-Al-S-
Cl ratio of 4.2:2:1.1:0.57; dot 2 mainly consists of Friedel’s salt with a Ca-Al-S-Cl ratio of
4.4:2:0:1.8. Since a mixture of 2/3 AFt and 1/3 Friedel’s salt was mixed, the Ca-Al-S-Cl ratio
in dot 3 is 4:2:1:0 and 4.1:2:0:1.8, and dot 4 has ratios of 4:2:1:0 and 3.6:2:0:1.5, respectively.
The concentration of calcium is slightly higher due to the effects of zeolite minerals and
unreacted Ca(OH)2. Overall, there were AFt, Friedel’s salt, and Kuzel’s salt generated in
the geopolymer according to the XRD, SEM, and EDS results.

Quantities of flake crystals can be seen in the OQ group in Figure 9a because Ca(OH)2
was generated when quicklime was combined with slag alone. The Ca(OH)2 content
remaining in this group is still as high as 9.92% at 28 days, and the consumption of Ca(OH)2
is also lower, suggesting that the hydration degree is low when quicklime is employed
alone and the enrichment of Ca(OH)2 crystals will also have a negative influence on the
strength. Because gypsum interacts with C-A-H and produces a lot of AFt, quantities of
acicular crystals may be visible in the LC group after adding 7.5% gypsum (as seen in
Figure 9b LC × 5000). Excessive AFt volume growth in the hardened paste may result
in poor volume stability. Needle-rod and flake crystals are readily visible in Figure 9c
LC × 20,000. The reaction is completely dominated by NaCl, yielding coarse needle-rod

192



Buildings 2023, 13, 1285

Friedel’s salt and flake Kuzel’s salt. The XRD pattern also shows that the diffraction peak
intensity of Friedel’s salt in the LC group was lower than that of L0, indicating that the
concentration of Friedel’s salt declines, while the amount of Kuzel’s salt grows.

NaCl functions as an auxiliary activator in the hydration reaction, releasing the alkali
metal cation Na+ and generating NaOH; NaOH offers an alkaline environment for slag
hydration [41]. The hydration of slag in an alkaline environment experienced the disso-
lution and diffusion of aluminosilicate minerals in alkaline solution, the polymerization
of aluminosilicate solutions and complexes caused by the gel phase (Mx(AlO2)y(SiO2)
z·nMOH·mH2O), and the consolidation and hardening process of the gel phase [42], in
which the polymerization refers to the chemical reaction between various aluminosilicates
and strong alkaline silicate solutions [43,44]. In addition to the aforementioned process,
activated silicon oxide and activated alumina in slag react with Ca(OH)2 in an alkaline
environment to form hydrated calcium silicate and hydrated calcium aluminate. Simulta-
neously, sodium hydroxide can generate a geopolymer by reacting with active silica and
active alumina [45]. In addition, slag can also reduce the diffusion rate of Cl- [46] and
produce Friedel’s salt. One of the AFm compounds is Friedel’s salt. There are several
different forms of AFm compounds, and their chemical makeup varies widely. The major-
ity of them are lamellar crystals, with the most common being 3CaO·Al2O3·CaSO4·xH2O,
3CaO·Al2O3·CaCO3·xH2O, and 3CaO·Al2O3·CaCl2·xH2O [47,48]. Because the addition
of NaCl and gypsum causes Cl−, SO4

2−, CO3
2−, and other ions to exist in the hydration

reaction, it may simultaneously produce a variety of compounds, such as hydrated calcium
chloroaluminate, hydrated calcium sulphoaluminate, hydrated calcium carboaluminate,
and more complex compounds produced after the substitution of each acid radical ion.
The hydration products containing Cl− are 3CaO••Al2O3•CaCl2•xH2O, C-S-H gels, and
zeolite containing SO4

2−, Mg2+, and Na+. The molecular formula of the lamellar crystal
and needle-rod crystal components is 3CaO·Al2O3·(0.5CaCl2·0.5CaSO4)·12H2O, which is
extremely close to the insoluble Kuzel’s salt.

It has been established that NaCl participates in the hydration process and generates
chlorine-containing molecules. The released Na+ generates NaOH, which raises the PH
of the geopolymer and promotes the hydration of slag, hence increasing strength. The
addition of NaCl can promote the dissolution of gypsum, thus accelerating SO4

2− to form
AFt [30,49], providing early strength and compensating for shrinkage. AFt is produced
before Friedel’s salt when NaCl is added. With the extension of hydration age, NaCl is easier
to react with C-A-H and AFt to produce Friedel’s salt [22]. Meanwhile, chloride and sulfate
react with C-A-H and AFt to form Kuzel’s salt [50–53]; the creation of Friedel’s salt and
Kuzel’s salt consumes Cl−, and the released OH− combines with Na+ to generate NaOH,
enhancing the alkalinity and accelerating slag hydration. Simultaneously, the creation of
Kuzel’s salt consumes SO4

2− and decreases the quantity of AFt in the hardened paste.
The hydration reaction equation of the slag-based geopolymer activated by NaCl,

gypsum, and quicklime are as follows:
(1) CaO in the compound activator reacts with water:

CaO + H2O = Ca(OH)2 (1)

(2) In an alkaline environment, OH− depolymerizes Ca-O, Si-O, and Al-O bonds in
the vitreous body and accelerates the slag reaction, which results in hydration products
such as C-S-H gel and calcium aluminate hydrate [54–56]:

xCa(OH)2 + SiO2 + m H2O = xCaO·SiO2·(m + x)H2O (2)

yCa(OH)2 + Al2O3 + nH2O = yCaO·Al2O3·(y + n)H2O (3)

yCaO·Al2O3·(y + n)H2O + CaSO4 + H2O→ Ca6Al2(SO4)3(OH)12·26H2O (4)
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(3) In addition to AFt, partially hydrated calcium aluminate (yCaO·Al2O3·(y + n)H2O)
reacted with Ca(OH)2 and NaCl to form Friedel’s salt and NaOH:

yCaO·Al2O3·nH2O + NaCl + Ca(OH)2 → 3CaO·A12O3·CaCl2·10H2O + NaOH (5)

(4) The addition of gypsum provided SO4
2−, and part of Friedel’s salt continued to

react with gypsum, replacing part of the Cl− and generating Kuzel’s salt (3CaO·A12O3·
0.5CaCl2·0.5CaSO4·12H2O) [37]:

3CaO·A12O3·CaCl2·10H2O + CaSO4·2H2O + H2O→
3CaO·A12O3·0.5CaCl2·0.5CaSO4·12H2O + CaCl2

(6)

(5) The NaOH generated in reaction (5) can be employed as an activator in the forma-
tion of zeolite (0.8CaO·0.2Na2O·A12O3·3SiO2·6H2O) by reacting with slag:

Ca(OH)2 + SiO2 + Al2O3+ NaOH+ H2O→ 0.8CaO·0.2Na2O·A12O3·3SiO2·6H2O (7)

The hydration reaction mechanism in the cementitious system is shown in Figure 11.
And the reaction Equations (1)–(7) are labeled.
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3.1.4. MIP

Based on the study of the hydration mechanism and product composition of the
slag-based geopolymer, the pore structure of hardened paste was analyzed using MIP.

According to Figure 12, the most likely pore size of the LC group is 30 nm, and the
pore size distribution curve is largely below that of the 0C group in the 10 to 100 nm range,
indicating that the pore volume of the LC group is smaller than that of the 0C group. This
is due to the crystals of Friedel’s salt and Kuzel’s salt filling the pores between gels and
increasing the density of hardened paste. At 28 days, the CCW-NCH content of the LC
group is greater than that of the 0C, L0, and OQ groups. NaCl and gypsum boosts slag
hydration and the formation of additional gel phases, which raises the compactness of
hardened paste and decreased porosity. Pores in the 0C group are spread in the 100–130 nm
range, but those in the LC group vanish, and the pore size distribution curve of the LC
group between 50,000 and 400,000 nm was much smaller than those of the 0C, L0, and
OQ groups. The damaging pores cause a decrease in strength. As a result, the LC group
has fewer damaging pores and greater strength. The L0 group has the most pores in
the 10–30 nm and 20,000–40,000 nm ranges, and its porosity is the highest among the
four groups.
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The D value of pore fractal dimension describes the pore section’s complexity. The
more intricate the spatial distribution of the pores, the higher the score. The greater the
fractal dimension of pore volume, the more complex the spatial geometric properties
of pores can be interpreted from fractal theory and pore fractal model, i.e., the more
complicated the spatial distribution of pores in the material and the stronger the spatial
filling ability. It also implies that when the pores are reduced, the average pore size lowers,
the number of macropores reduces, the number of tiny holes grows, and the specific surface
area of the pores increases, implying that the pore structure is refined and optimized to
some extent. Therefore, the fractal dimension of pore volume may be regarded as an
all-encompassing characteristic of pore form and spatial distribution [57]. As shown in
Figure 13, using NaCl and quicklime (L0) as activators enhanced porosity by 46.7% when
compared to quicklime alone. Porosity rose by 9.9% when gypsum and lime (0C) were
employed as activators instead of quicklime alone. The porosity was reduced by 18.7%
when NaCl, gypsum, and quicklime (LC) were employed simultaneously. The fractal
dimension shrunk from 2.9 to 2.0. Porosity rose with single additions of NaCl or gypsum
but decreased with compound additions of NaCl and gypsum.

XRD results show that there are no Friedel’s salt and Kuzel’s salt diffraction peaks
in the 0C group, and no Friedel’s salt and Kuzel’s salt crystals are found in SEM photos.
Friedel’s salt and Kuzel’s salt could not be produced without NaCl or gypsum, and they
could not play the role of filling pores, so the porosity of the 0C group is higher. Crystal
products cross-link in the pores and compact the paste [58], which is beneficial to the
strength and volume stability. Friedel’s salt and Kuzel’s salt diffraction peaks were not
discovered in the 0C group, and no Friedel’s salt and Kuzel’s salt crystals were found in
SEM pictures. Friedel’s salt and Kuzel’s salt cannot be made without NaCl or gypsum, and
they cannot fill pores; therefore, the porosity of the 0C group is larger. Crystal products
form cross-links in the pores and compact the paste, which can improve strength and
volume stability.

3.2. Strength of Mortar

The compressive strength of geopolymer mortar at 3 days and 28 days is shown in
Figure 14.
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According to Figure 14a, the inclusion of a combination of 2% NaCl and 5% gypsum
can significantly enhance the 3-day strength of the material, and the maximum 3-day
compressive strength achieved is 18.8 MPa. Specifically, when the NaCl dosage is main-
tained at 2%, the 3-day compressive strength initially experiences a gradual increase as the
amount of gypsum is increased from 0 to 5%, but then undergoes a sharp decline upon
further increase in the gypsum content from 7.5% to 10%. Furthermore, the addition of
7.5% gypsum leads to a noteworthy increase of 48.8% in the 3-day strength, from an initial
value of 12.5 MPa to 18.6 MPa. However, the strength subsequently declines as the gypsum
content is increased to 10%. The 3-day compressive strength exhibits a 25.6% increase from
14.8 MPa to 18.6 MPa as NaCl increases from 0 to 2% when the gypsum content is 7.5%;
however, the strength decreases by 15.1% when the NaCl content is further increased from
2 to 6%.
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Based on Figure 14b, incorporating a mixture of 2% NaCl and 7.5% gypsum can
enhance the 28-day compressive strength of the material. Specifically, when the gypsum
content is 7.5%, the 28-day compressive strength initially experiences a slight improvement
as the NaCl content increases from 0 to 2%, but then undergoes a decline when the NaCl
content is increased from 4 to 6%. When the gypsum content is 10%, the 28-day compressive
strength decreases monotonically with an increase in NaCl content. Moreover, when the
NaCl content is maintained at 2%, the 28-day compressive strength initially increases
gradually as the gypsum content is increased from 0 to 7.5%, but then experiences a decline
as the gypsum content is further increased from 7.5 to 10%. Significantly, the addition of
7.5% gypsum results in a notable 63.8% increase in the 28-day compressive strength, from
an initial value of 18.0 MPa to 29.5 MPa, which represents the maximum value achieved.

The LC with a 25% activator displayed the highest strength when compared to LC
with 20%, 30%, and 35% activators. The optimal activating effect is achieved by utilizing
a mixture of NaCl, gypsum, quicklime, and slag in the proportions of 2:7.5:15.5:75 (LC),
which resulted in a 148% increase in 3-day compressive strength and a 37.85% increase in
28-day compressive strength, as compared to the OQ group. The 28-day rupture strength
of the LC group is found to be 9.9 MPa; additionally, the 28-day compressive strength of
the LC group reached 29.5 MPa, and the compressive strength at 56 days reached 34.2 MPa.

The addition of gypsum has a significant impact on the strength of the geopolymer. A
low gypsum dosage (2.5%) results in insufficient sulfate content, which limits the activation
of the slag. Conversely, a high gypsum dosage (10%) decreases the quicklime content,
which is necessary for the hydration reaction of the slag. Additionally, excessive gypsum
continues to react in the hardened paste and generate Aft, causing volume expansion that
may damage the hardened paste structure. At a 7.5% gypsum dosage, adding 2% NaCl
can significantly improve 3-day compressive strength; however, further increases in NaCl
content can result in decreased strength.

The experimental results demonstrate that the geopolymer achieves its highest strength
when quicklime content is approximately 15.5%, mainly because the CaO is the source of
Ca(OH)2 in the system. Insufficient quicklime content leads to a depletion of Ca(OH)2 con-
tent in the geopolymer, resulting in incomplete reactions of slag and inadequate hydration
products that are unable to form an effective space network structure in the geopolymer.
Sufficient quicklime content can result in a high pH value, creating a highly alkaline en-
vironment, promoting the disintegration of the slag, releasing active components such as
silica tetrahedrons and alumina tetrahedrons, accelerating the hydration process of slag,
generating more C-S-H, and enhancing the density of the geopolymer. However, excessive
amounts of quicklime not only reduce the proportion of slag in the geopolymer, but the
excess Ca2+ and OH− causes the formation of hexagonal flake Ca(OH)2 crystals, which
have poorer microscopic properties than other hydration products, such as C-S-H, resulting
in lower strength.

When slag is activated by quicklime alone, its hydration degree is limited. As a result,
the OQ group has the lowest CCW-NCH content and a 3-day compressive strength of only
7.5 MPa, despite having a Ca(OH)2 content of 10.95% after 3 days. After adding 2% NaCl
and 7.5 gypsum, compared to the OQ group, CCW-NCH content at 3 and 28 days increased
by 4.64% and 5.07%. This results in an increase in compressive strength of 148% and 37.85%
at 3 days and 28 days, respectively.

The LC group achieved the highest 28-d compressive strength. In this group, the
combination of NaCl and gypsum leads to the generation of NaOH through the interaction
with C-A-H, thereby promoting slag hydration and increasing its strength. Gypsum can
stimulate slag activity and enhance its hydration, leading to increased strength. However,
excessive amounts of gypsum can lead to the production of excessive amounts of AFt [59],
resulting in volume expansion and the breaking of hardened paste. Previous studies have
shown that the optimal proportion of gypsum in slag-based geopolymer is between 6%
and 10% [60]. Additionally, the reactivity of slag powder increases significantly when
the concentration of gypsum and quicklime is within the range of 5–10% and 10–20%,
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respectively [61]. The appropriate dosage of gypsum and sodium chloride in this study is
consistent with these findings.

The LC group exhibits higher rupture strength due to the formation of more crystalline
materials such as AFt and Kuzel’s salt. The AFt content is as high as 12.61%, which
improves the compactness of the paste by filling the pores and increases rupture strength
by withstanding tensile stress better than the gel phase. The LC group achieved the highest
28-day compressive strength of 29.5 MPa due to the gradual depolymerization of the
vitreous network structure in slag resulting from the synergistic activation of quicklime
and gypsum. AFt and C-S-H gel are the primary hydration products in the early stage
of hardened paste. As the hydration process continues, crystal products pack into the
paste’s pores and are tightly bonded to the whole, enhancing the compactness of the paste
structure and improving early mortar strength [62]. C-A-H interacts with Cl− and SO4

2− to
form Friedel’s salt and Kuzel’s salt as it ages. The addition of NaCl and gypsum provides
Cl− and SO4

2− for the creation of Kuzel’s salt. Kuzel’s salt is an insoluble salt that fills the
paste’s pores and contributes to strength, while the development of zeolite minerals also
improves strength.

3.3. Soundness, Crack Resistance, and Shrinkage

Visible cracks in the geopolymer paste are shown in Figure 15.
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As shown in Figure 15, gypsum has a positive effect on the stability of slag geopoly-
mers. The LA group exhibits numerous micro-cracks on the surface, accompanied by
multiple piercing fractures along the edge. As the amount of gypsum increases, the LB
group exhibits fewer surface fissures and no visible fractures, while the LC group shows
no discernible cracks. Furthermore, gypsum also leads to an improvement in the 28-day
compressive strength. Appropriate NaCl content also confers a significant advantage
in enhancing stability. During the hardening process, the OQ group experiences severe
cracking within an hour, resulting in fractured surfaces broken into small pieces. X-ray
diffraction (XRD) patterns show significant peaks for Ca(OH)2, thermogravimetric (TG)
analysis indicates that over 60% of Ca(OH)2 remains unreacted with slag after three days,
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and scanning electron microscopy (SEM) reveals the presence of many hexagonal flake
Ca(OH)2 crystals. In contrast, the L0 group treated with 2% NaCl does not exhibit any
cracks. The addition of NaCl and gypsum to the LC group almost completely eliminates
the cracks. Both NaCl and gypsum enhance the stability of slag-based geopolymers, with
NaCl having the most significant impact.

According to Figure 16a, the 14-day autogenous shrinkage of the LC group is 0.48× 10−3,
which is similar to the OPC group’s autogenous shrinkage of 0.45 × 10−3. In addition, as
seen in Figure 16b, the early drying shrinkage growth trend of the LC group is similar to
that of the OPC group, but the LC group begins to gradually stabilize at 7 days, whereas
the OPC group begins to gradually stabilize at 21 days. The drying shrinkage of the LC
group at 28 days is just 0.48 × 10−3, which is only 66.7% of OPC. The addition of gypsum
supplies SO4

2− to form AFt in the hydration products, leading to volume expansion and
compensating for shrinkage [63]. MIP results indicate that the porosity of the LC group is
low, as the crystal products of Friedel’s salt and Kuzel’s salt fill the pores, resulting in the
lowest porosity of the LC group. Consequently, the capillary pore negative pressure is low,
and the autogenous shrinkage is also small.
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Figure 16. Shrinkage comparison. 

Both drying shrinkage and autogenous shrinkage are caused by a decrease in water 
in the pores of hardened cement paste, resulting in certain pores being unable to be satu-
rated by water. The hydrophilic capillary wall causes the water surface in the pores to 
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Both drying shrinkage and autogenous shrinkage are caused by a decrease in water
in the pores of hardened cement paste, resulting in certain pores being unable to be
saturated by water. The hydrophilic capillary wall causes the water surface in the pores
to form a meniscus, which brings the particles around the pores closer together, resulting
in a reduction of the paste’s macro volume [64,65]. The gel has a more porous structure
in concrete, making it more prone to shrinkage and cracking, whereas the total drying
shrinkage strain of typical slag-based geopolymers can reach as high as 1700 µε [66,67],
which is four times that of ordinary concrete [68,69]. The drying shrinkage of slag-based
geopolymers activated by sodium hydroxide and water glass is much greater than that
of Portland cement [70,71]. According to Cartwright’s research, the shrinkage value of
slag-based geopolymer is six times more than that of Portland cement [19]. Atis et al.
compares the drying shrinkage of slag-based geopolymers to the impacts of liquid sodium
silicate, sodium hydroxide, and sodium carbonate, and determined that the shrinkage
of slag-based geopolymer activated by liquid sodium silicate and sodium hydroxide is
greater [20]. When sodium hydroxide or sodium silicate is employed as an activator, the
drying shrinkage can be three to six times that of Portland cement mortar [18], which is a
major cause for the failure of slag-based geopolymer applications on a wide scale. However,
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slag-based geopolymers activated by NaCl, gypsum, and quicklime exhibit lower shrinkage
than the OPC group and demonstrate a promising potential for broad application.

As shown in Figure 17, all test groups did not crack in 28 days, showing good crack
resistance, the same as the OPC group. The addition of NaCl and gypsum, as well as their
combination, does no harm to the crack resistance of the geopolymer. According to research,
slag-based geopolymer mortar activated by sodium silicate and sodium hydroxide breaks
along the radial direction in the ring cracking test, and the frequency of cracks near the limit
column rises [72]; this is due to the substantial shrinkage of slag-based geopolymer activated
by sodium silicate, which causes stress concentration at the limiting prism angle, resulting
in cracking. Differently, the volume expansion of AFt compensates for shrinkage, and the
volume stress induced by lesser volume shrinkage is smaller; therefore, the compound
geopolymer does not crack. Obviously, when compared to the slag-based geopolymer
activated by water glass and caustic soda, the slag-based geopolymer activated by NaCl,
gypsum, and quicklime has better stability, shrinkage, and fracture resistance, which is
important for engineering applications.
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4. Conclusions

In this study, the mechanical properties and hydration mechanism of slag-based
geopolymer activated by sodium chloride, gypsum, and quicklime were investigated. The
following conclusions can be drawn based on the results presented:

(1) Needle-like crystal AFt, Friedel’s salt, and flake Kuzel’s salt are generated in the
slag-based geopolymer activated by NaCl compounding gypsum. Na+ is released when
Friedel’s salt is formed, thus promoting the hydration of slag. Under the combined effect of
NaCl and gypsum, the amount of AFt as well as Ca(OH)2 is decreased, while the chemical
combined water is increased by 4.64% and 5.07% at 3 days and 28 days. In addition, the
porosity is reduced by 18.7% for the filling effect of those crystal products.

(2) There is a superimposed effect on compressive strength when 2% NaCl and 7.5%
gypsum are combined. By using a NaCl: gypsum: quicklime: slag ratio of 2:7.5:15.5:75
(the LC group), the compressive strengths were increased by 148% and 37.8%, respectively,
compared to the 00 group. The LC’s compressive strength at 3 days, 28 days, and 56 days
were 18.6 MPa, 29.5 MPa, and 34.2 MPa, respectively. Under appropriate dosage, the
formation of AFt, Friedel’s salt, and Kuzel’s salt through the addition of NaCl and gypsum
is beneficial for enhancing the strength of the geopolymer. The combined employment
of both sodium chloride and gypsum effectively addresses the issue of 28-day strength
reduction that arises when sodium chloride is used in isolation and the problem of poor
paste soundness that arises when gypsum is used alone.

(3) According to the square circle anti-crack tests, the co-presence of NaCl and gypsum
in the slag-based geopolymer does not have a detrimental effect on crack resistance. In
addition, the autogenous shrinkage of the LC group was found to be similar to the OPC
group, and the drying shrinkage was only 66.75% of that of the OPC group. Generally, the
shrinkage of slag-based geopolymer activated by strong alkali can reach several times that
of ordinary Portland cement, so the shrinkage of the slag-based geopolymer activated by the
composite activator is much smaller than that of the geopolymer activated by strong alkali.
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(4) This geopolymer is made from cheap and easily available industrial products, such
as sodium chloride, gypsum, quicklime, and slag, and does not use strong alkali activators;
therefore, this geopolymer is more economical and energy-efficient and has lower carbon
emissions than geopolymers activated by strong alkali, rendering it an environmentally
friendly and cost-effective cementitious material in plain concrete applications. More
research, such as frost resistance, carbonization resistance, etc., will be conducted in the
future. The application of this geopolymer to solidify coastal saline soils is also ongoing.
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Abstract: At present, basalt fiber-reinforced polymer (BFRP) bars and epoxy-coated steel reinforcing
bars (ECRs) are very promising in ocean engineering. In this study, the bond strength degradation
characteristics of BFRP bars, ECR, and ordinary steel bars (OSBs) embedded in ceramsite concrete
(CC) were compared in a single-corrosive environment (acid, salt, and alkaline salt, respectively)
coupled with freeze–thaw (FT) cycles (0, 15, or 30); a total of 111 specimens were designed. In the three
corrosive environments, the BFRP-bar-CC specimens and OSB-CC specimens all failed to pull out,
while the ECR-CC specimens showed splitting failure. When corrosive and FT cycles acted together,
the failure modes of BFRP-bar-CC specimens and ECR-CC specimens did not change. However,
when the FT cycles increased from 15 to 30, the type of failure for the OSB-CC specimens changed
from pullout failure to splitting failure. In addition, the bonding strength of the three kinds of bars
decayed most rapidly in an acid environment. When 30 FT cycles were applied, the bond strength
of ECR-CC specimens and OSB-CC specimens decreased most rapidly in the acid environment, by
9.12% and 18.62%, respectively. However, the bond strength of BFRP-bar-CC decreased most rapidly,
by 17.2%, in an alkaline salt environment.

Keywords: basalt fiber-reinforced polymer bars; bond strength; ceramsite concrete; corrosive
environment; epoxy-coated steel bars; freeze–thaw cycle

1. Introduction

In the main normative documents, such as ACI 318 [1], EN 1992 [2], and GB 50010-
2010 [3], the properties of the bonding between the reinforcement and the surrounding
concrete are crucial for the bearing capacity or safety performance of the reinforced concrete
(RC) structure. Lightweight aggregate concrete (LWAC), especially ceramsite concrete
(CC), can reduce the self-weight of reinforced concrete members. In addition, it possesses
relatively good freeze–thaw (FT) resistance and realizes good heat insulation. Therefore, it
holds promising prospects for application, particularly in cold or intensely corrosive ocean
areas [4–6]. Although CC has good corrosion resistance, the weak corrosion resistance
of steel bars affects bond performance [7]. As a result, numerous studies have focused
on developing reasonable alternative materials for OSBs in order to elevate the bond
performance of LWAC structures.

The use of stainless steel, fiber-reinforced polymers (FRPs), and epoxy-coated rein-
forcements (ECRs) is considered to be a good approach to addressing corrosion. However,
the use of stainless-steel reinforcement is limited by its high cost [8]. Epoxy-coated reinforce-
ment (ECR) has the advantages of low cost, corrosion resistance, and good ductility and
durability [9–12]. However, the surface of ECR is easily damaged during construction [13].
Despite this defect, the engineering application of ECR has been gradually popularized;
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thus, its bonding with CC requires our attention. In order to achieve better corrosion
resistance, increasing attention has been paid to FRP in recent years.

Basalt FRP (BFRP) bars can be used as a suitable substitute for steel bars in reinforced
concrete structures [14], due to their good chemical corrosion resistance, high fatigue
resistance, thermal stability, and low water absorption [15–19]. The function of these
excellent characteristics on the bond properties of FRP-reinforced concrete structures under
FT conditions, cold regions, and ocean environments requires further study. Green et al. [20]
introduced FT cycles to investigate the effect of FRP plates and concrete bonding properties,
revealing that, with failure, the surface turned into an adhesive interface with the FRP
plates with an increasing number of cycles. In contrast, in the absence of FT cycles, failure
occurs on concrete substrates, which makes the bond strength of FRP bars controlled
not by concrete strength but by interlaminar shear strength beneath the resin layer of
reinforcement [21,22]. Shi et al. [23] reported that the durability of BFRP composites was
largely maintained in an FT environment. Firas et al. [24] conducted a supplementary
experiment to simulate the marine environment by soaking samples in brine; the results
showed that when the bearing capacity decreased by 48%, the resin–concrete interface
was damaged. FRP is exposed to one or more aging media during its service life, such
as FT cycles, acid rain, or marine erosion. Therefore, the durability of FRP in corrosive
environments remains a problem [25]. For instance, Hassan M et al. [26], Yan et al. [27],
Wu et al. [28], and Mohamed Al et al. [29] confirmed that an alkaline solution (attempting
to simulate concrete-pore solutions) was the main influencing condition for BFRP bars.
Altalmas et al. [30] studied the bond durability of BFRP in different corrosive environments
(acid, salt, or alkali). It was found that the bond strength of BFRP specimens decreased by
25% after 90 days of immersion in seawater and alkaline solutions, and decreased by 14%
when they were immersed in an acidic solution for 90 days.

Many previous studies only investigated the bonding properties between bars (BFRP
bars, ECRs) and ordinary Portland cement (OPC), but few of them studied reinforcement
with CC, and even fewer studied the bonding properties in harsh environments. This study
evaluated the decay of the bond strength of BFRP bars under corrosive conditions. The
combined effects of FT cycling and corrosion conditions were evaluated and compared
with their effects on ECRs and OSBs. The failure mechanism of the specimens was analyzed
and the bond–slip relationship was proposed.

2. Materials and Methods
2.1. Specimen Size and Structure

A total of 111 specimens were prepared, including 81 central pullout cube specimens
with a side length of 150 mm and 30 compressive strength cube specimens with a side
length of 100 mm. The 150 mm concrete cubes were concentrically reinforced with 330 mm
of BFRP, ECR, and ordinary steel bar (OSB), and the BFRP and ECR were compared with the
OSB. According to ACI440.3R-04 [31], the embedding length was 5 d [32] (Figure 1a), where
d is the diameter of the ECR. In order to increase the required bonding length, the PVC
sleeve is set at the loading end position of each specimen, and the gap between the PVC
sleeve and the steel bar is filled and sealed with a foaming agent to prevent its grouting
from affecting the test results. The samples were cured in a curing chamber with 95%
relative humidity at ambient temperature (20 ± 2 ◦C) for 28 days. (Figure 1b). The cured
specimens were subjected to the FT cycle test and corrosion solution test, respectively.

