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Jesús D. Ortiz, Seyed Saman Khedmatgozar Dolati, Pranit Malla, Armin Mehrabi

and Antonio Nanni

Nondestructive Testing (NDT) for Damage Detection in Concrete Elements with Externally
Bonded Fiber-Reinforced Polymer
Reprinted from: Buildings 2024, 14, 246, doi:10.3390/buildings14010246 . . . . . . . . . . . . . . . 138

Junjie Wu and Chuntao Zhang

Modified Constitutive Models and Mechanical Properties of GFRP after High-Temperature
Cooling
Reprinted from: Buildings 2024, 14, 439, doi:10.3390/buildings14020439 . . . . . . . . . . . . . . . 158

Qu Yu, Yu Ren, Anhang Liu and Yongqing Yang

Study on Bonding Behavior between High Toughness Resin Concrete with Steel Wire Mesh and
Concrete
Reprinted from: Buildings 2024, 14, 1341, doi:10.3390/buildings14051341 . . . . . . . . . . . . . . 180

v
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The development and application of new materials is one of the main driving forces
of technical development in the field of civil engineering. Compared with traditional
structural materials, a fiber-reinforced composite (FRP) has the advantages of being light
weight, high strength, and corrosion resistant while also having designability [1,2]. Over
a very long period of time, fiber composite materials have experienced a history of trials,
demonstrations, development, and popularization. Now, they are widely used in exist-
ing structure reinforcements and various new structures, which can effectively improve
structural performance and prolong structural life [3,4]. This Special Issue is dedicated
to showcasing the latest research and development activities related to the utilization of
FRP composites in construction. This Special Issue on Fiber Reinforced Polymer (FRP)
Composites for Construction features 13 papers. All these contributions effectively address
the main topics of this Special Issue in a targeted effort.

In line with the research topics explored in this Special Issue, the 13 published articles
can be categorized into 3 major themes. The first research topic is the mechanical behavior
of FRP. Paper [5] offers a comparative analysis of the flexural response of concrete beams
reinforced with different types of FRPs and steel, with a specific focus on CFRP, which
shows improved performance at lower reinforcement ratios. Paper [6] investigates fracture
models for X80 pipeline girth welds; the 3D model outperformed the 2D model. Tensile
strength was correlated with stress triaxiality. Paper [7] investigates shear loads for single
non-metallic bars and concrete specimens with non-metallic reinforcements crossing two
joints, showing that the behavior after exceeding adhesion was ductile in comparison to
joints without reinforcements, where the behavior was brittle. Paper [8] investigates the
effects of different target temperatures and cooling methods on the tensile properties of
GFRP and derives the prediction equations and theoretical models for the mechanical
properties after high-temperature cooling. Paper [9] conducts tests on nine specimens,
comparing the superior deformation resistance of GFRP-reinforced concrete (RC) joints to
RC beam-to-column joints and validating the experimental results with a proposed core
zone shear capacity method. Paper [10] examines the impact of elevated temperatures on
the mechanical properties of FRP composites, providing key insights into their performance
post-heat exposure and laying the groundwork for fire safety considerations.

The second research topic is strengthening and rehabilitation techniques with FRP.
Paper [11] assesses the use of AR-GT fabrics to increase the flexural capacity of RC beams,
demonstrating significant improvements in load-carrying capacity with both internal and
external layer applications. Paper [12] introduces three different strengthening methods,
with the wrapped CFRP method demonstrating the most significant enhancement in
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carrying capacity and ductility. The paper also includes a theoretical calculation of the
carrying capacity. Paper [13] introduces a dispersed-tendon cable anchor system for BFRP
cables, aiming to increase anchoring efficiency, an innovation that could influence the
design of future FRP anchoring systems. Paper [14] presents an experimental study on the
shear behavior of masonry walls reinforced with FRP, indicating notable enhancements in
strength and ductility, especially with CFRP composites.

The third research topic is the bonding properties of cementitious materials. Paper [15]
investigates the interfacial properties between lightweight concrete (LWC) and engineered
cementitious composites (ECC) with different polyvinyl alcohol (PVA) and glass fiber
dosages under different surface roughness conditions. Paper [16] investigates the interfacial
bonding behavior between high toughness resin concrete with steel wire mesh (HTRCS)
and concrete and proposes an interfacial bond-slip model and a bearing capacity equation.
Paper [17] examines the types, characteristics, and identification of damage and defects
that were either observed or expected in EB-FRP concrete elements.

The research presented in this Special Issue encapsulates a diverse spectrum of in-
vestigative and practical advances, demonstrating the transformative impact of FRP com-
posites across various construction scenarios. From innovative methods to robust models,
these papers significantly enhance the design, assessment, and execution of construction
projects. As the research unfolds, the pivotal role of FRP composites in the evolution of
modern construction is both illuminated and affirmed.

Conflicts of Interest: The authors declare no conflict of interest.
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Seismic Response of GFRP-RC Interior Beam-to-Column Joints
under Cyclic Static Loads
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Abstract: A total of nine specimens were constructed and tested under cyclic loads to investigate the
differences in seismic behavior between glass fiber-reinforced polymer (GFRP)-reinforced concrete
(RC) joints and RC beam-to-column joints. The experimental parameters included stirrup ratios,
axial pressure ratios and concrete strength of the beam-to-column joints. The cyclic loading test
results showed that the GFRP-RC beam-to-column joints can withstand significantly high lateral
deformations without exhibiting brittle failure. Moreover, the RC beam-to-column joint exhibited
significantly higher energy dissipation and residual displacement than the GFRP-RC beam-to-column
joint by 50% and 60%, respectively. Finally, a shear capacity calculation method for the core zone of
this kind of joint was proposed, which agreed well with the experimental results.

Keywords: glass fiber-reinforced polymer; beam-to-column; seismic performance; shear capacity

1. Introduction

Traditional reinforced concrete (RC) frame structures absorb earthquake energy through
structural deformation. However, when the residual displacement of the structures is
too large, they are not conducive to earthquake relief and post-disaster reconstruction.
Fiber-reinforced polymer (FRP) composites have been used as an alternative to steel re-
inforcement because of their favorable properties, such as their high strength-to-weight
ratio, corrosion resistance, ease and speed of application, and minimal change in geometry.
Aksoylu et al. [1] investigated the effect of web openings on pultruded fiber-reinforced
polymer (PFRP) under compressive loads, and the results showed that pultruded pro-
files with carbon fiber-reinforced polymer (CFRP) wrapping are more likely to increase
load carrying capacity of the structure; Mandenci and Özkılıç [2] explored the effect of
porosity on the free vibration analysis of functionally graded (FG) beams with different
boundary conditions using state space approach and Artificial Neural Networks (ANNs)
technique, among others. Vedernikov et al. [3] demonstrated for the first time the possibility
of applying large cross-sectional profiles to high-speed pultruded suitable structures.

The mechanical properties of FRP composites embedded in concrete have been widely
studied, indicating that the bonding of FRP bars to concrete is sufficient and proving the
feasibility of using FRP bars in place of steel reinforcement in concrete components. For
example, Tavassoli et al. [4] compared the difference in seismic performance between RC
columns and GFRP (glass fiber-reinforced polymer) columns. The results showed that
the pier columns still had greater stiffness during a large deformation phase. Through
a series of pseudo-static loading tests of RC piers with mixed configurations of steel-
FRP reinforcement, Ibrahim et al. [5], Sun et al. [6], and Fahmy et al. [7] investigated
whether piers with mixed reinforcement had significantly higher post-yield stiffness and
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significantly lower residual displacements and whether their energy dissipation capacity
was consistent with that of RC piers. Kun et al. [8] conducted single shear tests on FRP-
concrete bond joints with different anchorage types and found that different anchoring
forms led to three different damage forms: interface delamination, FRP pull-out, and
FRP fracture. The elastic-plasticity of the steel reinforcement was the main reason for the
reduction in the RC members’ post-yield stiffness. To overcome or reduce this shortcoming,
recent studies on the seismic performance of FRP-RC frame structures are prevalent. For
example, Ghomi et al. [9] and Hasaballa et al. [10] investigated the seismic performance of
T-shaped GFRP-RC concrete beam-to-column joints using shear stress, reinforcement form,
and concrete compressive strength as test variables, and their results showed that GFRP-RC
concrete beam-to-column joints do not suffer from brittle failure and can withstand high
transverse deflection. Mady et al. [11] proved that GFRP-RC concrete beam-to-column
joints can reach their design capacity under cyclic loading, while their energy dissipation is
significantly lower than that of RC concrete frames. Safdar et al. [12] tested three full-scale
GFRP-RC T-connections under reversed cyclic loading to investigate the influence of the
anchorage type at the end of the longitudinal bars of the beam on the cyclic performance
of GFRP-RC T-connections. There are other ways of using FRP materials are applied in
reinforcing concrete structures, such as wrapping. Gemi et al. [13] and Özkılıç et al. [14]
studied the effect of FRP composite wrapping on the flexure performance of RC-filled GFRP
profile hybrid beams. The ultimate load capacity, ductility, stiffness, energy dissipation
capacity, and damage modes of the beams were also determined using a combination of
tests and simulations.

Above all, existing studies have indicated that using FRP bars instead of steel rein-
forcement can further improve the strength, deformation capacity, and post-yield stiffness
of frame structures. However, to date, no quantitative analysis has been performed on the
seismic performance of GFRP-RC concrete frames, and there is a lack of systematic research
on the calculation of the bearing capacity of the core area.

Therefore, this paper presents the pseudo-static tests on nine 1/2-scale concrete beam-
to-column joints with different stirrup ratios, axial compression load ratio, and concrete
strengths. In addition, the effects of different variables on their seismic performance were
evaluated based on the test results. Moreover, as the utilization rate of FRP reinforcement
is not considered in the existing equations for calculating the bearing capacity of the joints,
a new calculation method was established for the shear bearing capacity of GFRP concrete
beam-to-column joint cores based on the concept of the effective strain of GFRP bars.

2. Experimental Investigation

2.1. Materials
2.1.1. Concrete

This study used concrete design strength grades C30, C35, and C40, in adherence
with the Chinese design specification of concrete structures, meaning that the design com-
pressive strength values are 30 MPa, 35 MPa, and 40 MPa, respectively. The concrete
was mixed with ordinary Portland cement (OPC), medium sand with a fineness mod-
ulus of 2.48, water, and crushed stone with a maximum size of 10 mm. The mixture
proportions are tabulated in Table 1. During the process of casting concrete under con-
tinuous casting, three cubic samples (150 mm × 150 mm × 150 mm) were reserved for
each strength grade concrete and then cured for 28 days under the same conditions as the
corresponding joint specimens. The main mechanical properties of concrete follow standard
test methods (GB/T50081-2002) [15], and the measured values of all materials are summarized
in Table 2. The mean strengths of grades C30, C35, and C40 cubic specimens were 31.98 MPa,
36.05 MPa, and 40.86 MPa, respectively. Figure 1 shows the compressive test setup photo
of the concrete.
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Table 1. Mixture proportion of the concrete.

Grade Gmax (mm)
Quantity (kg/m3)

Water Cement Fine Aggregate Coarse Aggregate

C30
10

218.56 383.44 720.86 1177.15
C35 218.75 446.43 642.86 1191.96
C40 218.94 509.17 621.18 1150.71

Note: Gmax is the maximum size of gravel.

Table 2. Material properties of concrete.

Grade Design Strength f cd (MPa)
Compressive Strength f c (MPa)

Measured Values Mean Value

C30 30 32.04 31.14 32.78 31.98
C35 35 36.56 34.38 37.21 36.05
C40 40 39.02 42.12 38.45 40.86

Figure 1. Compressive test for concrete.

2.1.2. Steel Reinforcement and GFRP Bar

Steel bars with a diameter of 6 mm, 8 mm, and 10 mm and GFRP bars with a diameter
of 8 mm and 10 mm were used in this study. The GFRP bars, manufactured with glass
fiber with a diameter of 36 μm, was impregnated with a suitable resin system to form a rod
pattern. Its strength was determined by tensile tests (shown in Figure 2) according to the
recommendations of GB/T 228.1-2010 [16]. From the tensile tests, it can be seen that the
plastic contribution of steel reinforcement involved both a region of uniform deformation
with all parts of the gauge length elongating to the same amount and a nonuniform region
with localized deformation or necking. In the case of the GFRP bars, brittle fracture occurred
in the elastic region (or after only a very small amount of plastic deformation). Furthermore,
the mean values of its mechanical properties, including yield strength, ultimate strength,
elongation, and elastic modulus, are summarized in Tables 3 and 4.

Figure 2. Tensile tests for steel and GFRP bars. (a) Steel bars; (b) GFRP bars.
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Table 3. Material properties of steel bars.

Diameter (mm)
Yield Strength f y

(MPa)
Ultimate Strength

f tu, (MPa)
Elongation (%)

6 563.87 647.19 24.03
8 486.61 581.51 22.56
10 480.46 575.16 23.84

Table 4. Material properties of GFRP bars.

Diameter (mm) Tensile Strength f gt (MPa) Elastic Modules (MPa)

6 1481.11 5.67 × 104

8 1317.41 5.35 × 104

10 1153.71 5.03 × 104

2.2. Details of the Specimens

A total of nine joints were fabricated and tested, including eight GFRP concrete beam-
to-column joints and one RC concrete beam-to-column joint as a reference specimen, and
the scale ratio of all joint specimens was 1/2. The details of the test specimens are shown in
Figure 3. The total length of the beam is 3000 mm, the calculated length is 2700 mm, and its
cross-section is 175 mm × 250 mm. Meanwhile, to facilitate the lifting and test loading of
the joint model, a certain length of loading head is reserved at the top of the column, and
the distance from the lateral loading point to the fixed hinge at the base of the column is
1800 mm. The cross-section of the column is 225 mm × 225 mm.

Figure 3. Details of test specimens (units: mm) (a) Dimensions of test specimens; (b) GFRP-RC
specimens; (c) Photo of the joints; (d) Column BC-2; (e) Columns BC-5~BC-9; (f) Column BC-4;
(g) GFRP-RC Beam.

7
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The test variables in the experiments included the concrete strength, axial compression
load ratio, reinforcement type (steel or GFRP bar), and stirrup ratio. Table 5 summarizes
the design characteristics of the test specimens, where all joint specimens are made using
concrete strengths of grade C40 and steel of HRB400 reinforcement grade. Specimen BC-1
is an RC joint model acting as a control joint with a pouring concrete strength of grade C40
and an axial pressure ratio of 0.1, and the steel stirrup diameter is 6 mm with a spacing
of 50 mm. BC-2 to BC-9 are all GFRP concrete beam-to-column joint models, with beam
stirrups that are GFRP spiral stirrups with a diameter of 6 mm, wherein BC-2 to BC-4
take the diameter of GFRP spiral stirrups in the column as the variable (6 mm, 8 mm, and
10 mm). BC-5 to BC-7 have different axial pressure ratios (0.2, 0.25, and 0.3) and BC-8 to
BC-9 are different with respect to concrete strength (grade C30 and grade C35).

Table 5. Design characteristics of the test specimens.

Specimens Concrete Strength Axial Pressure Ratio
Beam Column

Longitudinal Bars Stirrups Longitudinal Bars Stirrups

BC-1 C40 0.1 6 × Φ10 Φ6@50 8 × Φ8 Φ6@50
BC-2 C40 0.1

6 × DGF10 DGF6@50 8 × DGF8

DGF6@50
BC-3 C40 0.1 DGF8@50
BC-4 C40 0.1 DGF10@50
BC-5 C40 0.2 DGF8@50
BC-6 C40 0.25 DGF8@50
BC-7 C40 0.3 DGF8@50
BC-8 C30 0.1 DGF8@50
BC-9 C35 0.1 DGF8@50

Note: Φ means the diameter for HRB400 grade steel reinforcement; DGF means the diameter for GFRP bar.

