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Abstract: This paper deals with a numerical method of analysis of the performance of shear connectors
in transferring load in high-strength concrete-filled steel tube square sections. The novelty of the
model is that it considers all the important parameters that affect performance at once: bond strength,
the transfer rate of each connector, and the stress distribution and deformation of each element.
Four specimens fabricated using different types of connectors were validated using ABAQUS version
2017 software. The deformation of the connectors, concrete damage, and the local instability of the
steel tube were extensively investigated. The main parameters considered were the ultimate bond
strength and load transfer ratio. The shear connector arrangement consisting of four specimens,
namely C1 with 16 studs, a circular rib (C2), a circular rib with 8 studs (C3), and a circular rib with
8 vertical ribs (C4), had a significant influence on the key parameters. Connectors C2, C3, and C4
transferred more than 80% of the total load. The circular rib was more effective in transferring the
load and limiting slip than the vertical rib and the studs. The circular rib (C2) transferred the load
mainly through the four corners. The deterioration of the concrete and local instability of the steel
tube had complex deformations which were influenced by the geometry of the inserted connectors.

Keywords: concrete-filled steel tube; connectors; bond strength; load transfer; circular ribs

1. Introduction

Concrete-filled steel tube (CFST) columns exhibit many advantages compared to
their ordinary steel or reinforced concrete counterparts. The force can be transferred
between the steel tube and the concrete core either by natural bond strength resulting from
three mechanisms, namely chemical bonding, microlocking, and macrolocking [1], or by
mechanical shear connectors. This interface is a key issue for understanding the behaviour
of CFST columns [2—-4].

1.1. Research Motivation

Concrete-filled steel tubes enjoy a very wide range of applications in civil engineering,
such as tall buildings, bridges, retaining walls, and underground structures, to name a
few. Therefore, understanding their behaviour will be key in adequately and efficiently
designing them. The current research aims to contribute to developing this understanding
to add to the existing body of knowledge by adopting an approach that will encompass all
the key parameters into one model.

1.2. Bond Strength and Shear Stress Transfer

Several research studies were carried out consisting of experimental testing to inves-
tigate how shear stress is transferred and the parameters influencing the bond strength.

J. Compos. Sci. 2024, 8, 443. https:/ /doi.org/10.3390/jcs8110443

https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs8110443
https://doi.org/10.3390/jcs8110443
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0002-5861-676X
https://doi.org/10.3390/jcs8110443
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs8110443?type=check_update&version=1

J. Compos. Sci. 2024, 8, 443

2 0f 22

Tao et al. [5] conducted a series of push-out tests on circular and square concrete-filled
steel tubes. The results indicated that the bond strength depended on parameters such
as cross-section, steel tube, and concrete type and age. Starossek and Falah [1] con-
cluded from their research that the load transferred increases with the increasing length
of the specimens, and the bond strength results varied between 0.8 and 1.0 MPa. Qu
et al. [6] found that bond strength is greatly influenced by the compressive strength
of the concrete and the section size of the steel tube. Aly et al. [7] indicated that by
using normal strength concrete, the bond strength is higher than that of high-strength
concrete. Wang F. [8] found that bond strength decreases with the increasing age of
concrete and increases with the surface roughness of the steel tube. Chen et al. [9] con-
cluded that the diameter-to-thickness (D/t) ratio has an insignificant influence on the
shear strength.

1.3. Mechanical Shear Connectors

The most effective method to increase bond strength is to use mechanical shear con-
nectors [5,10,11]. Many studies have been carried out to investigate the bond strength of
CFST columns with different types of connectors. Dong et al. [12] and Alatshan et al. [13]
assumed that welding internal rings is the most effective method to enhance bond strength.
De Nardin and El Debs [14] investigated a series of CFSTs with connectors and concluded
that the angles and studs as mechanical shear connectors were very effective in increasing
the bond strength and transferring higher load rates between the steel and the concrete.
To improve load transfer, Starossek and Falah [1] recommended using four bolts on each
side. Dai et al. [15] concluded by tests that bond strength increases significantly following
the addition of rib stiffeners. Ghannam and Metwally [16] conducted a series of numerical
simulations to study the influence of three types of connectors in circular concrete-filled
double tube columns. They found that the use of R stiffeners (rectangular plates) or T stiff-
eners welded through the whole column length significantly increased the bond strength,
whereas bar stiffeners did not have much effect. Additionally, they found that a decrease
in slenderness and an increase in the number of connectors can lead to an increase in
bond strength of more than 15%. Soltanalipour et al. [17] observed a 12.31-fold (81.23%)
increase in bond strength by the creation of crown-shaped protrusions on the steel tube.
Petrus et al. [18] presented a study on bond strength in CFSTs, introducing a tap stiffener
on the vertical rib. An increase of 40% in bond strength for a tap stiffener spacing of 100
mm was observed. Hasan and Ekmekyapar [19] concluded that internal rings are more
effective in increasing bond strength than shear studs. Qiao et al. [20] conducted a series
of push-out tests on 14 CFSTs with steel plate connectors. The results indicated that the
steel plate is very effective in transferring the load between the steel tube and the concrete
core. Dong et al. [21] concluded that the use of studs and circular ribs led to an increase in
bond strength.