2.2. Raw Materials
2.2.1. Concrete

Lightweight aggregate (LWA) uses shale ceramic products produced by Yichang
Huiteng Ceramic Products Trading Co., Ltd., Yichang, China. Table 1 shows the charac-
teristic parameters of shale ceramsite (SC). Table 2 shows the proportions of CC used to
cast the specimens. The cement is made of 42.5 OPC, the fine aggregate is made of natural
medium sand with a fineness coefficient of 2.6, and the coarse aggregate is made of SC with
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a maximum particle size of 20 mm. Tap water was used. In order to improve the fluidity
of the cement mixture, Grey Ba brand high-efficiency water-reducing agent was added
to the test at a dosage of 0.1~0.3%. The concrete compressive strengths were determined
using 100 × 100 × 100 mm cube specimens. The 28-day compressive strengths are listed
in Table 3.
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Table 1. Characteristic parameters of shale ceramsite (SC).

Ceramsite
Type

Density
Grad

(kg/m3)

Nominal
Diameter

(mm)

Packing
Density
(kg/m3)

Water
Absorption

1 h (%)

Compressive
Strength

(MPa)

SC 500 5–20 470 7.6 2.6

Table 2. Mixture ratio of CC.

Compressive
Strength Cement (kg/m3) Water (kg/m3)

Fine Aggregate
(kg/m3)

Coarse
Aggregate

(kg/m3)

LC30 * 400 200 680 490
* LC30, the compressive strength of CC after 28 days of curing is close to 30 MPa.

Table 3. The measured values of concrete strength.

Compressive
Strength

Measured Compressive Strength (MPa)
Mean (MPa)

1 2 3

LC30 34.56 33.58 31.48 33.21

2.2.2. Bars

The diameter and length of the three reinforcing bars were 14 mm and 330 mm,
respectively (Figure 2). BFRP bars were customized by Jingdong Construction Technology
Co., Ltd., Shanghai, China. A pultrusion process was used to combine basalt fibers with
epoxy resins. The fiber-to-epoxy volumetric ratios were 65% and 35%, respectively, and
the BFRP bars met the minimum requirements of ACI440.3R-04 [31] and CSAS807 [33].
The epoxy coated steel bar was customized by Deyang Wanteng Metal Products Co., Ltd.,
Deyang, China, the coating thickness was 0.17 mm, the main raw materials of epoxy
coating included epoxy resin, curing agent, and additives. The tensile properties of the
reinforcement test are shown in Table 4. BFRP is not suitable for reinforcing flexural
members due to its low elastic modulus, as it will lead to excessive deflection and cracking
of the reinforced members.
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Table 4. Mechanical properties of bars.

Bar Type Diameter (mm)
Ultimate

Tensile Strength
(MPa)

Yield Strength
(MPa)

Elastic Modulus
(GPa)

BFRP bars 14 703 - 40
ECRs 14 660 470 208
OSBs 14 655 566 202

2.3. Experimental Scheme
2.3.1. Bond Specimens and Concrete Test Cube

In this study, a series of experiments were designed to evaluate the influence of
different factors on bond strength. The specific test groups are shown in Table 5. These
variables were the type of reinforcement, FT cycles, the corrosive environment, and CC
compressive strength. All bond specimens were labeled in the following order: bar type
(basalt, B; epoxy-coated rebar, E; or ordinary steel bar, D), middle numbers indicating FT
environment (0, 15, or 30) experienced by the specimen, and corrosive exposure (S for acid,
Z for salt, and J for alkaline salt). For example, B-0-S is a specimen of BFRP bars and CC
under a single acidic condition. The compressive strength samples were labeled in the
following order: number of FT (0, 15, 30), conditional exposure (S for acid, Z for salt, and J
for alkaline salt). For instance, 15-S is the specimen of CC under the combined action of
15 FT cycles and an acid environment.

Table 5. Testing plan.

Grouping Specimens Bar Type FT Cycles Corrosive
Environment

Number of
Specimens

Group 1 * B-0-S/J/Z BFRP 0 pH = 2/10/7 3/3/3
Group 2 E-0-S/J/Z ECR 0 pH = 2/10/7 3/3/3
Group 3 D-0-S/J/Z OSB 0 pH = 2/10/7 3/3/3
Group 4 B-15-S/J/Z BFRP 15 pH = 2/10/7 3/3/3
Group 5 E-15-S/J/Z ECR 15 pH = 2/10/7 3/3/3
Group 6 D-15-S/J/Z OSB 15 pH = 2/10/7 3/3/3
Group 7 B-30-S/J/Z BFRP 30 pH = 2/10/7 3/3/3
Group 8 E-30-S/J/Z ECR 30 pH = 2/10/7 3/3/3
Group 9 D-30-S/J/Z OSB 30 pH = 2/10/7 3/3/3

Group 10 - - Untreated specimen 3
Group11 0-S/J/Z - 0 pH = 2/10/7 3/3/3
Group12 15-S/J/Z - 15 pH = 2/10/7 3/3/3
Group13 30-S/J/Z - 30 pH = 2/10/7 3/3/3

* Three corrosive environments were set up for each group of specimens: S/J/Z represent acid/alkaline salt/salt
and pH of 2/10/7, respectively.
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2.3.2. FT Cycles

The FT cabinet (NJW-HDK-5) was used for the accelerated aging test of the samples.
Temperature monitoring was carried out by temperature-sensitive elements placed in the
center and diagonal of the instrument.

FT cycle test scheme was based on ASTMC666/C666M [34]. The highest temperature
of the FT test was set at 6 ± 2 ◦C, and the lowest temperature was −18 ± 2 ◦C. Before the
FT test, the specimens, after curing for 24 days, were immersed in water at 20 ± 2 ◦C for
4 days. After soaking, the specimens were taken out and exposed to sunlight for 2 days to
remove excess moisture.

2.3.3. Three Different Corrosive Solutions

Three artificial corrosive environments were used in this study: (1) an alkaline salt
environment of pH 10, using a NaHCO3 solution to simulate the alkaline environment in
ordinary reinforced concrete; (2) a salt environment of pH 7, using a NaCl solution with a
chloride concentration of 3.5% to simulate the climate of coastal areas; (3) an acid solution
of pH 2.0, using an oxalic acid solution to simulate a polluted industrial area. After the
FT cycles test, the specimens were immersed in the three solutions, respectively. There
were three specimens in each solution, all of which were soaked for 60 days. The pH value
of the three corrosive environments was monitored in real-time by a pH meter, and the
corresponding solution was added in time to ensure that the pH was unchanged.

2.4. Pullout Test Scheme

The center pullout test was performed according to RILEM-FIP-CEB [35]. MTS-SANS
series universal testing machine. A range of 400 kN was used for the single-end drawing of
the specimen (Figure 3a,b). The displacement meter used epoxy resin glue to paste an angle
steel bar horizontally on the free end of the steel bar, and the concrete surface, ensuring that
the tie rod of the displacement meter and the angle steel surface were always at 90 degrees.
LVDT1 was used to record the slip of the unloaded end rod, whereas LVDT2 recorded the
slippage of the free end on the concrete surface. The displacement control was loaded at a
rate of 0.2 mm/min. When the free-end slip reached 10 mm, all tests were halted unless the
specimen failed before then (split failure).
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3. Test Results and Discussion
3.1. The Bond Stress

Due to the low elastic modulus of BFRP bars, their elastic deformation cannot be
ignored. The elastic elongation of BFRP bars can be obtained using Equation (1) [36]:

δe =
P

EA
L (1)
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where δe is the elastic elongation of unbonded BFRP bars under drawing force, E is the
elastic modulus of BFRP bars, A is the section area of BFRP bars, and L is the length of the
bonding section.

The slip is then subtracted from the elastic elongation of the BFRP bar to obtain the
true slip. This can be expressed as Equation (2) [37,38]:

s = sm − δe (2)

where s is the real slip, and sm is the slip amount of the BFRP bar measured by the
displacement sensor.

The average bond stress between the bar and CC can be expressed as Equation (3) [39]:

τ =
P

πdla
(3)

where τ is the average bond stress (MPa), P is the pullout force of the bar (N), d is the
diameter of the bar (mm), and la is the bond length of the bar (mm).

Table 6 shows the results of the drawing test. To ensure the reliability of the test results,
three samples were tested in each group, and the final test result was the average value of
the data of the three specimens.

Table 6. Bond test results of BFRP, ECR, and OSB specimens exposed to different environments.

Specimen Failure Mode
P (kN) —

P (kN) 3 τmax(MPa) 4
S (mm) —

S (mm) 5
1 2 3 1 2 3

B-0-S PO 1 29.01 28.52 27.49 28.34 9.24 1.33 1.30 1.24 1.29
B-0-J PO 28.43 28.02 29.68 28.71 9.45 1.20 1.16 1.27 1.21
B-0-Z PO 28.34 28.90 / 6 28.62 9.42 1.13 1.25 / 1.19
E-0-S S 2 37.86 35.53 36.94 36.77 11.95 1.08 1.15 0.93 1.05
E-0-J S 38.79 36.43 39.53 38.25 12.59 1.04 0.88 0.99 0.97
E-0-Z S 35.23 40.49 39.30 38.34 12.52 0.79 1.12 0.85 0.92
D-0-S PO / 36.32 39.68 38.00 12.35 / 0.77 0.95 0.86
D-0-J PO 39.69 40.39 39.95 40.01 13.17 0.86 0.90 0.73 0.83
D-0-Z PO 37.60 42.60 39.38 39.86 13.12 0.70 0.94 0.79 0.81
B-15-S PO 25.52 27.77 30.02 27.77 9.03 1.21 1.31 1.53 1.35
B-15-J PO 25.76 26.05 29.01 26.94 8.76 1.30 1.27 1.36 1.31
B-15-Z PO 28.54 29.62 27.67 28.61 9.30 1.20 1.38 1.17 1.25
E-15-S S 33.27 37.64 32.59 34.50 11.55 1.11 1.17 0.99 1.09
E-15-J S 40.61 37.26 35.26 37.71 12.26 1.03 0.78 0.74 0.85
E-15-Z S 36.91 38.51 / 37.71 12.26 0.89 1.05 / 0.97
D-15-S PO 31.60 33.82 37.51 34.31 11.15 0.80 0.80 0.95 0.85
D-15-J PO 40.35 39.50 37.63 39.16 12.73 0.88 0.67 0.67 0.74
D-15-Z PO 39.75 35.32 41.39 38.82 12.62 0.54 0.66 0.57 0.59
B-30-S PO 25.67 26.03 28.73 26.81 8.71 1.79 1.87 2.01 1.89
B-30-J PO 23.38 / 24.76 24.07 7.82 1.63 / 1.55 1.59
B-30-Z PO 27.19 26.59 29.32 27.70 9.00 1.49 1.34 1.61 1.48
E-30-S S 34.81 31.59 33.83 33.41 10.86 1.39 1.09 1.27 1.25
E-30-J S 38.77 33.83 36.96 36.52 11.87 1.04 0.86 1.07 0.99
E-30-Z S 37.96 33.12 38.36 36.48 11.86 0.80 0.67 0.90 0.79
D-30-S S 29.86 31.96 / 30.91 10.05 1.15 1.01 / 1.08
D-30-J S 38.40 36.24 39.12 37.92 12.32 1.02 0.79 0.92 0.91
D-30-Z S 39.37 38.21 36.09 37.89 12.31 0.81 0.62 0.52 0.65

1 PO, pullout failure; 2 S, splitting failure; 3 P, mean value of ultimate load; 4 τmax, maximum bond strength;
5 S, mean free end slip; 6 /, the sample value exceeds the value specified in the specification and is not accepted.

3.2. Concrete Compressive Strength

Table 7 shows the change in compressive strength of untreated specimens and spec-
imens in three corrosive environments. The compressive strength in alkaline and salt
environments was similar to that of non-corroded specimens, which was similar to pre-
vious studies [30]. However, the compressive strength of concrete immersed in an acid
solution decreased significantly due to acid erosion. Compared with the alkaline salt envi-
ronment and the salt environment, the acid environment had the greatest influence on the
compressive strength of the CC specimen.
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Table 7. Compressive strength of concrete after corrosion and FT.

Grouping Specimen
fc,pH (MPa) 1 —

f c,pH (MPa) 2

1 2 3

Group 10 Untreated
specimen 34.56 33.58 31.48 33.21

Group 11
0-S 28.41 28.72 28.22 28.45
0-J 34.22 33.41 32.62 33.42
0-Z 31.51 32.56 34.63 32.90

Group 12
15-S 22.02 21.76 21.09 21.62
15-J 16.90 26.75 28.90 26.75
15-Z 28.04 26.53 25.35 26.64

Group 13
30-S 18.26 18.32 17.62 18.07
30-J 25.17 20.92 22.43 22.84
30-Z 21.96 21.53 22.92 22.14

1 fc,pH, compressive strength (MPa); 2 f c,pH, the average compressive strength (MPa).

3.3. Failure Mode

Table 6 shows the failure models of all the specimens. It can be seen that the BFRP-
bar-CC specimens all experienced pullout failure, but all the ECR-CC specimens failed
in splitting. The failure mode of the OSB-CC specimens was the most notable. Under
three single-corrosive environments, it experienced pullout failure. However, under the
combined action of FT and corrosion, the pullout failure became a splitting failure as the
FT number increased from 15 to 30. The failure mode of this specimen was mainly divided
into two types: steel bar pullout failure and concrete splitting failure. In the pullout failure,
when the loading starts, the displacement at both ends of the sample was very small. When
the tension gradually rose to 70–90% of the peak load, a significant displacement of the
steel bar could be observed at the free end. Although the splitting failure of concrete is a
result of brittleness, there is no obvious sign before the splitting failure occurs. When the
drawing force reached the ultimate load, the damage occurred suddenly, accompanied by
a loud sound, and the specimen was broken into two or three segments.

In order to analyze the failure mode of specimens more carefully, we studied typical
specimens in three corrosive environments (e.g., B-0-S, D-0-Z, E-0-S, E-0-Z, E-0-J) and
typical specimens under the combined action of corrosive environments and FT cycles
(e.g., E-30-J, B-30-J, D-15-J, D-30-J).

3.3.1. Specimens in Corrosive Environments

Figure 4 shows the failure phenomena of typical specimens in three corrosive en-
vironments. After the test, the samples were segmented to observe the condition of the
reinforcement and concrete in the embedded area. The BFRP-bar-CC specimens all failed to
pull out in three kinds of corrosive environments, which was due to the corrosion resistance
of epoxy resin-based grease on the surface of BFRP bars. We were able to observe that
the surface of BFRP bars was smooth and did not change significantly in the corrosive
environment (Figure 4a). The OSB-CC specimens also failed to pull out in three kinds of
corrosive environments. When we cut the specimen open, we were able to observe that
the surface of the rib material was slightly corroded (Figure 4b). However, all the ECR-CC
specimens experience splitting failure because the outer protective layer effectively resisted
the erosion of the acid, alkali, and salt environments. In the acid environment, a layer of
white mesh material was attached to the inner reinforcement surface of CC, and the rib
surface fell off (Figure 4c). In the salt environment, the surface of ECR was slightly peeled
off (Figure 4d). In the alkaline salt environment, the surface coating clearly fell off and
adhered to the CC (Figure 4e).
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3.3.2. Specimens in FT Cycles and Corrosive Environments

It can be seen from Table 6 that the combination of FT cycles and corrosive environ-
ments had a more significant effect on the bond strength of specimens than the single
corrosive environment. The failure mode of part of the bar-CC bond specimen is shown in
Figure 5. The ECR-CC experienced splitting failure due to the high force required to pull
the coated rebar out of the CC. In the alkaline salt corrosion environment, the coating on the
surface of the coated steel rib fell off (Figure 5a), white reactants were formed between the
reinforcement and CC, and an epoxy coating was attached to the CC. Under the coupled
action of FT cycling and a corrosive environment, the BFRP-bar-CC specimens all failed
to pull out. After the interaction of 30 FT cycles (FT30) and an alkaline salt environment
(Figure 5b), the surface strands of BFRP bars fell off, and the surface became significantly
rough. Under the action of 15 FT cycles (FT15) and a corrosive environment, the OSB speci-
mens were mostly pulled out, the steel bars were gradually pulled out from the loading end
of the specimen, and no cracks were observed on the surface of the specimen (Figure 5c).
However, under the coupling effect of FT30 and a corrosive environment, the common
ribbed-steel specimen largely failed by splitting, and the concrete broke into two or three
segments. Due to the sudden failure, the crack length and width were large, and a loud
sound occurred during the failure (Figure 5d).

3.4. Weight Loss

Due to the FT cycles and the corrosive environments, concrete surface spalling oc-
curred. Generally speaking, the quality of concrete has a certain relationship with its surface
state. Especially in FT cycle environments, spalling usually starts locally and expands to a
larger area or even the entire concrete surface. Finally, the surface of the sample will appear
uneven or aggregate exposure may occur [27,40]. Equation (4) is used to analyze the weight
loss of all specimens after erosion:

∆Wn =
W0 − Wr

Wr
× 100% (4)
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where ∆Wn is the weight loss of CC specimens after environmental erosion, W0 is the weight
of the sample before it erodes the environment, and Wr is the weight of the corroded sample.
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As can be seen from Table 8 and Figure 6, for the specimens that were exposed to
single-corrosive environments, the weight-loss rate of CC specimens exposed to the alkaline
salt environment and the salt environment was similar: 0.18% and 0.12%, respectively. The
weight loss rate of CC exposed to acid was 0.24%. This shows that acid corrosive solution
can peel off the surface cementitious material of concrete [41]. In addition, it can be seen
from Table 8 that when FT cycles are not considered, the influence of the three corrosive
environments on CC specimens was smaller than the coupling effect of the FT cycles and
corrosive environments. However, when the specimens underwent the coupling effect of
FT30 and a corrosive environment, the weight-loss rate of the specimens increased to 1.85%
(acid environment), 1.64% (alkaline salt environment), and 1.65% (salt environment). It can
be seen that the weight-loss rate of specimens subjected to the coupled effect of FT cycles
and corrosive environments was significantly higher than that of specimens subjected to a
single factor.

Table 8. Weight loss of CC samples undergoing FT environment and corrosive environment.

Specimen
W0 (g) Wr (g) ∆Wn (%)

Mean (%)
1 2 3 1 2 3 1 2 3

0-S 1749 1698 1704 1745 1694 1700 0.23 0.24 0.24 0.24
0-J 1681 1704 1662 1678 1698 1654 0.18 0.19 0.18 0.18
0-Z 1648 1668 1645 1646 1668 1643 0.12 0.00 0.12 0.12
15-S 1664 1709 1737 1649 1693 1721 0.91 0.95 0.93 0.93
15-J 1632 1651 1671 1619 1638 1656 0.80 0.79 0.91 0.83
15-Z 1636 1623 1677 1620 1609 1665 0.83 0.87 0.72 0.81
30-S 1656 1657 1705 1626 1627 1674 1.85 1.84 1.85 1.85
30-J 1712 1640 1740 1685 1613 1712 1.60 1.67 1.64 1.64
30-Z 1695 1775 1647 1668 1746 1620 1.62 1.66 1.67 1.65
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Figure 6. Mass loss in different corrosive environments and FT environments. (a) Different corrosive
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3.5. Bond Stress–Slip Curves

Figure 7 shows the bond stress–slip curves of three types of reinforcement in different
corrosive environments. Each specimen’s bond performance was slightly different in
different corrosive environments. Among them, we can see that the τmax is the lowest in
the acid environment. Kong and Orbison [42] found that the strength of concrete decreased
gradually under acidic conditions (pH 2), which was about 70% of the 28-day age strength
of uncorroded concrete specimens. For BFRP bar-CC specimens, the τmax (9.45 MPa) in
an alkaline salt environment was only 0.3% higher than that under a salt environment
(9.42 MPa). In an acid environment, the τmax of BFRP-bar-CC specimens was 9.24 MPa,
which is 2.2% lower than that in an alkaline salt environment. For OSB specimens, the
τmax of acid (12.35 MPa) was 6.2% lower than that of alkaline salt (13.17 MPa). In the acid
environment, the τmax of ECR–CC specimens was 11.95 MPa, which was 3.2% lower than
that of OSB-CC specimens. To sum up, the τmax of the same reinforced specimen in an
alkaline salt environment, a salt environment, and the acid environment went from higher
to lower in a single-corrosive environment.

As shown in Figure 8, the bond–slip curves of all the specimens present obvious
upward trends before failure. However, the samples that experienced splitting failure
(e.g., E-15-S) belong to the brittle failure category, and the bond–slip curve showed no
downward trend. When exposed to 30 FT cycles under the corrosive conditions of an acid
environment or salt environment, the bond strength loss of the BFRP bar-CC specimens
were similar: 3.3% and 4.4%, respectively. When the corrosive environment was alkaline
salt and the number of FT cycles was increased from 15 to 30 times, it could be observed
that the τmax of the BFRP-bar-CC specimen was reduced by about 10.66%, from 8.76 MPa
to 7.82 MPa. The results show that in the same corrosive environment, the bond strength of
the specimen decreased and the slip increased with an increase in the number of FT cycles.
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In the same environmental conditions, the correspondence of τmax with different rein-
forcement specimens was quite different. Taking the coupling effect of the acid environment
and FT30 as an example, the S corresponding to the τmax of the BFRP-bar–CC specimen
was 1.89 mm, that of ECR-CC was 1.25 mm, and that of the OSB-CC specimen was the
smallest, that is 1.08 mm. It can be seen that BFRP bars and ECRs showed a high slippage
due to the smooth epoxy resin-based grease coating.

3.6. Analysis of Influence Factors of Bond Strength

Bank et al. [43] found a correlation between the degradation of fibrous materials and
the reduction of bond strength. As can be seen in Figure 9c, under the combined action
of FT30 and an alkaline salt environment, the τmax of the three reinforcement materials,
in descending order, were: OSB, ECR, and BFRP bar. We can see that the τmax of BFRP
bar specimen is always the lowest, and the reason is that there is a layer of epoxy resin
on the surface of the bar. The analysis of the τmax of these three kinds of steel bars shows
that under the coupled effect of FT30 and an alkaline salt environment, the τmax of ECR is
3.7% lower than that of OSB, and the τmax of BFRP bar is 36.52% lower than that of OSB.
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However, under the coupled effect of FT30 and an acid environment, the τmax of OSB is
7.47% lower than that of ECR, and the τmax of BFRP bar is 19.47% lower than that of ECR.
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Figure 9. The influence of different factors on bonding performance. (a) Single corrosive environment;
(b) FT15 + corrosive environment; (c) FT30 + corrosive environment.

It can be seen from Figure 9c that the τmax of ECR in an alkaline salt environment is
similar to that in a salt environment: both were about 11.80 MPa. The τmax of the specimen
in the acid environment was the lowest (10.86 MPa), which was 8.43% lower than that in
the salt environment. In addition, it can be seen that the bond strength of ECRs and OSBs
immersed in the alkaline and salt environments was greater than that of the specimens
exposed to an acid environment. This is due to the high alkalinity and moisture of the
internal environment of the concrete, with a pH of 10.5 to 13.5 [44]. The chloride in the
water erodes the concrete, forming chemicals that can be absorbed and expanded, thus
damaging the concrete [45–47]. In this case, while the strength of concrete decreases, the
bond strength of the specimen in the acid environment decreases.

4. Calibration of Bonding Models to FT Cycles and Corrosive Environments

In this study, the bond properties of reinforced concrete under drawing loads were
analyzed by using existing models. Xu et al. [48] studied the influence of various factors on
the bond strength of ordinary crescent steel. However, they did not consider the influence
of FT cycle times (N) and corrosive environments (pH).

τmax =

(
0.82 + 0.9

d
la

)(
1.6 + 0.7

c
d

)
ft (5)

where d is the diameter of reinforcement material, la is the bond strength, c is the thickness
of CC protective layer, ft is the splitting tensile strength of CC, and N is the FT cycle number
and the pH of the corrosive solution.

Wang Peng et al. [49] studied the relationship between splitting tensile strength and
compressive strength and proposed Equation (6).

ft,0 = 0.33 fc,0
2
3 (6)

Based on Equations (5) and (6), the type of reinforcement material, diameter of re-
inforcement material d, bond length La, thickness of protective layer c, splitting tensile
strength ft, number of FT cycles N, and the pH of the corrosive solution, the ultimate bond
strength of different reinforcement materials and CC under the combined action of FT cycle
and corrosive environment is established, as shown in Equation (7):

τmax =

(
a0 + a1 × N + a2 × pH + a3 ×

d
La

)(
a4 × N + a5 × pH + a6 ×

c
d

)
× ft (7)
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Origin 2018 was subsequently used to fit Formula (7) and to obtain Formulas (8)–(10),
and each parameter was obtained. For BFRP-reinforced concrete calibration, the parameters
a0, a1, a2, a3, a4, a5, and a6 were 0.5, −0.0126, −0.0565, 7.2611, 0.0342, 0.0417, and 0.3162,
respectively. Similarly, ECR concrete calibration parameters a0, a1, a2, a3, a4, a5, and a6
were 0.7, −0.0297, 0.00182, −12.19, 0.0138, 0.0155, and −0.4676, respectively. OSB concrete
calibration parameters a0, a1, a2, a3, a4, a5, and a6 were 0.65, −0.0257, 0.0486, −14.3947,
0.0110, −0.0391, and −0.3702, respectively. These parameters are closely related to the bond
stress and the corresponding slip.

According to Equations (6) and (7), we can calculate the ultimate bond strength of BFRP-
bar-CC specimens, ECR-CC specimens, and OSB-CC specimens using Equations (8)–(10):

τmax,B =

(
0.5 − 0.0126N − 0.0565pH + 7.2611

d
la

)(
0.0342N + 0.0417pH + 0.3162

c
d

)
× ft (8)

τmax,E =

(
0.7 − 0.0297N + 0.00182pH + 12.19

d
la

)(
0.0138N + 0.0155pH − 0.4676

c
d

)
× ft (9)

τmax,D =

(
0.65 − 0.0257N + 0.0486pH − 14.3947

d
la

)(
0.011N − 0.0391pH − 0.3702

c
d

)
× ft (10)

In this paper, the ultimate bond strength calculated according to the formula of the
bond strength is compared with the ultimate bond strength obtained by a test, and the
results are shown in Figure 10. In order to further analyze the degree of coincidence between
the calculated value and the test value, the root-mean-square error was used. The closer
the root mean square error value is to zero, the higher the degree of coincidence. For the
BFRP bar, ECR, and OSB, the root-mean-square error formula produced values of 0.148,
0.124, and 0.137, respectively. As can be seen from the figure, the fitting results are in good
agreement with the experimental results.
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Figure 10. Comparison between the calculated values τu and experimental values τ of ultimate
bond stress.

5. Conclusions

In this paper, by analyzing the influence of single corrosion environment (acid, alkali,
alkaline salt) and the coupling effect of corrosion and FT cycle (0, 15, 30) on the bond
strength attenuation of three bar-CC specimens (BFRP-bar-CC, OSB-CC, ECR-CC), the
following conclusions were reached:

1. In three corrosive environments, the failure mode of BFRP-bar-CC specimens and
OSB-CC specimens was a pullout failure, while the failure mode of ECR-CC specimens
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was a split failure. When FT and corrosion acted together, the failure mode of BFRP-
bar-CC specimens and ECR-CC specimens did not change, while the failure mode of
OSB-CC specimens changed from a pullout failure to a splitting failure as the number
of FT cycles increased from 15 to 30;

2. For the same bar-CC specimens, different corrosive environments had a slight influ-
ence on the bonding property of the specimens. For BFRP-bar-CC specimens, the most
rapid decline of bond strength was observed in an acid environment. Compared with
an acid environment, the bond strength in an alkaline salt environment and a salt
environment increased by 2.2% and 1.9%, respectively;

3. When exposed to the coupled effect of an acid environment and 30 FT cycles, the bond
strength of BFRP-bar-CC specimens, OSB-CC specimens, and ECR-CC specimens were
decreased 5.7%, 18.6%, and 9.12%, respectively. This indicates that the BFRP-bar-CC
specimens possessed good acid corrosion resistance, which can effectively prevent
bond strength reduction;

4. When exposed to the coupled effect of 30 FT cycles and a corrosive environment, BFRP-
CC specimens showed the most rapid decline (17.2%) in an alkaline environment,
while OSB-CC specimens and ECR-CC specimens showed the most rapid degradation
(18.6% and 9.12%, respectively) in an acid environment;

5. The formulas for calculating the ultimate bond strength of BFRP bars, ECRS, and
OSBS with CC under the combined action of FT cycles and corrosive environments are
provided. The obtained results are in good agreement with the experimental results.
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Abstract: Pasting carbon fiber reinforced polymer (CFRP) has become an effective method to reinforce
the circular tunnel. For this reinforcement method, the mechanical performance of the curved substrate
is important to keep the coordinated deformation of CFRP and the lining concrete. To investigate the
effect of interface curvature on the stresses of the reinforced interface, an analytical model is proposed
for the curved reinforced interface with the consideration of the interface bond–slip relationship.
Additionally, a 3D numerical model is established to further investigate the effects of some important
parameters (CFRP’s layer, length, elastic modulus, thickness and the adhesive’s elastic modulus,
thickness) on the reinforced interface stresses. The results reveal that the stress state of the curved
reinforced interface is more complex than that of the plane reinforced interface. With decreasing the
radius of the curved reinforced interface, the interface radial stresses are increased significantly, while
the circumferential stresses hardly change. For the adhesive, decreasing the elastic modulus and
thickness of the adhesive layer can significantly improve the stress state of the reinforced interface. For
the CFRP, decreasing the thickness, elastic modulus and layer number of CFRP is conducive to full
utilization of materials and long-term combined work of the concrete and CFRP.