2.3. Testing Procedure

In this study, a pseudo-static loading test was carried out. As shown in Figure 4,
two electrohydraulic actuators were mounted at the top of the column to the reaction
frame and reaction wall. The vertical actuator provided a constant axial force and the
horizontal actuator applied a cyclic load; the maximum allowable capacity of the horizontal
and vertical actuators was 500 and 1000 kN, respectively. Meanwhile, the double hinge
devices mounted at the end of the beams were attached to the reaction floor, and the force
transducers were arranged on devices to measure the vertical reaction force at the beam
end. Moreover, two rods with rolling axes were installed at the top of the column to limit
the out-of-plane movement (seen in Figure 4b). To ensure that the rods did not affect the
lateral translation of the specimens, it should be noted that one end of the rods was fixed to
the vertical reaction frame, and the opposite end had rolling axes supporting the specimen.

Furthermore, the cyclic loads were applied by a displacement-controlled mode until
the specimen fractured, which is shown in Figure 5. The cyclic loading procedure consists of
several loading steps gradually increasing in lateral displacement, where the displacement
increment is 5 mm per step, and three full cycles were conducted for each level. Meanwhile,
strain gauges with a diameter of 3 × 5 mm were installed at the plastic hinge zone of
the beam and column, respectively, as shown in Figure 3b. A total of 52 strain gauges
were used in per specimen. In addition, a total of 14 displacement sensors were used to
obtain the average curvatures of column and beam at different displacement levels. The
displacement sensors were arranged in the potential plastic hinge zone and core of the
beam and column.
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Figure 4. Loading setup. (a) Loading setup; (b) Photo of setup.

Figure 5. Loading protocol.

3. Test Results and Discussion

3.1. Crack Pattern and Failure Mode

Figure 6 shows the failure mode of each joint specimen after testing. The cracks of
all specimens are mainly concentrated in the plastic hinge area of the beam; however, a
few cracks occur in the non-core area of the columns, and all joint specimens undergo
concrete cracking and cover concrete spalling. During the test, the first vertical bending
crack appeared at the beam-to-column junction when the displacement of the column
top was ±4 mm. As the cyclic load increased, a large number of cracks appeared in the
plastic hinge area of the beam. Thereafter, when the cyclic load approached the peak load,
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cracks appeared in the beam-to-column intersection line and core area, except in the case of
specimens BC-5, -6, and -7.

Figure 6. Crack pattern after testing.

Compared to the RC joint specimen (BC-1), the GFRP beam-to-column joints emitted
a brittle sound of fiber bundle breakage when the concrete spalled. Therefore, the surface
concrete of the beam end where the cracks were concentrated was chiseled away to observe
the damage situation of the GFRP, as shown in Figure 7. It can be inferred that the outer
rubber layer of the GFRP was pulled off first due to the cyclic load, then the fiber filament
bundle gradually appeared to fracture as the load increased, and finally, the internal rubber
layer fragmentation occurred in a large area. From the observed damage of the GFRP,
it can be concluded that, although GFRP are brittle materials, the GFRP joints still have
some energy dissipation capabilities. Meanwhile, brittle damage did not appear when
the GFRP joint specimens reached a displacement angle of 5.5%, indicating that the GFRP
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beam-to-column joints tested can withstand relatively high lateral deformation without
brittle damage.

Figure 7. Observed damage of GFRP. (a) Outer rubber layer failure (BC-9); (b) Fiber bundle breakage
(BC-3).

3.2. Hysteretic Load–Displacement Loops

Figure 8 shows the hysteresis load–displacement loops obtained from the cyclic load-
ing tests. In the case of the RC joint specimen (BC-1), the total area under the hysteresis
loops increases with cyclic loading after it enters the plastic phase, and a pinching phe-
nomenon occurs at the same time. However, the hysteresis loops of specimens with
different stirrup ratios and concrete strengths do not show obvious pinching phenomena.
It can be speculated that the deformation of the reinforcement in the RC joint grows rapidly
after yielding, and the relative slip of the concrete and reinforcement increases; however, in
the case of the GFRP joints, due to the restraining effects provided by the fiber spiral hoop,
the relative slip of the GFRP bars is very small after concrete failure. Therein, the maximum
displacement of BC-7, which had the largest axial pressure ratio, was the smallest, and the
pinching phenomenon was the most obvious among the GFRP joint specimens. In general, the
energy dissipation of the GFRP joint specimens is significantly lower than that of the RC joint.

Figure 8. Hysteretic load–displacement loops. (a) RC vs. GFRP; (b) Stirrup ratio group; (c) Axial
pressure ratio group; (d) Concrete strength group.
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In addition, according to the displacement at the top of the column after test unload-
ing, defined as the residual displacement, the residual displacements in the positive and
negative loading directions of the RC joint specimen (BC-1) are basically equal. In contrast,
the residual displacements of the GFRP joint specimens have obvious asymmetry and are
much smaller, indicating that the GFRP joint has a stronger self-resetting capability than
the RC joint.

Figure 9 shows the envelope load–displacement curves of all joint specimens. It
seems that the bearing capacity under the same deformation of the RC joint (BC-1) is
slightly larger than that of the GFRP joint specimens before the displacement of the column
top reaches ±20 mm because the elastic modulus of the steel reinforcement is much
larger than that of the GFRP bars (steel reinforcement: 200 GPa, GFRP bar: 26.7 GPa).
However, the gap in bearing capacities among them gradually decreases with horizontal
displacement. Compared to the RC joint specimen, whose bearing capacity decreases
rapidly after reaching its peak point, the bearing capacities of the GFRP joint specimens
decrease slowly, and the curves have obvious plateau sections. Moreover, the bearing
capacities of GFRP joints increase with the stirrup ratio; meanwhile, the GFRP joint with a
larger axial compression load ratio has a lower peak capacity and poor deformability. The
effect of concrete strength on the bearing capacity of fiber-reinforced beam-to-column joints
is not significant.

Figure 9. Envelope load–displacement curves. (a) Stirrup ratio group; (b) Axial pressure ratio group;
(c) Concrete strength group.

Table 6 summarizes the experimental results of each specimen. The feature points of
each specimen are calculated from the skeleton load–displacement curves. The yield point
is obtained by graphing the farthest point method proposed by Peng et al. [17], which is the
point on the curve farthest from the line connecting the origin and the peak point, and the
peak point is the point on the skeleton curve of each joint model with the maximum bearing
capacity. It is worth mentioning that the forward yield load of the GFRP joints is lower
than that of the RC joints, but deformation exhibits the opposite trend (the deformation
of the GFRP joints is significantly larger). Moreover, the yield and peak loads gradually
decrease with the axial pressure ratio, and the peak loads of the joints gradually increase
with the stirrup ratio. The characteristic values at each point of the beam-to-column section
of GFRP bars with different concrete strengths do not significantly differ.

Table 6. Feature points of all joint specimens.

Specimens Dy/mm Fy/kN Dmax (Drift Ratios)/mm Fmax/kN

Positive

BC-1 9.434 20.913 19.884 (2.34%) 24.215
BC-2 7.664 15.240 69.944 (8.23%) 24.190
BC-3 7.743 15.975 67.910 (7.99%) 25.288
BC-4 7.103 15.831 79.998 (9.41%) 26.899
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Table 6. Cont.

Specimens Dy/mm Fy/kN Dmax (Drift Ratios)/mm Fmax/kN

BC-5 6.119 14.775 51.990 (6.12%) 19.020
BC-6 7.378 13.328 31.754 (3.74%) 14.840
BC-7 3.992 11.506 21.428 (2.52%) 12.458
BC-8 11.972 17.326 67.164 (7.90%) 27.024
BC-9 8.046 16.747 75.584 (8.89%) 27.011

Negative

BC-1 −12.028 −19.718 −19.882 (2.34%) −23.475
BC-2 −8.537 −13.238 −59.806 (7.04%) −23.339
BC-3 −7.998 −14.000 −67.988 (8.00%) −24.268
BC-4 −10.808 −14.296 −79.500 (9.35%) −26.279
BC-5 −7.968 −12.372 −55.702 (6.55%) −18.011
BC-6 −3.295 −13.601 −31.940 (3.76%) −14.668
BC-7 −3.662 −10.578 −23.606 (2.78%) −12.794
BC-8 −19.508 −18.391 −67.472 (7.94%) −27.265
BC-9 −19.660 −17.566 −71.938 (8.46%) −26.735

3.3. Energy Dissipation Capacity

In general, the energy dissipation capacity of the joint member can be calculated by
the total area under the hysteresis loops, which is used to express the energy dissipated
by the member in the process of an earthquake, as shown in Figure 10. It can be observed
that all joint specimens dissipate little energy in their elastic phase; thereafter, the energy
dissipation capacities increase since the specimens enter the plastic phase. Therein, the
energy dissipation of the RC joint increases abruptly when the displacement of the column
top reaches ±8 mm, which is significantly larger than that of the GFRP joints. However,
because large plastic deformation occurs in the RC joint, the damage degree is more serious
than that in the GFRP joints; therefore, the energy dissipation capacity increase rate in the
RC joint becomes slower, and those of the GFRP joints still grow steadily, indicating that the
GFRP joints still have a strong energy dissipation. At the same time, the hysteretic energy
dissipation capacity of the GFRP joints is reduced by approximately 50% relative to that of
the RC joint. Comparing the GFRP joints, it can be concluded that the energy dissipation
capacities increase with the stirrup ratio due to the confinement effect on the concrete by
GFRP hoops. Meanwhile, among the axial pressure ratio groups (BC-3, BC-5, BC-6, and
BC-7), BC-3, having the smallest axial pressure ratio, consumes the least energy, which
implies that an appropriate increase in the axial pressure ratio can lead to an increase in the
energy dissipation capacities of the joint members by enhancing the aggregate interlock
of concrete. On the other hand, the energy dissipation capacity of specimen BC-8 is lower
than those of BC-3 and BC-9. For example, the energy dissipation capacity values of BC-8
is 5.55% and 2.22% lower than that of BC-3 and BC-9, respectively, both being under the
+84 mm working condition, indicating that the energy dissipation capacity of the GFRP
reinforcement beam-to-column joints increases with increasing concrete strength, but the
increase is not obvious.

Furthermore, stiffness degradation is typically used to characterize the stiffness atten-
uation of joint members under cyclic loading, which can be calculated by the concept of
equivalent stiffness, as shown by the following equation:

K =
|F+|+ |F−|
|Δ+|+ |Δ−| (1)

where F+ and F− are the maximum loading values in the positive and negative directions of
the hysteresis loops, respectively, and Δ+ and Δ− are the displacement values corresponding
to the maximum loading in the positive and negative directions of the hysteretic loops,
respectively.
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Figure 10. Energy dissipation capacities of joint specimens. (a) Stirrup ratio group; (b) Axial pressure
ratio group; (c) Concrete strength group.

Figure 11 shows the stiffness degradation of all specimens during cyclic loading.
It appears that the equivalent stiffness of BC-1 is greater than that of the GFRP joints,
indicating that the longitudinal reinforcement tension affects its equivalent stiffness after
entering the plastic phase due to the smaller elastic modulus of the GFRP bars. Moreover,
due to the serious failure that occurred in the plastic hinge region of the BC-1 beam,
the rate of stiffness deterioration of specimen BC-1 is faster than that of the GFRP joints.
This comparison shows that the stiffness degradation rate of the GFRP joints increases
with the axial pressure ratio, with the higher concrete strength specimen having a greater
initial stiffness.

Figure 11. Stiffness degradation of joint specimens. (a) Stirrup ratio group; (b) Axial pressure ratio
group; (c) Concrete strength group.

3.4. Stress–Strain Relationship

Strain gauges were arranged along the GFRP longitudinal bars at the end area of
the beam in each specimen. Figure 12 shows that the maximum strains observed in the
GFRP longitudinal bars are less than half of the rupture strain (approximately 23,000 μ),
indicating that the damage of the GFRP bars takes the form of gradual softening without
brittle rupture failure. Compared with the RC joint specimen, the strains of the GFRP
joint specimens grow slowly without a sudden increase. The strains of the GFRP joint
specimens are slightly higher before the steel reinforcement yields; thereafter, the strains of
the GFRP joints are significantly lower than those of the RC joint. Furthermore, comparing
the GFRP joint specimens with different variables, the GFRP longitudinal bar strain at
the same displacement level gradually increases with the stirrup ratio, concrete strength,
and axial compression load ratio, and the maximum utilization rate of the GFRP bars can
reach 41.8%.
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Figure 12. Maximum strains of longitudinal reinforcement. (a) Stirrup ratio group; (b) Axial pressure
ratio group; (c) Concrete strength group.

In addition, Figure 13 shows the maximum strains of the GFRP hoops in the core area.
As expected, the maximum strain in the RC joint specimen is significantly greater than
those in the GFRP joint specimens, indicating that there are greater shear forces occurring
in the core area of the RC joint due to the high stiffness of the longitudinal steel beam
reinforcement. Comparing the GFRP joints with different variables, the maximum strains
of the GFRP hoops increase with the stirrup ratio and decrease with the axial pressure ratio,
and the maximum utilization rate captured in the joint stirrups exceeds 11.9% (BC-4). The
GFRP hoop strains did not exceed their ultimate strains in the end. In conjunction with the
final damage of the specimens, no significant damage occurs in the concrete in the core of
the joint specimens, indicating that the reinforcement scheme of GFRP hoops in the core is
appropriate for the joint.

Figure 13. Maximum strains of GFRP hoops. (a) Stirrup ratio group; (b) Axial pressure ratio group;
(c) Concrete strength group.

4. Calculation of Load Carrying Capacity

4.1. Nodal Core Shear Bearing Capacity

The reinforced concrete beam-to-column joint is very complex in terms of forces, and
the core force transfer mechanism is shown in Figure 14. Its complex hysteretic behavior can
be simulated by means of recent accurate and efficient models [18]. In the beam-to-column
joint, there are two types of force transmission mechanisms: the inclined compression
rod mechanism and the truss mechanism [19]. The diagonal compression bar mechanism
(shown in Figure 14b) means that when the joint is subjected to an external load, the
concrete pressure Cb at the beam end and the concrete pressure Cc at the column end
will cancel a portion of the shear force of the beam-to-column section, forming a diagonal
pressure field in the core area of the joint. Figure 14c shows the schematic diagram of the
“truss mechanism”. At the beginning of loading, the concrete in the core area bears tensile
stress, which gradually increases until it reaches the tensile limit of the concrete. After the
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concrete cracks, the hoop reinforcement and vertical longitudinal reinforcement will bear
the tensile stress, and the tensile forces Tbs and Tcs, and pressures Cbs and Ccs provided by
the beam and column reinforcement will offset another part of the beam-to-column section
shear force, which will be transferred to the core area to form the shear stress field and act
together with the compressive stress field of the diagonal compression bar mechanism to
form the truss mechanism [20].

Figure 14. Shear transfer mechanism of joint core region. (a) Nodal force model; (b) Inclined lever
mechanism; (c) Truss mechanism.