1.4. Numerical Modelling

Several researchers [3,17,18,22-25] have numerically studied bond strength in com-
posite structures with and without connectors to gain an understanding of the bond
strength at the interaction interface and the performance of the connectors in increasing
the load-bearing capacity and to study their contribution to load transfer. Ghannam and
Metwally [16] carried out a numerical study on the behaviour of three types of stiffeners,
welded to the interior interface of the tube using surface-to-surface interaction. Falah and
Starossek [1] developed a numerical model to analyse the load transfer in concrete-filled
steel tubes combined with shear stud connectors using a surface-based interaction with a
nonlinear spring element in the tangential direction and a contact pressure-over-closure
model in the normal direction. Dos Santos et al. [23] investigated the influence of the
numerical parameters of damaged concrete using a numerical approach and concluded that
significant concrete compressive damage was occurring in the region around the connectors.
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Alemayehu et al. [24] observed that rib plate connectors with circular holes exhibited high
bond strength.

1.5. Research Contribution

The main objective of this research is to provide a novel and rigorous numerical
simulation procedure to analyse the performance of connectors in transferring the load
between a concrete core and a steel tube for high-strength concrete-filled steel square
columns by including all the key parameters of shear connectors, the transfer rate of each
connector, the bond strength, and the stress distribution and deformation of each element.

2. Materials and Methods
2.1. Numerical Models

A series of push-out tests for square specimens carried-out by Dong et al. [21] were
chosen, including four configurations of shear connectors: C1 with 16 studs, a circular rib
(C2), a circular rib with 8 studs (C3), and a circular rib with 8 vertical ribs (C4). These
are the configurations that are the most used in construction practice. The steel size and
length, yield strength (fy), ultimate strength (f,), and concrete strength are shown in Table 1
and Figure 1. In the figure, red colour represents the studs, the blue colour the steel
tube, the orange colour the horizontal rib, the magenta colour the vertical rib, and the
grey the concrete. The mechanical properties of the steel tube and connectors are given
in Table 2.

| — = = | — = — 3
Stud /=40, d=10 Circular rib Stud /=40, d=10 Vertical rib
. b=32,t=4 o = b=32,t=4 [
2 . ) 2 3
. ) Lo o b H
1 L a = o - L a
10 380 19 19 380 19 19 380 10 10 380 19
=
C1 S o CZ N o 03 © o C4 b o
- o (=) (=) o
< L . < - . < . e
g1l . gl a1, . N
10 380 10 19 380 10 19 380 10 19 380 19
c1 C2 C3 Cc4
16 Studs Gi . Circular rib+8 Circular +~Vertical
ircular rib
Studs ribs
Figure 1. Properties of specimens (Dong et al. [21]).
Table 1. Properties of concrete-filled square steel (Dong et al. (2020) [21]).
Steel
. . Length fy fe
Specimen Thickness (mm) (MPa) (MPa) Shear Connector Peyy (kN) Puym (KN) Poxp! Puum
(mm)
C1 16 studs 1221.8 1164.8 1.04
C2 Circular rib 2607.4 2698.7 0.96
C3 10 400 35233 6798 (Cyircularrib + 8 studs 3162 2987.45 1.05
C4 8 vertical + circular rib 3874.00 3686.79 1.05
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Table 2. Properties of steel [21].

Yield Strength  Peak Strength f,, Elastic Modulus

Elements Steel Size (mm) (MPa) (MPa) Es (GPa)
Steel tube 10 352.33 498.67 203.6
Circular rib 4 369 515.33 201.3
Vertical rib 4 369 515.33 201.3
Stud 10 398.68 569.54 201.3

2.2. Element Modelling

The use of numerical methods to study the bond strength in CFST specimens is a
commonly adopted technique [26]. ABAQUS software [27] is often used for this purpose.
The concrete core, steel tube, and connectors were simulated using the three-dimensional
eight-node linear brick element C3D8R, with three degrees of freedom at each node as
shown in Figure 2. The brick elements were found to be more effective at simulating the
non-linear behaviour of the CFST in particular, as they can capture stress gradients, defor-
mation effects, and contact interactions more accurately than shell elements [3,23,25,28-31].
The numerical simulation of the push-out test is based on the application of a load,
in the form of a uniform displacement, at the top of the concrete core through a non-
deformable rigid plate (R3D4), with a section slightly smaller than the concrete section
to exert pressure on the upper surface of the concrete core only to push it through the
steel tube. This pressure is greater in the areas near the four corners than in the central
part, as shown in Figure 3. To allow the concrete core to move downwards, a space
of 50 mm is designed at the bottom end between the outer stainless steel tube and the
concrete core.