Keywords: tunnel reinforcement; CFRP; curved interface; interface stress; finite element model

1. Introduction

Circular tunnels are usually buried deep in a complex environment. After a period of
operation, quality defects such as lining cracks and water leakage are prone to appear. The
existence of the above defects will inevitably deteriorate the stress of the lining structure
and lead to unfavorable conditions, such as stress concentration and excessive deformation,
which will have a negative impact on the safety of the whole tunnel project in some
serious cases [1]. At the same time, with the rapid development of urban construction, the
external conditions of the tunnels are also constantly changing, including the construction
of upper roads, high-speed railways, high-rise buildings, upper ponds, and various new
infrastructures. These changes in the external conditions have a potential impact on the
tunnel, which may make the lining structures treacherous [2]. Once the external conditions
are changed and cannot meet the requirements for the tunnel safety and stability, it is
necessary to adopt some corresponding reinforcement schemes for the lining structures.

The technology of carbon fiber reinforced polymer (CFRP) reinforcement in concrete
structures was first studied by the Swiss Federal Laboratories for Materials, which used
the method of applying CFRP in the reinforcement of the Ibach bridge and achieved good
reinforcement results [3]. Subsequently, this CFRP reinforcement technology was widely
applied in various structural reinforcements because of the good mechanical properties
of CFRP and high construction efficiencies, such as compressive or seismic reinforcement
of concrete columns [4–6] and the reinforcement of various beam and slab structures [7].
The successful application of CFRP reinforcement technology in the field of civil building
reinforcement has also inspired engineers and technicians to continuously explore the

Buildings 2022, 12, 2042. https://doi.org/10.3390/buildings12112042 https://www.mdpi.com/journal/buildings220
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possibility and effectiveness of CFRP reinforcement technology in the field of hydraulic
tunnel lining. Since CFRP is characterized by high strength, stable performance, corrosion
resistance and light weight [8,9], it can effectively control the continual expansion of lining
cracks and prevent the lining from falling off and spalling, which was well applied in the
circular hydraulic tunnels of Taohua River Reservoir, Qingshan Reservoir and Dahuofang
Reservoir [10]. When the concrete is reinforced with CFRP, the CFRP contributes to the
structural strength, mainly by bearing the stress transferred from the reinforced interface.
Therefore, many researchers focus on the mechanical properties of the interface between
CFRP and concrete by experimental and analytical methods. For the experimental methods,
some single shear tests [11–13] and double shear tests [14] were performed to obtain the
stress–slip relationship of the reinforced interface. Additionally, in-plane shear tests are
also important methods to obtain the bond–slip constitutive models of the reinforced
interface, and based on these tests, the Neubauer and Rostasy model [15], Monti model [16],
Nakaba model [17] and Savioa model [18] are proposed. For analytical methods, the elastic
mechanic method is a common method to calculate the interface stress between CFRP
and concrete, such as the stage analytical method [19,20], considering the deformation
compatibility method [21–24]. The above analytical methods are mainly based on two
assumptions: the reinforcement materials are linear elastic and the interfacial stresses are
constants along the direction of the adhesive thickness. Once the above two assumptions are
not considered, the interfacial stresses are difficult to solve or to express explicitly [25,26].

In addition, the existing research mainly focuses on concrete beams reinforced with
CFRP to improve their bending or shear resistance, the main contents are related to the
shear behavior and peel failure of the reinforced interface. For these structures, the re-
inforced interfaces are mostly planes, and the bond stresses of the interface are mainly
shear stresses [27]. However, for the circular tunnel reinforced with CFRP, the reinforced
interfaces are mostly a concave curved surface, such as the reinforced concrete (RC) arch in
Figure 1. Due to the existence of the interface curvature, this reinforced structure will be
more prone to peel failure [28]. Therefore, the above research cannot be directly used to
analyze the mechanical properties of the curved interface for circular tunnels reinforced
with CFRP.
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Therefore, to investigate the reinforced interface stress of the circular tunnel reinforced
with CFRP, an analytical model is proposed for the interaction between CFRP, adhesive
and the lining concrete, and the analytical expression of the interface stress is derived
with the consideration of the bond–slip at the reinforced interface. According to the
analytical model, the influence of the curvature on the interface peel failure is analyzed,
and the key parameters affecting the stresses of the curved reinforced interface are obtained.
Subsequently, a detailed three-dimensional numerical model, which is verified by the
experimental results, is established for a circular tunnel reinforced with CFRP. Based on
the numerical model, the influence of the key parameters on the stresses of the curved
reinforced interface is further analyzed.
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2. Analytical Study on the Stresses of the Curved Reinforced Interface
2.1. Analytical Model

As shown in Figure 2, an analytical model is proposed for the curved reinforced
interface of a circular tunnel reinforced with CFRP. The thickness of CFRP is tc, the elastic
modulus of CFRP is Ec, and the pasted length of CFRP is L, the thickness of the adhesive
layer is ta, the elastic modulus of the adhesive layer is Ea, the radius of the curved interface
is r. A force (F) is applied to the CFRP along the tangential direction. The stress condition
of an infinitesimal section is presented in Figure 2b.
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Figure 2. Analytical model: (a) curved reinforced interface dimensions; (b) infinitesimal section.

To simplify the calculation, the CFRP and adhesive can be simplified as a layer of
reinforcement material [29], and the equivalent thickness is:

t = tc + ta (1)

The equivalent elastic modulus of the reinforcement material can be calculated by:

E =
EcEa

Ec + Ea
(2)

The circumferential stress of the reinforcement material is σθ , the distance from the
calculated point to the free end is s, and the radial and tangential stresses of the reinforced
interface are PN and PT, respectively. As shown in Figure 2b, the equilibrium equations of
the infinitesimal section can be expressed as:

PT × ds = t × dσθ (3)

PN × r × dσθ = (σθ + dσθ + σθ)× t × sin
dσθ

2
(4)

According to Hook’s law, the stress–strain relationship of the reinforcement material
can be obtained by:

σθ = Eεθ (5)

Substitute Equation (5) into Equations (3) and (4), we obtain:

PT = Et
dεθ

ds
(6)

PN =
Et
r

εθ (7)
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The relative tangential slip (gT) and radial slip (gN) at the interface between the
adhesive and concrete can be defined by the following equations.

gT = uθ − uθ,s (8)

gN = ur − ur,s (9)

where uθ is the tangential displacement of the adhesive at the interface between the adhesive
and the concrete, uθ ,s is the tangential displacement of the concrete at the interface between
the adhesive and the concrete; ur is the radial displacement of the adhesive at the interface
between the adhesive and the concrete, ur,s is the radial displacement of the concrete at the
interface between the adhesive and the concrete. Since the deformation of the concrete is
much smaller than that of the adhesive the values of uθ ,s and ur,s are much smaller than
those of uθ and ur, and they can be neglected in the analytical model [30].

The relationship between the interface stress and the interface slip can be obtained by:

PT = kT gT (10)

PN = kN gN (11)

where kT is the tangential stiffness of the interface, and kN is the radial stiffness of the
interface. According to Equations (6) to (11), we obtain:

kTuθ = Et
dεθ

ds
(12)

kNur =
Et
r

εθ (13)

The geometric equation in the polar coordinate is:

εθ =
duθ

ds
+

ur

r
(14)

Substituting Equation (14) into Equations (12) and (13), we obtain:

kTuθ = Et

(
d2uθ

ds2 +
1
r

dur

ds

)
(15)

kNur =
Et
r

(
duθ

ds
+

ur

r

)
(16)

According to Equation (16),

ur =
Etr

kNr2 − Et
duθ

ds
(17)

Substituting Equation (17) into Equation (15), we obtain:

d2uθ

ds2 − kT
Et

(
1 − Et

kNr2

)
uθ = 0 (18)

We define a variable by:

λ2 =
kT
Et

(
1 − Et

kNr2

)
(19)

Substituting Equation (19) into Equation (18), we obtain:

d2uθ

ds2 − λ2uθ = 0 (20)
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According to Equations (20) and (17), uθ and ur can be expressed as:

uθ = A1sin h(λs) + A2cos h(λs) (21)

ur =
Etr

kNr2 − Et
(A1cos h(λs) + A2sin h(λs)) (22)

where A1 and A2 are the constants to be determined by the boundary conditions. Substitut-
ing Equations (21) and (22) into Equation (14), εθ can be calculated by:

εθ =
kNr2

kNr2 − Et
λ(A1cos h(λs) + A2sin h(λs)) (23)

As the analytical model shows in Figure 2a, the boundary conditions are:

εθ(0) = 0 (24)

εθ(L) =
F
Et

(25)

According to Equations (23) to (25), the constants can be obtained:

A1 = 0 (26)

A2 =
Fλ

kTsin h(λL)
(27)

Substituting Equations (26) and (27) into Equations (21) and (22), uθ and ur can be
calculated by:

uθ =
Fλ

kTsin h(λL)
cos h(λs) (28)

ur =
Fλ

kNrsin h(λL)
sin h(λs) (29)

According to Equations (10), (11), (28) and (29), the interface radial stress (PT(s)) and the
interface circumferential stress (PN(s)) can be obtained by Equations (30) and (31), separately.

PT(s) =
Fλ

sin h(λL)
cos h(λs) (30)

PN(s) =
F

rsin h(λL)
sin h(λs) (31)

2.2. Effect of the Curvature on Interface Stresses

Based on Equations (30) and (31), the effects of the interface curvature on the reinforced
interface stresses are investigated. The involved parameters and load in the analytical model
are presented in Table 1, and the calculated interface stresses are presented in Figure 3.

Table 1. Parameters and load.

Parameter Ea ta Ec tc L F

Value 2 GPa 1 mm 250 GPa 0.111 mm 150 mm 50 N/m

Figure 3a presents that the interface curvature has little influence on the interface
circumferential stresses. However, according to Figure 3b, the interface radial stresses are
significantly influenced by the interface curvature. Obviously, with decreasing the interface
curvature radius, the interface radial stresses tend to be increased, which is unfavorable for
protecting the reinforced interface from peel failure.
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Figure 3. Analytical results of the interface stresses: (a) circumferential stress; (b) radial stress.

For the concrete beams or columns reinforced with CFRP, the reinforced interface is
mostly flat and mainly in a pure shear state (State A), as shown in Figure 4. For the circular
tunnel reinforced with CFRP on the internal surface, the reinforced interface is a curved
surface. The analytical results show that the existence of interface curvature causes not only
circumferential stresses (State A) but also radial stresses (State B) to exist on the curved
reinforced interface. Therefore, the interface stress state (State C) of the curved reinforced
interface is more complex than that of the plane interface.
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State C interface stress state.

2.3. Effect of the Stress State on Peel Failure

When the principal stress of the concrete cover exceeds the tensile strength of the
concrete, the reinforced interface exhibits peel failure. Therefore, the peel stress can be
expressed as:

σb =
PN
2

+

√(
PN
2

)2
+ P2

T (32)

For the interface radial stress, the positive value represents the curved reinforced
interface between the adhesive and lining concrete, which is in tension, and the negative
value represents the curved reinforced interface between the adhesive and lining concrete,
which is in compression. For the interface circumferential stress, the positive value and
negative value represent two opposite shear directions. For a circular tunnel reinforced
with CFRP, the stress states of the concrete cover can be divided into two cases. (1) The
interface of the concrete cover is in radial compression and circumferential shear. According
to Equation (32), in this case, whether the peeling failure occurs is mainly determined by
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the circumferential shear stress PT, and the existence of radial compressive stress PN is
beneficial to prevent the interface from experiencing peel failure. (2) The interface of the
concrete cover is in radial tension and circumferential shear. According to Equation (32),
this case is the most unfavorable condition, and the existence of the radial tensile stress will
further increase the reinforced interface stresses, which will lead to earlier peel failure of
the structure.

To decrease the radial tensile stresses of the reinforced interface that have a negative
effect on this composite structure, some material parameters and construction schemes
should be optimized. According to Equations (30) and (31), the interface stresses are mainly
affected by several parameters such as the CFRP’s length (L), layer (n), thickness (tc), elastic
modulus (Ec), and the adhesive’s thickness (ta), elastic modulus (Ea). For the CFRP, it is
generally divided into high-strength CFRP and high-elastic CFRP, for which the thicknesses
and the elastic moduli are quite different. In addition, since the types of the adhesive are
diverse, the elastic moduli are quite different. Additionally, the thickness of the adhesive
layer can also be affected by the brushing operation and circumstances. Therefore, it is
necessary to further investigate the effects of L, n, tc, Ec, ta and Ea on the stress state of the
curved reinforced interface, on the basis of a practical example.

Since the factors that affect the performance of the tunnel reinforced with CFRP are
complex and diverse, the analytical model is mainly used for qualitative analysis, that is,
to find out the main factors. However, the analytical model is somewhat simplified. For
example, the bonding slip between the adhesive layer and the liner concrete is ignored.
Therefore, based on the analytical results, detailed experimental or numerical studies
should be conducted for quantitative analysis to reveal the influence of these factors on the
performance of the tunnel reinforced with CFRP.

3. Experimental Study on a Tunnel Reinforced with CFRP

The effect of a CFRP reinforcement scheme for a circular tunnel with vertical loads is
preliminarily investigated by comparing the experimental results of the specimen reinforced
with CFRP and the specimen without any reinforcement scheme [31]. The dimensions of
the specimen are presented in Figure 5, the internal diameter is 300 mm, the thickness
is 30 mm, and the longitudinal length is 1000 mm. Six rebars with a diameter of 4 mm
are erected in the longitudinal direction for the concrete, and the rebars are arranged at
an interval of 60◦ along the circumferential direction. In addition, spiral stirrups with a
diameter of 3 mm are used in the circumferential direction, and the spacing of the spiral
stirrups is 74 mm.
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The loading condition of the experimental test is shown in Figure 6. The involved
materials are presented in Table 2. To investigate the stresses and strains of the concrete and
CFRP, as shown in Figure 6b, several strain gauges are arranged on the internal surfaces of
the concrete and CFRP.
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Table 2. Materials.

Material Elastic Modulus (GPa) Poisson’s Ratio Density (kg/m3)

C30 concrete 30 0.167 2400
Longitudinal rebar 210 0.3 7850

Circumferential rebar 210 0.3 7850
Rubber cushion 7.8 0.48 1200

CFRP 235 0.28 —
Adhesive layer 2.5 0.35 —

4. Numerical Simulation and Validation
4.1. Numerical Model

The experimental test is reproduced by the numerical software ANSYS, and the 3D
finite element model is presented in Figure 7. The concrete and the adhesive are simulated
by Solid 65 elements and Solid 45 elements separately; the CFRP is simulated by Shell
63 elements, and the rebar is simulated by Link 8 elements. The multilinear isotropic
hardening material model is used for the concrete, the bilinear kinematic hardening material
model is used for the steel, and the linear elastic model is used for the CFRP and adhesive.
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Figure 7. Numerical model.

The performance parameters of the adhesive layer are shown in Table 3. The spring
elements (Combine 39) are used to simulate the bonding and slipping behavior of the
contact interface between the adhesive layer and the concrete lining [32,33]. One end
of the spring is connected to the node of the adhesive element, and the other end is
connected to the node of the concrete element. The stiffness of each spring is the first-order
inverse of the force-displacement relationship curve, which can be calculated as shown in
Equations (33)–(36) [10,30].

Kst =
dFT
dgT

(33)

FT = PT × Ai (34)

Ksn =
dFN
dgN

(35)

FN = PN × Ai (36)

where Kst is the stiffness of the tangential spring; Ksn is the stiffness of the radial spring; Ai
is the force area represented by each spring at the interface.

Table 3. Performance parameters of the adhesive layer.

Performance Items
Performance Requirements

Grade A Adhesive Grade B Adhesive

Adhesive layer
performance

Tensile strength (MPa) ≥40 ≥30
Modulus of elasticity under tension (MPa) ≥2500 ≥1500

Elongation rate (%) ≥1.5
Flexural strength (MPa) ≥50 ≥40

Compressive strength (MPa) ≥70

Bonding capacity Positive tensile bond strength with concrete
(MPa) ≥2.5
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Full constraints are applied to the bottom of the model, normal constraints are applied
to the front and rear of the model, and the upper part of the model is free. The whole
model contains 57,000 Solid 65 elements, 1758 Link 8 elements, 3000 Solid 45 elements and
18,360 Combin 39 elements. The main loads considered in the calculation include the top
vertical load and the gravity. The sequence of the load application and calculation process
is as follows. (1) Establish the finite element model; (2) “Kill“ the adhesive elements and
CFRP elements, apply the gravity and calculate; (3) Perform restart analysis, “alive” the
adhesive elements and CFRP elements, apply the top vertical load and calculate.

4.2. Validation

As presented in Table 4, with the vertical load of 20 kN, the circumferential micro-
strains of the concrete and CFRP at 90◦ are obtained by the numerical simulation and
compared with the experimental results. For the concrete micro-strain, the average differ-
ence between the numerical results and experimental results is within 10%. For the CFRP
micro-strain, since the adhesive layer and CFRP are simplified as linear elastic materials,
the differences between the numerical results and experimental results are relatively large,
and the average difference is about 17%. Since the numerical results generally agree well
with the experimental results, the 3D numerical model is verified, and then we can use this
verified 3D numerical model to perform the following extended parameter analysis.

Table 4. Comparison between the experimental results and analytical results.

Force
(kN)

Concrete Strain CFRP Strain

Experimental
Results (10−6)

Numerical
Results (10−6) Differences Experimental

Results (10−6)
Numerical

Results (10−6) Differences

5 −22.20 −23.02 3.7% −23.39 −23.37 −0.1%
10 −45.14 −42.96 −4.8% −53.12 −46.76 −12.0%
15 −68.08 −62.02 −8.9% −82.86 −70.15 −15.3%
20 −91.03 −82.84 −9.0% −112.59 −93.54 −16.9%

5. Parametric Study

According to the analytical study in Section 2, the interface stresses are mainly affected
by L, n, tc, Ec, ta and Ea. Based on the numerical model, the affecting degrees of these
parameters on the interface stresses are further investigated. According to some engineering
practices [9,34,35], the ranges of these parameters are listed in Table 5.

Table 5. Parameter values.

Parameter Reference Value Discussion Value

L 180◦ 30◦, 60◦, 90◦, 120◦

Ea 2 GPa 0.24, 2, 11.2
ta 2 mm 1, 2, 4
Ec 235 GPa 100, 300, 500
tc 0.1 mm 0.1, 0.15, 0.2
n 1 1, 2, 3, 4

5.1. Effect of L

The effects of the CFRP length (L), which is determined by the pasted angle, on
the interface stresses are investigated. The distributions of the concrete tensile area with
different pasted angles of 30◦, 60◦, 90◦ and 120◦ are presented in Figure 8. The gray areas
represent when the concrete is compressed, and the other color areas represent when the
concrete is tensioned. For the angles of 30, 60◦ and 90◦, the CFRP cannot cover all the
concrete tensile areas. According to Figure 9a, the radial tensile stress concentration appears
at the edges of the reinforced areas in these three cases. However, for the angle of 120◦,
all the concrete tensile areas can be completely covered by CFRP, and the interface at the
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edges of the reinforced areas is radial compressed. The maximum radial tensile stress is
0.014 MPa, which is much smaller than those in the three previous cases. For the full-pasted
case (180◦), the interface radial tensile stresses mainly appear at the crown and bottom, and
the maximum radial tensile stress is 0.013 MPa. It indicates that when the pasted angle
is larger than 120◦, the maximum radial tensile stress cannot be effectively decreased by
extending the pasted length of CFRP.
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Figure 9. Effect of L on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.

According to Figure 9b, for the angles of 30, 60◦ and 90◦, the maximum circumferential
stresses all appear near the edges of the reinforced areas. Since these positions are radial ten-
sioned in Figure 9a, the interface peel failure is most likely to occur there. For the angles of
120◦, with the further extension of the CFRP pasted length, the distribution of the interface
circumferential stress was effectively improved, and the maximum circumferential stress
was significantly decreased. For the full pasted case (180◦), the curve of the circumferential
stress distribution was further smoothed, and the maximum circumferential stress was
close to that in the case of 120◦.

In total, for a circular tunnel partially reinforced with CFRP, the interface peel failure
is most likely to occur near the edges of the reinforced areas. However, the interface radial
stresses and circumferential stresses can be effectively decreased by extending the pasted
length of CFRP to a certain extent. Therefore, to prevent the peeling failure, the pasted

230



Buildings 2022, 12, 2042

length of CFRP should be large enough to at least cover all the concrete tensile areas. In
this studied case, to save CFRP materials, the pasted angle of 120 is more appropriate.

5.2. Effect of n

The effects of the CFRP layer (n) on the interface stresses are investigated. According
to Figure 10, the interface stresses are significantly affected by n. With the increase in
n from 1 to 3, the maximum radial tensile stress increases by 187%, and the maximum
circumferential stress increases by 93%. In addition, pasting multiple layers of CFRP is not
conducive to the full immersion of adhesive in CFRP. Therefore, for the partially pasted
CFRP reinforcement scheme, decreasing the CFRP layers as much as possible is suggested
when it can meet the condition of structural safety.
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Figure 10. Effect of n on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.

5.3. Effect of tc

The effects of the CFRP thickness (tc) on the interface stresses are investigated. Accord-
ing to Figure 11, the interface radial stresses and circumferential stresses are significantly
affected by ta. With the increase in tc from 0.1 mm to 0.2 mm, the maximum radial tensile
stress increases by 58%, and the maximum circumferential stress increases by 37%. There-
fore, for the partially pasted CFRP reinforcement scheme, decreasing the CFRP thickness
can improve the stress state of the interface.
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Figure 11. Effect of tc on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.
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5.4. Effect of Ec

The effects of the CFRP elastic modulus (Ec) on the interface stresses are investigated.
According to Figure 12, the interface radial stresses and circumferential stresses are sig-
nificantly affected by Ec. With the increase in Ec from 100 GPa to 500 GPa, the maximum
radial tensile stress increases by approximately 150%, and the maximum circumferential
stress increases by approximately 131%. Normally, the elastic modulus of the high strength
CFRP is approximately 235 GPa, and the elastic modulus of the high modulus CFRP ranges
from 345 GPa to 690 GPa. Although the high modulus CFRP has the advantages of good
bearing performance and preventing crack propagation, it is detrimental to the long-term
combined work of the lining concrete and CFRP.
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Figure 12. Effect of Ec on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.

5.5. Effect of ta

The effects of the adhesive layer thickness (ta) on the interface stresses are investigated.
According to Figure 13, the interface radial stresses are significantly affected by ta. With
the increase in ta from 1 mm to 4 mm, the radial stresses near the central and marginal
position of the interface are obviously increased, and the maximum radial tensile stress
increases by 39%. However, according to Figure 13b, ta has a negligible effect on the
interface circumferential stresses. With increasing ta, the maximum circumferential stress
increases by only 18%. Therefore, for the partially pasted CFRP reinforcement scheme,
decreasing the adhesive layer thickness is suggested to decrease the interface radial tensile
stress and prevent peel failure.
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Figure 13. Effect of ta on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.
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5.6. Effect of Ea

The effects of the adhesive elastic modulus (Ea) on the interface stresses are investi-
gated. According to Figure 14, the interface radial stresses and circumferential stresses are
significantly affected by Ea. When Ea is 0.24 GPa, the distributions of the interface radial
stresses and circumferential stresses are relatively uniform. However, with increasing Ea,
the interface stress concentration tends to be obvious. With the increase in Ea from 0.24 GPa
to 11.2 GPa, the maximum radial tensile stress increases by 80%, and the maximum circum-
ferential stress increases by 136%. Therefore, for the partially pasted CFRP reinforcement
scheme, decreasing the adhesive elastic modulus has the advantage of preventing interface
stress concentration.
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Figure 14. Effect of Ea on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.

6. Conclusions

An analytical model is proposed for the curved reinforced interface with the consider-
ation of the interface bond–slip relationship, and a 3D numerical model is established to
further investigate the effects of some important parameters. According to the analytical
and numerical results, the following conclusions were obtained.

(1) The analytical results reveal that the interface curvature has a significant effect on the
interface radial stresses. With decreasing the radius of the curvature, the interface
radial stresses increase significantly.

(2) The numerical results reveal that the reinforced curved interface stresses are mainly
affected by the CFRP’s length, layer, thickness, elastic modulus, and the adhesive’s
thickness, elastic modulus. In engineering practice, these reinforcement parameters
should be optimized to decrease the interface stresses and prevent premature peel
failure of the structure.

(3) For the adhesive, decreasing the elastic modulus and thickness of the adhesive layer
can significantly improve the stress state of the reinforced interface. For the CFRP, on
the premise of meeting the structural bearing requirements, the pasted length of CFRP
should be large enough to at least cover all the concrete tensile areas, and the CFRP
with smaller thickness, smaller elastic modulus and fewer layers is conducive to the
full utilization of materials and long-term combined work of the concrete and CFRP.

As the results of this study, the factors that affect the performance of the tunnel
reinforced with CFRP are complex and diverse. This paper preliminarily reveals the
influence law of the involved parameters. Multitudinous calculations and orthogonal test
analysis should be conducted to further investigate the influence degrees and thresholds of
these parameters under various conditions.
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Abstract: A novel CFS composite wall filled with cement-based lightweight polymer material (CFS-
CLPM composite wall) has been proposed and proven to have excellent architectural and mechanical
performance. To promote its application in prefabricated concrete (PC) frame structures, two full-scale
specimens were designed and tested under cyclic loading to investigate the failure mode, hysteretic
response and energy dissipation of the PC frame infilled with the CFS-CLPM composite wall. The
experimental results indicated that CFS-CLPM composite walls can significantly improve the lateral
behavior of the PC frame in terms of load capacity, elastic stiffness and energy dissipation capacity,
while slightly reducing its ductility because of the infill-frame interaction. Subsequently, finite element
(FE) analyses for the PC frame infilled with CFS-CLPM composite walls were developed and verified
against the experimental results. The force-transferring mechanisms between the PC frame and the
CFS-CLPM composite walls were revealed by analyzing the stress distributions. The parametric
analyses demonstrated that the influential parameters for lateral resistances of the PC frame structure
infilled with CFS-CLPM composite walls were the strength of CLPM, the span-to-height ratio and the
thickness of CFS-CLPM composite walls. Finally, a formula considering the mechanical contribution
of the CFS-CLPM composite wall was proposed to predict the elastic lateral stiffness of the structures.
The results of this study could provide a basis for the application of CFS-CLPM composite walls in
PC frame structures.

Keywords: CFS-CLPM composite walls; PC frames; cyclic behavior; numerical analyses; elastic
stiffness

1. Introduction

Cold-formed steel (CFS) walls filled with lightweight materials are novel composite
walls developed from CFS structures, and have advantages of uniform quality, low weight,
easy installation and convenient transportation [1–6]. Moreover, the lightweight fillers are
usually made of industrial waste [7–9], which just meets the demand of green buildings and
low-carbon society. Thus, the development and investigation of CFS composite walls filled
with lightweight materials have been a hot topic. Many studies [4,10–12] investigating the
structural performance of CFS composite walls filled with different lightweight materials
indicated that the lightweight fillers could not only restrain the local buckling of the CFS
frame effectively, but also improve the axial compressive capacity, cyclic performance
and ductility.

Among these novel composite walls, CFS composite walls filled with cement-based
lightweight polymer material (CFS-CLPM composite walls in abbreviation) was proposed
by Wang et al. [12] as shown in Figure 1. The investigations of the CFS-CLPM composite
walls have confirmed that such novel composite walls exhibited excellent axial compres-
sive and cyclic performance [12,13]. Accordingly, industrial production lines have been
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established to prefabricate the CFS-CLPM composite walls, and they have been widely
used as bearing walls or shear walls in low- and multi-rise buildings in China (Figure 2).
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Furthermore, owing to the contribution of lightweight polymer material, CFS-CLPM
composite walls are 800 kg/m3 in density, which is much lighter than concrete, and have
superior performance in sound insulation, thermal insulation and fire resistance than
conventional CFS composite walls [13]. The CFS frame in the CFS-CLPM composite walls
also made it easier to install using steel connectors. Combined with the excellent mechanical
performance, CFS-CLPM composite wall is also a good option for walls in prefabricated
frame structures. Prefabricated building is one of the important initiatives to achieve
building industrialization and green construction, which have been vigorously promoted
by the government in China. Owing to the popularity of concrete structures, prefabricated
concrete (PC) buildings have gained great attention and are widely used in residential
buildings and office buildings. Therefore, it is of great significance to apply CFS-CLPM
composite walls into PC frame structures.

Recently, CFS walls have been introduced into frame structures by scholars to promote
favorable CFS walls in high-rise buildings. Nevertheless, research on frame structure with
CFS walls is still in its infancy so far. Wang et al. [14] conducted cyclic tests on the steel frame
infilled with CFS composite walls. The experimental results showed that the steel frame
cooperated well with the CFS composite walls and the lateral load capacity of this structure
was determined by superposing shear strengths of the steel frame and the CFS composite
walls. Wang et al. [15] reported that the sheathed CFS walls improved the progressive
collapse capacity of steel frames but decreased the ductility. Kildashti et al. [16] proposed a
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hot-rolled steel knee-braced frames with CFS stud walls system. The nonlinear analyses
indicated that CFS contribution to lateral loads can improve the seismic performance of the
proposed system. However, studies on PC frames cooperating with CFS walls, especially
CFS-CLPM composite walls, have not been reported.