Referring to the RC concrete beam-to-column joint model and the existing diagonal
compression bar model, the shear force is defined as follows [21]:

Vj = Vc + VSG (2)

where Vc and VSG are the shear forces borne by the concrete and hoop bars, respectively:

Vc = ζ f ′c bjas cos θ (3)

VSG = fyv
ASV

s
(h0 − a′

s) (4)

The parameters are expressed as follows:

θ = arctan

(
h′

b
h′

c

)
(5)

as =
√

a2
b + a2

c (6)

ac =

(
0.25 + 0.85

N
Ag f ′c

)
hc (7)

ζ ≈ 3.35√
f ′c

(8)

where fc′ is the concrete cylindrical compressive strength; ζ is the concrete compressive
strength softening factor; bj is the effective width of the inclined compression bar [22,23];
as is the height of the inclined compression bar; θ is the angle between the inclined com-
pression bar and the horizontal axial direction; hb

′ and hc
′ are the outermost reinforcements

between the beam-to-column cross-section distance; ab, ac are the beam-to-column cross-
sectional pressure zone heights [24]; cb is taken as 1/5 hb, where hb is the height of the beam
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cross-section; N is the column top axial pressure; Ag is the column gross cross-sectional
area; hc is the column cross-sectional height; fyv is the hoop tensile strength; Asv is the total
area of hoop reinforcement configured in the same cross-section; s is the hoop spacing; h0 is
the effective height of the joint cross-section; and as

′ is the distance from the joint point of
longitudinal compression reinforcement to the concrete edge of the same cross-section.

In summary, the hoop tensile strength is used to calculate the shear force VSG borne
by the hoop reinforcement. According to the proposed static test of the GFRP joint, when
the GFRP joints reach their ultimate bearing capacity, the GFRP hoop does not reach its
ultimate tensile strain, so the concept of the hoop utilization rate (α) is proposed in this
paper. Therefore, based on the influence of the hoop ratio, axial compression load ratio, and
concrete strength, the shear bearing capacity of reinforced concrete hoops can be calculated
using software to carry out multiple linear regressions on the test data of eight GFRP-
reinforced beam-to-column joints. The shear load capacity of GFRP joints is calculated by
introducing the hoop utilization rate (α) as follows:

Vj = ζ f ′c bjas cos θ + α fyv
Asv

s
(
h0 − a′

s
)

(9)

α = 0.0025 fc − 0.1053μ + 2.5501ρsv − 0.052 (10)

where μ is the axial pressure ratio and ρsv is the nodal core with the hoop ratio.

4.2. Test Verification

The values of shear bearing capacity obtained from eight GFRP-reinforced concrete
beam-to-column joints in this paper are calculated according to Equation (10) and compared
with the measured values. Table 7 lists the data of 22 GFRP-reinforced concrete beam-to-
column joints in this paper and from other literature.

Table 7. Comparison of shear bearing capacity between theoretical and experimental values.

Specimens Type
bc × hc

/mm
bb × hb

/mm
fc

/MPa
fc
′

/MPa
μ ρsv/% Vj/kN Vj

′/kN Vj/Vj
′

BC-2 Cross-shaped 225 × 225 175 × 250 43.21 34.57 0.1 0.011 198.677 143.275 1.387
BC-3 Cross-shaped 225 × 225 175 × 250 43.21 34.57 0.1 0.020 202.909 201.938 1.005
BC-4 Cross-shaped 225 × 225 175 × 250 43.21 34.57 0.1 0.031 215.034 176.613 1.218
BC-5 Cross-shaped 225 × 225 175 × 250 43.21 34.57 0.2 0.020 228.932 201.712 1.135
BC-6 Cross-shaped 225 × 225 175 × 250 43.21 34.57 0.25 0.020 242.655 184.479 1.315
BC-7 Cross-shaped 225 × 225 175 × 250 43.21 34.57 0.3 0.020 256.732 180.252 1.424
BC-8 Cross-shaped 225 × 225 175 × 250 32.08 25.66 0.1 0.020 149.640 167.852 0.891
BC-9 Cross-shaped 225 × 225 175 × 250 35.41 28.33 0.1 0.020 165.577 176.671 0.937

G-1.3 [25] Cross-shaped 350 × 450 350 × 450 38 30.4 0.15 0.024 809.416 968.991 0.835
G-1.8 [25] Cross-shaped 350 × 450 350 × 450 58 46.4 0.15 0.024 1176.421 976.197 1.205

G-HT-1.0 [9] T-shaped 400 × 350 350 × 450 47.8 38.24 0.15 0.021 803.343 738.434 1.088
G-HT-1.1 [9] T-shaped 400 × 350 350 × 450 42.2 33.76 0.15 0.021 708.375 846.611 0.837
J30-0.70 [10] T-shaped 400 × 350 350 × 450 37.9 30.32 0.15 0.021 635.454 572.949 1.109
J30-0.85 [10] T-shaped 400 × 350 350 × 450 32.6 26.08 0.15 0.021 545.574 490.602 1.112
J30-1.0 [10] T-shaped 400 × 350 350 × 450 35.6 28.48 0.15 0.021 596.450 700.334 0.852

J60-0.70 [10] T-shaped 400 × 350 350 × 450 51.3 41.04 0.15 0.021 867.281 624.406 1.389
J60-0.85 [10] T-shaped 400 × 350 350 × 450 52.6 42.08 0.15 0.021 879.003 735.861 1.195
J60-1.0 [10] T-shaped 400 × 350 350 × 450 52.6 42.08 0.15 0.021 879.003 881.301 0.997

H-S [26] T-shaped 400 × 350 350 × 450 41 32.8 0.15 0.012 671.735 509.039 1.320
H-D [26] T-shaped 400 × 350 350 × 450 31 24.8 0.15 0.012 503.956 395.719 1.274
B-S [26] T-shaped 400 × 350 350 × 450 37 29.6 0.15 0.012 604.549 744.982 0.811
B-D [26] T-shaped 400 × 350 350 × 450 40 32 0.15 0.012 654.871 610.418 1.073

Mean 1.109
Standard deviation 0.191

Coefficient of variation 0.172
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The formula for calculating the actual test value is as follows:

V ′
j = Tl + Tr − Vc (11)

where Vj
′ is the measured shear force; Tl and Tr are the joint left and right beam end tensile

steel tensions; and Vc is the column end shear force. The mean value of the ratio between
the calculated and measured values of 22 GFRP-reinforced concrete beam-to-column joints
is 1.109, the standard deviation is 0.191, and the coefficient of variation is 0.172.

5. Conclusions

To improve the post-earthquake restorability of the RC frame structures, an alternative
solution was proposed that uses GFRP bars instead of steel bars in beam-to-column joints.
The cyclic response of GFRP was experimentally investigated and the shear capacity of this
joints was proposed. The following conclusions can be drawn based on the experimental
and numerical results:

1. Under the cyclic displacement load, the damage of the GFRP-RC interior beam-to-
column joints is mainly concentrated in the plastic hinge zone at the end of the beam,
which is in line with the design concept of a “strong column and weak beam”. At a
5.5% displacement drift ratio, the GFRP-RC interior beam-to-column joints did not
show brittle damage, indicating that the joints can withstand significantly large lateral
drift ratios.

2. Compared to RC beam-to-column joints, GFRP-RC interior beam-to-column joints
have a slow increase in load capacity with increasing drift, while it can reach its design
capacity. The use of GFRP bars instead of steel bars in concrete beam-to-column joints
can significantly reduce the residual displacement of beam-to-column joints, but their
energy dissipation capacity is also reduced.

3. The energy dissipation capacity of the GFRP-RC joints increases with increasing
the axial load ratio. However, a large axial load ration can lead to large residual
displacement. Thus, a lower axial load ratio is recommended to improve the self-
centering capacity of the GFRP-reinforced concrete frames.

4. It is advisable to reduce the axial pressure ratio (less than 0.3) of GFRP-RC inte-
rior beam-to-column joints to improve the post-earthquake functionality of GFRP-
reinforced concrete frames.

5. A shear capacity calculation method for the core zone of GFRP-RC beam-to-column
joints was proposed, which agreed well with the experimental results.

The GFRP beam-to-column joints have high self-centering capacity and weak energy
dissipation capacity. Therefore, this manuscript suggests that a certain amount of rein-
forcement can be allocated in the core area to increase the energy dissipation capacity.
In addition, the GFRP and steel bars can be used simultaneously to improve the seismic
performance of beam-to-column joints. More studies are needed for the response of the
joints under dynamic loads, and the response of the joints need to be simulated by means
of hysteretic models [27,28].
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Experimental Analysis of Surface Application of
Fiber-Reinforced Polymer Composite on Shear Behavior of
Masonry Walls Made of Autoclaved Concrete Blocks
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Department of Civil Engineering, Silesian University of Technology, Akademicka 5 St., 44-100 Gliwice, Poland;
marta.kaluza@polsl.pl

Abstract: This paper presents the results of an experimental study of the shear behavior of masonry
walls made of aero autoclaved concrete (AAC) blocks strengthened by externally bonded fiber-
reinforced polymer (FRP) composites. Fifteen small wall specimens were constructed and tested in
a diagonal compression scheme. Two types of composite materials—carbon- and glass-reinforced
polymers—were arranged in two configurations of vertical strips, adopted to the location of the
unfilled head joints. The effect of the strengthening location and strengthening materials on changes
in the strength and deformability parameters are discussed and the failure process of unstrengthened
walls is also presented. The placement of the composite on unfilled head joints proved to be a better
solution. Carbon-fiber-reinforced polymer (CFRP) strips provided a threefold increase in stiffness,
a 48% increase in load-bearing capacity and a high level of ductility in the post-cracking phase.
Glass-fiber-reinforced polymer (GFRP) strips offered a 56% increase in load-bearing capacity but did
not change the stiffness of the masonry and provided relatively little ductility. Placing the composite
between unfilled joints was only reasonable for CFRP composites, providing a 35% increase in
load-bearing capacity but with negligible ductility of the masonry.

Keywords: AAC blocks; FRP strengthening; shear behavior; masonry walls; diagonal compression

1. Introduction

Aero autoclaved concrete blocks (AAC) are commonly used to erect load-bearing walls
in low-rise buildings, as well as the infill walls in a frame system [1,2]. The popularity of
this material is mainly due to its very good physical parameters, particularly its excellent
thermal insulation properties, relatively high fire resistance and low density (resulting
in the weight of the elements made of AAC) [3,4]. The second positive aspect is the
widespread workability and very large variety of available products. This material can be
easily processed (cutting on site), transported, and it provides a fast and simple technique
for erecting walls with thin horizontal joints and unfilled vertical joints (a huge advantage
in terms of the time investment required). Unfortunately, this technology makes walls
made of AAC blocks sensitive to shear forces.

Enhancement of the shear parameters of existing masonry walls can be carried out
through the application of externally bonded nonmetallic materials, such as fiber-reinforced
polymer (FRP) composites [5–8]. This material has long been used to effectively strengthen
reinforced concrete elements [9–12], primarily due to its very good strength parameters
and the corrosion resistance of the composites [13–15]. The FRP system uses laminates
or fabrics reinforced with high-strength carbon, glass or other nonmetallic fibers. These
materials are glued to the surface of the elements using systemic epoxy adhesives.

There are numerous studies available in the literature describing the high effectiveness
of this method in terms of increasing the load-bearing capacity of the masonry walls
made of ceramic or stone elements subjected to static in-plane shearing [16,17]. However,
the epoxy resins used here (adhesive layer) significantly deteriorate the diffusivity of
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such strengthened walls. Therefore, in order to ensure at least a partial diffusion of
water vapor from the strengthened masonry elements, the composite is arranged in one-
way strips, a grid setup or diagonal configuration (in the direction of the tensile stresses
in the wall being sheared). An important finding of the study conducted by Valluzi
et al. [18] was that the diagonal configuration of the FRP strips is more efficient, in terms
of shear capacity, than the grid setup; however, the grid arrangement offers a better
stress redistribution. Similar conclusions were reached by Kalali and Kabir [19], and
Bui et al. [20]. Santa-Maria et al. [21] indicated that horizontally placed CFRP strips were
more effective in crack propagation than a diagonal arrangement, which, in contrast,
increased energy dissipation. It has been proven that the less stiff FRP material (with lower
E-modulus) appeared to be more effective in terms of the ultimate strength and stiffness
increase in the masonry panels [18,22]. Luccioni and Rougier [23] compared the impact of
different CFRP configurations in retrofitted and repaired solid clay walls, indicating that
the strip arrangement of FRP in repairing techniques presents the same benefits as FRP
retrofitting. Noteworthy are the studies of two research teams, Kwiecień et al. [24,25] and
Umair et al. [26], which successfully attempted to eliminate the major disadvantage of the
FRP solution, namely the delamination of the strengthening due to the low stiffness of the
adhesive and the composite itself, compared to the relatively highly deformable masonry
substrate. In the study [24], flexible polymer joints were used to achieve more ductile
behavior of the strengthened structures with a simultaneous increase in their load-bearing
capacity. Umair et al. [26] proposed the use of a combination of different FRP materials
(CFRP, AFRP and GFRP strips) and PP bands (polypropylene), which are characterized by a
high tensile failure strain. Such a combination of materials has not only increased the initial
strength and deformation capacity, but also the residual strength of masonry wall panels.
The positive effects of the PP band are also presented by Sathiparan and Meguro [27].

AAC blocks are unusual masonry materials that are not very well recognized in
research. There are very few studies reporting the influence of FRP strengthening system
on the load-bearing capacity of such walls. The first experiments were initiated by a team
led by Kubica [28,29]. Their studies indicated the positive influence of strengthening in
the form of vertical FRP strips, providing a significant (30–75%) increase in load-bearing
capacity and deformability of the walls, depending on the composite used. Saad et al. [30]
presented the results of testing two walls made of AAC blocks and subjected to lateral static
loads. The walls were strengthened in a single grid configuration (vertical and horizontal
strips) using CFRP fabrics, which wrapped the entire wall. An almost two-and-a-half
fold increase in the load capacity and stiffness of the strengthened walls was indicated.
Interesting conclusions from explosion tests, which were conducted on 10 cm thick panels
made of AAC, were presented in the work of the team lead by Wang [31]. The panels
were strengthened using CFRP sheets. Such operations made it possible to achieve an
increase in mechanical properties and excellent anti-blast resistance of strengthened panels.
In addition to these singular studies, it is also possible to find some analysis of the impact
of full-surface strengthening applications using various types of glass [32] and basalt [33]
meshes, systemic PBO materials [34] or highly ductile concrete cover [35,36]. However, this
research involves a different type of wall strengthening based on TRM systems.

Taking into account the results of the studies shown in [28,29] and the conclusions
derived from the work by [18,22], this paper presents a detailed analysis of the influence of
the vertical strips made of CFRP and GFRP materials on the behavior of small masonry
walls. The most feasible way of laying the FRP material was chosen, i.e., vertical strips
covering (type a) or not covering (type b) the unfilled head joints. The specimens were
tested in a diagonal compression scheme according to recommendation in [37]. The first
part of the paper presents the results of the laboratory tests and analyzes the behavior
of the walls in the pseudo-elastic phase (until full load-bearing capacity is reached) and
post-cracking phase, depending on the location and type of the strengthening material
used. The second part includes discussion of the failure process of the unstrengthened and
selected strengthened walls and comparative analysis of the impact of strengthening mode,
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with respect to the unstrengthened walls. Such a detailed qualitative analysis of the issue
and describing the failure process of unstrengthened and strengthened walls made of AAC
blocks has not been performed before. The information provided in the cited studies is
fragmentary and does not allow for a proper recognition of the changes that occur in walls
strengthened using this method.

The investigation presented in this paper is the first part of a large research program
to identify an effective method for enhancing the shear parameters of AAC block walls and
to develop a simple calculation method that takes into account the increase in load-bearing
capacity and deformability of such walls.

2. Materials and Testing Procedure

2.1. Characteristic of the Masonry Walls

Laboratory tests were carried out on small masonry walls according to the recommen-
dations in Rilem Lumb 6 [37]. The dimensions of the elements were 805 × 900 mm, with
a thickness of 240 mm. Each wall consisted of four rows of one and a half AAC blocks.
The dimensions of a single block were 200 × 600 × 240 mm. The walls were made using
the typical erecting technique for AAC blocks, i.e., with thin bed joints (up to 3 mm) and
unfilled head joints. Figure 1 presents the AAC block and the preparation of the specimens.