Figure 2. C3D8R linear brick.

S, Mises

{Avg: 75%)
67.71
62.36
a97.02
51.68
46.33
40.99
35.64
30.30
24.96
19.61
14.27
8.92
3.58

Figure 3. Specimen C2 pressure on the top surface of the concrete at post-peak load.

ABAQUES software [27] allows the application of boundary conditions at a single point
RP that connects all surface nodes to only one reference by the constraints option available.
A controlled displacement mode is applied to the rigid plate at reference point RP1 at
the top of the column; the boundary condition is applied to restrain the concrete core
dx = 8y = 0, allowing the displacement to take place in the z direction, and the steel tube is
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restrained against the displacement 6x = 8y = 6z = 0 at the bottom at RP2. The connectors
are welded to the steel tube by the tie option. The mesh of 10 mm gives a good convergence,

as shown in Figures 4 and 5.

Rigid plate side
length slightly
shorter than the

Displacement
controlled at RP1
coupled with all

concrete section
rigid plate nodes

e e
S

5
G

RP2 Restricted steel tube base

Steel tube
Ux=Uy=Uz=0
Figure 4. Finite element mesh and boundary condition of concrete-filled steel tube column.
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Figure 5. C1, C2, C3, and C4 load-slip behaviour comparison for different mesh sizes.
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A mesh sensitivity study was undertaken for all four specimens, C1, C2, C3, and C4,
for mesh sizes 7 mm, 8 mm, 9 mm, and 10 mm. Figure 5 shows the results of the sensitivity
test, and Table 3 gives the peak load resistance for different mesh sizes. As can be seen
from the table, the size of the mesh had little influence on the results of the peak load
resistance, giving the following maximum difference between the different mesh sizes for
each specimen: 3% for specimen C1, 6% for specimen C2, 3% for specimen C3, and 5% for
specimen C4. The results clearly show that a mesh size of 10 mm gives good convergence
for all four specimens.

Table 3. Ultimate load capacity for different mesh sizes for each of the specimens.

Mesh Size Specimen Peak Load Resistance (kN)

C1 1164.8

C2 2698.7

10 mm mesh c3 2987.45
Cc4 3686.79

C1 1137.32

9 N c2 2606.26
mm mes Cc3 2924.13
C4 3603.94

C1 1132.69

g N C2 2560.68
mm mes C3 2902.28
Cc4 3526.94

C1 1132.30

; h c2 2545.82
mm mes c3 2901.72
C4 3505.42

Different coefficient values of friction have been proposed between 0.25 and
0.6 [16,22-24,28,30-33]. In Figure 6, the load—slip behaviour of specimen C2 is plotted
for three coefficients of friction, 0.25, 0.3, and 0.35, for comparison. The coefficient value of
0.3 shows a good convergence compared to the experimental results [28].

0 ."4; T T T T T
0 5 10 15 20 25

S(mm

Figure 6. C2 load—slip behaviour comparison for different coefficients of friction.

The interaction between the concrete core and the steel tube was defined based on the
general contact in ABAQUS. Two types of contacts were used: (a) hard contact with the
sliding option in the normal direction and (b) penalty contact in the tangential direction.
This option allows for defining contact between some or all regions of a model with a
single interaction and permits separation and slip between the concrete and the steel
tube [27].
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2.3. Concrete Confined Modelling

The concrete damaged plasticity model was used to simulate concrete behaviour
under compressive and tensile stresses. The model is a three-dimensional continuum
plasticity-based damage model [34]. It assumes that the main two failure mechanisms are
tensile cracking and compressive crushing of the concrete material [27].

Several analytical models describing the behaviour of concrete damage plasticity have
been proposed. Our experimental tests were carried out with square sections for high-
strength concrete as we chose the confined concrete modelling procedure proposed by Thai
et al. [32], which accounts for the confinement effect of concrete infill, residual stresses, and
initial local imperfections for confined concrete.

Figure 7 shows the confined and unconfined concrete, where f. (MPa) and ¢, are the
compressive strength and strain of the unconfined concrete, fo (MPa) and ¢ are the peak
stress and the corresponding strain of the confined concrete, and f, (MPa) is the residual
stress after the peak [32].

fo ————————— —— Unconfined concrete
I —— Confined Concrete
I
I
fo -~/ > |
I I
I U
I
I I
I I
I I
I I
fre ryrr—-———--- - t-"-=-~-~- -~ - - === === ==
I I
I I
I I
I I
1 1
& &

Figure 7. Stress—strain for confined and unconfined concrete [32].