To promote the application of CFS-CLPM composite walls in PC frame structures, it is
significant to study the performance of the PC frames with CFS-CLPM composite walls.
In this paper, two full-scale specimens were tested under cyclic loading to investigate the
performance of PC frame infilled with CFS-CLPM composite walls. The effect of CFS-CLPM
composite walls on the failure mode, hysteretic response, energy dissipation and horizontal
displacement-strain response of the PC frame were studied. In addition, the numerical
simulation using ABAQUS software was performed to explore the working mechanism of
the PC frame infilled with CFS-CLPM composite walls under horizontal loads. Finally, a
superposition formula with a good degree of accuracy was proposed to predict the elastic
lateral stiffness of the structures. The results of this study could provide a basis for the
application of CFS-CLPM composite walls in PC frame structures.

2. Experimental Program
2.1. Test Specimens

Two specimens, including one bare prefabricated concrete frame (PCF) and one pre-
fabricated concrete frame infilled with CFS-CLPM composite walls (PCFW), were designed
and examined under cyclic loads. The PC frames of two specimens were designed with
identical configurations. Figure 3a illustrated the dimensional details of the PC frame,
which is 3340 mm in span and 3030 mm in height. The PC frame contained precast columns
with a dimension of 300 mm × 300 mm (b × h), precast beams with a dimension of
200 mm × 350 mm (b × h), and foundations with a dimension of 500 mm × 570 mm (b × h),
as shown in Figure 3b. These PC members adopted concrete with a nominal compressive
strength of 40 Mpa and hot-rolled ribbed bars with a yield strength of 400 Mpa. In the
assembly process of the PC frames (Figure 4), firstly, the precast foundation, columns and
beams were installed to produce a frame. Next, the precast columns were fixed on the
foundation by filling sleeves with high-strength concrete grouts [17]. The depth of rein-
forcements of columns inserted into sleeves with a length of 340 mm was 150 mm. Finally,
the concrete with a nominal compressive strength of 50 Mpa was poured into beam-column
joints [18,19].

For the specimen PCFW, the wall was assembled with prefabricated separated CFS-
CLPM composite walls. In accordance with Ref. [13], configurations of separated CFS-
CLPM composite walls and splicing connections of the walls were determined. Single
galvanized C-section steel (89 mm × 41 mm × 11 mm × 0.9 mm) with a nominal strength
of 550 Mpa was selected as studs and tracks in the CFS composite walls, as illustrated
in Figure 5c. The tracks were connected to studs using ST4.8-grade self-drilling screws
(d = 4.8 mm) to form the CFS frame. Then cement-based lightweight polymer materials
(CLPM) were poured into the space of the CFS frame. Simultaneously, sheathing layers
were also poured with CLPM. The mixed proportion of CLPM is presented in Table 1.
Figure 5a illustrates the configuration and frame-wall joints of the specimen PCFW. Three
separated CFS-CLPM composite walls were spliced together using steel strips and ST4.8-
grade self-drilling screws (d = 4.8 mm), as depicted in Figure 5b. Steel angles were used as
connectors by welding to both built-in fittings and 8.8-grade hook bolts (d = 10 mm). The
fittings were embedded in the PC beams and the foundations while the hook bolts were
embedded in the CFS composite walls.
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Table 1. Mix proportion of CLPM.

Cement
(kg/m3)

Fly Ash
(kg/m3)

Expansive Agent
(kg/m3)

Water-Reducing Agent
(kg/m3)

EPS
(kg/m3)

Water
(kg/m3)

300 65 125 2 0.6 225

2.2. Material Properties

In accordance with the Chinese Standard [20], the material properties of concrete are
determined by cube coupons with the dimension of 150 mm. The measured compressive
strengths of precast and cast-in-site concrete were respectively 45.2 MPa and 56.8 MPa, and
the elastic modulus were 33,676.8 MPa and 35,575.6 MPa, respectively. The measured com-
pressive strength and elastic modulus of the high-strength concrete grouts were 86.7 MPa
and 34,000 MPa, respectively.

As per the Specification [21], the compressive strength and elastic modulus of CLPM
were tested as 0.92 MPa and 250 MPa, respectively. The tensile coupons of the reinforcement
and C-section steel were tested following the relevant provisions [22]. The mechanical
characterizations of the reinforcement and C-section steel are summarized in Table 2.

Table 2. Mechanical properties of steel.

Steel Item
Thickness/
Diameter

(mm)

Yield
Strength

(MPa)

Ultimate
Strength

(MPa)
Yield Strain

Elastic
Modulus

(MPa)

reinforcement 18 491 663 2338 × 10−6 2.1 × 105

reinforcement 8 476 768 2268 × 10−6 2.1 × 105

C-section steel 0.9 696 1006 3314 × 10−6 2.05 × 105

C-section steel 1.2 695 1017 3310 × 10−6 2.06 × 105

2.3. Test Setup and Measurements

The test setup is shown in Figure 6. The foundation was fixed on the rigid ground
by four anchor bolts. Four 36 mm-diameter steel bars were used to connect the thick
steel plates attached to the beam ends. The steel tube constraint device was employed to
reduce hazards caused by out-of-plane collapse of specimens. The MTS hydraulic machine
supplied the horizontal loads. Two vertical hydraulic jacks acting on the reaction steel frame
were applied to exert axial loads at the top of each column. Two Polytetrafluoroethylene
plates with high lubrication were installed between the reaction frame and the vertical
hydraulic jacks to ensure that the jacks adapted to the specimens’ lateral movements. In
this study, twelve strain gauges numbered S1–S12 were arranged to record the longitudinal
strains of reinforcements at the column ends as well as beam ends, as shown in Figure 7.
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2.4. Loading Protocol

The axial load of 500 kN (calculated by an axial compression ratio of 0.3) at each top
of the column remained constant during loading process. The horizontal loading was
displacement-controlled as displayed in Figure 8. In the beginning, horizontal displace-
ments of 2 mm, 3 mm, 4 mm, 5 mm, 6 mm and 7 mm were performed in one cycle per
level. Afterwards, horizontal displacements of 8 mm, 16 mm, 24 mm, 32 mm, 40 mm, etc.
(corresponding to the inter-story drift of 0.25%, 0.50%, 0.75%, 1.00%, 1.25% etc., respec-
tively) were cycled three times per level. The loading procedure was terminated when
the lateral load was down to 85% of the maximum lateral load or severe damage occurred
on specimens.
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3. Experimental Results and Discussions
3.1. Failure Modes
3.1.1. Specimen PCF

Figure 9 exhibits the typical failure characteristics of specimen PCF. During the loading
process with horizontal displacement of 2–7 mm, there were no damage phenomena on
the specimen, indicating that the specimen was in elastic stage. When the inter-story drift
increased to 0.25%, slight vertical cracks were first detected at beam ends. At the drift ratio
of 0.50%, horizontal cracks occurred at the column ends near the top height of the sleeves. It
showed that the strength and stiffness of columns around the length of sleeves were higher
with the help of the additional steel sleeves than the rest part of the column without sleeves.
Oblique cracks appeared on the beam-column joints at the drift ratio of 1.25%. As the
horizontal drift increased, vertical cracks of the beam and horizontal cracks of the columns
gradually widened and deepened, and eventually penetrated. When the inter-story drift
was up to 4.0%, severe concrete crushing occurred at the bottom of the columns.
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3.1.2. Specimen PCFW

In terms of the failure mode of the PC frame, specimen PCFW had similar phenomena
to the specimen PCF during the cyclic loading. Concerning the failures of the CFS-CLPM
composite walls, the diagonal cracks occurred and developed when the inter-story drift
increased to 1.0%, as shown in Figure 10. It indicated that part of the horizontal loads was
transferred to the CFS-CLPM composite walls. Moreover, the self-drilling screws on the
steel strips tilted and loosened at the drift ratio of 2.25%. At the end of the loading, the
drift reached 4.0% and severe concrete crushing occurred at the bottom of the columns. It
was shown that the proposed frame-wall joints could inhibit out-of-plane movement of
the infill wall. The CFS-CLPM composite walls remained quite intact with few spalling of
CLPM at failure and the overall damage of CFS-CLPM composite walls in this study was
less severe, compared with masonry infill walls in RC frames [23].

1 
 

 
Figure 10. Failure modes of specimen PCFW.

3.2. Hysteretic Response

The load(P)-displacement(∆) hysteresis curves are plotted in Figure 11. In the initial
loading phase, hysteresis curves of all specimens were approximately linear due to the
elastic deformation. With the increase of the horizontal displacement, the hysteresis loops
exhibited shuttle-shaped when the test specimens reached the elastic–plastic stage. Beyond
the peak point, the hysteresis loops of the specimen PCFW transformed to reverse S-shaped
owing to the shear deformation including the shear cracks on CFS-CLPM composite walls
and the tilting of self-drilling screws along steel trips. In general, the hysteresis loops of
PCFW were plumper than that of specimen PCF, which demonstrated that the CFS-CLPM
composite infill walls could also dissipate some energy in earthquakes.
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Figure 11. Force–displacement hysteresis curves of specimens.

3.3. Feature Values and Ductility

In this study, envelope curves (Figure 12) were utilized to determine the feature values.
The characteristic loads are the yield load Py, the maximum load Pm, and the failure load
Pf, corresponding to the lateral displacement ∆y, ∆m, and ∆f, respectively. The yield point
was determined based on the ‘graphing method’ [24]. The elastic stiffness of the specimens
is determined as the secant stiffness at 8 mm displacement in the P-∆ curves. Furthermore,
the ductility coefficient is defined as µ∆ = ∆f/∆y. To minimize the errors of µ∆, the average
µ∆ was adopted in this study. The feature values of two specimens are listed in Table 3.
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Table 3. Feature values of specimens.

Specimen ∆y/mm Py/kN ∆m/mm Pm/kN ∆u/mm Pf/kN Elastic Stiffness
kN/mm µ∆

PCF (+) 40.9 166.2 88.0 212.58 127.3 180.7 10.22
3.26PCF (−) 35.4 154.2 80.4 206.62 120.5 175.6 10.50

PCFW (+) 37.7 248.3 72.0 279.8 116.1 237.8 14.53
3.16PCFW (−) 36.5 223.2 72.0 258.0 117.7 219.3 14.87

The effects of the CFS-CLPM composite walls on the cyclic performance of the PC frame
were evaluated comprehensively. Specifically, the Pm of specimen PCFW was 24.9~31.6%
higher than that of specimen PCF, and the elastic stiffness increased by 34.1~38.4%. The

245



Buildings 2022, 12, 1991

∆y, ∆m, and ∆f of PCFW were close to those of PCF and the ductility coefficient of spec-
imen PCFW was 3% lower than that of specimen PCF. However, the failure drifts of
PCF and PCFW reached 3.87% and 3.65%, respectively, which can both meet the elastic–
plastic drift of 2% required in the Chinese Code for Seismic Design of Buildings [25]. The
comparison indicated that CFS-LPM composite walls can improve significantly the load
capacity, elastic stiffness of the PC frame, while slightly reducing its ductility because of
the infill-frame interaction.

3.4. Energy Dissipation

The energy dissipation capacity of specimens is assessed by calculating the areas of
hysteretic loops. Figure 13 illustrates the energy consumption of the 1st loading cycle at
each displacement level and cumulative energy dissipation, respectively. It was seen from
Figure 13a that the energy consumption of each specimen was less before the displacement
level up to 8 mm (drift of 0.25%) owing to the recoverable elastic deformation. Thereafter,
it gradually increased as loading displacement increased. Comparisons of the 1st cycle
energy consumption between specimens PCF and PCFW demonstrated that additional
energy was dissipated by the CFS-CLPM composite walls even at high displacement
levels. Furthermore, the cumulative energy of specimen PCFW was 1.14 times higher
than that of specimen PCF at the horizontal displacement of 120 mm (drift of 3.75%).
The PC frame structure infilled with CFS-CLPM composite walls exhibited better energy
dissipation capacity.
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Figure 13. Energy dissipation: (a) 1-st cycle energy consumption at each displacement level; (b) Cu-
mulative dissipated energy.

3.5. Strain Analyses

Key strains of reinforcement (S1–S6 in Figure 7) were plotted to analyze the influence
of the CFS-CLPM composite walls on the strain development of the PC frame. Positive
and negative values of the longitude strain represented tension and compression stress,
respectively. The yield strain of longitude reinforcements is 2338µε according to the material
properties results in Section 2.3. As shown in Figure 14, the longitude reinforcements in both
specimens yielded by tension earlier than by compression. Owing to the development of
typical diagonal strut mechanisms in the infill wall, the higher horizontal load increased the
strain of reinforcements around the upper beam–column joint. The strain of reinforcements
at column bases was lower since part of the horizontal load was transferred to the infill
wall through the compression between columns and infill walls.
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Figure 14. Strain of reinforcements: (a) Column feet; (b) Column upper ends; (c) Beam ends. 

4. Numerical Analyses 

The specimens examined  in Section 2 were modeled by ABAQUS to analyze their 
lateral performance further in this section. Based on the validated FE models, parametric 
analyses were conducted to study the influence of dominant parameters, including mate‐
rial, geometric and load cases, on the lateral performance of PC frame structure infilled 
with CFS‐CLPM composite walls. 
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4.1.1. Material Laws 
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Figure 14. Strain of reinforcements: (a) Column feet; (b) Column upper ends; (c) Beam ends.

4. Numerical Analyses

The specimens examined in Section 2 were modeled by ABAQUS to analyze their
lateral performance further in this section. Based on the validated FE models, parametric
analyses were conducted to study the influence of dominant parameters, including material,
geometric and load cases, on the lateral performance of PC frame structure infilled with
CFS-CLPM composite walls.

4.1. Model Characteristics
4.1.1. Material Laws

In the FE modeling, the concrete damaged plasticity (CDP) model was applied to
evaluate plastic behaviors of the precast and cast-in-site concrete. The stress–strain behavior
of the CDP model was specified following the literature [26]. The bilinear kinematic
hardening model (shown in Figure 15) was adopted to describe the stress–strain behavior
of steel units of specimens. The fy and Es are respectively the yield strength and elastic
modulus of the steel, which could be obtained from the preceding coupon tests.
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Figure 15. Steel constitutive model.

The CLPM material is essentially similar to the expanded polystyrene (EPS) concrete.
Since the constitutive model of CLPM remains obscure at present, the stress–strain model
for EPS concrete [27] was employed to simulate the compressive behavior of CLPM, as
shown in Equation (1). The tensile strength of CLPM equals to 10% of the maximum
compressive strength in this paper.

σ =





a(ε/εc,m)+(b−1)(ε/εc,m)2

1+(a−2)(ε/εc,m)+b(ε/εc,m)2 σc,m (0 ≤ ε ≤ εc,m)

1+c
(ε/εc,m)d+c

σc,m (εc,m < ε ≤ εc,u)
(1)

in which the parameters a, b, c and d vary with the dry density of CLPM; σc,m is the
maximum compressive strength; εc,m is the strain corresponding to σc,m; εc,m is the ultimate
compressive strain.

4.1.2. Element Types and Cell Meshing

C3D8R solid elements were applied to concrete and CLPM fillers. Reinforcements
were modeled with the T3D2 truss elements. The sleeves and C-section steel were modeled
with S4R shell elements. Owing to the few deformations of the foundation during tests, the
foundation was considered to be a discrete rigid body. After many attempts, the mesh size
of 50 mm was applied for concrete, reinforcements, C-section steel as well as CLPM fillers.

4.1.3. Interaction and Boundary Conditions

In this FE modeling, the reinforcements were rigidly embedded within the concrete
neglecting the bond-slip effects at the rebar-concrete interface. The contact surfaces between
the precast and cast-in-site concrete were simulated with tie constraints. Based on the
experimental phenomena, self-drilling screws used to assemble CFS frames rarely failed
and could guarantee reliable connections between wall studs and tracks. Thus, the wall
studs and tracks were merged into a whole instance in the FE models. For the CFS-
CLPM composite walls, the CFS frame was embedded in the CLPM fillers to improve
the convergence of FE models. In addition, the interaction between the beam and steel
angles, as well as the foundation and steel angles were defined as tie constraints. Full
adherence properties between hook bolts and CFS-CLPM composite walls were assumed
by embedding the bolts into CLPM fillers. The behavior of frame-wall joints was simulated
by linear springs that were used to describe the welding connections between the hook
bolts and the steel angles. The hard contact and penalty with a friction coefficient of 0.3
were adopted to simulate the normal and tangential behavior in the contact surface between
the columns and CFS-CLPM composite walls.

In terms of the boundary conditions of the FE models, all translations and rotations
of the foundation were restricted to provide fixed properties. Out-of-plane deformation
of the FE models was prevented by restricting the displacement and rotational freedoms
(Uz, rxz, ryz) of all nodes on the side surfaces of the beam. According to the experimental
testing program, axial loads were exerted at the top of each column, and a lateral load was
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supplied by the monotonic drifts to simplify the FE models and increase their convergence.
Figure 16 shows the FE model details of specimen PCFW as an example.
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4.2. Model Validation and Analyses
4.2.1. Model Validation

To verify the accuracy of the FE models, experimental and numerical results of speci-
mens were compared comprehensively, displayed in Table 4 and Figures 17 and 18. The
comparison results demonstrated that the FE modeling technique was reasonable to simu-
late the lateral performance of the PC frame structure.

Table 4. Comparison of experimental and numerical results.

Specimen

Test Simulation

Ke,s/Ke,t Pm,s/Pm,tKe,t
(kN/mm) Pm,t (kN) Ke,s

(kN/mm) Pm,s (kN)

PCF (+) 10.22 212.58 8.53 193.70 0.83 0.91
PCFW (+) 14.53 279.80 15.34 293.31 1.06 1.05

Note: Ke,t and Ke,s are the elastic stiffness of tested and simulated results, respectively; Pm,t and Pm,s are the
maximum load of tested and simulated results, respectively.
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Figure 18. Comparison between experimental and numerical curves.

4.2.2. Contact Stress Distribution

Under horizontal loads, the CFS-CLPM composite walls would be compressed by the
PC frame due to the column-wall interaction and wall-frame connections. Figure 19 shows
the contact stress distributions on columns for specimen PCFW at various inter-story drifts.
It can be seen that the initial contact stress of the left column was primarily distributed
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at the top of the column, and then the distribution gradually moved downward along
the column. In contrast, the initial contact pressure of the right column occurred mainly
at the bottom of the column, followed by two ends and middle regions of the column
appeared. These differences in the contact stress distributions are due to the deformation
compatibility between the shear deformation of the CFS-CLPM composite walls and the
flexural deformation of the PC frame. As the inter-story drifts increased, the contact
stress was larger owing to the intensely interactive compression between the columns and
CFS-CLPM composite walls.
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Figure 19. Contact stress distribution on columns for specimen PCFW: (a) drift of 0.5%; (b) drift of
1.0%; (c) peak drift of 2.0%; (d) drift of 3.0%; (e) drift of 3.65%.

4.2.3. Analyses of the CFS-CLPM Composite Walls

The minimum principal compressive stresses of CLPM are depicted in Figure 20. The
compressive stress in Figure 20 was limited to a minimum of −0.92 MPa so that the stress
distribution of CLPM was visible. Combined with the contact stress distribution (Figure 19),
the compressive zones of the CLPM provided resistance to horizontal loads were marked
out in Figure 20a–e with red dashed lines.

It seems that most of the CLPM was compressed at the drift of 0.5%, and the com-
pressive stress was transferred through the diagonal zone of the CLPM. As the inter-story
drift increased, horizontal loads transferred to the CFS-CLPM composite walls through
the frame-wall joints increased significantly. Consequently, a compressive zone at the top
corner of the CLPM was developed at the drift ratio of 1.0%. Compared to the CLPM
stress distribution at drift of 0.5%, the diagonal compressive zone of CLPM in Figure 20b
enlarged. At the peak drift of 2.0%, there were three compressive zones of CLPM, which
were a big compressive zone in the diagonal direction and two small compressive zones
near the frame-wall joints. In Figure 20c–e, corresponding to the drift ratio of 2.0–3.65%,
the compressive zones of CLPM in the diagonal direction gradually shrunk due to the
damage, while two compressive zones of CLPM near the frame-wall joints gradually ex-
tended. Eventually, the diagonal compression zone and the compression zone near the
lower frame-wall joints merged. The development of the compressive zones indicated that
the CFS-CLPM composite walls are considerably involved in resisting the horizontal loads
and were damaged eventually. Figure 20f shows contour plots of von Mises stress in the
CFS frame at the drift of 3.65%. It was found that the stress of the tracks and studs did not
reach its yield strength except in small regions near frame–wall joints.
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4.3. Parametric Analyses

The experimental and numerical analyses above showed that the load capacity and
elastic stiffness of the infilled PC frame was improved significantly by the CFS-CLPM
composite walls. To explore the influential factors on the lateral response of the PC frame
infilled with CFS-CLPM composite walls, parametric analyses using ABAQUS were con-
ducted on material, geometry, and load ratio. The configurations of specimen PCFW were
taken as a reference for the simulation sample (FE-SS). The detailed parameters of FE
models are listed in Table 5. In order to analyze the influence of the various parameters, the
lateral response of this structure was evaluated in terms of the maximum lateral load Pm
and elastic stiffness Ke.

Table 5. Parameters of PC frame with CFS-CLPM composite walls.

FE-Models
Material Geometry Load Ratio

fc/MPa fp/MPa fy/MPa L/H tw/mm n

FE-SS 26.8 0.92 550 1.1 130 0.3

FE-11 20.1 0.92 550 1.1 130 0.3
FE-12 33.5 0.92 550 1.1 130 0.3
FE-13 40.2 0.92 550 1.1 130 0.3

FE-21 26.8 1.42 550 1.1 130 0.3
FE-22 26.8 1.92 550 1.1 130 0.3
FE-23 26.8 2.42 550 1.1 130 0.3

FE-31 26.8 0.92 235 1.1 130 0.3
FE-32 26.8 0.92 390 1.1 130 0.3

FE-41 26.8 0.92 550 0.9 130 0.3
FE-42 26.8 0.92 550 1.3 130 0.3
FE-43 26.8 0.92 550 1.7 130 0.3

FE-51 26.8 0.92 550 1.1 160 0.3
FE-52 26.8 0.92 550 1.1 190 0.3
FE-53 26.8 0.92 550 1.1 220 0.3

FE-61 26.8 0.92 550 1.1 130 0.5
FE-62 26.8 0.92 550 1.1 130 0.7
FE-63 26.8 0.92 550 1.1 130 0.85
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4.3.1. Compressive Strength of Concrete (fc)

Figure 21a shows the effect of fc on the load-displacement curves of the PC frame
infilled with CFS-CLPM composite walls. It was seen that, when fc increased from 20.1 MPa
to 26.8 MPa, 33.5 MPa and 40.2 MPa, the Pm increased by 3.11%, 3.36% and 3.42%, respec-
tively, and the Ke increased by 3.35%, 5.7% and 7.30%. This improvement of the Pm and Ke
are attributed to the increase of lateral load capacity and initial stiffness of the PC‘frame.
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Figure 21. Influence of different parameters on lateral response of PC frame infilled with CFS-
CLPM composite walls: (a) Compressive strength of concrete; (b) Compressive strength of CLPM;
(c) Strength of cold-formed steel; (d) Span to height ratio; (e) Thickness of CFS composite walls;
(f) Axial load ratio.

4.3.2. Compressive Strength of CLPM (fp)

Figure 21b shows the load–displacement curves of FE models with different compres-
sive strengths of CLPM. As the fp increased from 0.92 MPa to 1.42 MPa, 1.92 MPa and
2.42 MPa, the Pm improved by 11.44%, 22.26% and 35.56%, respectively. Meanwhile, the Ke
improved by 10.21%, 21.44% and 33.31%, respectively. It could be found that both Pm and
Ke are almost improved linearly with the increase of the fp. This phenomenon confirmed
further that the parameter of fp has a significant influence on the lateral response of the PC
frame infilled with CFS-CLPM composite walls, and the CLPM fillers are important lateral
resistance elements of the CFS-CLPM composite walls.
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4.3.3. Strength of Cold-Formed Steel (fy)

In the numerical analyses of the CFS-CLPM composite walls, Figure 20f shows that
most of the CFS frame does not reach its yield strength. Therefore, a lower fy was selected
in parametric analyses. Figure 21c illustrates the numerical results of the structure with fy
of 235 MPa, 390 MPa, and 550 MPa. The load-displacement curves of the structure with fy
of 235 MPa and 345 MPa almost coincided with that of the structure with fy of 550 MPa.
This demonstrates that fy has little effect on the lateral performance of the structure and
it is suggested to reduce the strength of the cold-formed steel appropriately to lower the
overall cost of the CFS-CLPM composite walls in engineering projects.

4.3.4. Span to Height Ratio (L/H)

The span and height of the structure were defined as depicted in Figure 3a. The FE
models with different ratios (L/H) were featured with a constant height (H = 3030 mm),
while the span (L) was taken as 2700 mm, 3900 mm and 5100 mm, corresponding to L/H
of 0.9, 1.3 and 1.7, respectively. As L increased from 2700 to 5100 mm, the number of the
separated CFS-CLPM composite walls with width of 1200 mm rose from 2 to 4.

To highlight the mechanical contribution of CFS-CLPM composite walls to the PC
frame structures, the parametric analyses of L/H were conducted not only on the infilled
PC frames with CFS-CLPM composite walls but also on the corresponding bare PC frames.
Figure 21d shows the load-displacement curves, in which the curves of the infilled PC
frame were lines with symbols. Under L/H of 0.9, Pm and Ke of the infilled PC frame were
respectively 29.13% and 18.06% higher than that of the bare PC frame. Similarly, setting
the bare PC frames as a benchmark at the same ratio of L/H, Pm and Ke of the infilled PC
frame with L/H of 1.3 were increased by 44.83% and 26.85%, respectively, and those of the
infilled PC frame with L/H of 1.7 were increased by 59.58% and 50%, respectively. It is
seen that the CFS-CLPM composite walls have a notable improvement on the Pm of the
PC frame structure, especially on Ke. Hence, it is suggested that the lateral load capacity
and stiffness provided by the CFS-CLPM composite infill walls should be included in the
lateral resistance of the infilled PC frame structure.

On the other hand, it was noted that the P-∆ curves of the bare PC frames with different
L/H were almost same. On this basis, it was assumed herein that the lateral resistance
contributed by the PC frame of the infilled PC frame structure was nearly identical under
different L/H. Thus, compared to the Pm and Ke of the infilled PC frame structure with
L/H of 0.9, Pm of the structure with L/H of 1.3 and 1.7 respectively increased by 7.99% and
16.70%, and Ke respectively increased by 7.54% and 16.63%. Generally, the span-to-height
ratio of the CFS-CLPM composite walls can significantly influence the lateral response of
PC frame structures.

4.3.5. Thickness of CFS-CLPM Composite Walls (tw)

Various tw of 130 mm, 160 mm, 190 mm and 220 mm were investigated, as depicted in
Figure 21e. Compared with the numerical results with tw of 130 mm, Pm of the structure with
tw of 160 mm, 190 mm and 220 mm increased by 6.04%, 10.74% and 15.57%, respectively.
Meanwhile, Ke of the structure with tw of 160 mm, 190 mm and 220 mm were 8.61%,
13.11% and 17.72% higher, respectively. Although the Pm and Ke of the infilled PC frame
structures are enhanced to some extent by increasing of tw, there are some disadvantages
such as more expensive cost, heavier weight for the walls, and less available space of the
buildings. Therefore, the thickness of the CFS-CLPM composite walls should be selected
after comprehensive consideration.

4.3.6. Axial Load Ratio (n)

In view of the variation of axial loads imposed on columns in engineering practices, n
varied from 0.3 to 0.85 were considered, as shown in Figure 21f. Compared to the numerical
results with n of 0.3, Pm of the structure with n of 0.5, 0.7 and 0.85 were 3.87%, 4.23%
and 0.66% higher, respectively, and Ke of the structure with n of 0.5, 0.7 and 0.85 were
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1.01%, 0.16% higher and 3.64% lower, respectively. It can be concluded that axial loads
have a minor effect on the Pm and Ke of the infilled PC frame structures, but they have a
measurably adverse influence on the ductility of the structure due to the premature failure
of concrete and the intensification of the second-order effects.

5. Prediction of the Elastic Stiffness

Elastic stiffness is decisive indexes for the serviceability limit state of structures and a
number of researches have been conducted on the prediction method of elastic stiffness of
members and structures [28]. Based on the experimental and parametric results, the elastic
lateral stiffness of the infilled PC frame structure can be greatly enhanced by the CFS-CLPM
composite walls. However, the lateral stiffness of the infill walls was always ignored in the
previous design model of the PC frame structure, which would not effectively utilize the
structural performance of the PC frame infilled with CFS-CLPM composite walls. Hence,
the contribution of the CFS-CLPM composite walls was considered to accurately estimate
the elastic stiffness of the infilled PC frame structure under horizontal loads in this study.
The elastic lateral stiffness K of the infilled PC frame structure is provided by the PC frame
and CFS-CLPM composite walls, and defined as Equation (2):

K = K f + KW (2)

where Kf is the elastic lateral stiffness of the PC frame, and Kw is the elastic lateral stiffness
of the CFS-CLPM composite walls.