 

 
(a) (b) 

Figure 1. The view of element: (a) AAC block; (b) masonry wall before the application of strengthening.

The compressive strength of AAC blocks was determined according to EN 772-
1:2000 [38]. The normalized mean compressive strength of masonry units are specified in
Table 1. The standard deviation is given in brackets.

Table 1. Main strength parameters of masonry components.

Materials
Compressive Strength

(N/mm2)
Flexural Strength

(N/mm2)
Density
(kg/m3)

AAC blocks 4.65 (0.49) - 600
Mortar 16.91 (1.74) 4.57 (0.51) -

The mortar used for the thin bed joints was tested in accordance with the recom-
mendations in EN 1015-11 [39]. According to very limited data obtained from the mortar
manufacturer, the base of the mortar is Portland cement, dust from the Portland cement
production and calcium hydroxide, with their mass content below 40%, 1% and 3%, respec-
tively. The flexural strength of the mortar was determined on typical beams of 40 × 40
× 160 mm, and then the compressive strength of the beam halves was determined. The
strength parameters are specified in Table 1.
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2.2. Characteristics of the FRP Strengthening

The walls were strengthened with two types of FRP composite, produced by S&P
Company. The carbon-fibers-reinforced polymer (CFRP) was C-Sheet 240, with a weight of
fibers 200 g/m2, and the glass-fiber-reinforced polymer (GFRP) used was G-Sheet AR 90/10.
The sheets were glued to the masonry surface using two-component epoxy resin dedicated
to a given strengthening system—S&P Resin 55. Two types of FRP configuration were
adopted: (a) the FRP strips held together the unfilled vertical joints and (b) the strips were
placed in the areas between the unfilled vertical joints. The strengthening arrangement is
shown in Figure 2. In the case of the carbon sheets, the strengthening strips were 150 mm
wide, while the glass sheets were 200 mm wide. The FRP strengthening was made on
both sides of the wall. The parameters of the sheets and the epoxy—according to the
manufacturer’s data—are summarized in Table 2.

Figure 2. Two arrangements of the FRP strengthening.

Table 2. Main strength parameters of FRP strengthening.

Material
Ultimate Stress

(N/mm2)
E-Modulus
(kN/mm2)

Ultimate Strain
(%)

Longitudinal Fiber
Fraction (%)

C-Sheet 240 3800 240 1.55 100
G-Sheet AR ≥2400 73 4.50 90

Resin 55 ≥100
(in compression) ≥3.20 1.73 -

2.3. Experimental Program

In total, 15 single ACC walls were made and tested. The experimental program was
divided into three main groups: unstrengthened elements, wallets strengthened using
CFRP sheets and GFRP sheets. In each series, three elements were tested and a summary of
all the tested wallets is given in Table 3.

Table 3. Summary and designations of all test series.

Specimens
Number of
Specimens

Type of Strengthening Description

Y-US 3 unstrengthened wallets without strengthening
Y-CFRP-a 3 FRP strengthening walls strengthened with carbon strips in arrangement ‘a’
Y-CFRP-b 3 FRP strengthening walls strengthened with carbon strips in arrangement ‘a’
Y-GFRP-a 3 FRP strengthening walls strengthened with glass strips in arrangement ‘b’
Y-GFRP-b 3 FRP strengthening walls strengthened with glass strips in arrangement ‘b’

2.4. Testing Protocol

The walls were tested in a diagonal tension scheme according to the RILEM Lumb
6 [37] standard. The loading was applied using a manually activated hydraulic jack, placed
on the upper edge of the panel. The speed load was approximately 0.15 kN/s.
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During the test, the applied load and the diagonal displacements were measured and
recorded by two linear variable displacement transducers (LVDT) on each side. The base
measurement of the LVDT was 900 mm. In two of the models, one unstrengthened and one
from the Y-CFRP-a series, an optical measurement of the displacement of the wall surface
was performed using the ARAMIS measurement system. Figure 3 shows the test setup,
model with the traditional measurement system (inductive gauges) and the Y-CFRP-a series
model with optical measurement, which were prepared for testing.

   
(a) (b) (c) 

Figure 3. Masonry wallets prepared for tests: (a) test setup; (b) model with traditional measurement
system; (c) model with surface prepared for optical measurements.

2.5. Analyzed Strength and Deformation Parameters
2.5.1. Shear Strength

Traditionally, diagonal compression testing of masonry walls is used to determine
the tensile strength of the elements, which results in the failure mode—diagonal cracking.
Such an assumption is made by assuming that the panel starts to collapse at its center when
the principal tensile stress attains its maximum value. Therefore, the strength parameter
determines the principal tensile stress in the center of the panel, assuming its isotropic
elastic properties.

The strength parameter is calculated as:

Sdt = 0.707
Pi
An

(1)

where Pi is the load value and An is the net area of the panel section determined using all
dimensions of the masonry wall (h—height, l—length, t—thickness) as:

An =
l + h

2
·t (2)

2.5.2. Shear Deformation Parameters

In addition to determining the strength, the deformation analysis is important for
defining the deformation capacity of the panels. Based on the measurements of the elonga-
tion along the diagonals, the angular strain (shear strain) is calculated as:

γ =
ΔV + ΔH

lg
(3)

where ΔV is the vertical shortening, ΔH is the horizontal lengthening and lg is the gauge
length equal to 900 mm. To improve readability, the stress–strain relationship diagrams
were made independently for each type of strengthened wall; an identical scale was used
for easier comparison.
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The displacements of the wall in a vertical (compression) and horizontal (tensile)
direction are also presented.

An important parameter that describes the stiffness of the masonry in the elastic phase
is the shear modulus (G). The G modulus is defined as the secant modulus between 10 and
40% of the maximum shear stress:

G =
σ0.4 − σi
γ0.4 − γi

(4)

where σ0.4 and γ0.4 are the stress and strain at 40% of the maximum load, respectively.
The initial stress and strain (σi and γi) were taken at a load level of 10% of the maximum
diagonal load [40].

In many cases of the analyzed strengthened walls [20,41], the first cracks were followed
by a phase of so-called ‘pseudo-ductile’ behavior. The pseudo-ductility coefficient (μd)
best characterizes this phase of the structure’s operation. It describes the behavior of the
wall in the post-elastic or post-peak phase. This coefficient is a ratio between the ultimate
and elastic strain. The ultimate strain corresponds to the largest strain experienced during
the test or, in the case of ambiguous identification of the moment of damage, the strain
at a level of shear stress 20% below the peak, if the stress–strain diagram continues with
a descending branch [41]. The definition of elastic strain (sometimes called cracking or
yielding strain) was adopted, depending on the behavior of the masonry in the elastic
phase. The elastic strain can be defined differently [41]: at the bend-over point where the
stress–strain curve tends to be flat (yielding strain) or when the shear strain amounted to
70% or 75% of the peak load. In this paper, the ultimate strain (γu) corresponds to a strain
value at a level of shear stress 20% below the maximum shear stress (or, if the failure occurs
faster, at the ultimate load); the elastic strain (γcr) is taken at the moment when the first
crack appears.

μd =
γu

γcr
(5)

3. Results

It should be emphasized that the behavior and mode of failure of the tested walls are
related to the adopted method of testing (diagonal compression) and do not fully reflect the
work of the actual wall. The test stand for determining the tensile strength of a masonry
wall in a diagonal compression scheme does not limit the possibility of displacement of
the wall in the plane, which, in the actual structure, is ensured by further wall fragments
or perpendicular walls. Additionally, the specimens are rotated with no contact to the
ground. This is most evident in unstrengthened walls, as their failure mode differs from
the actual mode.

3.1. Unstrengthened Wallets

In unstrengthened elements (Y-US) tested under diagonal compression, only one phase
was distinguished—up until the cracking. The appearance of the crack was identified in a
state of complete damage to the tested models. Therefore, the failure was characterized
by one wide open crack with an almost diagonal orientation. No previous cracking was
observed and the damage itself appeared suddenly and proceeded rapidly. The element
split into two independent pieces (Figure 4a,b). The crack runs through unfilled joints and
through masonry elements. It can also be seen that the bond capacity of the thin joint is
insufficient as, each time, there was a detachment of the masonry elements in the plane of
their horizontal connection.
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(a) (b) 

Figure 4. Damage of the unstrengthened wallets: (a) element no 1; (b) element no 2.

The characteristics of the tested models were determined by the stress–strain relation-
ship, which was linear in each case, with a proportional increase in stress as a function
of the strain. So, the elements exhibited pseudo-elastic behavior, ending with the brittle
failure of the wall. The stress–strain relationships of unstrengthened walls are shown on
the graphs, along with the characteristics of the strengthened masonry walls, which allow
a better assessment of the impact of strengthening.

Table 4 summarizes the values of the ultimate load (which is both the cracking load
and the load-bearing capacity of the wall), the recalculated stresses, the strains and the shear
modulus. The table does not include a pseudo-ductile coefficient, as the unstrengthened
walls did not exhibit a ductile stage.

Table 4. Specific values characterized the unstrengthened walls.

Specimens
Cracking ∼= Load-Bearing Capacity G Modulus

(GPa)Force (kN) Stress (MPa) Strain (‰)

Y-US-s.1-1 78.28 0.270 1.331 260
Y-US-s.1-2 76.40 0.264 1.297 192
Y-US-s.1-3 75.88 0.262 1.228 268

Mean value 76.85 0.265 1.285 240

3.2. Walletes Strengthened Using FRP Materials
3.2.1. Characterization of Walls Strengthened in Configuration ‘a’

Walls strengthened using FRP strips covering unfilled head joints (configuration
‘a’) behaved similarly, regardless of the strengthening material used. Three phases of
the element’s operation can be distinguished: the period up until the cracking (phase I),
reaching full load-bearing capacity (phase II) and the final damage (phase III). These phases
are clearly visible in the stress–strain relationship shown in Figure 5a,b. Figure 6 shows
the build-up of the displacement in the direction of the main stresses (compression—axial
direction and tension—horizontal direction) as a function of the applied load. In addition,
Table 5 summarizes the shear stress values that correspond to the characteristic points,
namely: cracking, load-bearing capacity and ultimate damage. Table 6 lists the deformation
parameters of the strengthened walls.
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(a) (b) 

Figure 5. The stress–strain relationships for the wallets strengthened in configuration ‘a’ and un-
strengthened walls: (a) the elements with carbon strips; (b) the elements with glass strips.

Figure 6. Horizontal and vertical displacement of the tested walls—configuration ‘a’.

Table 5. Specific forces and stresses characterizing the walls strengthened in configuration ‘a’.

Specimens
Cracking Load-Bearing Capacity Damage

Force (kN) Stress (MPa) Force (kN) Stress (MPa) Force (kN) Stress (MPa)

Y-CFRP-a-1 78.97 0.273 117.80 0.406 89.29 0.308
Y-CFRP-a-2 80.59 0.278 115.41 0.398 107.03 0.369
Y-CFRP-a-3 76.54 0.264 106.99 0.369 103.53 0.357

Mean value 78.70 0.272 113.40 0.391 99.95 0.345

Y-GFRP-a-1 61.34 0.212 119.90 0.414 82.77 0.286
Y-GFRP-a-2 68.66 0.237 123.31 0.426 83.92 0.290
Y-GFRP-a-3 67.40 0.233 116.99 0.404 85.55 0.295

Mean value 65.80 0.227 120.07 0.414 84.08 0.290
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Table 6. Deformation parameters characterized the walls strengthened in configuration ‘a’.

Specimens
Shear Strain (‰) G Modulus

(GPa)

Pseudo-Ductility
CoefficientCracking Load Capacity Damage

Y-CFRP-a-1 0.574 3.936 6.421 533 10.8
Y-CFRP-a-2 0.526 3.654 5.243 581 10.0
Y-CFRP-a-3 0.451 3.452 5.799 727 12.9

Mean value 0.517 3.681 5.821 613 11.2

Y-GFRP-a-1 0.964 3.240 4.892 226 4.9
Y-GFRP-a-2 0.923 2.976 5.184 284 5.0
Y-GFRP-a-3 1.006 2.984 4.169 230 4.1

Mean value 0.964 3.067 4.748 247 4.7

In the first phase, the elements exhibited a pseudo-elastic behavior that ended in
cracking. Within this range, the modulus of elasticity was determined. It can be seen
that the CFRP sheets provided much higher wall stiffness (2.5 times higher than GFRP
sheets) which is related to a significant reduction in structural deformation at cracking. The
strain of the walls of series Y-CFRP-a was only 0.517‰, while the cracking strain of the
walls strengthened with GFRP strips was over 80% higher. A positive aspect of the use of
CFRP sheets—in comparison with the application of GFRP sheets—was also the increase in
cracking forces, which led to extension of the uncracked condition.

The second phase, ending in reaching full load-bearing capacity, varied depending
on the material used. Carbon sheets provided a certain level of ductility to the structure;
the deformation increased much faster than the loads. Therefore, it can be considered that
the structure exhibited elasto-plastic behavior, which is confirmed by the high pseudo-
ductility coefficient (Table 6). The GFRP sheets prevented the uncontrollable growth of
deformation in the structure (the AAC blocks were gradually moving apart in the area of
the unfilled joints) and, therefore, we do not observe the ductility effect. The value of the
pseudo-ductility coefficient is smaller than 5, which confirmed the above. Eventually, a
similar load-bearing capacity was obtained in both test series, with a slight advantage in
favor of glass sheets. The GFRP sheets also provided less deformation at maximum force,
but it was only 15% less.

In both configurations, the FRP materials provided the post-peak phase, i.e., the
post-failure capacity. Both graphs (Figure 5a,b) show a descending branch of the curves.

3.2.2. Characterization of Walls Strengthened in Configuration ‘b’

The application of the FRP sheets in the areas between unfilled head joints (configu-
ration ‘b’) significantly changed the behavior of the elements, depending on the type of
strengthening material. Figure 6 shows the successive work phases of the walls strength-
ened with CFRP (Figure 7a) and GFRP (Figure 7b) composites. Tables 7 and 8 contain
the relevant quantities (force, stress, strain, shear modulus and coefficient) determined at
characteristic points—cracking, load-bearing capacity and failure.
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(a) (b) 

Figure 7. The stress–strain relationships for the wallets strengthened in configuration ‘a’ and un-
strengthened walls: (a) the elements with carbon strips; (b) the elements with glass strips.

Table 7. Specific forces and stresses characterizing the walls strengthened in configuration ‘b’.

Specimens
Cracking Load-Bearing Capacity Damage

Force (kN) Stress (MPa) Force (kN) Stress (MPa) Force (kN) Stress (MPa)

Y-CFRP-a-1 96.12 0.332 96.12 0.332 68.96 0.238
Y-CFRP-a-2 104.82 0.362 104.82 0.362 63.63 0.220
Y-CFRP-a-3 111.19 0.384 111.19 0.384 81.31 0.281

Mean value 104.04 0.359 104.04 0.359 71.30 0.246

Y-GFRP-b-1 48.76 0.168 79.36 0.274 65.91 0.227
Y-GFRP-b-2 57.60 0.199 80.77 0.279 50.40 0.174
Y-GFRP-b-3 49.12 0.169 90.47 0.312 85.66 0.296

Mean value 51.82 0.179 83.53 0.288 67.32 0.232

Table 8. Deformation parameters characterizing the walls strengthened in configuration ‘b’.