The confining pressure on the concrete was estimated using an empirical equation.
The residual stress of the confined concrete f,. was calculated as 0.1 f; [33]. Equation (1)
represents the strain at the peak stress of the unconfined concrete ¢, proposed by Tasdemir
etal. [35].

The peak stress f( and corresponding strain gy were calculated from Equations (2) and (3),
respectively, proposed by Xiao et al. [22].

e = (~0.067f2 +29.9f +1053) x 10~° (1)
143 24<f’>0'8 2
[V @
e £\ 106
D=1 17.4(ﬂ> 3)

The formula for the confining pressure on the concrete f, was proposed by Thai et al. [32],
as shown in Equation (4):

f = (—42428 4 236, ) e 004(*/) W
" 7773 + f°

where B and t (mm) are, respectively, the width and thickness of the square section.
Equation (5) represents the axial stress—strain relation of the confined concrete in the
pre-peak stress—strain phase, as proposed by Popovics [36] and later modified by Mander

etal. [37]. (
f £/So)r

fo  r—1+ (/o) ©)
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_ Ec
~ Ec— (fo/eo)

where the elastic modulus of the concrete [38] is as given below:

r

E. = 4700 +/f. (MPa)

The stress—strain curve of the confined concrete post-peak proposed by Binici [39] is
given by Equation (6) below:

f_fre+(fc_fre)expl_<£_£0)ﬁ] (6)

o

where the factors « and f are given by Tao et al. [33]:

& = 0.005 + 0.0075.2,
=092

where ¢, is the confinement factor:

_ Asfy

be= Ac.fc

The flow potential eccentricity and viscosity parameter are 0.1 and 0, respectively [29].
Equations (7)—-(9) give the dilation angle ¥, the ratio of biaxial to uniaxial compressive
strength fy,, /f;, and the ratio of the second stress invariant on the tensile meridian to that on
the compressive meridian K, respectively, proposed by Tao et al. [33].

1.5
];?CO - FO075 )
¥ = 40° (8)
5.5
= 51200 ©)

2.4. Steel Tube Modelling

The plastic option in ABAQUS was used to model the steel material by defining its
elastic and plastic mechanical properties. The stress—strain curve of the steel tube was
assumed to be elastic—perfectly plastic. The elastic modulus and Poisson’s ratio were,
respectively, 200 GPA and 0.3 [29]. This value of elastic modulus was chosen as it is the
closest whole number value to the values of the elastic modulus of the steel (203.6 GPA)
and that of the connectors (201.3 GPA).

3. Results and Discussion
3.1. Verification of Finite Element Models

The numerical results obtained were compared to the experimental results presented
by [21], consisting of two main comparisons of peak load strength and axial load capacity
vs. slip curves. Based on Figure 8, the numerical results were found to be in good agreement
with the experimental test results for the peak-load, with a small difference of 5%. For
each specimen, the trend of the two curves is similar. For all the specimens, the bond
strength reached the highest value with small slip. Specimen C4 presented the highest
peak load of 3.68 MN, followed by specimen C3 which recorded a value of 2.98 MN for
a slip value of 2.58 mm. For specimen C2, a higher peak load value of 2.69 MN was
observed for a slip value of 2.58 mm, and the load then started to gradually decrease with
increasing slip.
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For specimens C1 and C3, which contained shear stud connectors, the load decreased
after the peak load to residual values of 0.5 MN and 2.4 MN, respectively, with the rapid
increase in the slip [21].

1400 3000+

1200 2500
1000

2000
800

4 § ol

YR &

1000

400
200 500 —o— P
—e— BXP —4&— NUM
o , : — M 04 , , : : :
o] 5 10 5 20 o 5 10 15 20 25
S (mm) S ()
(a) Specimen C1 (b) Specimen C2

3500+

4000+
3000
2500

3000+

g 2000 g
-

A& 1500 2000+
1000

1000+
500

—0— P —o—B®
—A— NUM —4— NUM
o oz r : : T "
o 5 10 is 20 25 30 o 5 10 15 20 25
S (mxm) S @m
(c) Specimen C3 (d) Specimen C4

Figure 8. Numerical and experimental load-slip behaviour comparison.

3.2. Modes of Failure

The deformation of the shear connectors depended on their geometry and mechanical
characteristics. The deformation of the steel and concrete was largely influenced by the
geometry of the inserted connector. In the following sections, the failure of each member
is discussed.

3.2.1. Stud Connectors (C1)

Figure 9 shows the stresses in the two rows of studs (upper and lower) for several
peak load levels (from 61% to 100% Py). At 0.61 Py, the welded sections were subjected to
very high stresses of 412.4 MPa for a slip value of 0.67 mm, and the studs started to twist.
At the peak load Py, for a slip of value 3.03 mm, all the studs reached their ultimate strength
of 569.54 MPa, indicating failure of connection at the welded sections.