Under horizontal loads, the Muto’s method (modified D-method) was adopted to
calculate the Kf provided by two columns of the PC frame [29]. Thereby, Kf can be obtained
by Equation (3), and the relevant variables are expressed in Equations (4)–(6):

K f = 2(ζ
12ic

hc2 ) (3)

im =
Em Im

lm
(4)

ζ =

{
k

2+k , columns of typical floor
0.5+k
2+k , columns of ground floor

(5)

k =

{
i1+i2+i3+i4

2ic , columns of typical floor
i1+i2

ic , columns of ground floor
(6)

where Em is the elastic modulus of members; Im is the inertia moment of member sections;
lm is the length of members; im is the line stiffness for members; hc is the height of columns;
ic is the line stiffness for columns, and i1~i4 are the line stiffness of beams surrounding the
column as shown in Figure 22.
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Under horizontal loads, the horizontal displacements of the CFS-CLPM composite
walls are induced by the shear and flexural deformation derived from a combination of
the CFS frame and the CLPM fillers. In the assembly of the CFS frame, the studs were
connected to the tracks using self-drilling screws that were assumed to be hinge joints in
mechanical behavior. On the basis of the above assumptions, the horizontal displacement
of the CFS-CLPM composite walls was determined by the shear and flexural deformation
of the CLPM fillers, and was expressed as follows [11]:

∆ =
1.2PH

GtL
+

PH3

3EI
(7)

where P is the horizontal load carried by CFS-CLPM composite walls; H, L, and t are the
height, width, and thickness of the CLPM fillers, respectively; G and E are the shear and
elastic modulus of the CLPM, respectively. I is the inertia moment of the CLPM fillers
section. Thereby, the calculation formula of Kw is described as Equation (8):

Kw =
P
∆

=
1

1.2H
GtL + H3

3EI

(8)

Therefore, the elastic stiffness of the infilled PC frame structure can be calculated by
substituting Equations (3) and (8) into Equation (2). The deduced formula is expressed
as follows:

K = 2(ζ
12ic
h2 ) +

1
1.2H
GtL + H3

3EI

(9)

To verify the reliability, Equation (9) was adopted to predict the initial stiffness of
specimens in Sections 3 and 4. The predictions were compared to the simulations and test
results as listed in Table 6. The average ratio of Kp/Kt is 1.005 with a variation of 0.0021,
which indicates that the proposed calculation method can work well for predicting the
elastic lateral stiffness of the PC frame infilled with CFS-CLPM composite walls.

Table 6. Comparison of predicted lateral stiffness results.

Samples Kt
(kN/mm)

Kp
(kN/mm)

Kp
/Kt

PCF 10.22 10.347 1.012
PCFW 14.53 14.878 1.023

PE-SS 14.967 14.907 0.996
FE-21 16.604 16.375 0.986
FE-22 18.358 17.836 0.972
FE-23 20.14 19.297 0.958
FE-41 14.21 13.192 0.921
FE-42 15.67 15.73 1.004
FE-43 17.54 19.482 1.111
FE-51 15.867 15.967 1.006
FE-52 16.565 17.021 1.028
FE-53 17.269 18.075 1.047

Average - - 1.005
Coefficient of

variation - - 0.0021

Note: Kt is the tested or simulated elastic lateral stiffness; Kp is the predicted elastic lateral stiffness.

6. Conclusions

In this paper, the prefabricated CFS-CLPM composite walls were adopted into the
PC frame. The cyclic tests were performed to investigate the influence of the CFS-CLPM
composite walls on the seismic response of the PC frame structure. Numerical simulations
and analytical prediction of elastic stiffness were conducted further on the PC frame
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infilled with CFS-CLPM composite walls to systematically study the lateral behavior. The
conclusions can be summarized as follows:

1. The failure modes of the PC frame infilled with CFS-CLPM composite walls were
characterized by cracks on the PC frame, diagonal cracks on the CFS-CLPM composite
walls, titling of self-drilling screws, and crushing of the columns. The CFS-CLPM
composite walls remained quite intact and the proposed wall-frame joints could
restrain out-of-plane movements of the walls even at failure.

2. The CFS-CLPM composite walls can significantly improve the lateral behavior of the
PC frame structure. Compared with the bare frame, the lateral load capacity and
elastic stiffness of the infilled frame were respectively 24.9~31.6% and 34.1~38.4%
higher, respectively. Moreover, the energy dissipation capacity of the infilled frame
structure increased by 14%. Despite a slight reduction in the ductility of the infilled
PC frame structure owing to the infill-frame interaction, its failure drift can meet the
elastic-plastic drift requirement of 2%.

3. The numerical analyses of the infilled PC frame structure revealed that CLPM fillers
were the significant lateral resistance elements of the CFS-CLPM composite walls.
Three compressive zones were formed on the CLPM fillers, because the horizontal
shear force was transferred from the PC frame to CFS-CLPM composite walls through
the frame-wall joints between the composite wall and PC beam, and the compression
between the composite wall and the PC column.

4. Parametric analyses of the PC frame infill with CFS-CLPM composite walls indicated
that the strength of CLPM, the span-to-height ratio, and the thickness of CFS-CLPM
composite walls significantly affected the lateral capacity of the structure, while
the strength of concrete, the strength of cold-formed steel and the axial load ratio
affected slightly.

5. A formula considering the lateral resistance of the CFS-CLPM composite walls was
proposed to predict the elastic lateral stiffness of the PC frame infilled with CFS-CLPM
composite walls and the comparisons among prediction and test as well as simulation
results demonstrated that the formula was reliable.
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Abstract: To study the residual lateral capacity of reinforced concrete (RC) columns after being
subjected to static and horizontal impact action, static and horizontal impact tests of a total of sixteen
RC columns were conducted. The variables considered in the tests included the shear-span ratio, the
impact weight and the velocity. The experimental results, including the impact force, the deflection
and the strain, as well as the cracking pattern and the failure mode, were discussed. Compared with
the load–deflection curves under static and impact loading, it can be found that the inertial effect
plays a significant part in the dynamic behaviour of the RC columns. Subsequently, static tests of six
specimens with slight impact damage were carried out to obtain their residual performance. Based
on the Park–Ang damage model that is widely used for assessing the post-seismic performance of
RC members, an evaluation method for the structural residual capacity of RC columns after being
subjected to impact loading was developed, with its accuracy confirmed by the experimental results.

Keywords: RC; horizontal impact; inertial effect; residual capacity; damage coefficient

1. Introduction

With the development of international trade, marine structures are at a high risk of
collision events from vessels during their life service. In the current design code of RC
piers or columns, the equivalent static method is mainly adopted to consider the impact
effect [1–3]. Namely, the equivalent impact force calculated by empirical formulae is
regarded as the static loads acting on the structures, while the inertia effect and the strain
rate effect of material induced by the impact process are neglected. Previous studies have
indicated that the influence of the inertia effect and the strain rate effect on structural
failure modes is significant. For example, simply supported RC beams with flexural modes
under static loads may change to local shear failure when subjected to impact loads, with
a shear pug developed in the mid-span impact area, especially for those without web
reinforcement [4,5]. Therefore, the classical “shear failure valley” model for RC beams
under static loads [6] is not applicable for those under impact loads, in which the effect
of impact mass and speed should be considered. Regarding the existing design codes
for equivalent impact forces of RC members, the calculation method in the Load Code
of Port Engineering JTS 144-1-2010 [7] was established by a limited number of scaled
physical model tests and numerical models, with only the impact mass considered; this
may fail to reflect the actual response and the damage degree of RC members under impact
loads. Therefore, more explicit design methods for assessing the dynamic behaviour of RC
members under impact loads are required.

For RC members with damage caused by collision actions, their residual bearing
capacities can be a significant index to reflect their damage degree and use as a reference for
repair design [8,9]. Considering various reinforcement ratios, stirrup ratios and slenderness
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ratios, drop weight impact tests on a total of thirty RC beams were carried out by Adhikary
et al. [10], and finite element software LS-DYNA was used for parametric analysis. By
comparing the bearing capacity between the undamaged and impact-damaged specimens,
the residual bearing capacity and the residual stiffness for RC beams after being subjected
to impact loads were investigated. It was found that the reduction coefficient of bearing
capacity for RC beams ranged from 0.8 to 1.0 for damaged specimens with obvious oblique
cracks but not complete fail, while the residual bearing capacity coefficient may be de-
creased to 0.2 for those severely damaged specimens. Fujikake [11] conducted flexural tests
on ultra-high performance concrete beams after impact, to assess their residual bearing
capacity. It was found that the static load–deflection curves of the impact-damaged beams
were generally consistent with the undamaged ones, but with the curves starting from the
residual deflection after impact, indicating that the residual bearing capacity of RC beams
could be determined according to their maximum displacements during impact loading.
Based on six half-scale rectangular RC columns with different volumetric reinforcement
ratios, Peng et al. [12] proposed a method for estimating the static shear performance
and the residual axial capacity of RC bridge piers under near-ground lateral loads. A
damage criterion relating to the reduction degree of bearing capacity was proposed by
Tian et al. [13], aiming at investigating the effect of different protective measures, namely,
externally bonded steel plates and external application of aluminium foam. Pei [14] con-
ducted drop weight impact tests on twelve H-shaped steel members and residual bearing
capacity static tests on the impact-damaged specimens; it was found that there is a linear
relationship between the residual bearing capacity and the initial impact energy. In general,
the drop-hammer impact device has been widely adopted for impact tests of structural
components [15–17]. However, the horizontal impact test is rarely reported in the open
literature [18,19], which has a higher capacity for applying impact loads with large mass.

In order to study the response of marine structures under vessel collision loads char-
acterized by large mass and low speed, horizontal impact tests on a total of 13 square RC
columns have been conducted by the authors [20,21], to study their dynamic behaviour
under the effect of different column slenderness, impact masses and velocities. Besides,
static load tests on three RC column specimens with different shear-span ratios have also
been carried out. Through the comparisons of the load–displacement curves derived from
the static load tests and impact tests, the difference in structural response was discussed.
After the impact tests, six damaged specimens were selected for static tests, aiming at their
residual capacities. Based on the experimental results from impact tests and static tests,
this paper mainly focuses on the residual lateral capacities of the impact-damaged RC
members, and further develops the predictive calculation model. The Park–Ang damage
evolution model [22] that has been widely used for assessing the post-seismic resistances
of RC members is modified, to propose an evaluation method for the post-impact damage
coefficient. The accuracy of the modified Park–Ang model was assessed through the com-
parisons between the predicted results against the experimental ones, as well as those from
RC beams subjected to drop-weight impact.

2. Previous Experimental Work
2.1. Tested Specimens

A total of 16 square cross-section RC columns were designed with various cross-
sectional dimensions and diameters of the longitudinal rebars, as shown in Figure 1. For all
the examined specimens, the effective height of the columns, defined as the distance from
the horizontal loading point to the bottom of the column, was 1200 mm. The longitudinal
steel bars were symmetrically reinforced with the reinforcement ratio being 1.4%, while
the stirrups with a diameter equal to 8 mm and a spacing of 70 mm were adopted. The
thickness of the concrete cover was 25 mm. All the specimens were divided into three
groups according to their cross-section width (i.e., 120 mm, 150 mm and 180 mm), and the
corresponding shear-span ratios were equal to 6.67, 8 and 10, with the diameters of the
longitudinal bars being 12 mm, 10 mm and 8 mm, respectively. The material properties
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of the steel bar were measured and are listed in Table 1, in which Φ15 is the pre-stressed
tendons used to apply axial load before the test. The measured average cubic compressive
strength of concrete was 60.39 MPa.
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Figure 1. Details of specimen and measurements. (a) Dimensions of the specimens; (b) Measurements.

Table 1. Material properties of reinforcements.

Reinforcement Φ8 Φ10 Φ12 Φ15

f y (MPa) 408.8 424.6 470.4 886.2
f u (MPa) 541.1 642.3 685.7 1135.7

Note: f y and f u represent the tensile yield strength and ultimate strength of rebar, respectively.

The column specimens were tested under constant vertical compression loads with
either static or dynamic horizontal loads. During the tests, four linear voltage displacement
transducers (LVDTs) were arranged at the column side to monitor the displacement of
specimens, as shown in Figure 1b. Strain gauges were arranged on the longitudinal steel
bar at the bottom area of the column, and the prestressed tendons.

2.2. Static Test

Three RC columns (i.e., SL120, SL150 and SL180) with different cross-section sizes
were tested under constant axial loads and monotonic static horizontal loadings, as Figure 2
shows. The labels of the specimens start with the letters “SL” (representing static loads),
followed by their cross-section width. Axial loads were first applied to the target axial
compression ratio of 0.1 by the jack located at the top of the column. Then, monotonic
horizontal loads were applied by an MTS actuator until the failure of the RC columns.
During the testing, the horizontal loads were recorded by the MST system, while the
corresponding horizontal displacement was measured by the LVDT located at the top of
the column, as displayed in Figure 1b.

261



Buildings 2022, 12, 669Buildings 2022, 12, x FOR PEER REVIEW 4 of 14 
 

 
Figure 2. Static test set-up. 

2.3. Impact Test 
Thirteen RC column specimens were utilized for the impact tests. The details of the 

specimens are listed in Table 2. The labels of the specimens begin with the letters “DL” 
(representing dynamic loads), followed by their cross-section width (i.e., 120, 150 and 180 
mm), impact mass (i.e., 1.2, 1.5 and 1.8 t) and design impact velocity (i.e., 0.4, 0.8 and 1.2 
m/s), respectively. 

The setup for the impact test is indicated in Figure 3, which included a horizontal 
impact device and a vertical drop-hammer impact device. Both devices are connected by 
four fixed pulleys and steel strands. With the drop hammer falling from a certain height, 
the test truck accelerates along the horizontal guide rail under the traction of the steel 
strands until the collision. The initial self-weight of the test truck was 1.2 t, and the maxi-
mum weight can be up to 2.4 t by adding steel plates to the truck. 

In order to accurately capture the time history data of the impact force, both piezoe-
lectric and piezoresistive load sensors were respectively installed at the front of the test 
truck and the column cap. The impact velocity was recorded by infrared technology at the 
position of 10 mm in front of the specimen. Donghua DH5922N signal acquisition instru-
ment was used to collect the data of each sensor (including the load sensors, LVDT and 
strain gauges), with the sampling frequency set equal to 100 kHz. During the impact tests, 
a high-speed camera (OS9, Integrated Design Tools Inc.) with a frame rate of 200 fps was 
applied to record the crack development at the bottom of the column. 

Upon completion of impact tests, residual static load tests were conducted, with the 
test procedure consistent with the static tests, as introduced in Section 2.2. 

Figure 2. Static test set-up.

2.3. Impact Test

Thirteen RC column specimens were utilized for the impact tests. The details of the
specimens are listed in Table 2. The labels of the specimens begin with the letters “DL”
(representing dynamic loads), followed by their cross-section width (i.e., 120, 150 and
180 mm), impact mass (i.e., 1.2, 1.5 and 1.8 t) and design impact velocity (i.e., 0.4, 0.8 and
1.2 m/s), respectively.

Table 2. Details of the specimens and impact test results.

Specimen v0 (m/s) Fp (kN) td (s) umax (mm) ures (mm) Eab,d (kJ) Damage State

DL150-1.5-0.4 0.329 8.899 0.142 7.803 0.53 0.035 #

DL150-1.5-0.8 0.767 44.463 0.211 40.12 7.51 0.307 #

DL150-1.5-1.2 1.191 59.003 0.238 56.01 5.16 0.872 •
DL150-1.2-0.8 1.083 63.943 0.149 43.16 - 0.638 #

DL150-1.8-0.8 0.891 56.878 0.214 58.08 - 0.696 #

DL120-1.2-0.8 0.802 37.139 0.221 54.37 0.17 0.364 #

DL120-1.5-0.8 0.794 34.978 0.228 67.3 1.81 0.402 #

DL120-1.8-0.8 0.869 50.419 0.385 77.25 - 0.645 •
DL180-1.5-0.4 0.503 24.325 0.095 11.24 - 0.153 #

DL180-1.5-0.8 0.743 36.025 0.124 20.1 0.65 0.335 #

DL180-1.5-1.2 1.291 80.309 0.124 39.26 - 0.925 #

DL180-1.2-0.8 0.791 30.131 0.122 15.84 - - #

DL180-1.8-0.8 0.907 71.901 0.114 27.64 1.29 0.708 #

Note: v0 is the measured impact velocity of test truck, Fp is the peak impact force, td is the impact duration time,
umax and ures are the maximum and the residual displacement, respectively, Eab,d is the deformation energy at the
maximum displacement. Damage state can be divided into two types: slight damage (#) and complete failure (•).

The setup for the impact test is indicated in Figure 3, which included a horizontal
impact device and a vertical drop-hammer impact device. Both devices are connected by
four fixed pulleys and steel strands. With the drop hammer falling from a certain height, the
test truck accelerates along the horizontal guide rail under the traction of the steel strands
until the collision. The initial self-weight of the test truck was 1.2 t, and the maximum
weight can be up to 2.4 t by adding steel plates to the truck.
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In order to accurately capture the time history data of the impact force, both piezo-
electric and piezoresistive load sensors were respectively installed at the front of the test
truck and the column cap. The impact velocity was recorded by infrared technology at
the position of 10 mm in front of the specimen. Donghua DH5922N signal acquisition
instrument was used to collect the data of each sensor (including the load sensors, LVDT
and strain gauges), with the sampling frequency set equal to 100 kHz. During the impact
tests, a high-speed camera (OS9, Integrated Design Tools Inc.) with a frame rate of 200 fps
was applied to record the crack development at the bottom of the column.

Upon completion of impact tests, residual static load tests were conducted, with the
test procedure consistent with the static tests, as introduced in Section 2.2.

3. Overview of Experimental Results
3.1. Static Test Results

All the examined specimens exhibited similar experimental phenomena during mono-
tonic static horizontal loading. With the applied static loads increased, it can be observed
that bending cracks developed in the tension zone, followed by the yielding of the longitu-
dinal steel bars. Finally, the concrete cover in the compression area was crushed and spalled.
The failure mode of RC columns was shown to be bending type with good ductility, as
shown in Figure 4a. The load–displacement (F–u) curves of the three static tested specimens
are shown in Figure 4b, and the ultimate strengths and the corresponding displacements are
listed in Table 3. Compared with the specimens SL150 and SL180, the load–displacement
curve of the specimen SL120 rises slowly before reaching the ultimate strength, indicating
more ductile behaviour of the specimen when subjected to static loads.

Table 3. Results of static tests.

Static Tested Specimen Fu (kN) uu (mm) Eab,s (kJ)

SL120 9.92 53 0.708
SL150 15.05 27.79 0.321
SL180 28.5 25.23 0.406

Note: Fu is the static flexural strength; uu is the displacement at the ultimate strength; Eab,s is the absorbed energy
in the static ultimate state, calculated by the surrounding area of the F-u curve and x-axis.
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3.2. Impact Test Results
3.2.1. Crack Development

The column specimens DL150-1.5-1.2 and DL120-1.8-0.8 were severely damaged af-
ter subjected to large impact energy, with the typical flexural failure mode indicated in
Figure 5a. As Figure 5a shows, the compressive concrete cover of these specimens was
crushed. The rest of the column specimens did not reach the failure level in the impact
tests, with the typical flexural failure mode displayed in Figure 5b. For these specimens,
dense bending cracks gradually appeared on the concrete surface during the impact action,
with obvious overall deformation of the columns. Until the maximum displacement was
reached, the main bending cracks developed to be wide and obvious. After that, the column
rebounded due to the elastic deformation energy saved during the impact process.
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3.2.2. Load–Displacement Relationship

The load–displacement (F–u) curves of all specimens under static and dynamic loads
are shown in Figure 6, in which the black solid line and the red dotted line represent the
impact and static loaded specimens, respectively. Note that the displacement time history
data of the specimen DL180-1.2-0.8 was not successfully recorded. It can be found from
Figure 6 that the existence of the inertia effect leads to a significant difference in structural
response under impact and static loads. The peak impact force, the impact duration time,
the maximum and residual displacement and the deformation energy at the maximum
displacement of each specimen can be obtained from the load–displacement curves and are
summarized in Table 2.
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Figure 6. Load–displacement curves under static and impact loading.

According to the feature of the impact load–displacement curves, three stages of the
impact action can be defined [21], namely, initial impact stage, separated stage and second
peak impact stage.

With the initial impact, the RC column will process a larger velocity than that of the
test truck, leading to its acceleration increasing rapidly in a short time. The impact force
rose to a peak value much higher than that of the static load. In fact, the peak impact force
is usually regarded as a virtual resistance [5], since it is mainly induced by the inertia effect,
while the proportion that really acts on the member and results in the overall deformation is
small. Therefore, the traditional ultimate capacity design method under the static condition
may not be suitable for impact conditions, which will lead to a conservative design.

After the initial impact, the test truck was temporarily separated from the RC column,
and the load–displacement curves showed an “unloading valley”. The separated distances
for the specimen series DL150 are about 10 mm. For the specimen series DL120 with large
slenderness ratios and small bending stiffnesses, the separated distances may be relatively
larger and up to about 16 mm.

Due to the existence of structural stiffness, the velocity of bending deformation of
the specimen decreases gradually, and the test truck catches up with it again. Because
the acceleration direction of the column turns to be opposite to that of the test truck, the
direction of inertia force changes to be consistent with the impact force, so the impact
force–time history curve develops in a fluctuated state that is slightly lower than the
static load.

For the specimens (e.g., specimens DL150-1.5-0.4 and DL180-1.5-0.4) impacted with
low initial energy, the longitudinal bars did not reach their yield strains, and the load–
displacement curves fluctuate along the static load curve. From the residual deflection data
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listed in Table 2, it can be seen that most of the slightly damaged specimens were able to
bounce back to the initial position eventually. Then, the free vibration with damping was
performed, and the bending cracks were closed when the impact tests ended. However,
for specimens DL150-1.5-1.2 and DL120-1.8-0.8 with larger impact energy, their bearing
capacities have a significant decrease after the “unloading valley”; it can be concluded that
these specimens have completely lost their impact-resistance capacity after the second peak
impact force.

3.3. Residual Strength Test Results

After the horizontal impact tests, six RC columns with slight damage were selected
for the subsequent residual bearing capacity tests, as listed in Table 4. The letters “DL”
on the labels of these specimens were replaced by the letters “SDL”. It can be seen from
Table 2 that the residual deformations of these six specimens are small, which are in the
range of 0.17~7.51 mm. Prior to the residual static tests, the residual deflection of each
specimen after the impact test is reset to zero. Figure 7 shows the load–displacement curves
of the specimens, while the maximum strengths and the corresponding displacement are
listed in Table 4. It can be concluded that the stiffness and ultimate bearing capacity of the
impact-damaged specimens decreased when compared with their undamaged counterpart,
in which the ultimate bearing capacity decreased by 86% to 93%. Moreover, the initial
impact energy had a slight effect on the residual bearing capacity, as the shapes of the
curves were similar.

Table 4. Results of residual capacity test.

Specimen uu (mm) Fres,ex (kN) Fres,eq (kN)

SDL180-1.5-0.8 27.24 25.65 (0.90) 26.38 (0.93)
SDL180-1.8-0.8 30.90 25.07 (0.88) 25.10 (0.88)
SDL150-1.5-0.8 36.61 13.25 (0.88) 13.11 (0.87)
SDL150-1.8-0.8 30.91 13.94 (0.93) 11.78 (0.78)
SDL120-1.2-0.8 50.82 8.92 (0.96) 8.93 (0.90)
SDL120-1.5-0.8 49.94 8.52 (0.86) 8.73 (0.88)

Note: SDL represent static residual loaded specimen after dynamic test; Fres,ex and Fres,ep are the measured
residual bearing capacity and the result calculated by Formula (5), respectively. The value in parentheses is the
reduction factor of residual bearing capacity.
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4. Damage Assessment and Residual Bearing Capacity Evaluation
4.1. Modified Park–Ang Damage Model

In order to evaluate the damage degree of RC members under seismic loading, Park
and Ang (1987) [22] proposed a damage calculation model based on the structural defor-
mation and energy absorption, as given in Equation (1).

D =
um

uf
+ β

∫
dE

Fyuf
(1)

in which um is the maximum deformation under seismic loading, uf is the failure deforma-
tion when the post-peak resistance of the member has decreased to 85% of its maximum
strength, as indicated in Figure 8,

∫
dE is the cumulative hysteretic energy dissipation, Fy

is the yield strength and β is the energy dissipation factor and can be calculated by:

β = (−0.447 + 0.073λ + 0.4n0 + 0.314ρt)× 0.7100ρw (2)

in which λ is the shear-span ratio and is equal to 1.7 when λ < 1.7, n0 is the axial compression
ratio and is equal to 0.2 when n0 < 0.2, ρt is the longitudinal reinforcement ratio and is
equal to 0.75% when ρt < 0.75%, and ρw is the transverse reinforcement ratio. In general, β
is in the range between 0 and 0.85, and can be taken as 0.05 for the ductile components.
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Figure 8. Typical load–deflection curve of RC members [22].

However, when predicted by the Park and Ang model [22], the damage coefficients for
RC members at the condition of initial undamaged and complete failure under monotonic
loading are not equal to 0 and 1, respectively. Thus, a modified formula was proposed by
Chen et al. (2010) [23] based on the Park and Ang model [22], as given in Equation (3),
which limited the damage coefficient to the range from 0 to 1.

D = (1 − β)
um

uf
+ β

∫
dE

Fy(uf − uy)
(3)

in which uy is the deformation at the yield strength. The damage coefficient is equal to
1 when the post-peak resistance of the member has decreased to 85% of its maximum
strength, representing the complete failure of RC elements.

In this study, in order to evaluate the decreasing degree of ultimate bearing capacity
of impact-damaged members, and satisfy the damage coefficient being equal to 1 when
the member is severely damaged (i.e., its bearing capacity is equal to 0), an attenuation
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coefficient α0 is introduced in Equation (3), which can be used to describe the post-peak
branch of the load–displacement curve. The formula for calculating the reduction coefficient
of residual bearing capacity is defined in Equation (4),

Dres = (1 − β) · α0
umax

uu
+ β

Eab,d

Fy(uu − uy)
(4)

in which α0 = 1/µ0, and µ0 is the ductility coefficient of the post-peak branch of the load–
displacement curve, umax is the maximum displacement during the impact process, uu is the
displacement corresponding to the static ultimate capacity, Eab,d is the cumulative energy
dissipation, namely, the deformation energy in the impact test, and can be determined by
Eab,d = 0.6Ek [24], in which Ek is the initial impact kinetic energy and can be calculated
by 0.5mv0

2.
In order to obtain the whole post-peak branch of load–deflection curves, Ahamd

et al. [25] designed a rigid test device for three-point bending tests of simply supported
RC beams with their shear-span ratios being 2.0 and 3.0. Through these tests, the load–
deflection curves with the post-peak loads decreased to 30% of the corresponding peak
loads were obtained, as shown in Figure 8. On this basis, the post-peak branch of the
curve can be regressed by a power function, as depicted in Figure 8 by the blue dotted line.
However, the fitting curve fails to capture the bearing capacity of the member equal to 0.
Therefore, the point E with its post-peak strength equal to 15% of the maximum strength
is intercepted as the zero point of the bearing capacity, with the corresponding damage
coefficient Dres taken as 1; this leads to its corresponding displacement equal to about
15.6uu. The ductility coefficient µ0 of the post-peak branch can be defined as the ratio of
the displacement at point E and the displacement at the maximum strength (uE/uu). The
ductility coefficient µ0 thus is equal to 15.6 and α0 = 0.064.

From the above discussion, it can be found that, for general ductile members, the value
of α0 is equal to 0.064. For the members with complete brittleness, α0 is equal to 0, while it
is 0.2 for those with significant flexural failure after impact. To sum up, the residual bearing
capacity of RC members after being subjected to impact can be determined by Equation (5),
in which Fres is the residual strength and Fu is the static strength.

Fres = (1 − Dres)× Fu (5)

4.2. Calculation Method of Residual Bearing Capacity

The residual bearing capacity of each of the impact-damaged specimens was deter-
mined by Equations (4) and (5) and listed in Table 4. It was found that the predicted results
agreed well with the experimental ones. With the objective to verify the reliability of the
calculation method of residual bearing capacity after impact, the residual bearing capacity
results of 29 RC beams after drop-hammer impact in References [10,23] were also collected.
The details of the specimens in References [10,26] are listed in Table 5, in which the label of
each specimen starts with the letters “SR” (indicating singly reinforced) or “DR” (indicating
doubly reinforced), followed by the shear-span ratio, longitudinal reinforcement ratio and
stirrup ratio. These specimens were subjected to an identical impact weight of 300 kg. From
the load–displacement curve given in Reference [10], Specimen SR3.8-0.8 failed in complete
brittle shear-type under static load, and α0 is equal to 0. For the specimens subjected to
impact loads with impact heights of 1.2 m and 1.6 m, wide oblique cracks and concrete
crushing were observed after impact, thus α0 is taken as 0.2. The residual strengths of
the beam specimens are determined by Equations (4) and (5), as listed in Table 5. It was
found that the predictions are in good agreement with the measured residual bearing
capacity of flexural failure-oriented members after impact. The mean ratio of the measured
to calculated values is 1.01, with the standard deviation being 0.11. It can be concluded
that the proposed damage model can reflect the damage level of RC members after being
subjected to impact and predicting the residual strength of impact-damaged RC members.
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5. Conclusions

Through the static and horizontal impact tests of RC columns and the subsequent
static residual bearing capacity tests, the following conclusions can be drawn:

(1) With the increase of impact energy, the RC columns finally failed in flexure-
dominant type, characterized by the yielding of tensile longitudinal rebar and the crushing
of concrete cover.