Specimens
Shear Strain (‰) G Modulus

(GPa)
Pseudo-Ductility

CoefficientCracking Load Capacity Damage

Y-CFRP-b-1 3.197 3.197 7.586 198 2.0
Y-CFRP-b-2 2.367 2.367 6.456 240 1.5
Y-CFRP-b-3 2.406 2.406 6.174 220 2.0

Mean value 2.657 2.657 6.739 219 1.8

Y-GFRP-b-1 0.526 7.369 7.647 450 15.1
Y-GFRP-b-2 0.637 5.942 6.436 317 9.9
Y-GFRP-b-3 0.938 5.317 7.527 188 8.0

Mean value 0.700 6.209 7.6203 318 -

The use of CFRP sheets resulted in a significant increase in cracking forces—which
should be considered to be positive—but the appearance of the cracks was equivalent to
reaching the full load-bearing capacity of the walls. Up to this point, the walls exhibited
pseudo-elastic behavior; the elasto-plastic phase was not recorded here. The stiffness of
the walls did not change, compared to the unstrengthened walls. In contrast, the lack of
stabilization of unfilled joints and the use of GFRP sheets caused a significant acceleration
of the cracking; the cracking force was twice as small as in the walls of the Y-CFRP-b series.
In the pseudo-elastic phase observed in these walls, a highly variable stiffness modulus
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was noted. The cracking was followed by a process of rapid strain increase, accompanied
by a minimal increase in bearing capacity (Figure 7b)—the clear ductile phase appeared.

In this strengthening configuration, the load-bearing capacity of elements from the
Y-GFRP-b series was almost identical to the unstrengthened elements, while the use of
CFRP sheets provided 25% higher load-bearing capacity than GFRP sheets and allowed
for a significant reduction in strain at this point. The average deformation (shear strain)
of the walls with CFRP was 2.657‰, while it was as high as 6.205‰ when GFRP sheets
were used.

Generally, the post-peak phase was only observed in the walls strengthened with
CFRP sheets. However, due to a relatively fast decrease in force in this phase and high
cracking force, the value of the pseudo-ductile coefficient—determined for a 20% decrease
in maximum force—was very small (less than 2, see Figure 8). In walls from the Y-GFRP-b
series, no post-peak phase was observed but the walls were characterized by very high
pseudo-ductility coefficients (Figure 8). However, it should be kept in mind that the load-
bearing capacity of these walls was achieved just before the damage was slightly higher
than that of unreinforced walls. Thus, the high level of safety of the masonry cannot be
analyzed here, since its plasticity occurs at very low forces.

Figure 8. Horizontal and vertical displacement of the tested walls—configuration ‘b’.

3.2.3. Failure Mode of Strengthened Walls

The final failure pattern of the walls with FRP strips glued on unfilled joints (configu-
ration ‘a’) was the delamination of the strengthening materials from the masonry surface
(Figure 9a,b). However, the precursory phenomenon of the delamination was different. In
the case of the CFRP sheets, there was diagonal cracking of the masonry panels; then, de-
lamination of the composite occurred due to the gradual widening of the cracks. Figure 9a
clearly shows diagonal cracks running through the masonry and a detached part of the
CFRP sheet (along with pieces of the masonry element). The intensity of the damage was
very large and the walls were destroyed in their entirety. In the case of GFRP sheets, the
deformation of the unfilled head joints took place, which led to ‘tensioning’ of the compos-
ite. Finally, through the use of a rigid epoxy adhesive, the outer layer of the masonry block
was cut almost on the plane of the wall (delamination). Figure 9b shows a widened vertical
joint, as well as the delamination of the GFRP sheets nearby.
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(a) (b) 

Figure 9. Failure pattern observed in walls strengthened in configuration ‘a’: (a) the elements with
carbon strips; (b) the elements with glass strips.

The application of the strengthening between unfilled joints resulted in a different
failure pattern, depending on the type of FRP material. The masonry with CFRP strips
did not show diagonal failure; almost no cracks were observed on the masonry surface
(Figure 10a). The damage occurred due to the separation of larger pieces of masonry—
cracks in the masonry plane—along with the composite adhered to them. In the walls of
Y-GFRP-b series, the excessive deformation of the unfilled head joints is clearly visible
(Figure 10b). This led to the cracks in the planes of the vertical joints and led to the element
breaking into vertical fragments, separated by strengthened pieces.

  
(a) (b) 

Figure 10. Failure pattern observed in walls strengthened in configuration ‘b’: (a) the elements with
carbon strips; (b) the elements with glass strips.

4. Discussion

4.1. Failure Initiation and Analysis

The use of an optical strain measurement system made it possible to determine the
points initiating the failure of the unstrengthened masonry walls. Due to the unexpected
and sudden damage to this type of specimen, it was not possible to capture the failure
process with the naked eye. Figure 11 shows the successive steps in the process of strain
growth and strain concentration. It is clearly visible that, in the initial phase of loading
(about 50% of the maximum force), the strains increase in the areas of unfilled head joints
(blue zone in Figure 11a). Subsequently, the widening of the head joints initiated the loss of
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adhesion within the thin bed joints, leading to a sudden growth of deformation in this area
(Figure 11b). Thus, a strong strain concentration is observed at the crossing of these two
joints (Figure 11c) and this is the point of masonry damage (Figure 11d).

    
(a) (b) (c) (d) (e) 

Figure 11. The process of strain growth in unstrengthened wall of Y-US series: (a) beginning of
deformations in vertical joints; (b) loss of adhesion in bed joints; (c) deformation just before failure;
(d) damage of wall; (e) deformation scale.

As described in Section 3.2.3, the use of strengthening influenced the masonry failure;
the type of strengthening material was crucial. Strengthening with CFRP sheets—regardless
of their arrangement—eliminated the strain concentration in the joints (initially, unfilled
joints and, then, thin joints), making the masonry become a more homogeneous and
uniform material. This is evident when observing the surface deformation of the Y-CFRP-a
series element, where an optical strain measurement system was used. Figure 12 shows the
process of strain growth in the element with CFRP strips in configuration ‘a’. Figure 12a
shows the location of the first strain concentration, which occurred at the force, causing
cracking/failure of the unstrengthened walls (about 78 kN). There is no noticeable strain
increase within the unfilled joins and thin bed joints. With successive loading, the diagonal
character of the areas with intense color (the growth of the deformation) become more and
more pronounced (Figure 12b). The places where delamination of the CFRP material begins
also become clear (Figure 12c). At this level (about 95% of the maximum force), only a slight
increase in deformation in the unfilled joint can be seen noticed. However, the deformation
values are much smaller than in the other areas. Figure 12d shows the masonry just
before failure, where the areas of the highest strain concentration, and, therefore, damage,
are visible.

    
(a) (b) (c) (d) (e) 

Figure 12. The process of strain growth in strengthened wall of Y-CFRP-a series: (a) deformations at
force causing destruction of the Y-US series wall; (b) diagonal character of deformation; (c) beginning
of CFRP delamination; (d) deformation just before failure; (e) deformation scaleIn walls strengthened
with CFRP sheets (both configurations), the location of the composite detachment was arbitrary and
did not depend on the location of unfilled joints. The relatively stiff CFRP composite effectively inte-
grated the wall, preventing the joints from deformation. This ensured uniform masonry operations
and relatively high safety of use.
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In the case of the application of a much more deformable strengthening material
(GFRP sheets), an excessive deformation of the unfilled joints was not avoided. However,
the strengthening location prevented—in different ranges—the masonry from very rapid
damage or from falling apart, which was observed in the case of unstrengthened elements.

4.2. Comparison Analysis

A quantitative comparison of the behavior of the strengthened walls was made by
summarizing the significant values for all the series tested. Figure 13a–c show the relative
increases in load capacity, cracking load and strain at cracking, respectively, in accordance
with the unstrengthened walls (value = 1.00). The dashed pattern denotes elements in
which the appearance of the first cracks was equivalent to full load-bearing capacity.
Figure 14a,b show the values of shear modulus and pseudo-ductility coefficient, respectively.
In Figure 14b the dashed pattern refers to the average value, which is debatable due to the
very large discrepancies in the partial results.

   
(a) (b) (c) 

Figure 13. Relative changes in significant quantities for all tested series in a range of: (a) load-bearing
capacity; (b) cracking loads; (c) strains at cracking.

  
(a) (b) 

Figure 14. Comparison of significant values for all tested series in a range of: (a) shear modulus;
(b) pseudo-ductile coefficient.

The strengthening made using CFRP strips in configuration ‘a’ was found to be the
most effective solution. The strengthening combination provided a high level of cracking
force, a significant increase in stiffness, an almost 50% increase in load-bearing and a high
ductile coefficient (very desirable in terms of the occurrence of dynamic actions). This
type of strengthening eliminated an important drawback of the technology of erecting
these walls (unfilled joints initiate the failure process) by ensuring the uniformity of the
structure. The application of CFRP sheets in the areas between the unfilled joints also has a
positive effect, however, significantly smaller. This strengthening is characterized by the
smallest load-bearing capacity, pseudo-ductility coefficient and the fact that the appearance
of cracking is equivalent to reaching the load-bearing capacity of the wall results in a
negligible safety reserve in the post-cracking phase.
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The GFRP sheets in configuration ‘a’ offered high load-bearing capacities; however,
they did not provide a clear elasto-plastic phase, nor a sufficient level of ductility. The use
of GFRP outside of unfilled joints turned out to be completely ineffective. This solution
results in the fast cracking and a negligible increase in the load-bearing capacity. The panels
exhibit ductile behavior, which indicates a failure process; however, all this takes place at
relatively low loads (equal to the failure loads of unreinforced masonry) and very high
deformation of the structure.

Obtaining better characteristics of masonry walls by using CFRP materials (instead of
GFRP) is the opposite of the trend presented in the literature [18,22]. This phenomenon
is due to the specification of the masonry walls, i.e., relatively large masonry units and
atypical erection technology. Excessive deformation of the unfilled joints, which leads to
the insufficient adhesion in thin joints, is responsible for the failure of the unstrengthened
walls. The stiff composite limits the excessive separation of unfilled joints (in configurations
‘a’), significantly reducing the deformation when the first cracks appear (Figure 13c) and
changing the distribution of cracks in the entire structure (Figure 12b).

5. Conclusions

The enhancement of the shear capacity of masonry walls is a necessary action wherever
there are horizontal forces acting in the plane of the wall. A good example of this is areas
exposed to the seismic actions or influence of mining operations. The problem is particularly
important for walls made with unfilled head joints, including those made of AAC blocks,
which have poor resistance to any shear forces.

In the literature, a number of examples of shear strengthening of walls using FRP
materials can be found but mostly concerning walls (mainly ceramic) with all solid joints.
On this basis, it was deemed worthwhile to study the surface strengthening of very popular
AAC block walls in an attempt to select an effective strengthening system due to the
materials used for this purpose. Therefore, a series of laboratory tests on small walls
made of AAC blocks were performed in accordance with the recommendations of the
standard [37]. This assumed them to be representative in terms of recognition of the issue.
Based on the results of the laboratory tests, the following conclusions were made:

(1) Analysis of the failure process in unstrengthened AAC masonry walls identified the
critical points in the structure that initiate its final damage. These were unfilled head
joints in which displacement of adjacent blocks occurred, resulting in overloading
and subsequent destruction of the bed joints.

(2) The application of CFRP sheets—regardless of their arrangement—changed the be-
havior of the masonry, which now worked as an almost homogeneous material. There
was no deformation of the unfilled head joints. This provided positive effects, in
terms of the crack delay, an increase in stiffness (more than two times higher than in
the unstrengthened walls) and load-bearing capacity by 48% (with strips on unfilled
joints) and 35% (with strips between the vertical joints). In the first case, the failure
was in the form of diagonal cracking with a final sheet detachment; in the second case,
there was a splitting in the wall plane of the entire specimens.

(3) The use of much deformable GFRP sheets did not avoid the excessive deformation
of the unfilled head joints. At the same time, with strips applied to unfilled joints,
the load capacity of the specimens increased by 56% and, in the case of GFRP strips
located between head joints, by only 9%. In the first case, there was delamination of
the sheets after large mutual displacements of the blocks. In the second, there were
pronounced cracks parallel to the sheets (in the line of the head joints).

(4) The advantage of application of CFRP sheets was revealed primarily in the greater
ductility and stiffness of such strengthened walls, which seems to be valuable in the
case of dynamic loads (e.g., seismic/paraseismic effects). In typical situations of quasi-
static loads (e.g., uneven settlement or the effect of continuous mining deformations),
the aspect of ductility is less important and, here, a clear advantage of using GFRP
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strengthening is their price; the GFRP sheets are about four times cheaper than CFRP
sheets in presented configurations.

(5) The tests performed were preliminary and recognizable, and, so, quantitative anal-
yses of the results should be regarded as indicative. Nevertheless, the qualitative
analysis is fully reliable, because the tests were carried out on wall fragments with
the actual layout of the joints and the real strengthening intensity. The superiority
of a strengthening system directly applied to unfilled head joints over strengthening
applied in a random arrangement (here, the most unfavorable one was between the
head joints) can clearly be seen.
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Abstract: Many materials are gradually softened with increasing temperatures in the fire, which will
cause severe damage. As a new fiber-reinforced polymer (FRP) composite, the change in mechanical
properties of nanometer montmorillonite composite fiber-reinforced bars or plates at elevated temper-
atures has not been investigated. To obtain a more comprehensive study of the mechanical properties
of FRP composites at high temperatures, experimental research on the nanometer montmorillonite
composite fiber material under the tensile rate of 1 mm/min was conducted at target temperatures
between 20 ◦C and 350 ◦C. Finally, the failure mode of the FRP composites after the tensile test
was analyzed. The results demonstrate that the elevated temperatures had a major impact on the
residual mechanical properties of fiber-reinforced polymer (FRP) composites when the exposed
temperatures exceeded 200 ◦C. Below 200 ◦C, the maximum decrease and increase in the fracture load
of fiber reinforced polymer (FRP) composites were between −34% and 153% of their initial fracture
load. After exposing to temperatures above 200 ◦C, the surface color of fiber-reinforced polymer
(FRP) composites changed from brown to black. When exposed to temperatures between 200 and
300 ◦C, the ultimate load of fiber-reinforced polymer (FRP) composites significantly increased from
731.01 N to 1650.97 N. Additionally, the stress−strain behavior can be accurately predicted by using
the proposed Johnson−Cook constitutive model. The experimental results studied in this research
can be applied to both further research and engineering applications when conducting a theoretical
simulation of fiber-reinforced polymer (FRP) composites.