8§, Mises
(Avg: 75%)

S, Mises

(Avg: 7500)
484,24
444,07
403.91
363.74
323.57
283.41
243,24
203.07
162.91

449.20
411.92
374.63
337.34
300.06
262.77
225.48
188.20
150.91

Slip = 0.67 mm (0.61 Pu) Slip = 1.24 mm (0.87 Pu) Slip = 3.03 mm at Pu

Figure 9. Stresses of studs at different peak load levels for specimen C1.
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3.2.2. Circular Rib (C2)

Figure 10 shows the variation in the stress vs. length of the circular rib for one side at
several load levels (from 2.6% to 100% Py). At the start of the test, the circular rib stress
started to increase for the first slip in the corners compared to the central part. At P, the
circular rib reached its stress yielding limit of 369 MPa and the peak stress of 515.3 MPa at
post-peak bond strength from the four inside corners (Figure 11).

Stress (VIPa)

- 8 B BB Y B Y S

Length (mm)

Figure 10. Stresses in the circular rib at different load levels for specimen C2.

(a) Stress pre-peak

s, Mises S, Mises
(Avg: 75%) (Avg: 75%)
19.10 476.70
1752 437.22
1594 397.74
358.26
}2;33 318.78
279.31
;_15'3" 239.83
8.04 200.35
6.46 160.87
4.88 121.39
3’30 81.92
1.72 42.44
0.14 2.96
Slip = 0.2 mm (0.02 Pu) Slip =2.6 mm (Pu)
(b) Stress post-peak
5, Mises S, Mises

(Avg: 75%) (Avg: 75%)
515.33 515.33
472,78 472.70
430.24 430.06
387.69 387.43
345.15 344.79
302.60 302.16
260.05 259.52
217.51 216.89
174.96 174.25
132.42 131.62
89.87 88.98
47.32 46.35

4.78 3.71

Slip =12.5 mm Slip =22 mm

Figure 11. Specimen C2 stresses in the circular rib at different peak load levels and slip values.

3.2.3. Circular Rib with Studs (C3)

This model was composed of eight studs combined with a circular rib. This com-
bination is important to improve the peak bond strength. The studs reached their peak
limit strength of 569.5 MPa at P, (2.58 mm) before failure (see Figure 12). While the
bearing capacity of the column gradually decreased after the peak bond strength, the
circular rib continued to transfer the loads principally from the four corners, which reached
their strength limit post-peak. The central part underwent buckling in the elastic phase.
In Figure 13, the curves of specimens C2 and C3 are identical, except at the peak bond
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strength. The studs in specimen C3 increased the peak bond strength limit to 5.62 MPa
before reaching failure.

(a) Stress pre-peak

8 Mises 8, Mises

(Avg: 75%) {Avg: 75%)
84.492 569.542
77.454 522,497
70.416 475,452
63.379 428,408
56.341 381,363
49,303 334,318
42,266 287.273
35.228 240,229
28.190 193.184
21.153 146.139
14.115 99,095
7.077 52,050
0.040 5.005

Slip = 0.2 mm (0.25Pu) Slip =2.58 mm (Pu)
(b) Stress post-peak

§, Mises S, Mises

(Avg: 75%) (Avg: 75%)
369.509 525.931
523.160 483.297
476.762 440.662
430.363 398.028
383.964 355.394
337.565 312.760
291,166 270.126
244.767 297.492
198.368 184.857
151.969 142.223
105.571 99.580
59.172 56.055
12.773 14.321

Slip=12.5 mm Slip=22 mm

Figure 12. Specimen C3 stresses in the circular rib and the studs at different peak load levels and for
different slip values.

T (MPa)
b

3
2
14 .
—4— Creular Rib+Bolts
—O— Circular Rib
0‘/ T T T T T
0} 5 10 15 20 25

S(mm)
Figure 13. Bond strength-slip behaviour in specimens C2 and C3.

3.2.4. Circular and Vertical Ribs (C4)

The combination of circular ribs with vertical ribs was the most optimal combination
to improve bond strength, reaching a value of 6.93 MPa. From Figure 14, it is observed
that at 0.7 P, the lower vertical rib reached its elastic limit of 369 MPa. At peak load Py,
both parts of the vertical rib close to the circular rib reached their yielding stresses. With
increasing slip, the circular rib and the lower vertical rib reached their peak strength limit
of 515.33 MPa, mainly in the four corners.
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(a) Stress pre-peak

8, Mises S, Mises

{Avg: 75%) (Avg: 75%)
374.76 308.07
343.70 956.29
312,63 324.51
281.57 292.73
250.50 260.95
21944 22917
108.37 197.39
157.31 165.60
126.24 133.82
95.18 102.04
64.12 70.26
33.05 39.48