(2) The inertia effect had a significant influence on the impact behaviour of RC mem-
bers. When subjected to impact loads with relatively low energy, the impact response of
the member fluctuates along the static load–displacement curve. However, the bearing
capacity shows an obvious unloading trend when subjected to a relatively high energy
impact load.

(3) The Park–Ang damage evolution model for RC members under seismic loading
is modified, to propose a method for evaluating the residual bearing capacity of impact-
damaged members. Through the comparisons of the residual bearing capacity of six
RC columns in the current study and twenty-nine RC beams subjected to drop-hammer
impact in the existing literature, the accuracy of the proposed evaluation method is verified.
Therefore, the proposed method can be applied to determine the damage coefficient after
impact and evaluate the residual strength of RC elements in practical engineering.
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Abstract: Low-grade metamorphic rock (LMR) is a kind of stone that is widely distributed in
China. The alkali activity strictly prevents its application in conventional concrete. This paper
evaluates the possibility of using LMR aggregate in cement-stabilized pavement base (CSPB). The
compressive strength of CSPB prepared with LMR and limestone aggregates at various curing
conditions was measured. Expansion rates were determined via accelerated simulation tests to
assess the alkali reactivity of LMR, followed by microscopic analysis. Finally, the possibility of using
LMR in CSPB was evaluated from the economic viewpoint. Results indicate that CSPB specimens
prepared with LMR have similar compressive strength at each content of cement, regardless of curing
conditions. The expansion rates of all CSPB specimens with LMR were lower than 0.1%, indicating the
absence of an AAR, which was further validated by the absence of the AAR product in microscopic
observations. It is inferred from the economic analysis that 70.9% lower cost can be achieved by the
replacement of limestone aggregate with LMR aggregate. This demonstrates that technical, economic
and environmental benefits endow LMR with wide market potential as the aggregate of CSPB.

Keywords: alkali–aggregate reaction; low-grade metamorphic rock; cement-stabilized pavement
base; strength; microstructure

1. Introduction

Alkali–aggregate reaction (AAR) is an expansive reaction between alkali-active mineral
components and the soluble alkaline solution from cement and admixtures in concrete
pores [1–4]. Since AAR products have a strong water swelling capability, the expansion
stress generated in the swelling process may exceed concrete strength, which, therefore, can
further cause cracking damage to the concrete structures [5]. AAR is a global problem, and
there are varying degrees of damage caused by AAR in all countries in the world. In 1940,
the United States first discovered an AAR damage to a road in Bradley, California [6]. In
the 1850s, Denmark surveyed 431 concrete buildings across the country, of which, 34% had
suffered varying degrees of AAR damage, and 15% were completely destroyed. Since then,
the United Kingdom, France, Australia, Spain, Switzerland, and Canada have all discovered
cases of AAR causing concrete structure damage [7]. In 1990, there were many reports of
AAR damage in China. AAR accidents occurred in Beijing, Tianjin, Shandong, Shaanxi,
Inner Mongolia, Henan and other places. The damaged projects involved overpasses,
airports, concrete bridges, railway sleepers, and civil buildings. Relevant investigations and
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studies have shown that the alkali content of cement is generally high in China, especially
in the northern regions, and alkali-reactive aggregates are widely distributed [8–13].

Low-grade metamorphic rock (LMR) is a resource of manufactured sand, widely
distributed in China with a large reserve. Using these LMRs as aggregates for concretes can
reduce costs and alleviate the crisis of river sand resource shortages. However, the potential
for alkali reactivity has been found in LMR aggregates [1,14–17]. If LMR is directly used
without taking any action, the reactivity will cause concrete to expand and crack, posing a
serious threat to the safe operation of the infrastructure. Consequently, it is very important
and crucial to prevent and detect the alkali–aggregate reactivity of LMR aggregates [18,19].
Currently, there are severe application problems for the use of LMRs and a need to quickly
evaluate their alkali reactivity and effectively prevent and control these harmful reactions
when they are used as concrete aggregates.

Three well-known basic conditions are necessary to trigger the alkali–aggregate re-
action in concrete, including a humid environment, and the presence of active aggregates
and free alkali [20]. This means AAR can be avoided if the free alkali content is controlled.
From this viewpoint, LRM has the potential to be used in cement-stabilized pavement base
(CSPB), given that the free alkali is mainly from cement, and the amount of cement in CSPB
is quite low.

Therefore, this paper evaluates the possibility of LMR aggregates for the preparation
of CSPB. The strength, expansion behavior and micromorphology of cement-stabilized
pavement base with low-grade metamorphic rock (LMR-CSPB) are tested. The economic
benefit of using LMR in CSPB is also analyzed.

2. Materials and Methods
2.1. Materials

The 42.5 grade Ordinary Portland cement (P.O 42.5 Retarded cement) from Southwest
Cement Co., Ltd. (Kaili, China), was used in this investigation. The properties of the cement
are listed in Table 1, and its chemical composition is shown in Table 2.

Table 1. Physical properties of cement.

Normal
Consistency

(%)

Alkali
Content

(%)

Specific
Surface Area

(m2/kg)
Setting Time (min) Compressive/Flexural

Strength (MPa)

Initial Final 3d 28d

27.1 0.56 330 206 421 19.1/4.3 46.6/10.8

Table 2. The chemical composition of cement (wt%).

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss

23.10 6.21 4.05 59.60 3.18 1.82 2.03

LMR aggregates were provided by Shi Jiangchong quarry (Kaili, China) in the south-
east area of Guizhou Province, China. Crushed low-grade metamorphic rock with four
particle size grades, i.e., 20–30 mm, 10–20 mm, 5–10 mm and 0–5 mm are used, the particle
size distribution is listed in Table 3. The alkali activity of the LMR in the Shi Jiang Chong
quarry was judged by the rapid mortar rod method, and a total of 137 groups of LMR rocks
were sampled and tested for the alkali activity during different time periods between May
2017 and July 2019, which can indicate the fluctuation of the alkali activity of the LMR rock.
The monitoring results of the alkali activity of the LMR in the Shi Jiang Chong quarry are
illustrated in Figure 1. It can be seen that the 14 days-expansion rate of LMR is basically
between 0.1% and 0.2%, and the expansion rate of almost all specimens is less than 0.3%,
which meets the requirement in TB/T 3275 [21].
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Table 3. The size distribution of LMR aggregates.

Type of
Aggregate

Particle Size
/mm

Sieve Size (mm)/Accumulated Screening Rate (%)

31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

LMR

20~30 2.5 60.8 97.4 99.5 100
10~20 1.6 9.4 56.6 79.2 98.5 99.9 100
5~10 0.8 5.3 51.6 99.1 99.8 100
0~5 1.6 33.5 47.1 70.5 81.8 87.6 92.5
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Figure 1. The monitoring results of the alkali activity of LMR.

Crushed limestone rock is used for comparison in this investigation. The gradation
of limestone coarse aggregate and fine aggregate was adjusted to be the same as that of
LMR rock aggregates to avoid the influence of different gradations on the test results
when designing the experiment. The physical properties of LMR aggregates and limestone
aggregates are shown in Tables 4 and 5. The basic performance indexes of coarse aggregate
and fine aggregate of shallow metamorphic rock meet the requirements in the JTG/T
F20 [22], and these can therefore be used as aggregate to prepare CSPB material.

Table 4. The physical properties of LMR coarse aggregate.

Type of
Aggregate

Particle Size
/mm

Apparent
Density
(kg/m3)

Crushing
Value (%)

Elongated or
Flat Particle

(%)

Water
Absorption

(%)

Soft Stone
Content (%)

Less than
0.075 mm

Particles (%)

LMR
20~30 2.712

15.3
16.4 0.2 1.8 0.6

10~20 2.741 17.4 0.3 2.3 0.9
5~10 2.687 19.8 0.6 2.8 1.2

Limestone
20~30 2.763

12.2
11.5 0.2 1.2 0.4

10~20 2.801 11.8 0.2 1.6 0.7
5~10 2.722 18.8 0.4 1.8 0.9

Requirements in JTG/T F20-2015 / ≤26 ≤20 / ≤3 ≤2

Table 5. The physical properties of LMR fine aggregate.

Type Requirements in
JTG/T F20-2015 LMR Limestone

MB value (g/kg) / 0.75 0.75
Powder content (%) ≤15 14.2 9.8
Angularity test (s) ≥30 35.9 38.3
Apparent density (kg/m3) / 2.704 2.731
Water absorption (%) / 2.1 1.5
Less than 0.075 mm particles (%) ≤15 8.6 8.2
Organic matter content / Qualified Qualified
Trioxide content (%) ≤0.25 0.079 0.061
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2.2. Mixing Proportion Trial of the LMR-CSPB

To reduce the test deviation, the proportion of each raw material was determined
based on its screening test. Then the standard sieve (pore size: 19 mm, 9.5 mm, 4.75 mm,
2.36 mm) was used to weigh each raw material in proportion to form a mixed aggregate
of LMR-CSPB.

The aggregate combination of LMR-CSPB material is listed in Table 6. A unified
grading was used in the mixing proportion trial when the aggregate was selected to avoid
the difference in gradation from affecting the test results and to ensure the validity of the
test data. The requirements of aggregate gradation for LMR-CSPB materials are shown
in Table 7.

Table 6. Aggregate combination mode in LMR-CSPB.

Aggregate Combination
Mode Coarse Aggregate Fine Aggregate

A Low-grade metamorphic rock Low-grade metamorphic rock
B Limestone Limestone
C Low-grade metamorphic rock Limestone

Note: The gradations of limestone coarse aggregate and fine aggregate were adjusted to be the same as those of
LMR rock aggregates to avoid the influence of gradations.

Table 7. Uniform grading requirements for LMR-CSPB.

Key Sieve (mm) 19 9.5 4.75 2.36 0.075

Passing ratio (%) 80 50 30 20 0~6

The content of cement in CSPB varies from 3% to 6% in mass. Detailed mix proportions
are shown in Table 8.

Table 8. Mix proportions of CSPB.

Test Plan

Cement Dosage

3% 4% 5% 6%

M
Value

O
Value

M
Value

O
Value

M
Value

O
Value

M
Value

O
Value

A 2.34 5.2 2.34 5.2 2.33 5.3 2.34 5.3
B 2.26 5.0 2.27 5.0 2.28 5.1 2.29 5.1
C 2.32 5.1 2.32 5.1 2.33 5.2 2.34 5.2

Note: In the above table, the “M value” refers to maximum dry density, and its unit is g/cm3; the “O value” refers
to optimal water content, and its unit is %.

2.3. Methods
2.3.1. Compressive Strength

Strength is one of the most important performance indicators for the pavement perfor-
mance of CSPB materials. To verify the strength properties of Base metamorphic rocks as
road pavement material, LCR-CSPB specimens with the dimension of ϕ150 mm × 150 mm
were prepared and cured under standard and dry–wet cycle curing conditions, respectively.
The strength was measured at 7d, 14d, and 28d, respectively, according to JTG E51 [23].

2.3.2. Accelerated Simulation Experiment

The two ends of the CSPB specimen were cut flat and then dried in an oven. After
the epoxy resin was completely cured, the initial test length of the CSPB specimen was
measured and placed in a constant temperature water bath at 80 ◦C for curing. After
24 h, the specimen was taken out, and its reference length was quickly measured. Then
specimens were cured in an 80 ◦C, 1 mol/L NaOH solution. Finally, the expansion rate of
the CSPB specimen was tested at 3d, 7d, 10d, 14d, and 28d, respectively.
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2.3.3. Microscopic Observation

A field emission scanning electron microscope (FESEM, Zeiss Ultra Plus) was em-
ployed to observe the microstructure of hydration products and cracks in the interface
transition zone (ITZ) of concretes.

3. Results and Discussion
3.1. Trial Calculation of Total Alkali Content in CSPB

There is a specialized calculation method for the alkali content in CSPB using the
relevant standards in China and abroad. The calculation method of the total alkali content
of concrete is the sum of the alkali content of each constituent material (cement, admixtures,
mineral admixtures, etc.) in the concrete. Therefore, the alkali content of CSPB is calculated
by referring to Formula (1), which is consistent with the formula of concrete. The results
for the total alkali content of different structures are shown in Table 9.

ma = (mc + 10)× (cc + 0.1%) + mca × cca + mma × cma (1)

where ma is the total alkali in concrete (kg/m3); mc is the amount of cement in concrete
(kg/m3); mca is the amount of admixture in concrete (kg/m3); mma is the amount of
mineral admixture in concrete (kg/m3); Cc is the effective alkali content of cement, and it is
calculated as 100% of the alkali content of the cement (%); Cca is the effective alkali content
of admixture, and it is calculated as 100% of the alkali content of the admixture (%); and
Cma is the effective alkali content of the mineral admixture (%).

Table 9. Total alkali content of various structures.

Type C30 Concrete Concrete
Pavement

Rolling Poor
Concrete Base

Cement-
stabilized

Pavement Base

Cement (kg/m3) 360 400 170 80
Cement ratio (%) 16.2 23.5 7.7 3.5

Total alkali
content (kg/m3) 1.94 2.00 0.85 0.45

Note: The cement ratio refers to the ratio of cement mass to the total mass of cements and aggregates. The alkali
content of the cement in cement-stabilized pavement base is calculated as 0.56%.

Using the calculation, the 20% alkali content of fly ash is considered its effective alkali
content, and the effective alkali content of silica fume and granulated blast furnace slag
powder can be calculated as 50% of their alkali content. However, the effective alkali
content of other mineral admixtures should be determined through experiments. The value
of 0.1% is the supplementary amount for the effective alkali content to compensate for the
fluctuations in the alkali content of the cement.

From Table 9, the total alkali content of CSPB is lower than other groups of concrete
structures. At 0.45 kg/m3, this is much less than the level (not more than 3 kg/m3) that
induces AAR [24]. The main reason is that the cement content of CSPB is generally between
3–6% by mass, which is much less than that of other concrete structures. Therefore, its
total alkali content is lower than other concrete structures, and it does not meet a necessary
condition for the alkali–aggregate reaction of “sufficient soluble alkali in the concrete
pore solution”.

3.2. Strength of the LMR-CSPB

The strength of CSPB specimens under different curing environments and cement
dosages is illustrated in Figure 2. It is clear that under different curing ages, the strength
of CSPB specimens in standard maintenance is better than that in a dry–wet cycle curing
environment. Under the same curing environment, strength increases with the extension
of the curing age and with the increase in cement dosages. At the same time, the strength
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of all CSPB specimens is greater than the design value of 4.0 MPa under different curing
environments, cement contents, and curing ages, which meets the design requirements
in JTG/T F20.
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Figure 2. The strength of CSPB specimens under different curing environments and cement dosage.

To analyze the difference in strength performance of CSPB material prepared from
LMR as aggregate and other commonly used rock aggregates, limestone was used as a con-
trol group for testing, and the 4% cement dosage was selected in the experiment. Figure 3
illustrates that the strength of CSPB specimens with LMR is similar to that of limestone
CSPB specimens in standard maintenance and dry–wet cycle curing environments. This
shows that LMR can replace general stone as aggregate to prepare CSPB material, and
it meets the strength requirements. Therefore, it is feasible to use LMR as aggregate to
prepare CSPB.
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3.3. Accelerated Simulation Experiment

Expansion rates of LMR-CSPB from the mortar bar method are shown in Figure 4. It is
clear that the expansion of LMR-CSPB specimens increases with the curing time regardless
of the cement dosage. However, the 14-d expansion rate of all specimens is less than 0.1%,
which indicates that no AAR occurred in the LMR-CSPB specimens. The main reason is
that the amount of cement used is very small, and its total alkali content is low. A sufficient
alkaline solution environment for AAR is not provided in LMR-CSPB. Therefore, it will not
cause the occurrence of AAR when the LMR is used in the CSPB within the cement dosage
of 6%.
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Figure 4. Accelerated simulation test results of the expansion rate of LMR-CSPB specimens.

3.4. Microscopic Observation

The AAR can be divided into alkali-silicic acid reaction (ASR) and alkali-carbonate
reaction (ACR) according to the different types of alkali active minerals in the aggregate [25].
For shallow metamorphic rock aggregates, if alkali–aggregate reaction occurs, it is mostly
ASR because of the high content of SiO2. The principle of ASR is that the active SiO2 in
the aggregate reacts with the alkali in the pore solution, forming an alkali-silicic acid gel
in the transition zone of the interface between the aggregate and the cement paste. The
ASR product is mostly honeycomb-shaped gel with high water absorption. When the
stress caused by swelling due to water absorption exceeds the strength of the concrete,
it will cause the concrete to crack [26,27]. Therefore, whether there is an alkali aggregate
reaction can be judged by observing the morphology around the aggregate and analyzing
the product composition in the transition zone between the aggregate and the cement paste.

The morphologies of LMR-CSPB are shown in Figure 5. Figure 5a,b present the
bonding state of the ITZ in the LRM-CSPB and L-CSPB specimens. It is obvious that the
bonding between the aggregate and the cement paste is relatively close, and the structure
is compact for both LMR-CSPB and L-CSPB. In L-CSPB specimens, an obvious crack is
found at the edge of the aggregate. However, there is no crack in the interface of LRM-
CSPB specimens. Magnified observation and analysis of the transition zone between the
aggregate and the cement paste were carried out to clarify whether the crack is caused by
AAR (see Figure 5c,d). The distribution of hydration products in the ITZ of LRM-CSPB
and L-CSPB specimens is illustrated in Figure 5e,f. From Figure 5d,f, it can be seen that
there is calcium hydroxide and ettringite hydrate in the crack, and there is no honeycomb
alkali-silicate gel. At the same time, there are obvious rod-shaped ettringite crystals (AFt),
hexagonal calcium hydroxide, and amorphous or agglomerated C-S-H gel products in the
L-CSPB specimens. In addition, no AAR product can be observed.
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Figure 5. Sample microscopic analysis: (a) bonding of aggregate and cement in LMR-CSPB;
(b) bonding of aggregate and cement in L-CSPB; (c) the ITZ of LMR-CSPB; (d) the ITZ of L-CSPB;
(e) the hydration products in the LMR-CSPB; (f) the hydration products in the L-CSPB.

Similarly, the honeycomb-shaped alkali-silicate gel was not found in the ITZ of
LMR-SCPB specimens, as shown in Figure 5e. There are obvious ettringite crystals, cal-
cium hydroxide, and C-S-H gel in the LMR-CSPB specimens, and the adhesion is tight
(Figure 5f). Comparison with the L-CSPB specimens shows that the LMR can be used as
the raw material for the preparation of CSPB, and its strength meets the requirements of
engineering design.
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3.5. Economic and Environmental Analyses

Compared with the ordinary cement-stabilized pavement base, the technical and
economic analysis of preparing one cubic meter of LMR-CSPB is shown in Table 10. As
can be seen, the cost of one cubic meter of ordinary cement-stabilized pavement base and
LMR-CSPB are about CNY 2705.18 and CNY 787.20, respectively. The LMR-CSPB can save
70.9% of the cost of an ordinary cement-stabilized pavement base.

Table 10. The technical and economic analysis of preparing LMR-CSPB.

Raw Materials

L-CSPB/m3 LMR-CSPB/m3 LMR-CSPB/m3 L-CSPB/m3

Dosage/t Unit Price
CNY(USD)/t Dosage/t Unit Price

CNY(USD)/t Dosage/t Shipping Cost
CNY(USD)/t

Unit Price
CNY(USD)/t Dosage/t Shipping Cost

CNY(USD)/t
Unit Price

CNY(USD)/t

Manufactured sand 1 33(5.10) 1 40(6.18) 5.33 0 40(6.18) 5.33 103 (15.92) 136 (21.03)
Gravel 1 35(5.41) 1 40(6.18) 14.35 0 40(6.18) 14.35 103 (15.92) 138 (21.33)

Total cost CNY(USD)/m3 - - 787.2 (121.70) 2705.12 (418.21)
Cost saving/% 70.9

Note: CNY is a unit of RMB, which is converted to USD at 0.1546 rates. Economic benefit of the cement-stabilized
pavement base with low-grade metamorphic rock is relative to ordinary cement-stabilized pavement.

In addition, the preparation of LMR-CSPB can involve the recycling of waste resources,
such as shallow metamorphic rocks. It can also promote the scientific utilization of shallow
metamorphic rock in the pavement base layer, which can improve the quality of con-
struction and operation of the project and make the application of LMR-CSPB material
on the pavement in areas enriched with shallow metamorphic rocks reach a new level.
This promotes the sustainable development of engineering construction in areas enriched
with shallow metamorphic rocks. Thus, it is summarized that LMR-CSPB has a great
engineering significance and economic value, and its application prospects are very broad.

From the environmental viewpoint, the replacement of river sand with manufactured
sand can eliminate severe impacts in river basin environments, such as decreased species
diversity and biomass of aquatic organisms [28,29]. In addition, the replacement of locally-
produced LMR aggregate for far-shipped river or manufactured limestone sand not only
makes use of local resources but also reduces CO2 emissions due to transportation.

4. Conclusions

This paper investigates the possibility of using LMR in CSPB, given that the alkali
content of CSPB is low compared to traditional concrete due to the limited usage of concrete.
Based on the findings, the main conclusions can be drawn as follows:

1. The total alkali content of CSPB is 0.45 kg/m3, which is lower than the required value
(normally higher than 3.0 kg/m3), for triggering AAR.

2. CSPB has a higher compressive strength with a higher content of cement. In addition,
the compressive strength of CSPB prepared with LMR is similar to that of limestone
aggregate regardless of standard curing or wet–dry curing.

3. An accelerated simulation test demonstrated that there is no AAR in LMR-CSPB,
given that the 14-d expansion rates are lower than 0.1% for all mixtures. This was
further validated by microscopic analysis showing that no AAR product was found
in any area of LMR-CSPB.

4. LMR-CSPB has a cost 70.9% lower than ordinary cement-stabilized pavement base,
demonstrating the significant benefit of using LMR for the preparation of CSPB.
Destruction of river basin environments can be avoided, and CO2 emission caused by
sand transportation can be reduced by using locally-produced LMR aggregate.

Therefore, it is concluded that LMR has a high potential to be used for preparing CSPB
from technical, economic and environmental viewpoints.
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Abstract: To improve the utilization efficiency of iron tailings (IOT) and recycled coarse aggregate
(RCA), the mechanical properties, erosion depth and other erosion characteristics of recycled aggre-
gate concrete (RAC) with different IOT amounts were studied in salt spray erosion environments
and the erosion mechanisms were analyzed by SEM technology. The results showed that at the same
erosion age, IOT caused the compressive strength and splitting tensile strength of RAC to tend to
first increase and then decrease, with the optimum mixing amount being approximately 40%. Under
the same conditions, the erosion depth of RAC was much higher than that of ordinary concrete.
The erosion depth first decreased and then increased with an increasing amount of IOT. When the IOT
content was 30–40%, the salt spray erosion depth reached its minimum. The solidification coefficient
K1 first decreased and then increased with the increase in iron tailings content. At its lowest point,
the iron tailings content was approximately between 30% and 50%, which demonstrated that the
higher the salt spray erosion age, the larger the solidification coefficient. Through SEM microscopic
images, it could be seen that the appropriate amount of iron tailings caused the formation of salt
spray erosion crystals and that the effect of physical expansion pressure caused a reduction in the
porosity of RAC and a slight increase in its mechanical properties and salt spray erosion resistance.
When the iron tailings content was large, the optimal mix ratio of the concrete also changed and then
harmful pores and cracks were regenerated. Therefore, resistance to salt spray erosion was weakened.
The research in this paper provides a theoretical basis for the engineering application of recycled
concrete with tailings in salt spray environments.

Keywords: iron tailings; recycled concrete; salt spray environment; erosion characteristics; erosion
mechanisms

1. Introduction

As granular waste from iron ore smelting, IOT have the obvious characteristics of fine
powder and pozzolanic activation [1]. The porosity and related mechanical properties of
recycled aggregate concrete are lower than those of ordinary concrete due to the existence
of adhesive mortar [2,3]. At the same time, the utilization rate of IOT in China is less than
30%, which is far lower than the 90% rates in other developed countries [4,5]. Finally,
a large amount of funds needs to be invested every year to deal with this problem, which
has become the main factor in the restriction of the economic and ecological development
of our country. When we are able to give full play to the respective performance of IOT
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and combine them with RAC to make recycled concrete with tailings, it improves their
performance and provides a strong push to respond to the national policy of “clear waters
and green mountains are as good as mountains of gold and silver”.

Under the action of salt spray, chloride ions that attach to the concrete surface gradually
erode and soak into the concrete, resulting in the destruction of the passive film of the
reinforcement, the erosion of the reinforcement and even the durability failure of the
structure [6]. Kamiharako [7] analyzed the relationship between the number of chloride
ions attached to a structure’s surface and the shape of the structure through numerical
simulation and software analysis. Then, a set of techniques were proposed for applying
these results to the prediction of the amount of chloride ingress in the concrete members
of a bridge superstructure. Chendra [8] analyzed the main influencing factor of flow
field on the chloride ion adsorption capacity of a concrete surface by using the wind
tunnel test. Then, the amount of sea salt in the air was estimated through numerical
simulation (computational fluid dynamics). Mohamed [9] developed a new artificial neural
network (ANN) to predict the chloride ion penetration level and compressive strength of
a self-compacting concrete mixture, which was in good agreement with our test results.
Ariyachandra [10] discussed the effect of NO2 isolated recycled concrete aggregate (NRCA)
on the chloride diffusion and chloride binding capacity of concrete, the results of which
showed that the addition of NRCA increased the formation of Friedel’s salt and Kuzel’s
salt in concrete and enhanced the chloride ion binding ability of concrete. The results also
identified the mechanisms for enhancing the chloride ion erosion resistance of NRCA mixed
concrete. Rajamallu [11] studied the chloride ion permeability and erosion characteristics
of cement concrete that was partially replaced by slag and silica fume and showed that it
could strengthen erosion resistance. Su [12] simulated the combined effects of marine salt
spray environments and fatigue alternating loads. The results showed that the greater the
stress level and the greater the loading frequency, the greater the chloride ion content at the
same depth.

At present, experts and scholars have systematically studied the erosion characteristics
and erosion mechanisms of ordinary concrete in salt spray environments, but research on
recycled concrete with iron tailings has been relatively less extensive. Oritola [13] used
microscopic and physical examination techniques to test and evaluate five types of iron
tailings that were obtained from different places and compared them to ordinary natural
aggregate. The results showed that iron tailings could be used well in concrete. Protasio [14]
studied the pozzolanic activity and comprehensive pore size distribution of concrete with
iron tailings using thermogravimetric analysis, XRD and uniaxial compression tests. Then,
the influence laws of different replacement proportions of iron tailings on the compressive
strength and workability of concrete were obtained. Wang [15] studied the strength of
recycled concrete that was mixed with construction waste and iron tailings. When the
additional water content of the recycled aggregate was 0% and the content of iron tailings
was 60%, the compressive strength of the recycled concrete was at its highest. Wei [16]
conducted experimental research on 12 groups of high-ductility recycled concrete with iron
tailings and systematically studied the main mechanical properties, such as compressive
strength, flexural strength and splitting tensile strength. The results showed that the
mechanical properties first increased and then decreased with the increase in iron tailings
content and reached a peak when the iron tailings content was 30%. Cui [17] used the
variance analysis method to analyze the compressive strength of recycled concrete with
iron tailings under different working conditions. Professor Wang of the Xi’an University of
Architecture and Technology [18–22] conducted a systematic macro- and micro-analysis
on the strength, mechanical properties, deformation properties, carbonation, freeze–thaw
cycles and other durability factors of recycled concrete with tailings, which provided a
valuable basis for the development of recycled concrete with tailings.

Therefore, this paper studied the erosion characteristics and mechanisms of recycled
concrete with different amounts of iron tailings under different periods of salt spray erosion
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in order to find the optimal amount of iron tailings for salt spray environments and provide
a theoretical basis for engineering applications.

2. Test Materials

Qinling ordinary portland cement (p.o.42.5) and Bahe natural river sand were used
in our tests. Natural coarse aggregate (NCA) was made from artificial crushed stone with
particle size range of 5–20 mm and continuous grading. Recycled coarse aggregate (RCA)
was a common material found in Xi’an market, which has been in service for 30 years.
The strength grade of the original concrete was C30. After screening, cleaning, drying,
bagging and the other procedures, it could be used for later tests.

The iron tailings (IOT) came from the YAOGOU tailings reservoir in Shangluo, Shaanxi
Province, which was accumulated by the waste slag that was generated after steelmaking
and covered an area of nearly 1000 square meters up to 6.8 m high. According to incomplete
statistics, the accumulation of tailings accounted for 45.67% of industrial waste in China.
In 2020–2021, the comprehensive utilization of industrial solid waste was 2.059 billion
tons with a utilization rate of 62.3%, but this rate for tailings was only 18.9%, which still
leaves a lot of room for development. In this paper, the constituent elements of iron tailings
were determined using energy spectrum analysis with the Vario EL cube and the particle
gradation was determined using a negative pressure grading screen, as shown in Figure 1,
Tables 1–3. The performances of the main test materials met the requirements for the
relevant specifications [23,24].