Keywords: fiber-reinforced polymer (FRP) composites; elevated temperatures; mechanical properties;
reduction factor; constitutive model

1. Introduction

Generally speaking, the matrix resin of FRP typically consists of thermosetting resin
and thermoplastic resin. In the fire environment, with the increase of temperature, the
mechanical properties of composite materials mainly experience a three-time decrease.
When the temperatures increase to the glass transition temperature Tg of the resin matrix,
it softens and enters the rubber state from the glass state. The ability of the resin matrix to
transfer shear stress between reinforced fibers decreases, resulting in the first significant
decrease in the mechanical properties of FRP. When the temperature is further increased
to the resin decomposition temperature Td (about 300–400 ◦C), the resin matrix of FRP is
gradually decomposed and carbonized and the toxic smoke is released, resulting in the
second significant decrease in the mechanical properties of FRP. When the temperature
continues to be increased, the resin matrix begins to burn and the combustion process
releases more heat, resulting in the second significant decrease in the mechanical properties
of FRP.
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Studies on fiber-reinforced polymer (FRP) composites at high temperatures have been
conducted. The bonding strength of the concrete matrix between carbon and glass fiber
sheet changes after being exposed to temperatures of 20, 50, 65, and 80 ◦C, according to
research by Leone et al. [1]. In addition, the test results demonstrated that the concrete ma-
trix’s transition temperature from shearing failure to cohesion failure was 65 ◦C. Salloum [2]
conducted an axial compression test on FRP-strengthened cylinders (Φ: 100 cm; height:
200 mm) after exposing them to temperatures of 100 and 200 ◦C and were left at each target
temperature for 1, 2, and 3 h separately. The test results indicated that external-bonded
FRP materials’ reinforcing efficacy was sensitive to high temperatures. At temperatures
2.5 times Tg, the ultimate capacity of concrete specimens enhanced with FRP was 25%
less than at ambient temperatures. The above scholars mainly focused on the mechanical
behavior of concrete elements reinforced with FRP. There are studies about the mechanical
behavior of FRP as a standalone material at elevated temperatures. Pultruded carbon
fiber-reinforced polymer (P-CFRP) specimens and CFRP tensile specimens manufactured
with a hand lay-up method were subjected to a series of tests by Nguyen et al. [3,4] at
temperatures that reached 700 ◦C. According to their findings, hand lay-up specimens’
ultimate tensile strength and Young’s modulus were reduced by 50% at 350 ◦C and 30% at
600 ◦C. Additionally, they demonstrated that the thermomechanical strength was lower
than the residual strength for P-CFRP samples at the same degree of applied temperature.
One of the pioneering studies regarding the behavior and characteristics of FRP materials at
high temperatures that are utilized in industrial domains, such as the automotive, marine,
and aerospace industries, was performed by Mouritz and Mathys [5]. At high temperatures,
Shenghu and Zhishen [6] performed a series of tension tests on single-layer FRP sheets
composed of GFRP, CFRP, and basalt-fiber reinforced polymer (BFRP). Among all the tested
fiber-reinforced sheets, they concluded that the CFRP sheets had the highest strength and
the GFRP sheets had the lowest strength [7]. At around 55 ◦C, all of the sheets’ tensile
strength significantly decreased, but no further substantial decline occurred as the tempera-
ture increased. The CFRP sheets had the highest residual strength, with almost 69% of their
initial tensile strength. However, there still lacks the work of establishing the constitutive
model to better predict the mechanical behavior of FRPs at elevated temperatures. In this
research, we proposed a constitutive model based on the experimental results of FRPs at
elevated temperatures to fill the research gap.

Currently, steel is a hot topic of high-temperature research. To more accurately evaluate
the fire resistance of steel structures, a variety of experimental studies on the mechanical
properties of different steels at high temperatures have been conducted [8–12]. After
subjecting high-strength steels of S460, S690, and S960 to fire, Qiang et al. [13,14] performed
tensile tests to investigate the residual mechanical properties after the fire. Test results
demonstrated that the mechanical properties of the tested steels were affected by heating
temperatures below 600 ◦C. In contrast to this research, Gunalan and Mahendran [15]
demonstrated that the residual mechanical properties of high-strength steels decreased
noticeably when the target temperature exceeded 300 ◦C. Chiew et al. [16] investigated high-
strength S690 steel that suffered from the RQT process and found that the yield strength
of S690 steel that suffered from the RQT process declined more slowly than that without
the RQT procedure. Additionally, earlier research [17–26] has demonstrated that when
exposure temperatures rose above a particular value, substantial changes in the residual
mechanical properties of low-carbon steels and HSS were observed. According to previous
studies [27–29], there is a critical temperature of various steels in the post-fire mechanical
properties. When the exposure target temperatures do not exceed the critical temperature,
the post-fire mechanical properties of various steels remain basically unaffected. However,
when exposed to temperatures above the critical temperature, the post-fire mechanical
properties change significantly, irrespective of the cooling methods.

In recent years, nanometer montmorillonite composite fiber materials have gradually
been used in building structures. As a new fiber-reinforced polymer (FRP) composite, the
change in mechanical properties of nanometer montmorillonite composite fiber-reinforced
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bars or plates has not been investigated. Therefore, the mechanical behavior of nanometer
montmorillonite composite fiber-reinforced plates subjected to different temperatures
was studied. The experimental results provided in this paper can be applied to both
further research and engineering applications when conducting theoretical analysis and
numerical simulation of nanometer montmorillonite composite fiber-reinforced polymer
(FRP) composites. In addition, this research is a part of the larger experimental program that
aims to examine the mechanical characteristics and behavior of nanometer montmorillonite
composite fiber-reinforced polymer (FRP) composites in various situations.

2. Test Program

2.1. Test Specimens

In this test, physical and mechanical properties of the nanometer montmorillonite
composite fiber material, including the density ρ, Barcol hardness, fiber volume fraction,
insoluble content of resin, water absorption, glass transition temperature Tg, tensile strength
(main fiber direction) ƒtm, tensile strength (secondary fiber direction) ƒts, compressive
strength (main fiber direction) ƒcm, compressive strength (secondary fiber direction) ƒcs,
and shock resistance are provided in Table 1. Furthermore, the decomposition temperature
of the FRP-reinforced bonding colloid was less than 310 ◦C.

Table 1. Physical and mechanical properties of the nanometer montmorillonite composite fiber material.

Performance Performance Index

ρ (kg·m−3) ≤2000
Barcol hardness (HBa) ≥50

Fiber volume fraction (%) ≥70
Insoluble content of resin (%) ≥90

Water absorption (%) ≤1.0
Tg (◦C) ≥290

ƒtm (MPa) ≥400
ƒts (MPa) ≥10
ƒcm (MPa ≥100
ƒcs (MPa) ≥15

Shock resistance (kJ·m−2) ≥240

To better comprehend how high temperatures affect composites made of FRP, experi-
ments were conducted. The size and the form of the FRP specimens are shown in Figure 1,
and the specimens were fabricated in a thickness of 5 mm, which followed the specifications
outlined in GB/T 228.1-2010 [30]. The experiments included 24 specimens and 8 target
temperatures. Three specimens were loaded at each temperature to reduce the test error.

Figure 1. The FRP tensile coupon specimen (mm).

2.2. Test Details

To simulate different fire accidents, the ambient temperature and seven target
temperatures—50 ◦C, 100 ◦C, 150 ◦C, 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C—were con-
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sidered herein. During high-temperature tensile tests, the specimen was first heated to a
predetermined temperature at a heating rate of 15 ◦C/min. To ensure uniform temperature
over the entire gauge length, the specimen was kept for about 30 min at each target temper-
ature, and the elevated temperatures remained unchanged based on the thermocouples
in the test equipment. Then, the specimen was loaded until it failed, during which the
target temperatures were unchanged since the specimen was still in the test equipment.
Both the displacement and engineering strain of the FRPs were output by the computer. As
shown in Figure 2, this experiment was conducted by an ETM series electronic universal
testing machine, and the displacement control method was used to test the specimens
at a constant rate of 1 mm/min until fracture, which conformed to the requirements of
GB/T 228.1-2010 [30]. Both the displacement and engineering strain of the FRPs were
output by the computer. Based on the experimental results, the mechanical properties of
fiber-reinforced polymer (FRP) composites were discussed.

Figure 2. Test machine.

3. Experimental Results

3.1. Load−Displacement Curves

The tensile load−displacement curves of FRP composites at elevated temperatures
of 50–350 ◦C were obtained and compared with the as-received state, as illustrated in
Figure 3. When exposed to temperatures below 200 ◦C, the tensile load−displacement
curves of fiber-reinforced polymer (FRP) composites exhibited minor differences, and
the size and shape of tensile load−displacement curves were similar compared with the
initial state, as shown in Figure 3a–d. In contrast, when exposed to temperatures of
300 ◦C, the tensile load−displacement curves of FRP composites exhibited significant
differences when compared to the FRP composites in their as-received state, as illustrated
in Figure 3f. Moreover, when exposed to temperatures of 250 ◦C, the tensile load of fiber-
reinforced polymer (FRP) composites slightly increased when compared to that of the
FRP composites at ambient temperature with the increased displacement, as illustrated
in Figure 3e. However, the tensile load of FRP composites decreased sharply with the
increased displacement when exposed to temperatures of 350 ◦C, which indicated that
the tensional strength and ductility increased significantly at those target temperatures,
as shown in Figure 3e,f. The reason for this phenomenon is that the matrix bonded by
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the fiber resin changed with the increase of temperature and the glue or epoxy resin was
softened at high temperatures. Therefore, the critical temperature of FRP composites was
200 ◦C, and the ultimate bearing temperature of FRP composites was 300 ◦C.

Figure 3. Cont.
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Figure 3. Load−displacement curves.

3.2. Visual Observations

Figure 4 exhibits the visual observations of fractured specimens at different elevated
temperatures. The surface color of the FRP composites was significantly affected by the
elevated temperatures. The surface color of FRP composites at the ambient temperature
was fully brown, and it gradually changed to black when exposed to elevated temperatures
between 50 ◦C and 200 ◦C. After exposure to temperatures above 200 ◦C, the surface color
of fiber-reinforced polymer (FRP) composites changed to fully black. It is worth noting
that the fibers on the surface of the fiber composite material were shed after exposure to
temperatures above 200 ◦C. Moreover, with the increase in temperature, the phenomenon
of spalling at the center fracture position of fiber-reinforced polymer (FRP) composites was
more obvious.
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Figure 4. Specimens after experiencing elevated temperatures and tensile loading.

4. Discussion of Results

4.1. Ultimate Load

The maximum load that a structure or component can sustain is referred to as the
ultimate load, and the component will enter an unstable state if the maximum load is
reached. The ultimate load and residual factors of FRP composites at high temperatures are
shown in Table 2. The variations in the reduction factor of the ultimate load are illustrated
in Figure 5a.

The ultimate load of the specimens remained basically unchanged when exposed to
temperatures below 200 ◦C, and the variation in the reduction factors of ultimate load
did not exceed 6% when compared to the initial ultimate load of the FRP composites.
However, when exposed to temperatures between 200 and 300 ◦C, the ultimate load of
the FRP composites significantly increased from 731.01 N to 1650.97 N and increased by
133.51% of the initial ultimate load, which indicates that the FRP composites experienced
a strengthening process. The reason for this phenomenon is that the matrix bonded by
the fiber resin changed with the increase in temperature, when exposed to temperatures
below 200 ◦C. The mechanical properties slightly increased, especially when the exposure
temperatures are between 200 and 300 ◦C. This could be attributed to that the bonding
effects of the nanometer montmorillonite and the fiber material were most obvious, which
led to the increment of ultimate load. Notably, the ultimate load of FRP composites
significantly decreased from 1650.97 N to 252.24 N and reduced 64.32% of the initial
ultimate load when exposed to the temperature of 350 ◦C. This could be attributed to the
fact that the bonding of the nanometer montmorillonite and the fiber material was softened
at this temperature and the resin matrix entered the rubber state from the glass state, in
which the transition temperature Tg was nearly 300 ◦C based on the test results.

Table 2. Ultimate loads and residual factor sof FRP composites at elevated temperatures.

Temperature (◦C)
Ultimate Load (N) Residual Factor (Fu,T/Fu,20)

Group-1 Group-2 Group-3 Average Group-1 Group-2 Group-3 Average

20 706.87 710.24 703.92 707.01 1.00 1.00 1.00 1.00
50 709.99 708.34 705.67 708.00 1.00 1.00 1.00 1.00
100 727.13 720.61 725.85 724.53 1.03 1.02 1.03 1.02
150 752.58 750.37 755.60 752.85 1.06 1.06 1.07 1.06
200 730.25 728.26 734.52 731.01 1.03 1.03 1.03 1.03
250 1036.51 1031.27 1049.58 1039.12 1.47 1.46 1.48 1.47
300 1643.84 1658.31 1650.77 1650.97 2.33 2.35 2.33 2.34
350 244.75 253.67 258.31 252.24 0.35 0.36 0.37 0.36
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Figure 5. Residual mechanical properties of FRP composites at elevated temperatures.

4.2. Fracture Load

The critical load at which a material fails when subjected to continuous loading is
referred to as the fracture load. The fracture load and the residual factor of FRP composites
at high temperatures are listed in Table 3. The residual fracture load factors are plotted
in Figure 5b.

When exposed to temperatures below 200 ◦C, the fracture load of fiber-reinforced
polymer (FRP) composites remained basically the same as the initial state. The maximum
decrease and increase in the fracture load of the FRP composites were between −34%
and 153% of their initial fracture load, as depicted in Table 3. However, the maximum
fracture load of the FRP composites was 541.35 N and was 963.26% of their initial fracture
load when exposed to temperatures between 200 and 300 ◦C, which is consistent with
the phenomenon of ultimate load. This could be attributed to the fact that the bonding
effects of the nanometer montmorillonite and the fiber material were most obvious at those
temperatures, which led to the increment of fracture load. Furthermore, the fracture load
of the FRP composites significantly decreased from 597.55 N to 133.62 N when exposed
to temperatures of 350 ◦C. This could be attributed to the fact that the bonding of the
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nanometer montmorillonite and the fiber material was softened at this temperature and
the resin matrix entered the rubber state from the glass state, in which the transition
temperature Tg was nearly 300 ◦C based on the test results.

Table 3. Fracture loads and residual factors of the FRP composites at elevated temperatures.

Temperature (◦C)
Fracture Load (N) Residual Factor (Ff,T/Ff,20)

Group-1 Group-2 Group-3 Average Group-1 Group-2 Group-3 Average

20 56.88 58.51 53.22 56.20 1.01 1.04 0.95 1.00
50 60.25 61.38 62.51 61.38 1.07 1.09 1.11 1.09
100 36.36 38.52 36.33 37.07 0.65 0.69 0.65 0.66
150 142.31 139.82 144.33 142.15 2.53 2.49 2.57 2.53
200 113.23 118.33 120.87 117.48 2.01 2.11 2.09 2.07
250 319.33 325.41 330.57 325.10 5.68 5.79 5.88 5.78
300 600.87 581.34 610.45 597.55 10.69 10.34 10.86 10.63
350 130.47 133.91 136.47 133.62 2.32 2.38 2.43 2.38

4.3. Fracture Displacement

The fracture displacement is the displacement that corresponds to the fracture load.
Table 4 lists the fracture displacement and the residual factor of the FRP composites at high
temperatures. The residual fracture displacement factors are plotted in Figure 5c.

Table 4. Fracture displacements and residual factors of the FRP composites at elevated temperatures.

Temperature (◦C)
Fracture Displacement (mm) Residual Factor (Xf,T/Xf,20)

Group-1 Group-2 Group-3 Average Group-1 Group-2 Group-3 Average

20 1.80 1.81 1.81 1.81 1.00 1.00 1.00 1.00
50 1.79 1.80 1.79 1.79 0.99 1.00 0.99 0.99
100 1.93 1.92 1.91 1.92 1.07 1.06 1.06 1.06
150 2.11 2.11 2.12 2.11 1.17 1.17 1.17 1.17
200 2.37 2.38 2.40 2.38 1.31 1.32 1.32 1.32
250 3.07 3.10 3.12 3.10 1.70 1.72 1.73 1.71
300 3.38 3.37 3.36 3.37 1.87 1.87 1.86 1.87
350 2.46 2.44 2.47 2.46 1.36 1.35 1.37 1.36

Contrary to what was discussed above, the fracture displacement and the residual
factor of the FRP composites at high temperatures gradually increased with the increasing
temperature. Particularly when the FRP composites were exposed to 300 ◦C, the max-
imum increase in fracture displacement was 1.56 mm and 87% of their initial fracture
displacement. This could be attributed to the fact that the bonding effects of the nanometer
montmorillonite and the fiber material were most obvious at those temperatures, which
led to the mass increment of ductility, causing the fracture displacement to increase. It is
worth noting that when exposed to temperatures above 300 ◦C, the fracture displacement
of the FRP composites decreased from 3.37 mm to 2.46 mm. This could be attributed to the
fact that the bonding of the nanometer montmorillonite and the fiber material was softened
at this temperature and the resin matrix entered the rubber state from the glass state, in
which the transition temperature Tg was nearly 300 ◦C based on the test results.