1.09 6.70
Slip = 0.66 mm (0.7Pu)
(b) Stress post-peak

5, Mises §, Mises

(Avg: 75%) (Avg: ;f;’ua)a
515.83 :
475.20 479.0%
435.07 434.75
394.94 394.46
25481 354.17
314.69 313.98
274.56 273.59
234.43 233.30
194.30 193.01
154.17 152.73
114.04 112.44
23.01 72.15
33.78 31.86

Slip =10 mm Slip =22 mm

Figure 14. Specimen C4 stresses in the circular and vertical ribs at several peak load levels and
slip values.

3.2.5. Concrete

For all models, the concrete faced compression damage, especially in the upper part
around the connectors, by varying forms. A value of zero “0” means no damage and a
value of “1” indicates crushing of the concrete [29]. The concrete degradation for spec-
imen C1 with studs is illustrated in Figure 15. At the start of the test, local crushing
appeared at the upper part of the studs’ positions. At P, the degradation increased in
circular form due to the rotation of studs. After the peak load, the degradation of the
concrete stopped because the studs lost connection with the steel tube. For specimen
C2 with a circular rib, at the start of the test, most of the concrete damage was observed
in the middle of the upper position of the circular rib and continued to propagate with
increasing slip. For specimen C4, greater degradation was observed at the position of the
two vertical ribs.

3.2.6. Steel Tube

The surface of the steel tube nearer to the connector position exhibited local buckling,
with different shapes depending on the geometry of the connectors. For the models with a
circular rib, at Py, the outward local buckling was very significant in the four corners of the
steel and continued to propagate towards the central part with increasing slip. Meanwhile,
the region close to the studs underwent very slight deformation.

Figure 15 shows the concrete and steel damage for all specimens, the values of the
slip of each connector corresponding to different levels of ultimate load Py, as well as the
post-peak state.
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Figure 15. Damage in concrete and steel.

3.3. Distribution of the Load Along the Steel Length

The distribution of the load for each model along the steel length is presented for sev-
eral peak load levels in Figure 16, with the main parameter being the shear stress transfer.
The concrete supported the total load at the top of the specimen, and the steel tube sup-
ported the whole load at the end. One can observe that a large portion of the load transfer
at any load level moved towards the steel tube and occurred at the connector’s position.
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Figure 16. Cont.
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Figure 16. Load-length of the steel at different peak load levels.

For specimen C1, a larger portion of the load was transferred through the two positions
of the two rows of the connectors, where the upper one was more effective than the lower
row. For specimen C2, more than 3/4 of the total load was transferred at the circular
rib position.

For specimen C3, 4/6 was transferred by the circular rib positioned at 250 mm at
the peak load. Meanwhile, the studs ensured transferral of 1/6 of the total load, and the
remaining 1/6 of the total load was transferred with natural interaction.

In addition to the performance of the four corners of the circular rib in transferring the
load for specimen C4, the presence of vertical ribs limited the deformation of the circular
rib mainly in the central parts, so the sliding was very limited between the steel tube and
the concrete core, significantly increasing the bond strength.

About 55% of the total load was transferred by the circular rib positioned at 250 mm
from the top, and the presence of the vertical rib along the column gave a significant load
transfer capacity at the top and bottom.

The relationship of each connector to the peak load P, is illustrated in terms of the
rate of load transmitted compared to the total load in Figure 17.
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Figure 17. Cont.
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Figure 17. Connectors’ participation ratios for all specimens.

3.4. Performance of Connectors

For specimen C1, the studs were found to be very effective in transferring the load at
the first slip. Between 60% to 80% of the total load was transmitted by the two groups. At
peak load, the participation reduced to lower values. The upper group was more effective
than the lower group. After the peak load, the studs reached their strength limit and failure
of the connection with the steel tube occurred at the welded section.

For specimen C2, the circular rib transferred approximately 80% of the total load at
the first slip, while less than 20% of P, was transferred by the natural bond between the
concrete core and the steel tube. At 0.25 Py, this value increased to a very high value of
90%. After this step, the load transferred decreased to about 74% at Py,.

The circular rib and studs in specimen C3 transferred a constant load up to the peak
bond of 82%. The contribution of the circular rib was 4.5 times greater than the contribution
of the studs at peak load. This value was mainly due to the phase of failure of the studs. At
post-peak load, the circular rib continued to transfer the load alone.

The circular rib in specimen C4 was more effective at increasing the ultimate bond
strength compared to the vertical rib. The contribution of the circular rib tended to decrease
with increasing load, contrary to the vertical rib which recorded an increase. The combi-
nation of these two connectors was the most effective method to increase load capacity
compared to the other models.