Figure 1. The grain gradation of coarse and fine aggregate: (a) coarse aggregate; (b) fine aggregate;
(c) IOT.

Table 1. The main components of the cement and IOT.

Mineral Composition C O Mg Al Si S K Ca Fe Ti

Cement 4.12 47.54 0.74 1.54 6.11 1.10 0.53 56.84 0.93 0.01
IOT 0 56.49 6.95 8.38 17.46 - 3.02 1.68 5.28 0.74

Table 2. The main performance index of the cement.

Water Requirement of
Normal Consistency (%)

Initial
Setting

Time (min)

Final
Setting

Time (min)

Fineness
(45 µm)

Stability
Flexural Strength

(MPa)
Compressive

Strength (MPa)

3 d 28 d 3 d 28 d

28 160 280 2.8 Qualified 5.2 6.8 19.5 42.2

At the same time, based on previous results obtained by the research group, the re-
placement rate of recycled aggregate was 30% [18–22]. For the convenience of comparative
analysis, the tailings dosage was 0%, 10%, 20%, 30%, 40%, 50%, 70% and 100% and the
water–cement ratio and the sand ratio were 0.4 and 0.35, respectively. The mix proportion
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was also carried out according to JGJ/T443-2018 [25]. The mix proportion of each test is
shown in Table 4.

Table 3. The performance index of the main materials.

Performance
Index

Apparent
Density
(kg/m3)

Bulk
Density
(kg/m3)

Crushing
Value

Index (%)

Water
Absorption

(%)

Sediment
Percentage

(%)

Moisture
Content

(%)

Organic
Matter

Content

Alkali
Aggregate
Reaction

NCA 2941 1749 10.3 1.33 0.72 0.8 Qualified Qualified
RCA 2536 1467 14.8 7 1.86 3.02 Qualified Qualified

Norm value [23] ≥2500 ≥1300 ≤16 - ≤1.0 - Qualified Qualified
Sand 2764 1830 12 2.12 1.2 4.1 Qualified Qualified
IOT 2745 1824 19.53 8.7 2.9 1.45 Qualified Qualified

Norm value [23] - - ≤10 - ≤3.0 - Qualified Qualified

Table 4. The mix design of the recycled concrete under different working conditions (kg/m3).

Serial Number No
Cementitious Materials Coarse Aggregate Fine Aggregate

Water
Cement NCA RCA Sand IOT

1 NAC 538 1063 0 572 0 215
2 RAC-1 538 735 315 566 0 215
3 RAC-2 538 739 317 512 57 215
4 RAC-3 538 743 319 458 114 215
5 RAC-4 538 744 319 402 172 215
6 RAC-5 538 751 322 343 229 215
7 RAC-6 538 755 324 290 290 215
8 RAC-7 538 763 327 176 410 215
9 RAC-8 538 773 331 0 594 215

3. Test Setup

To simulate the chloride ion erosion characteristics of recycled concrete with tailings in
salt spray environments, cube test blocks (100 mm × 100 mm × 100 mm) were used to test
the salt spray erosion depth and change in ion content characteristics. To avoid the influence
of multi-dimensional salt spray erosion on the erosion depth and ion concentration of the
test block, a non-pouring surface was reserved as the salt spray erosion surface after the
maintenance. The test process is shown in Figure 2.

Figure 2. The salt spray test flow chart.

The test used a large salt spray erosion test box that was produced by Yingbai Technol-
ogy Co., Ltd. in Wuxi Wuxi City, Jiangsu Province, China. When the test block had eroded
to the specified age (7 d, 14 d, 28 d and 90 d), the salt spray erosion depth and ion content
were measured using the following procedures:
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(1) For the erosion depth measurement, a split along the erosion surface was sprayed
with a 0.1 mol/L AgNO3 solution and after 15 min, 10 points on the cleavage surface
were measured with a digital depth meter and the average value was calculated;

(2) For the ion concentration value, the single side grinding method was used to collect
powder from the eroded surface every 2 mm, layer by layer up to 10 mm. Then,
holes were drilled every 5 mm to collect the powder and the powder was then filtered
through a 0.16 mm sieve. According to the specifications [26], the total chloride ion
concentration Ct and the free chloride ion concentration Cf were then extracted with
dilute nitric acid mixed with distilled water and titrated potassium thiocyanate mixed
with potassium chromate, respectively. The solid–liquid extraction method [27] was
used to determine the mass fraction.

4. Test Results
4.1. Slump Values

Table 5 shows the slump values of the RAC with different IOT contents. It can be seen
that the values decreased significantly with the increase in IOT content. When the content
reached 100%, its value was 48.2% lower than that of NAC. The main reason for this is
that the IOT had fine particles and a large specific surface area, which meant that its active
components could promote the hydration of cement and then reduce the amount of free
water and slump.

Table 5. The slump values of RAC with IOT.

No. NAC RAC-1 RAC-2 RAC-3 RAC-4 RAC-5 RAC-6 RAC-7 RAC-8

Cement 141 134 122 108 103 95 81 76 73

4.2. Compressive Strength

Figure 3 shows the change curve of the compressive strength of the cubes and its
growth coefficient after salt spray erosion. The growth coefficient was defined as the ratio
between the actual strength and the strength for the same age of salt spray erosion at 0 days
(natural curing for 28 days). It can be seen from Figure 3a that the influence trends of the
different tailings dosage conditions for the same erosion age were the same. Except for
ordinary concrete, the compressive strength increased when the tailings content was lower
(≤40%) for the same salt spray erosion age and the higher the tailings content, the greater
the compressive strength. For example, when the content of IOT increased from 0% to 40%,
the compressive strength increased by 24.52% (0 d), 21.72% (7 d), 18.86% (14 d), 18.82%
(28 d) and 19.60% (90 d). The main reason for this is that the tailings presented a certain fine
powder and activity. Under the same conditions, the concrete became denser, the porosity
decreased and the compressive strength increased with the addition of a 40% content of
IOT. At the same time, when the IOT content was higher (>40%), the compressive strength
decreased. This change trend was similar to that found in the results of other studies [27–29]
on ordinary concrete.

Figure 3b shows the change rule for the compressive strength growth coefficient to salt
spray erosion age under the same iron tailings mixture ratio. It can be seen that the change
trends of the compressive strength growth coefficient caused by salt spray erosion were
similar. With the same tailings content, the increase in erosion time generally demonstrated
the trend of the growth coefficient of the compressive strength first increasing and then
decreasing. Most of the concrete that was mixed with tailings had a peak point at 14 days,
but the increased value was relatively limited with most being below 10% and some being
less than 4%. In addition, there were a few concrete mixtures with peak points at 28 d,
such as RAC-7 (70%) and RAC-8 (100%). The main reason for this is that when the tailings
content was high, the design mix ratio of the concrete changed, the porosity increased
and the peak point was pushed back. At the same time, when the salt spray erosion age
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was 90 d, the tailings content was 100%. In this case, the compressive strength was also
increased by 0.78% compared to 0 d.

Figure 3. The influence of IOT content on the compressive strength of the cube: (a) the compressive
strength value of the cubes; (b) the growth factor of the compressive strength of the cubes.

The above analysis showed that porosity was very significant in the salt spray erosion
of concrete. Analyzing the reasons for this: on the one hand, the salt spray erosion products
filled the pore structures and on the other hand, the salt crystals also had a swelling
and densification effect on the pore structures [30]. Therefore, the greater the porosity,
the more erosion products could accumulate and the less destructive the effect of erosion
on the concrete.

4.3. Splitting Tensile Strength

Figure 4 shows the change curve between the splitting tensile strength of the recycled
concrete cubes with different tailings contents and their corresponding growth coefficients
under salt spray erosion.

Figure 4. The influence of IOT content on the splitting tensile strength of the cubes: (a) the splitting
tensile strength of the cubes; (b) the growth coefficient of the splitting tensile strength of the cubes.

Due to the low splitting tensile strength of the cubes, which was greatly influenced
by human, mechanical and material factors, the value of the splitting tensile strength
fluctuated to varying degrees; however, on the whole, when the content of tailings was
low (≤40%), the splitting tensile strength values for different erosion ages showed an
undulating trend with the peak point appearing when the content of tailings was 30–40%.
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When the peak point was passed, the IOT content increased rapidly and then tended
to level off. Most results showed that before 28 days of erosion, the value of splitting
tensile strength gradually increased as the salt crystallization effect of the erosion increased,
but then gradually decreased. The splitting tensile strength values at 90 days were even
lower than those at 7 days, which showed that with the gradual increase in crystalline salt
during those periods, a large expansion stress was generated in the cracks and pores and
the tensile strength values were reduced accordingly.

Figure 4b shows the increasing growth coefficient of splitting tensile strength with the
increase in erosion age with the same tailings content. Compared to the growth coefficient
of salt spray of the compressive strength of the cubes, erosion age had less of an effect on
splitting tensile strength and the intuitive phenomenon was that the slope of the curve
was relatively small. On the whole, the growth coefficient for the same tailings content
occurred after salt spray erosion for 14 to 28 days. Similar to the growth coefficient of
compressive strength, the maximum value of the growth coefficient for splitting tensile
strength occurred at 28 d for the condition of increased porosity, such as with RAC-1, RAC-7
(70%) and RAC-8 (100%). The growth coefficient at the peak point was also greater than that
of compressive strength. For example, the splitting tensile strength growth coefficient of
RAC-21, RAC-6 (60%) and RAC-8 (100%) increased by 56.9%, 38.1% and 22.3%, respectively,
at the maximum point.

5. Erosion Depth

Figure 5 shows the erosion depth of the recycled concrete at different ages. It can
be seen that the salt spray resistance of recycled concrete (RAC-1) was much lower than
that of ordinary concrete (NAC) at the same erosion age. With the increase in IOT content,
the salt spray erosion depth presented an approximate trend of first decreasing and then
increasing, but the change trends were different. Approximately, when the tailings content
was 30–40%, the erosion depth reached its minimum value. For example, after 90 days of
salt spray erosion, the erosion depth of RAC-1 was 10.07% higher than that of NAC and
the erosion depth of RAC-5 (uIOT = 40%) was 14.29% lower than that of RAC-1 (uIOT = 0%),
indicating that the effect of an appropriate IOT amount on salt spray erosion was relatively
obvious. The main reason for this is that the porosity of RAC was high and there were
many interfacial transition zones, so salt spray could penetrate into the concrete more easily.
As mineral admixtures, IOT particles are fine and have an obvious filling effect and activity,
meaning that an appropriate amount could effectively promote the secondary hydration
of cement particles and improve the pore structures and the compactness of the concrete
matrix structures. As IOT replaced the fine aggregate in concrete, when the tailings content
was too high, the optimal mix proportion of the concrete aggregate was, which led to an
increase in the porosity of the concrete and a reduction in its anti-erosion ability.

Figure 5. The effect of different IOT contents on the salt spray erosion depth of RAC.
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6. Curing Ability of Chloride Ions

The absorption and curing effect of the chloride ions on concrete can greatly reduce
the concentrations of free chloride ions and total chloride ions and the transmission rate of
chloride ions, thereby reducing the risk of steel corrosion. Therefore, it was necessary to
study the relationship between these three factors.

Mohammed [31] conducted a chloride ion erosion test on different cement types,
cement components and concrete mixed with mineral powder, steel slag and other admix-
tures. It was found that the free chloride ion and total chloride ion contents conformed to
the following formula:

Ct = K · C f (1)

where K is the curing coefficient of concrete with different material types. The larger the
K value, the stronger the curing ability of the concrete. In view of the diversity of cement
varieties and cement components, this value is usually obtained by fitting the test results
and reference [32] also used this model. However, some scholars [33] found that this model
was not comprehensive and that it had a higher correlation when expressed as a complete
linear model, i.e.:

Ct = K1 · C f + K2 (2)

where K1 is the influence coefficient and K2 is a constant for the amount of total chloride
ions that can be solidified and absorbed per unit mass of concrete, i.e., the amount of
combined chloride ions when the free chloride ion content is 0. In our tests, Equation (2)
was used to analyze the test results. In view of the small erosion depth and relatively few
test data points in the early stages of the test (7 d and 14 d), the correlation between the
free chloride ion and total chloride ion contents at 28 d and 90 d was studied in order to
improve the accuracy of the study, as shown in Figure 6.

Figure 6. The relationship between Ct and Cf with different tailings dosages: (a) three-dimensional
drawing (28 d); (b) plane figure (28 d); (c) three-dimensional drawing (90 d); (d) plane figure (90 d).
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Figure 6a,c shows the location and size relationships of numerical points at the relevant
erosion ages (28 d and 90 d), while Figure 6b,d represents the direct ratio relationships.
Due to the low content of chloride ions, the position of powder collection and the density
and permeability of the concrete had a great influence on the calculated chloride ion
content. Compared to Figure 6a,c, the numerical points at the two erosion ages were in an
approximately random distribution; however, it can be seen that the value of Cf > 0.35%
when the figure was decreasing, indicating that the free chloride ion concentration (Cf) of
concrete with the same tailings content gradually decreased with the increase in erosion
time. As can be seen from Figure 6b,d, the ratio of free chloride ions to total chloride ions
changed linearly (approximately and except for some scattered numerical points) and the
curing coefficient K1 changed very little. Figure 7 shows the change laws of the curing
coefficients of different tailings content conditions at different erosion ages.

Figure 7. The comparative analysis of curing coefficients at 28 d and 90 d of salt spray erosion.

It can be seen that the curing coefficient increased with the increase in erosion age,
which indicated that the curing ability of concrete gradually became stronger, i.e., more
free chloride ions were converted into bound chloride ions. This was mainly because the
longer the erosion time, the more calcium aluminate hydrate took part in the reaction and
converted chloride ions into Friedel’s salt and then, the corresponding bound chloride ion
content increased. However, the increase degree was different for different IOT contents.
When IOT content was 30%, 40% and 50%, the curing coefficient increased by 2.75%, 15.79%
and 18.29%, respectively. The blue dotted line in the figure indicates the ratio of NAC at
the corresponding erosion age. It can be seen that when the erosion age was small (28 d),
the curing ability of the chloride ions was enhanced by high tailings content. When the
erosion age higher (90 d), the alkali content of the concrete was reduced due to the tailings
promoting the secondary hydration of concrete, which had an impact on the alkaline
environment of Friedel’s salt. Therefore, the curing performance of chloride ions decreased
in the long term. However, due to the low activity of tailings, their impact on the alkaline
environment of concrete was relatively limited. At the same time, the alkaline environment
of RAC was stronger than that of NAC and the porosity of RAC was also higher, which
caused the contact area with free chloride ions to be larger. Therefore, the improvement was
relatively large in the short term, so the long-term curing ability would continue to increase.
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7. Erosion Mechanisms

To explore the influence of IOT on the salt spray erosion resistance of RAC, an SEM
analysis using the Hitachi S-4800 model at Chang’an University was carried out before and
after the erosion took place and the degradation mechanisms were also studied.

Clusters of crystal products were formed at both 28 and 90 days of salt spray erosion.
Under the same working conditions, the longer the erosion time, the more crystalline
products were produced and the more obvious the cluster-like products were. Compared
to the working conditions before erosion, the addition of RAC made the matrix structure
relatively loose and also provided space for the formation, growth and development of
chloride crystals. It was intuitively shown that the matrix structure of the concrete was
covered by salt crystals due to the formation and physical expansion pressure of those salt
crystals, meaning that the micro-cracks and harmful pores of the matrix structure were
covered by salt crystals. At the same time, some connected fractures were gradually trans-
formed into closed pores and harmful pores were further transformed into harmless pores.
Meanwhile, when the erosion age was small, the mechanical properties and resistance to
chlorine–salt erosion were slightly increased.

As shown in Figure 8b,d,f, when the erosion age was higher (90 d), it could be seen
that the pores and micro-cracks of the concrete matrix structure were significantly higher
than those at lower erosion ages (28 d), which showed that when the erosion time was
longer, the concrete matrix structure was destroyed by the accumulation of salt crystalline
substances. The reason for this is that, on the one hand, the physical expansion of the
chloride crystals that accumulated in the pores caused tensile stress in the matrix structure
and made it easy to crack. On the other hand, both cement hydration and the generation of
chloride crystals needed to consume free water, which resulted in adverse effects on the
matrix structure due to water migration as the amount of free water in the concrete was
relatively small. To sum up, the mechanical properties and durability of almost all working
conditions with high erosion ages decreased to varying degrees, which was similar to the
results of Xue [34] and Yue [35].

Figure 8. The scanning microscopic morphology of SEM images after different erosion cycles:
(a) NAC (28 d); (b) NAC (90 d); (c) RAC (28 d); (d) RAC (90 d); (e) RAC-4 (28 d); (f) RAC-4 (90 d).
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Combined with Figure 8d,f, Figure 9 shows the scanning microscopic morphology of
SEM images of salt spray erosion on RAC with different tailings contents at 90 d.

Figure 9. The scanning microscopic morphology of SEM images for different tailings contents after
90 d: (a) RAC-1; (b) RAC-5; (c) RAC-8.

Due to the introduction of recycled aggregate, when the IOT amount was small, a large
number of pores appeared, as shown in Figures 8c and 9a. On the periphery of the pores,
cluster-like crystal products, flocculent CSH and needle-like ettringite could be found.
These three features intersected with each other within the pores and were embedded
around the micro-pores. The concrete was refined, which effectively improved its porosity
and pore structure and enhanced its resistance to chloride ion erosion. It can be seen from
Figure 8b,e that there was still a small number of pores in the matrix structure, but they
were relatively complete. As shown in Figure 9c, when the IOT content was high, a large
number of micro-cracks and micro-pores were generated in the matrix structure, which
greatly affected the integrity of the matrix structure and reduced its mechanical properties
and erosion resistance, as shown in Figures 3a, 4a and 5. The main reason for this is that a
small IOT content could promote hydration and fill pores, while excess additions changed
the optimal mix proportion, increased porosity and caused the deterioration of each index.

8. Conclusions

In this paper, the mechanical properties, chloride ion concentration and chloride ion
curing properties of recycled concrete with different IOT contents are analyzed at different
salt spray ages (7 d, 14 d, 28 d and 90 d). The conclusions were as follows:

(1) At the same erosion age, when the content of iron tailings increased from 0% to 40%,
the compressive strength of the concrete increased by 24.52% (0 d), 21.72% (7 d),
18.86% (14 d), 18.82% (28 d) and 19.60% (90 d), indicating that the higher the tailings
content, the greater the compressive strength. However, when the tailings content
was too high (>40%), it had the opposite effect. With the increase in erosion age,
the compressive strength first increased and then decreased with a peak at 14–28 d.
When the content of tailings was lower (≤40%), the splitting tensile strength increased
and then decreased rapidly. The effect of erosion age on splitting tensile strength was
less than that on compressive strength;

(2) The salt spray erosion resistance of RAC was much lower than that of NAC and when
the IOT content was 30–40%, the salt spray erosion depth reached its lowest point;

(3) The higher the salt spray erosion age, the greater the corresponding growth coefficient.
When the dosage of IOT was 30%, 40% and 50%, the curing coefficient at 90 d was
2.75%, 15.79% and 18.29% higher than that at 28 d, respectively. At the same erosion
age, the ratio of free chloride ions to total chloride ions changed linearly and its curing
coefficient K1 first decreased and then increased, with the optimum IOT content
being 30–50%;

(4) Through SEM microscopic morphology, it could be concluded that when the erosion
age was low, the formation of salt crystals and the effect of physical expansion pres-
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sure caused porosity to decrease. When the erosion age was higher, the cumulative
expansion of crystals made them decrease in size. When added together, the crys-
tallization and hydration products grew and developed in the micro-pores. When
added excessively, the optimal mix ratio of the concrete changed, harmful pores and
cracks were generated and resistance to salt spray erosion was reduced.
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Abstract: A lightweight foam phosphogypsum material (LFPM) was prepared by multi-factor or-
thogonal and optimization experiments. The effects of foam, quicklime, silica fume and cement on
the mechanical and physical properties of this LFPM were studied. The orthogonal experimental
results showed that the silica fume content exhibited the most significant effect on the strength of this
material, and the cement content exhibited the most obvious influence on the softening coefficient.
The comprehensive index analysis indicated that the LFPM with 8% foam, 3.5% quicklime, 3% silica
fume and 15% cement was selected as the optimal proportion. The 28 d compressive strength and
flexural strength were 3.15 and 0.97 MPa, respectively. The dry density was 809.1 kg/m3, and the 28 d
softening coefficient was 0.628. The optimization experimental results showed that the strength and
dry density of the sample increased first and then decreased with an increase in the foam stabilizer
content. The strength and dry density increased, and water absorption decreased with increasing
waterproof agent content.

Keywords: lightweight foam phosphogypsum material; orthogonal experiment; optimization experiment;
mechanical properties

1. Introduction

Phosphogypsum (PG) is a by-product of solid waste produced from the production of
wet-process phosphoric acid; for instance, one ton of phosphoric acid produces 5 tons of
phosphogypsum [1,2]. PG is mainly composed of calcium sulfate dihydrate (CaSO4·2H2O),
accounting for more than 90% of its structure. In addition, it also contains a small amount
of impurities such as phosphoric acid, fluorine, silicon, iron, aluminum and organic mat-
ter [2–5]. Currently, approximately 20–30 billion tons of PG are produced annually, which
has created tremendous pressure for environmental protection and has created a huge
challenge for its recycling [6]. Large amounts of PG not only occupy a large number of
land resources, but they also cause serious pollution problems to soil, water, and the at-
mosphere, as well as to human settlement environments. Therefore, it is a great challenge
for governments and relevant enterprises to accelerate PG consumption and to develop
new uses.

Currently, PG is mainly used in the cement industry, construction road industry, agri-
culture, and sulfuric acid and sulfate industries [7]. PG is mainly used in cement production
as a mineralizer, retarder, and activator [8–10]. In the most used industry, construction
road, PG is mainly used to prepare PG bricks and blocks [11–13], paper gypsum board [2],
construction gypsum powder [14], road construction [15,16], and mine filling [17]. Due to
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advantages such as thermal insulation, sound insulation and fire resistance, researchers
at home and abroad have paid more attention to the development of new PG building
materials in recent years [18]. Among them, lightweight foam phosphogypsum material
(LFPM), with a large consumption of gypsum, has many advantages, such as being light
weight and having thermal insulation and sound insulation as well as fire resistance [13,19].
Therefore, investigations regarding the properties of LFPMs have attracted considerable
attention in the preparation of phosphogypsum materials. In order to use PG to prepare
lightweight building materials, Wang et al. [20] added 25% Portland cement, 10–20% fly
ash, 10% ground slag, 6% hydrated lime and 60% foam into PG to prepare lightweight
building materials with a compressive strength of 1.7 MPa, bulk density of 521.7 kg/m3

and thermal conductivity of 0.0724 w/(m·k). Feng et al. [1] studied the effects of foam
volume and cement content on thermal conductivity, the water resistance coefficient and
the mechanical strength of foamed phosphogypsum, and obtained the effect of the foam
content for each performance. Cement can increase thermal conductivity, water resistance
and mechanical strength. Additionally, hemihydrate phosphogypsum (HPG), as a base
material, is used to prepare composite materials by adding mineral admixtures, alkaline
substances, water reducing agents, retarders and cement (Jian Wang [21], Jun Zhou [12],
Xiaoyu Guo [22], Zhu Lu [23]). On the basis of this composite material, the foam is used to
prepare lightweight phosphogypsum materials. A microscopic analysis was performed to
develop well-qualified products meeting the requirements of relevant reference standards.
Gypsum exhibits excellent fire resistance, air permeability, sound absorption and decora-
tive effects, which are appropriative to apply to lightweight insulation materials [24,25].
Many researchers have performed numerous studies on the waterproofness of gypsum
products and have also made many meaningful achievements [26–31]. One fundamental
method is to add organic additives (e.g., paraffins, stearic acid and organosilicon) into
gypsum materials, which form a waterproof film on the surface of the gypsum crystals to
reduce the dissolution rate of gypsum. Another method is to directly incorporate Portland
cement, blast furnace slag or active minerals consisting of amorphous silicon into gypsum
to produce hydraulically rigid products. These products are wrapped on the surface of
the gypsum to reduce its dissolution rate. Another strategy is to directly spray an organic
waterproofing agent onto the surface of the gypsum or to cover the waterproofing layer
on the surface of the gypsum. However, these techniques, owing to their temporary ef-
fects, cannot fundamentally solve the long-term waterproofing and moisture-proofing
problems of gypsum products. In addition, the mechanical strength of gypsum is relatively
low, and various fibers are usually used as reinforcing materials in gypsum products to
improve their mechanical properties [32–37]. However, most of these above-mentioned
studies were based on compact gypsum. Compared with compact gypsum, foam gyp-
sum has a high porosity and large pore size. Moreover, the effects of water repellents,
fibers, and admixtures on gypsum-based foam materials have rarely been reported in the
existing studies.

In this work, hemihydrate phosphogypsum (HPG) and raw phosphogypsum (RPG)
(70:30) were chosen as the main raw materials. The foam, admixture and other additives
were mixed to prepare light phosphogypsum materials to investigate the properties. The
material proportion and property optimization were carried out by multi-factor orthog-
onal experiments and optimization tests. The intuitive, range, analysis of variance and
comprehensive analysis were investigated in the orthogonal test to obtain the optimal mix
proportion. The effects of additives on the properties of LFPMs were further optimized on
the basis of the optimal mix proportion. Moreover, the internal morphology of this LFPM
was analyzed by scanning electron microscope (SEM).

2. Materials and Methods
2.1. Materials

(1) Phosphogypsum (PG) was divided into raw phosphogypsum (RPG) and hemihy-
drate phosphogypsum (HPG). RPG: from Guizhou Kai Phosphate phosphogypsum
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Comprehensive Utilization Co., Ltd., Guiyang, China, gray, moisture content 21.98%,
PH value 6.8. After natural drying and passing through 0.15 mm square hole sieve
for backup use; HPG: placed 0.15 mm RPG in 160 ◦C oven to bake for 2 h, sealed and
aged for about 7 d. The raw material and XRD spectrum of RPG and HPG is given in
Figure 1, and the morphology of RPG and HPG from scanning electron microscope
(SEM) is listed in Figure 2.

(2) Cement: PO 42.5 cement purchased from market; silica fume: produced by Gongyi
Hengnuo Filter Co., Ltd., Gongyi, China (gray powder); lime: Yibin Chuanhui Biotech-
nology Co., Ltd., Yibin, China, Production (white powder); water reducing agent:
polycarboxylate water reducing agent (powder), Shanghai Chenqi Chemical Tech-
nology Co., Ltd., Shanghai, China, Production; foaming agent: polymer compound
foaming agent, produced by Hefei Baile Energy Equipment Co., Ltd., Hefei, China,
with foaming multiple > 20 times and PH value of 7.2; foam stabilizer: produced
by Hengshui Zhongda New Materials Co., Ltd., Hengshui, China; waterproofing
agent: redispersible powder, market. The main chemical components of the main raw
materials are shown in Table 1.

Figure 1. XRD spectra of raw materials RPG and HPG.

Figure 2. SEM morphology of RPG (a) and HPG (b).
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Table 1. Main chemical compositions of raw materials (wt/%).

Item SO3 CaO SiO2 P2O5 Fe2O3 Al2O3

RPG 55.28 39.52 2.68 0.89 0.37 0.3
HPG 53.6 41.84 2.71 0.86 0.38 0.29

Silica fume / 0.11 96.74 0.01 0.08 0.32
cement 3.96 61.71 19.9 0.17 4.46 5.16

quick lime 0.238 98.292 0.599 / 0.111 0.14

2.2. Experimental Design

RPG: HPG relative dosage ratio was set to be 3:7 in the experiments, the ratio between
water and material was 0.25, and water reducing agent dosage was 0.72%. The dry mass
percentage of foam, cement, silica fume and lime was calculated according to experimental
requirements.

(1) Orthogonal experiment

The orthogonal design of the experiment was a method to arrange and analyze ex-
periments with factors and levels utilizing the orthogonal table. Representative tests were
selected from all combinations to analyze the comprehensive experiments and to obtain the
optimum combination through these test results [38]. In order to study the effect of foam
and admixture on the compressive and flexural strength, dry density, and the softening
coefficient of the LFPM, a four-factor and four-level orthogonal table L16 (45) was used to
design the experimental ratio. The four factors included foam (A), quicklime (B), silica
fume (C) and cement (D). The specific values of each factor level are shown in Table 2, and
each mass dosage was the proportion fraction of total dry mass. The orthogonal experi-
ment results were discussed from intuitive, range, variance and comprehensive analysis to
determine the optimum proportion.

Table 2. Factor levels of orthogonal experiments.

Levels
Factors

A (%) B (%) C (%) D (%)

1 7.0 2.5 2.0 7.5
2 7.5 3.0 3.0 10.0
3 8.0 3.5 4.0 12.5
4 8.5 4.0 5.0 15.0

(2) Optimization experiment

The existing investigations [26,39] indicated that the poor water and moisture resis-
tance of the LFPM limited the application of gypsum. In addition, a large number of
bubbles with nonuniform sizes were generated during the early preparation, which had
an effect on the property promotion of gypsum-based materials. The foam stabilizer can
improve stability and uniformity, and the waterproof agent can reduce the water absorption
of the material. Therefore, the influence of the foam stabilizer and waterproof agent on the
strength, dry density and softening coefficient of the composites was analyzed. Specifically,
based on the recommended optimal mix proportion from orthogonal experiments, foam
stabilizer and waterproofing agent were added. According to the relevant references, the
foam stabilizer content was 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, and the waterproofing agent
content was 1.5%, 3.0%, 4.5%, 6%, 7.5%, respectively. The effect of the dosage on the
performance of LFPM was discussed.