4.4. Elastic Modulus

The elastic modulus is termed as the ratio of engineering stress to engineering strain in
the elastic deformation stage during the tensile process. The elastic modulus and residual
factors of the FRP composites at high temperatures are listed in Table 5. The residual elastic
modulus factors are depicted in Figure 5d.

46



Buildings 2023, 13, 67

Table 5. Elastic moduli and residual factors of FRP composites at elevated temperatures.

Temperature (◦C)
Elastic Modulus (MPa) Residual Factor (ET/E20)

Group-1 Group-2 Group-3 Average Group-1 Group-2 Group-3 Average

20 799.21 802.34 803.11 801.55 1.00 1.00 1.00 1.00
50 810.35 815.24 808.65 811.41 1.01 1.02 1.01 1.01
100 812.77 817.65 815.37 815.26 1.01 1.02 1.02 1.02
150 813.38 815.48 816.74 815.20 1.01 1.02 1.02 1.02
200 820.39 819.35 821.22 820.32 1.02 1.02 1.02 1.02
250 925.33 925.49 929.64 926.82 1.15 1.15 1.16 1.16
300 1173.65 1182.37 1188.29 1181.44 1.46 1.48 1.48 1.47
350 750.24 758.41 749.59 752.75 0.94 0.95 0.94 0.94

The elastic modulus of the FRP composite specimens remained basically unchanged
when exposed to temperatures below 200 ◦C, and the variation in the residual factors of
elastic modulus did not exceed 2% when compared to the initial ultimate load of FRP
composites. However, when exposed to temperatures between 200 and 300 ◦C, the elastic
modulus of the FRP composites significantly increased from 820.32 MPa to 1181.44 MPa and
increased by 47.39% of the initial elastic modulus, which indicated that the FRP composites
experienced a strengthening process. This could be attributed to the fact that the bonding
effects of the nanometer montmorillonite and the fiber material were most obvious at those
temperatures, which led to the increment of elastic modulus. Notably, the elastic modulus
of FRP composites significantly decreased from 1181.44 MPa to 752.75 MPa and reduced by
6.1% of the initial elastic modulus when exposed to the temperature of 350 ◦C. This could
be attributed to the fact that the bonding of the nanometer montmorillonite and the fiber
material was softened at this temperature and the resin matrix entered the rubber state
from the glass state, in which the transition temperature Tg was nearly 300 ◦C based on the
test results.

5. Constitutive Modeling

5.1. Johnson−Cook Model

Johnson and Cook initially proposed the Johnson−Cook model in 1983 [31,32]. The
various stress−strain relationships of metallic materials in situations of large deformation,
high strain rates, and elevated temperature could be properly described by this model.
It has been frequently utilized, since it was first introduced due to its simple form. This
constitutive model was expressed as follows:

σ
(
εp,

.
ε, T
)
=
[
A + B(εp)n][1 + Cln

( .
ε

.
εR

)][
1 −
(

T − TR
Tm − TR

)m]
(1)

where n is the constant coefficient of strain hardening, C is strain rate strengthening
coefficient, m is thermal softening coefficient, A is the nominal yield stress (MPa) in the
tensile process, B is the strain hardening constant (MPa), and σ and ε are the engineering
stress and plastic strain, respectively,

.
εR and TR are the reference strain rate and reference

deformation temperature, respectively, Tm is the melting temperature of the various metallic
materials, and T is the experimental temperature in the test. The three terms in the
constitutive model, read from left to right, represent the effects of heating of elevated
temperatures, strengthening of strain rate, and strain hardening of flow stress [33,34]. In
this study, the reference temperature and strain rate in this experiment were TR = 293 K
and

.
εR = 0.005 s−1, respectively. Under this experimental circumstance, A = 9.43 MPa and

Tm = 1300 K.
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5.1.1. Identification of Parameters B and n

Under the deformation rate and temperature
.
ε =

.
εR = 0.005 s−1, T = TR = 293 K.

Equation (1) was transformed to the following:

Bεn + A = σ (2)

The effects of thermal softening and strain rate strengthening are neglected. By
transforming Equation (2) and dividing Equation (2) by the natural logarithm into both
sides, Equation (2) was changed to the following:

n ln ε + ln B = ln(σ − A) (3)

Figure 6 depicts the relationship of lnε and ln(σ − A) after carrying out the linear
fitting by substituting the values of stress and strain into Equation (3). The values of n and
lnB, represent the slope and the initial value of the fitting curve, respectively. As a result,
the coefficient can be calculated as n = 1.33 and B = 1422.26 MPa.

Figure 6. The relationship of lnε and ln(σ − A).

5.1.2. Identification of Parameter C

Under the deformation temperature in this experiment, T = TR = 293 K, Equation (1)
was rearranged as:

Cln
( .

ε
.
εR

)
+ 1 =

σ

(A + Bεn)
(4)

Figure 7 depicts the relationship between ln(
.
ε/

.
εR) and σ/(A + Bεn) after carrying

out the linear fitting by substituting 11 strain values and 3 strain rates obtained in this
experiment into Equation (4). The value of C represents the slope of the fitting curve.
According to the test data of FRP composites, the value of C can be calculated as 0.45.
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Figure 7. The relationship between ln(
.
ε/

.
εR) and σ/(A + Bεn).

5.1.3. Identification of Parameter m

Under the deformation rate in this experiment,
.
ε =

.
εR = 0.005 s−1, Equation (1) was

rearranged as:

m ln
T − TR

Tm − TR
= ln[1 − σ

(A + Bεn)
] (5)

Figure 8 depicts the ln[(T − TR)/(Tm − TR)]−ln [1 − σ/(A + Bεn)] curve after carrying
out the linear fitting by substituting the 11 strain values and 4 deformation temperatures
determined in this study into Equation (5). The value of m represents the slope of the fitting
curves. Based on the experimental data of FRP composites, the value of m is 0.45.

Figure 8. The relationship of ln[(T − TR)/(Tm − TR)] and ln [1 − σ/(A + Bεn)].
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Finally, the relationship among stress σ, strain ε, deformation temperature T and
deformation rate

.
ε was established according to the Johnson–Cook model:

σ =
[
9.43 + 1422.26 × ε1.33

]
× [1 + 0.45 × ln

.
ε

0.005
]×
[

1 −
(

T − 293
1007

)0.78
]
− T0 (6)

5.2. Verification of the Constitutive Model

The cross-section of the FRP specimens was taken into account as a quantitative
parameter throughout the stretching process for the engineering stress−strain curves. This
primarily refers to how the cross-section of specimens changed in response to the tensile
load. In reality, before tension fracture, the specimen’s cross-section steadily declines. The
true stress−strain curves of various materials clearly illustrate the impact of the elevated
temperatures, where the σT and εT can be converted by the following expression:

σT = σE(1 + εE) (7)

εT = ln(1 + εE) (8)

where σE represents the engineering stress and σT represents the true stress, and εE and εT
represent the engineering strain and the true strain, respectively.

In this paper, model validation was conducted by comparing true stress−strain curves
from experiments with those obtained from computer simulations. The validation was
conducted using experimental true stress−strain curves for FRP composites at the deforma-
tion rate of 0.005 s−1, which were used to establish model parameters. The Johnson−Cook
constitutive model for FRP composites at elevated temperatures was used to finally identify
the material properties listed in Table 1. Figure 9 represents the comparison between test
data and simulated data by the Johnson−Cook constitutive model at elevated temperatures.
As seen in Figure 9, some deviation was seen, and the linear assumption was mostly to
account for the inaccuracy. The findings were generally satisfactory, indicating that the
linear assumption is appropriate and that this proposed Johnson−Cook constitutive model
can accurately depict the true stress−strain behavior of FRP composites in the fire scenario.

Figure 9. Cont.

50



Buildings 2023, 13, 67

Figure 9. Comparison between test data and simulated data by the Johnson−Cook constitutive
model at various high temperatures.

6. Conclusions

To better comprehend how elevated temperatures affect composites made of fiber, an
investigation on the mechanical properties of FRP composites exposed to temperatures of
20–350 ◦C was experimentally researched. Simultaneously, the FRP specimens were axially
loaded until fracture to observe the failure visual observations and mechanical properties.
Finally, a new Johnson−Cook constitutive model was proposed to predict the behavior
of FRP specimens in the fire scenario. The following are the significant conclusions of
this experiment:

1. The mechanical properties of FRP composites had a critical temperature of 200 ◦C. When
exposed to temperatures below 200 ◦C, elevated temperatures had a minor influence
on the mechanical properties of FRP composites. When exposed to temperatures above
200 ◦C, the mechanical properties of FRP composites exhibited significant differences.

2. The ultimate bearing temperature of FRP composites was 300 ◦C. When exposed to
temperatures above 300 ◦C, the mechanical properties which include ultimate load,
fracture load, fracture displacement, and elastic modulus decreased sharply.
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3. The elevated temperatures exerted a significant influence on the surface color of the
FRP composites. The surface color of FRP composites gradually changed from fully
brown to black with increasing temperatures.

4. This proposed Johnson−Cook constitutive model can accurately depict the true
stress−strain behavior of FRP composites at elevated temperatures.
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Abstract: Based on a previously designed variable-stiffness load transfer component (LTC), a novel
dispersed-tendon cable anchor system (CAS) was developed to increase the anchoring efficiency
of large-diameter basalt-fiber-reinforced polymer (BFRP) cables. The static behaviors of the CAS
are then numerically evaluated by a simplified three-dimensional finite-element (FE) model and
implemented in a full-scale BFRP cable. The FE results indicated that the accuracy of the simpli-
fied dispersed-tendon model could be effectively ensured by dividing the revised compensation
factor. The anchor behavior of the dispersed-tendon CAS was superior to that of the parallel-tendon
CAS when the same cable was applied. The radial stress and tensile stress difference can be re-
duced by decreasing the tendon spacing. The testing and simulated results agreed well with the
load–displacement relationship and axial displacement. All tendons fractured in the testing section,
and the LTC suffered minimal damage. The ultimate force of the cable with 127 4-mm-diameter
tendons was 2419 kN, and the corresponding anchoring efficiency was 93%. The cable axial tensile
strain in the anchoring zone decreased linearly from the loading end to the free end. The cable
shear stress concentration at the loading end can be avoided by employing a variable-stiffness
anchoring method.

Keywords: basalt-fiber-reinforced polymers (BFRP); larger-diameter cable; dispersed-tendon anchoring
method; finite-element (FE) analysis; full-scale experiment

1. Introduction

Fiber-reinforced polymers (FRPs) have many outstanding features [1–3], such as light
weight, high tensile strength, and corrosion resistance. FRPs are frequently considered
ideal materials for solving the bottleneck problems of steel cables [4–6], including easy
corrosion and considerable weight. The application of FRP cables in civil engineering has
gradually increased [7–9]. Generally, carbon FRP (CFRP) cables are used as partial or full
structural members to strengthen engineering structures [10–12]. For example, a network
arch bridge with a 124 m span was built across a highway in Stuttgart, Germany, in 2020.
All the hangers were created from CFRP. CFRP hangers have many advantages over steel
hangers [13], such as a small cross-section, low cost, long service life, and flexible aesthetic
arrangement. In another case, a highway cable-stayed bridge having two 100 m main
spans, supported by sixty-eight steel cables and four CFRP cables, was successfully built in
Shandong, China, in 2022. The CFRP cable was manufactured using 121 7 mm-diameter
tendons. The mean ultimate load was 10,440 kN. The mean anchoring efficiency, denoted
as the ratio of the measured ultimate to the standard value of the tensile load of the cable,
was 107%. Recently, a self-anchored CFRP cable, developed by Feng et al. [14], was applied
in steel trusses in Shanghai, China, in 2022. The ultimate load of the cable reached 4550 kN.
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In summary, an increasing number of engineering applications indicates that CFRP cables
are becoming competitive substitutes for traditional steel cables [15–19].

However, CFRP cables also have some limitations [20], such as high price, brittle
fracturing, and low ductility; thus, their application range is limited to some extent. High-
performance structural materials should be developed to fill the application blank zone of
CFRP cables. Compared with CFRP, basalt FRP (BFRP) is a recently emerging prestressing
material [21–23]. BFRP materials are primarily used to enhance new structures and reinforce
existing structures owing to their outstanding characteristics, such as high creep fracture
stress, high ductility, high performance–price ratio, and eco-friendliness [24]. However,
the elastic modulus of BFRPs is significantly lower than those of CFRPs and steel [25].
Consequently, the tensile deformation of BFRP cables is inevitably larger than that of
CFRP and steel cables, resulting in excessive deformation of the structures supported
by cables. The development of large-diameter BFRP cables is frequently considered an
effective solution to solving this problem. However, the anchoring efficiency of BFRP
cables also decreases with an increase in cable diameter. Therefore, the premise of utilizing
large-diameter BFRP cables is to increase their anchoring efficiency.

Many anchoring methods for FRP cables were proposed by using different inner shape
in steel anchorages and designing novel load transfer components (LTCs) [26], but few were
adapted to large-diameter BFRP cables. For instance, Wang [27] developed a sectional LTC
composed of different continuous fibers and epoxy resin to decrease the stress concentration
of BFRP cables with 37 4-mm-diameter tendons. The mean tensile load and anchor efficiency
of the BFRP cables were 592 kN and 99%, respectively. Shi [28] developed a composite-
wedge anchorage for BFRP tendons involving three variable-stiffness wedges composed of
resin, impregnated chopped fiber, silica sand, and fiber sheet. The anchor efficiency and
fatigue cycle of the cable anchor system (CAS) were 91% and more than 200 million cycles,
respectively. Compared with existing CFRP cables, the proposed methods are most suitable
for small-diameter BFRP cables. In summary, there is an urgent need to develop anchoring
methods for large-diameter BFRP cables.

In a previous study [29], a sectional variable-stiffness LTC fabricated with epoxy resin
and chopped glass fibers with a length of 900 μm and a diameter of 13 μm was proposed
(Figure 1). The fiber volume fractions of the segmented LTCs, defined as the volume
ratio of fiber to fiber and epoxy resin, were 0%, 8.9%, 22.8%, and 40% [30], respectively.
The corresponding elastic moduli were 2.8, 5.17, 7.53, and 9.9 GPa [30], respectively. The
anchor-zone cable was arranged in parallel, and the tendon spacing was 1.5 mm. The
lengths of the sectional LTCs were 115 (containing a horizontal segment of 15 mm), 100,
100, and 100 mm, respectively. Through full-scale experiments, the mean ultimate tensile
load and anchoring efficiency of the three BFRP cables were observed to be 1919 kN and
95% [30], respectively. The proposed method was preliminarily verified to be suitable for
anchoring large-diameter cables. However, the anchoring efficiency tends to decline, and
the coil radius of the cable increases when the cable diameter exceeds a specific limit. To
solve the problems, the cable arrangement in the anchoring zone can be changed from
parallel to dispersed. The improvement effect of the method on anchoring efficiency was
verified in a previous study on CFRP cables composed of 37 7-mm-diameter tendons [30].
The tensile strength of the CFRP cables exceeded 3000 MPa. The principle of improvement
is to use the dispersed tendons to bear part of the axial shear force to avoid shear failure in
the LTC. In addition, the coil radius of the cable can be decreased by reducing the tendon
spacing and diameter.

As shown in Figure 2, a novel anchoring method was further proposed based on the
above optimization strategy. Compared with the previous CAS shown in Figure 1, only
the tendon diameter, tendon number, and arrangement of the BFRP cable were changed.
The anchorage was derived from a previous experiment, and the sectional LTCs were also
unchanged. The BFRP cable was composed of 127 4-mm-diameter tendons in a regular
hexagonal arrangement. From the center layer to the outermost layer, the bending angles of
the tendons, denoted as the arctangent of the ratio of tendon transverse deviation distance
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in the free end to the anchorage length [30], were 0◦, 0.75◦, 1.5◦, 2.25◦, 3◦, 3.75◦, and 4.5◦,
respectively. The tendon spacing of the BFRP cable in the test section was determined using
subsequent simulation analysis.