Figure 18a shows the total load transferred by each group of connectors. Specimens C2,
C3, and C4 were very efficient, with an average participation rate of more than 80%, followed
by specimen C1 which recorded at the first slip a very high participation value of more than
75% before showing a rapid decrease after the peak bond strength at a slip value of 7 mm.
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Figure 18. Connectors’ transferred load.
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According to Figure 18b, the circular and vertical ribs more efficiently increased the
peak load, mainly due to the significant participation of the effective section. Figure 19
shows the load transfer by one side of the circular rib (C2) for different peak load levels,
and one vertical rib (C4) at peak load. At Py, the corners of the circular rib were very
effective at increasing the peak bond compared to the central part. The lower side of the
upper rib and the two sides of the lower vertical rib transferred greater value compared to
the other sections.

m.
15 Upper vertical Rib
_ Central
g E —o— Lower
2 10l = Lower vertical Rib
o o -5 Uper
- 4= Central
- & - Lower
5-
0 T T T T T T T 1 (};Mn: —_—
0 50 100 150 200 250 300 350 400 0 5 10 15 2 25
Length (mm) S (mm
(a) C2 circular rib (b) C4 vertical rib

Figure 19. Load transferred along the length of the circular and vertical ribs.

The load transferred by each connector at the peak loads is summarised in Table 4.

Table 4. Summary of the parameters investigated relating to the connectors.

. Su P, Specimen Pcu Teu Participation

Specimen Connectors (mm) (N) (kN) (MPa) %)
Studs (Upper) 312.55 0.59 26.83

C1 —F 3.03 1164.8
Studs (lower) 255.94 0.48 21.97
C2 Circular rib 2.58 2698.7 2131.06 4.01 78.97
Studs 234.83 0.44 7.86

C3 2.58 2987.45
Circular rib 2170.15 4.079 72.64
Circular rib 1823.42 3.43 49.46

C4 2.60 3686.79
Vertical rib 1583.04 2.98 4294

According to Figure 20 that presents the curves’ bond strength transferred for the
circular and vertical ribs, Figure 21 illustrates the ultimate bond strength for each connectors,
the circular ribs of specimens C2 and C3 were 1.2 times more effective at increasing the peak
bond strength compared to the circular rib of specimen C4 and 1.37 times more effective
than the vertical rib. The circular rib of specimen C4 transferred more than 1.15 times the
load transferred by the vertical rib in the same specimen. The upper row of specimen C1
was more efficient than the lower row by more than 1.22 fold.



J. Compos. Sci. 2024, 8, 443

18 of 22

34

T (MPa)

i/o—do_‘)\o\o—o/o

2-
—0— Craular RbQ
1 —*%— Graular Rb 3
T —o— Giraular Rb G4
Vertical Rib C4
o¥ . . . .
o 5 10 15 20 25
S (mm)

Figure 20. Bond strength curves of circular and vertical ribs.

4
3
1-
058 @‘

o]

4.07

[ JTowa

342

297

upper lower Q a

a a

Figure 21. Peak bond strength of connectors.

Connectors

3.5. Parametric Study

a

i}
Studs Studs Crib Studs Grib  Grib  Vrib

(e}

A

Several parameters related to CFST columns and the characteristics of connectors have
an important impact on bond strength. Finite element analysis enables a parametric study
by considering a wide range of parameters. The properties of the studied parameters is
summarised in Table 5.

Table 5. Properties of the studied parameters.

N Circular Rib Parameter Properties Py (MN) T4 (MPa) Ratio
1 3 2.36 4.44 0.88
2 Thickness (mm) 4 2.69 5.06 1
3 5 2.83 5.32 1.05
4 fy =352 2.66 5.00 0.99
5 Stainless Steel (MPa) fy =369 2.69 5.06 1
6 fy =398 2.73 5.13 1.01
7 L=50 2.58 4.85 0.96
8 L =100 2.69 5.06 1
9 Position (mm) L =150 2.72 511 1.01
10 L =200 2.7 5.08 1
11 L =250 2.67 5.02 0.99
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Figure 22 shows a graph of bond vs. slip for different circular rib thicknesses. The
increase in the bond strength is proportional to the thickness of the circular rib. A thickness
of 5 mm resulted in a bond strength of 5.32 MPa. This value was the largest for the square-
shaped column and presented an increase of 16.54% compared to the circular rib of 3 mm
in terms of maximum bond strength. This increase was observed until the end of the test.
Figure 23 shows the bond strength for steel tubes with three yield strengths of 352, 369, and
398 MPa. The increase in bond strength is relative to the increase in yield strength of the
circular rib connectors, but this increase is small. The effect of the position of the circular rib
connectors on bond strength is shown in Figure 24 for five positions: 50, 100, 150, 200, and
250 mm. A maximum value of 5.11 MPa was recorded at the middle position of 150 mm,
showing an increase of more than 5% compared to the lowest value of 4.85 MPa at the base
of the columns at position 50 mm. The two limit positions had the lowest values.