(3) Main test instruments

The test instruments in the present study are listed in Table 3.
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Table 3. The test instruments.

Serial
Number Apparatus Model Manufacturer

1 Electronic weight
scale ZCS Rui ‘an Hao Exhibition Scale Co.,

Ltd., Guiyang, China

2
Microcomputer

controlled pressure
testing machine

CXYAW-2000S
Zhejiang Chenxin Machinery

Equipment Co., Ltd., Zhejiang,
China

3

Automatic cement
bending and
compression

integrated machine

YAW-300
Zhejiang Lixian Test Instrument

Manufacturing Co., Ltd.,
Zhejiang, China

4 Electric drying oven XMA-2000
Shanghai Qiuzuo Scientific

Instruments Co., Ltd., Shanghai,
China

5 X-ray diffraction Empyrean PANalytical B.V.

6 scanning electron
microscope ZEISS Gemini 300 Thermo Scientific, Germany

7 Electric agitator OULAIDE German Olyde Company,
Germany

8 Electric vibrating
screen machine ZBSX-92A

Zhejiang Shangyu Zhangxing
Yarn Screen Factory, Zhejiang,

China

9 Cement mortar test
mold 40 × 40 × 160 mm

Zhejiang Qishun Instrument
Technology Co., Ltd., Zhejiang,

China

10 Concrete test block
mold 100 × 100 × 100 mm

Hebei Xinfu Zhengyuan
Environmental Protection

Equipment Manufacturing Co.,
Ltd., Hebei, China

11 Thermal conductivity
instrument CD-DR3030

Shenyang Ziweiheng Testing
Equipment Co., Ltd., Shenyang,

China

12 Micro-cement
foaming machine TH-29A Zhejiang Tenghe Machinery Co.,

Ltd., Zhejaing, China

(4) Sample preparation and experimental method

According to the mix proportion of each group, the dry material and additives were
poured into the mixing barrel, and the mixing machine was used to evenly stir. After adding
water, the foam was poured into the mixing barrel and stirred evenly and then placed into
the 100× 100× 100 mm and 40× 40× 160 mm triple mold, and then vibrated and scraped.
After 24 h curing in the natural environment, the molds were removed and maintained
for 7, 14, and 28 d and dried to constant weight. The corresponding performance indexes
of the specimens at different ages were determined. Dry density and absolute dry com-
pressive strength was measured according to Chinese standard JGT266-2011 foam concrete
standard specification [40]. The absolute dry flexural strength was measured according
to the Chinese standard GB/T9776-2008 building gypsum determination [41]. The water
resistance index softening coefficient test referred to China standard JC/T698-2010 gypsum
block [42]. The microstructure was scanned using a scanning electron microscope (SEM,
ZEISS MERLIN Compact).

3. Results and Discussions
3.1. Results of Orthogonal Experiments
3.1.1. Intuitive Analysis

After the LFPM samples were cured under natural conditions for 7, 14 and 28 d, the
strengths at different ages were measured by compressive and flexural testing machines.
Dry density and softening coefficients were measured at 28 d. The test results of com-
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pressive strength, flexural strength, dry density and softening coefficient are shown in
Table 4.

Table 4. Orthogonal experimental results.

Group
Number

Dry Density
(kg/m3)

7 d
Compressive

Strength
(MPa)

14 d
Compressive

Strength
(MPa)

28 d
Compressive

Strength
(MPa)

7 d
Flexural
Strength

(MPa)

14 d
Flexural
Strength

(MPa)

28 d
Flexural
Strength

(MPa)

28 d
Softening
Coefficient

1 794.3 1.58 1.76 1.68 0.56 0.6 0.67 0.625
2 876.5 2.90 3.36 3.52 1.00 1.29 1.15 0.645
3 898.5 3.20 4.33 4.38 1.15 1.39 1.37 0.633
4 885.8 3.63 4.08 4.85 1.19 1.34 1.54 0.703
5 873.0 3.36 3.43 3.85 0.74 1.01 1.24 0.727
6 787.1 2.05 2.27 2.46 0.80 0.52 0.74 0.707
7 812.8 2.16 2.39 2.54 0.67 0.58 0.82 0.555
8 804.3 2.14 2.38 2.51 0.59 0.68 0.69 0.637
9 774.3 1.84 2.69 3.06 0.66 0.64 0.96 0.578

10 756.7 1.90 2.13 2.51 0.56 0.71 0.79 0.610
11 777.0 1.92 1.97 1.77 0.62 0.68 0.68 0.684
12 890.7 3.34 4.15 3.89 1.12 1.42 1.17 0.596
13 783.5 2.25 2.41 2.46 0.70 0.76 0.76 0.569
14 813.6 2.45 2.45 2.80 0.94 0.83 0.86 0.500
15 812.8 3.16 3.08 3.10 1.00 1.02 0.92 0.742
16 821.7 2.41 2.46 2.11 0.69 0.66 0.68 0.768

The strength of the fourth group was highest, and the dry density and softening
coefficient were also relatively high. The 28 d compressive and flexural strength reached
4.85 and 1.54 MPa, respectively. The dry density was 885.8 kg/m3, and the 28 d softening
coefficient was 0.703. Figure 3 shows the comparison of 7, 14, and 28 d compressive
strength, flexural strength, 28 d softening coefficient, and dry density for 16 groups of
specimens. From Figure 3a,b, a small strength difference of the LFPM between 14 and 28 d
was observed, indicating that most of the hydration reactions were completed after 14 d
of curing. In the test, the dry density of the 10th group was 756.7 kg/m3, which was the
minimum value in the present study. For the 10th group, the 28 d compressive and flexural
strengths were 2.51 and 0.79 MPa, respectively, and the softening coefficient was 0.61.

Figure 3. Test results of (a,b) orthogonal samples.

3.1.2. Range Analysis

The range analysis method refers to the R method [43]. In the analysis of the orthogonal
experimental results, the larger the R value of a certain factor, the greater the influence of
this factor on the test index. Therefore, the importance of each factor was determined by
the R value in this work. The calculation formula of the range (R) is as follows:

Kmn =
1
N
∗∑N

i=1 pi (1)
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Rm = max(Km1, Km2, . . . , Kmn)−min(Km1, Km2, . . . , Kmn) (2)

In the formula: Kmn is the average value of the corresponding index at the n level of
the m-th factor; pi is the index value; Rm is the range of factor m.

The compressive strength, flexural strength, dry density and softening coefficient
of the LFPM at different ages (7, 14 and 28 d) were analyzed by range analysis, and the
corresponding results are summarized in Table 5.

Table 5. Results of range analysis.

Types of
Range Level A B C D Significance Optimal

Solution

compressive
strength

(MPa)

R7d

k1 2.83 2.26 1.99 2.38
k2 2.43 2.33 3.19 2.3
k3 2.25 2.61 2.41 2.72 C > B > A > D A1B4C2D3
k4 2.57 2.88 2.49 2.67

Range 0.58 0.62 1.2 0.42

R14d

k1 3.38 2.57 2.12 2.69
k2 2.62 2.55 3.51 2.53
k3 2.74 2.94 2.96 3.09 C > A > B > D A1B4C2D3
k4 2.6 3.27 2.75 3.03

Range 0.78 0.72 1.39 0.56

R28d

k1 3.61 2.76 2.01 2.73
k2 2.84 2.82 3.59 2.57
k3 2.81 2.95 3.19 3.21 C > A > D > B A1B4C2D4
k4 2.62 3.34 3.09 3.37

Range 0.99 0.58 1.59 0.8

flexural
strength (MPa)

R7d

k1 0.98 0.67 0.67 0.82
k2 0.70 0.83 0.97 0.73
k3 0.74 0.86 0.84 0.79 C > A > B > D A1B4C2D4
k4 0.83 0.90 0.78 0.91

Range 0.28 0.23 0.3 0.18

R14d

k1 1.16 0.75 0.62 0.86
k2 0.70 0.84 1.19 0.85
k3 0.86 0.92 0.89 0.94 C > A > B > D A1B4C2D3
k4 0.82 1.03 0.85 0.88

Range 0.46 0.28 0.57 0.09

R28d

k1 1.18 0.91 0.69 0.88
k2 0.87 0.89 1.12 0.82
k3 0.90 0.95 0.97 1.02 C > A > D > B A1B4C2D4
k4 0.81 1.02 0.98 1.04

Range 0.38 0.14 0.43 0.22

dry density
(kg/m3) R28d

k1 863.8 806.3 795 827.9
k2 819.3 808.5 863.3 810.3
k3 799.7 825.3 822.7 837.5 C > A > B > D A3B1C1D2
k4 807.9 850.6 809.7 815.0

Range 64.1 44.4 68.2 27.1

softening
coefficient

R28d

k1 0.652 0.625 0.696 0.569
k2 0.657 0.616 0.678 0.634
k3 0.617 0.654 0.587 0.685 D > C > B > A A2B4C1D3
k4 0.645 0.676 0.609 0.683

Range 0.040 0.061 0.109 0.116

It can be seen from Table 5 that the primary and secondary order of influencing factors
of 28 d strength was silica fume > foam > cement > quick lime (C > A > D > B); the primary
and secondary order of influencing factors of 14 d strength was silica fume > foam >
quicklime > cement (C > A > B > D); the order of influencing factors of 7 d compressive
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and flexural strength was silica fume > quicklime > foam > cement (C > B > A > D), and
silica fume > foam > quicklime > cement (C > A > B > D). Therefore, the silica fume content
was the first major factor affecting the early and late strength of LFPM. Foam content was
the second major factor on 7 d flexural strength and 14 and 28 d compressive and flexural
strengths. Compared with the cement content, the lime content occupied the main position
in the early stage, and the influence of cement was more obvious in the later stage. The
order of dry density influence factor was silica fume > foam > lime > cement (C > A > B
> D). For LFPM, the smaller dry density represented the better property. From Table 4,
the influences of various factors on dry density are explained by the range results. The
range of silica fume and foam content was between 863.8 and 863.3, which stated that the
silica fume and foam content had a primary influence on the dry density. The primary
and secondary factors for the softening coefficient were cement > quicklime > silica fume >
foam (D > C > B > A). This result can show that cement is a major factor on the softening
coefficient of LFPM, followed by silica fume. It can be summarized from Table 5 that the
silica fume content has the greatest influence on the compressive strength, flexural strength
and dry density of each age. Regarding the above results, the optimal ratio scheme of each
performance is listed in Table 5.

3.1.3. Analysis of Variance

Analysis of variance (ANOVA) is the most common statistical processing method
for experimental results [38] and is used to determine a significant effect factor of LFPM.
ANOVA can distinguish the reason for the result difference between each level of each
factor (different factor level or experimental error) [4]. The total variation values in this
experiment were composed of four parts: factors A, B, C, and D; thus, the corresponding
error variation was calculated. Therefore, the decomposition formula of the square sum
and degree of freedom in variance analysis is:

SST = SSA + SSB + SSC+ SSD + SSe (3)

dfT = df A + df B + df C + df D + dfe (4)

n represents the number of the tests; a, b, c and d represent the level of different factors
(A, B, C and D); ka, kb, kc and kd represent the level under repetition of factors A, B, C and D.
In this experiment, n = 16, a = b = c = d = 4, ka = kb = kc = kd = 4. The equations from (3) to (9)
were utilized to calculate the variation and degrees of freedom caused by factors A–D.

C0 = T2/n (5)

SST = Σx2 − C0 (6)

SSA = ΣT2
A/ka −C0 (7)

SSB = ΣT2
B/kb −C0 (8)

SSC = ΣT2
C/kc −C0 (9)

SSD = ΣT2
D/kd −C0 (10)

dfe = df T − df A − df B − df C − df D (11)

C0 is the correction number; SST is the total sum of squares; SSA is the sum of squares
of factor A; SSB is the sum of squares of factor B; SSC is the sum of squares of factor C; SSD
is the sum of squares of factor D; df A, df B, df C and df D are the degrees of freedom of factors
A, B, C and D, respectively; df T is the total degree of freedom; dfe is the degree of freedom
of error.

According to the above calculation rules, ANOVA was conducted on the strength,
dry density and softening coefficient at 28 d, and the experimental results are shown in
Table 6. The meaning of each indicator in Table 6 is as follows: (1) The source of difference
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comes from the factor, interaction or error. (2) SS is the sum of squares between the factor
and error. (3) DF (degree of freedom) is the degree of freedom of each factor, which is the
difference between level factor number and 1. Since the degree of freedom of each factor
was 4 in the orthogonal experiment, the degree of freedom of each factor was 3. (4) MS
(mean square) is the mean square divided by degrees of freedom. (5) The F value is the
ratio of two mean squares (effect term/error term). The larger F value (compared with
the standard F value at a given significant indigenous level) indicates the more obvious
effect (difference). The smaller error term represents the higher test accuracy. The F value is
obtained by dividing the effect value MS by the error MS, and the ratio is compared with
the critical value F in the table to determine a significant factor. In Table 6, * is indicated in
F(0.1). The ANOVA results of the LFPM are shown in Table 6, indicating that the results
from the significant variance analysis of different factor influences are consistent with the
range analysis results.

Table 6. Results of ANOVA.

Item Factor SS DF MS (Effect) MS9 (Error) F Significance

dry density
(kg/m3)

A 9792 3 3263.9 1940.0 1.68

C > A > B > D
B 5034 3 1678.1 1940.0 0.86
C 10317 3 3438.9 1940.0 1.77
D 1829 3 609.7 1940.0 0.31

28 d compressive
strength

(MPa)

A 2.30 3 0.77 0.70 1.09

C > A > D > B
B 0.81 3 0.27 0.70 0.39
C 5.51 3 1.84 0.70 2.62
D 1.76 3 0.59 0.70 0.84

28 d
flexural strength

(MPa)

A 0.33 3 0.111 0.074 1.49

C > A > D > B
B 0.04 3 0.014 0.074 0.19
C 0.38 3 0.128 0.074 1.72
D 0.14 3 0.045 0.074 0.62

28 d softening
coefficient

A 0.0037 3 0.00124 0.00072 1.72

D* > C* > B > A
B 0.0091 3 0.00305 0.00072 4.22
D 0.0331 3 0.01103 0.00072 15.26
C 0.0354 3 0.01179 0.00072 16.31

The optimal mix ratio of the dry density test was A3B1C1D2 (foam 8%, quicklime 2.5%,
silica fume 2%, cement 10%). The optimal proportion for 28 d compressive strength and
flexural strength was A1B4C2D4 (7% foam, 4% quicklime, 3% silica fume and 15% cement).
The optimal mix proportion of 28 d softening coefficient was A2B4C1D3, (7.5% foam, 4%
quicklime, 2% silica fume and 12.5% cement). The critical value of F(0.1) was 5.39; therefore,
cement and silica fume content have significant effects on the 28 d softening coefficient at
F(0.1) and have no obvious effect on 28 d strength and dry density.

3.1.4. Comprehensive Analysis

The orthogonal experimental results of the LFPM were comprehensively analyzed
for each performance index to obtain the optimal mix proportion. The 28 d compressive
strength, flexural strength, dry density and 28 d softening coefficient were selected as
performance indexes. The compressive strength and dry density were the main indexes, and
the flexural strength and softening coefficient were the secondary indexes. The influences
of various factors on 28 d compressive strength, flexural strength, dry density and softening
coefficient of this material are shown in Figure 4.
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Figure 4. Relationship between strength, dry density and softening coefficient of each factor. (a) Ef-
fects of foam content on compressive strength and dry density;(b) Effects of foam content on flexural
strength and softening coefficient; (c) Effects of quick lime on compressive strength and dry density;
(d) Effects of quick lime on flexural strength and softening coefficient; (e) Effects of silica fume on
compressive strength and dry density; (f) Effects of silica fume on flexural strength and softening
coefficient; (g) Effects of cement on compressive strength and dry density; (h) Effects of cement on
flexural strength and softening coefficient.

It can be seen from Figure 4a,b that with the increase in foam content, the compressive
and flexural strengths decreased and increased slightly at a foam content of 8%. The
softening coefficient fluctuated up and down, and the range of softening coefficient of the
LFPM was 0.04 in the range analysis, illustrating a small effect. However, the minimum
dry density appeared at the foam content of 8%. The dry density and compressive strength
were considered first to select the optimal dosage. Therefore, the foam content was selected
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to be 8.0% according to the experimental results of the dry density, compressive strength
and flexural strength.

Figure 4c,d shows that the compressive strength and dry density increased significantly
with an increase in lime content. The flexural strength and softening coefficient decreased
at first and then increased significantly with an increase in lime content. When the content
of quicklime was 4%, the properties of the composites reached the maximum value, and
the compressive strength, flexural strength, dry density and softening coefficient were
3.34 MPa, 1.02 MPa, 850.6 kg/m3 and 0.676, respectively. However, when the content
was 4%, some microcracks were observed on the surface, which affected the smoothness
and cleanliness of the specimen. This was because excessive lime was added to generate
needle-column calcium vanadate and a large number of C-S-H gel expanded, causing
microcracks. However, when the lime content was 3.5%, the surface of the LFPM specimen
was smooth and tidy, and fewer microcracks were observed. Moreover, at a content of
3.5%, the compressive strength, flexural strength, dry density and softening coefficient
were 2.95 MPa, 0.95 MPa, 825.3 kg/m3 and 0.654, respectively. Compared with the content
of 4%, the flexural strength and softening coefficient exhibited small differences, and the
dry density decreased by 25.3 kg/m3. Therefore, the lime content was selected to be 3.5%
in this study.

Figure 4e,f shows the effects of the silica fume content on the compressive strength,
dry density, flexural strength and softening coefficient of the LFPM. The dry density,
compressive strength and flexural strength first increased rapidly and then decreased at
the transition content of 3%. Although the dry density of this material was highest at
3% content, the compressive and flexural strength reached the maximum value (3.59 and
1.12 MPa). Moreover, the softening coefficient appeared to be a rapid reduction as the
content exceeded 3% from Figure 4f. When the appropriate amount of silica fume was
added in the excitation of the alkaline environment, due to the good chemical activity
and micro-aggregate effect of silica fume [44], the main component SiO2 quickly reacted
with Ca (OH)2 to generate a large number of C-S-H gels, which compacted the internal
structure of the matrix, improving the dry density and strength of the LFPM. However,
excessive silica fume can result in hydration heat generated by the chemical reaction inside
the sample to produce temperature stress. The higher temperature stress can lead to the
microcracks at the interfaces, which was seen to reduce the strength of materials. Therefore,
the optimal content of silica fume was 3% according to the effect of silica fume content on
the compressive and flexural strength of the LFPM.

From Figure 4g,h, the softening coefficient of this material increased until 12.5% with
an increase in cement content and exhibited a slight decrease at 15%. The compressive
strength and flexural strength exhibited a decrease at 10% content and increased during
the content range from 10% to 15%. Additionally, the dry density fluctuated up and down
during the range from 10% to 15%. The appropriate addition of cement hydrated to form
acicular and reticular ettringite crystals; therefore, the strength and softening coefficient of
the LFPM increased due to the high hardness of the ettringite crystals [22]. The hydration
process of the cement absorbed water; thus, the water demand of the material relatively
increased. Ordinary Portland cement, as an additive, improved the water resistance of
phosphogypsum in the LFPM and increased the compactness of the gypsum products [45].
The tricalcium aluminate hydrated in Portland cement to form calcium aluminate crystals,
and SO4

2 − ionized by CaSO4·2H2O in the calcium aluminate crystal binding system
to form ettringite crystals. The chemical reaction formula is shown in Equation (12).
Therefore, the strength and softening coefficient of this composite can improve by adding
an appropriate amount of cement. At the cement content of 15%, the compressive strength,
flexural strength and dry density was 3.37 MPa, 1.04 MPa and 815 kg/m3, respectively.
Therefore, the optimal dosage of 15% was determined from the softening coefficient and
strength results.

3CaO ·Al2O3+3CaSO4 · 2H2O + 26H2O→ 3CaO ·Al2O3 · 3CaSO4 · 32H2O (12)
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Based on the effects of the above factors on the performance of the LFPM, the optimal
mix proportion of various factors was determined to be A3B3C2B4 from the orthogonal
experiments of the LFPM; namely, the foam content was 8%, the lime content was 3.5%, the
silica fume content was 3%, and the cement content was 15%. In order to verify this mixture
ratio, the verification experiments were conducted on the A3B3C2B4 specimen, and the
experimental results are summarized in Table 7. These data revealed that the performance
parameters of A3B3C2B4 can meet the standard requirements of A09- and C3-qualified
products in JGT266-2011 foam concrete. The test block with the smooth surface of foamed
phosphogypsum material prepared under the combination ratio of A3B3C2B4 is shown in
Figure 5.

Table 7. Verification experiment results of the optimal mix ratio.

28 d Compressive
Strength (MPa)

Dry Density
(kg/m3)

28 d Flexural
Strength (MPa)

28 d Softening
Coefficient

Results 3.15 809.1 0.97 0.628

Figure 5. The surface of the A3B3C2B4 specimen.

3.2. Optimization Experimental Results
3.2.1. Results analysis

Tables 8 and 9 give the experimental results of A3B3C2B4 specimens with foam sta-
bilizer and waterproofing agents, respectively. The effects of foam stabilizer content and
waterproofing agent content on the performance parameters are summarized in Figure 6.

Table 8. Optimization results of specimens with different foam stabilizer contents.

Group
Number

Foam
Stabilizer

(wt%)

Dry Density
(kg/m3)

7 d
Compressive

Strength
(MPa)

28 d
Compressive

Strength
(MPa)

7 d
Flexural
Strength

(MPa)

28 d
Flexural
Strength

(MPa)

28 d
Softening
Coefficient

1 0 809.1 2.84 3.15 0.63 1.03 0.628
2 0.1 812.4 3.10 3.55 0.56 1.09 0.635
3 0.2 830.3 3.80 4.08 0.97 1.26 0.603
4 0.3 805.6 2.97 3.01 0.56 0.98 0.636
5 0.4 806.7 2.75 3.09 0.5 0.97 0.71
6 0.5 810.1 2.80 3.10 0.85 1.02 0.822
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Table 9. Optimization results of specimens with different waterproofing agent contents.

Group
Number

Waterproofing
Agent
(wt%)

Dry
Density
(kg/m3)

7 d
Compressive

Strength
(MPa)

28 d
Compressive

Strength
(MPa)

7 d
Flexural
Strength

(MPa)

28 d
Flexural
Strength

(MPa)

28 d
Softening
Coefficient

Water
Absorption

1 0 809.1 2.84 3.15 0.63 1.03 0.628 0.542
2 1.5 812.3 2.75 3.17 0.86 1.16 0.635 0.538
3 3.0 840.6 3.05 3.89 0.98 1.49 0.603 0.426
4 4.5 896.8 5.5 6.47 1.59 2.27 0.636 0.382
5 6.0 1013.8 7.8 8.6 2.29 2.77 0.71 0.238
6 7.5 865.3 4.85 5.31 1.91 2.31 0.822 0.442

Figure 6. The effects of foam stabilizer and waterproofing agent content on the properties of the
LFPM. (a,b) Effects of the foam stabilizer, (c,d) Effects of the water-proofing agent.

It can be seen from Table 8 and Figure 6a,b that with the increase in foam stabilizer, the
strength and dry density first increased and then decreased, and the softening coefficient
increased. The appropriate foam stabilizer made the foam more stable and uniform and
made the internal structure denser. As the foam stabilizer content was 0.2%, the compressive
strength, flexural strength and dry density at 7 and 28 d reached the maximum value. The
compressive and flexural strengths at 28 d were 4.08 and 1.26 MPa, respectively. The dry
density was 830.3 kg/m3, and the softening coefficient was 0.6. It was suggested that the
optimal content of the foam stabilizer was located in the range from 0.1% to 0.2%. From
Table 9 and Figure 6c,d, the waterproof agent content exhibited a significant effect on the
performance of the foamed phosphogypsum material. With an increase in the waterproof
agent content, the strength, dry density and water absorption increased; however, the
softening coefficient decreased. This was because the waterproof agent (latex powder)
dispersed in water enhanced the flexibility and adhesion of the material, thereby increasing
the strength of the material [13]. Moreover, the bubbles became smaller and denser, and
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the distribution was more uniform, reducing the porosity of the material. Additionally,
the hydrophobicity of the waterproofing agent resulted in a decrease in water. Therefore,
the dry density of the LFPM increased. At 6% waterproofing agent, the 28 d compressive
strength and flexural strength reached 8.6 and 2.77 MPa, respectively, the dry density was
1014 kg/m3, and the water absorption was 0.238. However, it was recommended that
the dry density of this material remain lower than 900 kg/m3; therefore, the content of
waterproofing agent was considered in the range from 2% to 4.5%.

3.2.2. Microstructure Analysis

The microstructures of the blank group sample, the A3B3C2B4 sample with 0.2% foam
stabilizer, and the A3B3C2B4 with 3% waterproof agent were obtained by scanning electron
microscope (SEM) as shown in Figure 7.

Figure 7. Microscopic examination of the sample: (a,d) blank group; (b,e) foam stabilizer content
0.2%; (c,f) water-proofing agent content 3%.

It can be seen from the SEM images, magnified 100 times, in Figure 7a–c that the size
of cell in the sample after adding foam stabilizer and waterproofing agent became more
uniform and fuller. The number of string holes decreased obviously, and the filler between
the cells increased. These mechanisms led to an increase in the dry density and strength of
the A3B3C2B4 LFPM sample. Moreover, from Figure 7d–f, the samples with foam stabilizer
and waterproofing agent possessed thicker and denser pore walls and more needle-like
substances and crystals. This observed effect was significantly increased in the samples
with waterproofing agent, which made the materials more compact and the pores more
stable through enhancing the flexibility and adhesion of materials.

4. Conclusions

The lightweight foam phosphogypsum material (LFPM) was prepared, and its prop-
erties were investigated using the multi-factor orthogonal and optimization experiments.
The effects of foam, quicklime, silica fume and cement on the mechanical and physical
properties of this LFPM were discussed. The optimal proportion of this material was
determined to study the effects of the foam stabilizer content and waterproofing agent
content. The main conclusions are summarized as follows:

(1) The orthogonal experimental results showed that the LFPM with 7% foam, 4% quick-
lime, 5% silica fume and 15% cement (A1B4C4D4) exhibited the highest strength and
dry density. The 28 d compressive strength and flexural strength reached 4.85 and
1.54 MPa, respectively, and the dry density was 885.8 kg/m3.
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(2) The effects of the various factors were discussed through intuitive analysis and range
analysis, which indicated that the silica fume had the greatest impact on the strength
of the LFPM at the early and late stages, followed by foam content. Cement can
improve the later strength, and the cement content exhibited the greatest influence on
the softening coefficient of this material. The results of the range analysis and intuitive
analysis showed that the optimal proportion of the dry density test scheme was
A3B1C1D2 (8% foam, 2.5% quicklime, 2% silica fume and 10% cement), the optimum
proportion of the 28 d compressive and flexural strengths test scheme was A1B4C2D4
(7% foam, 4% quicklime, 3% silica fume and 15% cement), and the optimal proportion
of the 28 d softening coefficient was A2B4C1D3 (7.5% foam, 4% quick lime, 2% silica
fume and 12.5% cement). The influences of the cement content and silica fume content
exhibited remarkable influence on the softening coefficient of this material.

(3) The orthogonal experimental results stated that the optimal proportion was A3B3C2B4
(8% foam content, 3.5%lime content, 3% silica fume content, 15% cement content).
The compressive and flexural strengths of the mixture at 28 d were 3.15 and 0.97 MPa,
respectively, and the dry density and the 28 d softening coefficient were 809.1 kg/m3

and 0.628, respectively. The performances of A3B3C2B4 LFPM meet the standard
requirements of A09-and C3-qualified products in JGT266-2011 foam concrete.

(4) The optimization test results showed that the foam stabilizer and waterproof agent
dosage had obvious influences on the properties of LFPM. At the foam stabilizer
dosage of 0.2%, the compressive and flexural strengths were 4.08 and 1.26 MPa, re-
spectively, the dry density was 830.3 kg/m3, and the softening coefficient was 0.6.
Compared with the properties of the material without foam stabilizer, the compres-
sive and flexural strengths increased by nearly 30%; however, the dry density only
increased by 2%. It was suggested that the optimum dosage of the foam stabilizer
was in the range from 0.1% to 0.2%. At the waterproofing agent dosage of 6%, the
28 d compressive strength and flexural strength were 8.6 and 2.77 MPa, respectively.
Moreover, the dry density was 1014 kg/m3, and the water absorption was 0.238. The
compressive strength and flexural strength increased by 173% and 186%, respectively,
and the water absorption reduced by 56%. Comprehensive analysis suggested that
the dosage of waterproofing agent ranged from 2% to 4.5%. Additionally, microscopic
analysis showed that the increase in density and strength of the LFPM was caused by
the more uniform size and the reduction in the number of holes.

(5) The LFPM in this paper had good characteristics in new building materials. The use of
RPG was economical and practical and improved the utilization rate of phosphogypsum.
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Abbreviations

PG phosphogypsum
RPG raw phosphogypsum
HPG hemihydrate phosphogypsum
LFPM lightweight foam phosphogypsum material
SEM scanning electron microscope
XRD X-ray diffraction
R method range analysis method
ANOVA analysis of variance
SS sum of squares
DF degree freedom
MS mean square
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