0.(} T T T T 1

0 5 10 15 20 25
S (mm)

Figure 23. Load-slip curves for several stainless steel yield strength values.

5 10 10 200 250
Position of connectors (nm)

Figure 24. Load-slip curves for several positions of circular rib.
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3.6. Discussion

For the stud connectors (C1), it was found that failure occurred at the welded section,
suggesting that the welds were the weakest points. Indeed, these were found to be subjected
to very high stresses, leading to the studs twisting prior to weld failure.

The circular rib (C2) and circular rib with studs (C3) connectors were found to exhibit
similar performances, with C3 exhibiting an increased peak bond strength. This is evidence
that the introduction of studs with a circular rib leads to improved peak bond strength,
which is an important point to note in designing such components.

The results have shown that combining circular ribs with vertical ribs (C4) gives the
optimal solution, leading to increased bond strength, reaching almost 7 MPa. This is an
important finding that will assist the design process when choosing which configuration
would give the optimal solution. The reason for C4’s better performance can be explained
by the fact that, in addition to the rigidity of the four corners of the circular rib against
deformation and their ability to transfer the load, the presence of vertical ribs limited
the deformation of the circular rib mainly in the central parts; consequently, the slippage
between the steel tube and the concrete core was very limited, and the bond strength was
considerably increased.

All models (C1 to C4) underwent concrete damage, especially in the upper part around
the connectors. C1 appeared to show the most degradation of the concrete (crushing), and
therefore, more attention needs to be paid when designing stud connectors to prevent
failure of the welds and crushing of the concrete. For the steel tube, local buckling was the
common feature in all types of connectors.

4. Conclusions

This paper presented the results of a numerical study on the performance of different
connectors for load transfer in square CFST columns. The main conclusions are given below.

The effectiveness of the connectors in improving bond strength was demonstrated
for each specimen. Specimen C4 provided a transferral rate of 92%, specimens C2 and C3
provided a transferral rate of 79% of the total load, and specimen C1 recorded a very high
participation value of more than 75% at the first slip, followed by a rapid decrease at Py,.

The presence of vertical ribs in specimen C4 limited the deformation of the circular
rib mainly in the central parts. Sliding was very limited between the steel tube and the
concrete core, and the bond strength was significantly increased.

The circular rib in specimen C4 was more effective at increasing the peak bond strength,
with an increase of 13.16%, compared to the vertical rib.

The circular ribs in specimens C2 and C3 were 1.2 times more effective at increasing
the peak bond strength compared to the circular rib of specimen C4.

The corners of the circular rib were very effective at transferring the load and increasing
the peak bond compared to the central part, which lost its ability to transfer load at peak
bond strength.

The lower side of the upper vertical rib and the two sides of the lower vertical rib
transferred higher load values compared to other sections.

The circular rib reached its maximum strength from the four inside corners after the
peak bond strength, and the central part underwent buckling in the elastic phase before
reaching the yielding strength limit. Meanwhile, the studs reached their peak strength at
the welded section at peak load Py,.

The degradation due to compression in the concrete was largely influenced by the type
and geometry of the connectors. The surface of the steel tube near the connector exhibited
local buckling with complex shapes.

The proposed model showed a high ability to simulate the important parameters that
affect the performance of high-strength concrete-filled steel square columns with different
shear connectors. This is important in assisting manufacturers and designers in making
decisions on the types of connectors with the most effective performance.
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The 5% difference observed between the peak axial loads in the experimental and
numerical tests due to modelling (mesh size, friction coefficient, material, and boundary
conditions modelling) did not affect the superposition of axial load capacity slip curves
between experimental and numerical tests.

5. Limitation of the Study

The findings from this research may be further refined by choosing a finer mesh where
needed—for example, in areas with the highest stress concentration. Using accurate mate-
rial properties can also lead to more representative and accurate results: properties such
the elastic modulus of the steel tube and connectors, as well as the correct characteristics
of the concrete, can all affect the results, and so there is scope for further improvements.
Accurate modelling of the concrete-steel interface is also an important factor that can affect
the results obtained. Finally, the boundary conditions, regarding how the different elements
are joined together and how the structure is supported, also have a bearing on the findings.

6. Recommendations for Future Work

The results obtained from the present numerical study can be extended to study the
load transfer and bond strength for other types of connectors. Additionally, the model can
be further refined and developed to predict local and global buckling, and their interaction,
for such components. This should include cases where the load is excentric, as is normally
the case in columns. It is also important to study the influence of concrete strength and
recycled aggregate concrete on the performance of connectors.
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