Figure 1. Previous parallel-tendon CAS (dimensions in mm).

 
Figure 2. Dispersed-tendon CAS (dimensions in mm).

In this study, the tensile behaviors of the BFRP tendons were evaluated. Based on
the previous simplified parallel-tendon modeling method [31], a simplified dispersed-
tendon three-dimensional (3D) solid finite-element (FE) model was proposed. Compared
with a full 3D FE model, the simplified model aims to improve the modeling speed and
computational efficiency while significantly reducing the number of elements. Based on
the simplified model, the complex stress states of the anchor-zone cable and LTC were
further revealed, and the tendon spacing was determined. A full-scale experiment was
carried out to evaluate the static anchoring behavior of the dispersed-tendon BFRP CAS.
Compared with published papers on BFRP cables, the BFRP cable with 127 4-mm-diameter
tendons may be the most significant specification. The test results will further verify the
possibility of BFRP cables used as large-tonnage cables. Thus, the application range of
high-performance BFRP cables will be further expanded. The validity of the simplified
dispersed-tendon 3D FE model was confirmed by comparing the experimental results.
Based on the verified simplified model, optimization design for different FRP CAS can be
well undertaken with high calculation accuracy and efficiency. Finally, the optimal FRP
CAS can be realized for different application requirements.

2. Tensile Behavior of the BFRP Tendon

2.1. Materials and Preparation

The tensile behavior of the BFRP tendons, a key index for use as a prestressed compo-
nent, was first evaluated based on 11 identical specimens. BFRP tendons with a shallow
ribbed surface, consisting of 21 1200-tex and one 800-tex fiber roving, were manufactured
using continuous pultrusion using an epoxy resin matrix. Compared with the BFRP ten-
dons used in a previous study [27], the preparation technology for testing BFRP tendons
was improved by decreasing the rib width and height and increasing the fiber volume
fraction to obtain a higher tensile strength and reduce the amount of external fiber bending.
The mean value of the equivalent diameter of the BFRP tendons, measured using the
drainage method [29], was 4 mm. As shown in Figure 3a, the lengths of the anchoring and
test sections were 350 and 400 mm, respectively. The two ends of the BFRP tendon were
anchored using hollow steel pipes. The outer diameter and wall thickness of the pipes were
14 mm and 3 mm, respectively. The filling material was the epoxy resin that can solidify at
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room temperature. An extensometer with a gauge length of 50 mm was used to measure
the tensile strain of the BFRP tendon.

 
(a) 

(b) 

Figure 3. Tensile test of BFRP tendons: (a) anchoring scheme and (b) loading and failure.

2.2. Calculation Method

The tensile properties of the BFRP tendons can be calculated according to Chinese
Standard (GB/T 30022–2013) [32]. The equations are listed in Equations (1)–(4). Specifically,
σu is the tensile strength (MPa). Fu is the ultimate tensile load (kN). Ast is the cross-sectional
area (mm2). EL is the elastic modulus (GPa). εu is the ultimate tensile strain (με). ε1 and ε2
are the tensile strains when the loads are F1 and F2, respectively. F1 and F2 are 20% and
50% of Fu, respectively. f fpk is the standard value of σu, which considers the dispersion of
BFRP materials and 95% strength assurance rate [30]. f a is the average σu. σ is the standard
deviation (SD) of σu. The coefficient of variation (CV) is the ratio of σ to f a.

σu =
Fu

Ast
(1)

EL =
F1 − F2

(ε1 − ε2)Ast
(2)

εu =
Fu

EL Ast
(3)

ffpk = fa(1 − 1.645CV) = fa − 1.645σ (4)

2.3. Results and Discussions

As shown in Figure 3b, a universal machine with a loading capacity of 2000 kN was
employed for the BFRP tendons. A tensile speed of 2 mm/min was determined to obtain
the elastic modulus of the BFRP tendons according to the standard [32]. In the loading
process, the tensile force increased linearly with piston displacement, verifying the linear
elastic property of the BFRP tendon. Fiber breakage began to occur gradually when the
tensile force exceeded 80% of the ultimate load. The final fracture of the BFRP tendons was
abrupt with hardly a warning. All the specimens exhibited a typical multifilament fracture
at the test section, indicating that the anchoring scheme was effective and that the material
strength was utilized entirely.

The experimental results for the BFRP tendons are displayed in Table 1, in which σu,
Fu, EL, εu and f fpk were calculated by Equations (1)–(4). The mean values of σu, Fu, EL,
and εu were 21 kN, 1702 MPa, 55 GPa, and 3.11%, respectively, which were superior to
the tensile performance of BFRP tendons in [27]. In addition, the CVs of the tendons were
less than 4%, indicating that the tendons with low material dispersion can be employed as
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prestressing cable members. According to Equation (4), the f fpk of the eleven BFRP tendons
was 1638 MPa, which was the basis for calculating the standard value of the ultimate tensile
force of the multi-tendon BFRP cable in the following analysis.

Table 1. Testing results for the BFRP tendons.

Specimen Fu/kN σu/MPa EL/MPa εu/%

1 22 1715 54 3.16
2 21 1689 55 3.06
3 21 1707 54 3.14
4 21 1709 54 3.14
5 21 1654 55 2.99
6 22 1754 53 3.28
7 21 1678 55 3.04
8 20 1625 55 2.94
9 22 1726 55 3.12
10 22 1764 54 3.25
11 21 1697 55 3.07

Mean 21 1702 55 3.11
SD 0.48 38.53 0.61 0.10

CV/% 2.26 2.26 1.12 3.16

3. Simulation Analysis of the Dispersed-Tendon CAS

3.1. Proposal of the Simplified Model
3.1.1. Shortcomings of the Full Model

A 3D FE model (called the full model) for parallel-tendon CAS with 37 7-mm-diameter
BFRP tendons was created using the ABAQUS/Standard program and C3D8R elements to
simulate actual experiments with high accuracy in the previous study [30] (see Figure 4).
The full model is characterized by the ability to consider the existence of multiple inde-
pendent FRP tendons. The accuracy of the full model was verified to be high compared
with previous experimental results [29,33]. However, the full model also contributed to an
excessive computing burden resulting from the rapidly increasing number of elements and
convergence challenges [31]. Additionally, meshing of the full model used for dispersed-
tendon CAS was significantly tricky because of the irregular inner geometric shape of the
LTC and dispersed tendons. Therefore, a simplified 3D FE model is required to make the
calculation and meshing more feasible.

 
Figure 4. Full FE model.

3.1.2. Theoretical Analysis for the Simplified Model

In a previous study [31], a simplified model for parallel-tendon CAS was proposed
using Ansys 15.0 and Solid 186 elements (Figure 5). The simplified model was characterized
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by the ability to replace multiple tendons with several rings. However, the disadvantages
of the simplified model deserve attention. The equivalent ring model has a ring hoop
effect. The ring cable will generate circumferential resistance when subjected to radial
extrusion. Thus, the deformation of the cable was limited. This deformation characteristic
is completely different from that of the multiple-tendon cable. In this model, the tendons in
each layer are equivalent to the corresponding concentric rings based on the principle of
equal cross-sectional areas. The center tendon is defined as the first ring. The radius and
thickness t of the ith ring are expressed as Equations (5) and (6), where Dt is the tendon
diameter (mm), δ is the tendon spacing (mm), and N(i) is the number of tendons in the
ith layer. For a regular hexagonal arrangement, N(i) = 1, 6, 12, 18 . . . , for i = 1, 2, 3, 4 . . . ,
respectively [31].

Rcenter(i) = (i − 1)(Dt + δ) (5)

t(i) = Router(i)− Rinner(i) =
N(i)Dt

2

8Rcenter(i)
(6)

 
Figure 5. Simplification of the parallel-tendon cable.

Based on this assumption, the radial and shear stress of BFRP cables were consistently
underestimated owing to the absence of tendon spacing. Therefore, a compensation
factor ϕ, defined as the ratio of the effective perimeter of the real section to that of the
simplified section [31] (see Figure 5), was proposed. When i ≥ 2, ϕ can be expressed as
Equation (7), where ϕ is a constant when i ≥ 2. This phenomenon can be explained by the
constant wall thickness of the rings in the axial direction. The radial and shear stresses of the
BFRP cable, obtained from the simplified FE model with parallel concentric rings along the
axial direction, can be further adjusted by dividing ϕ. However, for the dispersed-tendon
CAS, the derived ϕ cannot be employed directly because of the varying wall thickness of
the rings along the axial direction. Thus, ϕ must be further revised to be consistent with
the full dispersed-tendon model.

ϕ(i) =
N(i)Dt

2πRcenter(i)
=

N(i)Dt

2π(i − 1)(Dt + δ)
(7)

As shown in Figure 6, the geometric shape of the dispersed tendons in the ith layer
can be regarded an arc. According to the geometrical relationship, y(i) and Rcenter(i) can
be expressed as Equations (8)–(10). Specifically, L is the anchoring length. θ(i) is the bending
angle of the dispersed tendons in the ith layer. R(i) is the bending radius of the dispersed
tendons in the ith layer. x(i) is the horizontal distance between the point in the center position
of the ith layer and the loading end. y(i) is the vertical distance between the point in the center
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position of the ith layer and the center line of the first layer. Based on Equations (8)–(10),
Equation (7) can be revised as Equation (11). Based on the given dispersed-tendon CAS
in Figure 2, the following parameters can be determined: Dt = 4 mm, L = 415 mm, and
θ(i) = 0◦, 0.75◦, 1.5◦, 2.25◦, 3◦, 3.75◦, 4.5◦, for i = 1, 2, 3, 4, 5, 6, 7, respectively.

R(i) =
L

2 sin θ(i) cos θ(i)
(8)

y(i) = R(i)−
√

R(i)2 − x(i)2 (9)

Rcenter(i) = (i − 1)(Dt + δ) + y(i) (10)

ϕ =
N(i)Dt

2π

[
(i − 1)(Dt + δ) + L

2 sin θ(i) cos θ(i) −
√(

L
2 sin θ(i) cos θ(i)

)2 − x(i)2

] (11)

 
Figure 6. Geometric relation of dispersed tendons.

3.2. FE Modeling

For the proposed CAS shown in Figure 2, the tendon spacing was first determined
based on a parallel-tendon model. The advantage of using a parallel-tendon model is that
it can fully consider the influence of the change in tendon spacing on cables in different
positions. Subsequently, the superiority of the dispersed tendon was verified by comparing
it with the parallel-tendon CAS based on the full and simplified models. According to the
symmetry of the CAS having 127 4-mm-diameter tendons, three types of FE models, namely
full parallel-tendon, simplified parallel-tendon, and simplified dispersed-tendon models,
were established based on ABAQUS/Standard (Figure 7). The number of elements along
the part thickness direction is not less than three. Based on the same meshing principles,
the 1/12 full FE model includes 121,968 elements for cable and 30,840 elements for LTC.
In comparison, the 1/12 simplified FE model includes only 44,604 elements for cable and
24,840 elements for LTC. Thus, the total number of elements can be dramatically reduced
through simplifying. The detailed dimensions of the anchorage and the LTC are shown
in Figure 2.

60



Buildings 2023, 13, 92

Figure 7. Full and simplified FE models.

A friction coefficient of 0.15 at the interface of the LTC and the anchorage was set
based on previous simulations [26,29]. The interaction between the outer surfaces of the
cable and the inner surfaces of the LTC was considered a tie because of sufficient cohesive
action. The symmetric model was implemented by applying cyclic symmetry constraints
to two symmetric planes and axial symmetry constraints to the cross-section of the cable at
the middle portion. The eight-node solid element C3D8R was selected for the entire model
to obtain high simulation accuracy [30]. A concentrated load was applied to the reference
point, which was coupled to the surface of the anchorage perpendicular to the tensile
direction of the cable. Based on f fpk and the nominal diameter of the tendons, the load for
the 1/12 model was 435,346 N. The material properties of the FE model critically affect the
accuracy of the simulation and the convergence of the model. Only linear elasticity was
employed in the simulation process to reveal the stress distributions and deformations of
the CAS. The mechanical properties of the BFRP CAS that were obtained from Table 1 and
previous studies are listed in Table 2, where some data derived from Wang et al. [34] and
Zhou et al. [30] were used to create the table.

Table 2. Model parameters for the BFRP CAS.

Property Cable LTC Sleeve

Poisson’s ratio
Major 0.30 0.3 0.3
Minor 0.02 0.3 0.3

Elasticity modulus (GPa) Longitudinal 55 2.8–9.9 200
Transverse 8 2.8–9.9 200

Shear modulus (GPa)
Longitudinal 6.0 / 77

Transverse 6.0 / 77

Tensile strength (MPa) Longitudinal 1702 / 560
Transverse / / 560

Compressive strength (MPa) Transverse 143 85–125 540
Elongation (%) Longitudinal 3.11 / >4

3.3. Simulated Results and Discussions
3.3.1. Determination of Tendon Spacing

Four tendon spacings (0, 0.5, 1, and 1.5 mm) were studied using a full parallel-tendon
FE model. In a previous study, an apparent stress concentration in the outermost tendons at
the sharp corners was observed. Thus, tendon-127 (T-127) was selected for further analysis.
As shown in Figure 8a, the tendon spacing had a slight effect on the axial tensile stress of
T-127, primarily attributed to the higher tensile elastic modulus of the BFRP tendons than
that of the LTC. As shown in Figure 8b, the tensile stress difference between the inside and
outside (Δσ) of T-127 and the radial compressive stress reached a maximum value near
the loading end. The Δσ of T-127 near the loading end also increased with an increase
in tendon spacing, primarily caused by the tension-bending deformation of the tendon.
The tensile stress difference between the inside and outside of the tendons decreased by
38%. The radial compressive stress in Figure 8c exhibited variation characteristics similar
to Δσ. The loading-end radial stress decreased by 12% when the tendon spacing decreased
from 1.5 mm to 0. In summary, the overall stress distributions of the cable in the anchoring
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zone (except for the loading end) were slightly influenced by the change in tendon spacing.
A tendon spacing of 0 mm was selected to minimize the diameter and bending radius of
the BFRP cable.

 
(a) 

 
(b) 

 
(c) 

Figure 8. Simulated results of full model with tendon spacing: (a) axial tensile stress, (b) Δσ of BFRP
tendon, and (c) radial compressive stress.

3.3.2. Comparison of Three Simulation Methods

A previous study indicated that the anchoring efficiency of the CFRP cables’ high-
strength CFRP tendons could be significantly improved by turning parallel tendons into
dispersed tendons in the anchoring zone [30]. Thus, parallel-tendon and dispersed-tendon
CASs were implemented to anchor the BFRP cable with a tendon spacing of 0. Full
and simplified models to simulate the parallel-tendon CAS were employed to illustrate
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the effectiveness of the simplified method. Although the computing time of the model
is greatly affected by the computer performance, the proportion of computing time of
different models on the same computer should be relatively fixed. For this simulation, the
calculation time of 263 min for the full parallel-tendon model was larger than that of 47 min
for the simplified one. The calculation efficiency of the simplified model was significantly
higher than that of the full model.

As shown in Figure 9a, the axial tensile stress of T-1 in the centralized position was
studied using different anchoring methods. From the loading end to the free end, the
axial tensile stress decreased with a nearly linear trend. It was slightly influenced by the
anchoring and modeling methods, which was consistent with the simplified concept. As
shown in Figure 9b, the radial compressive stress of T-127 in the simplified parallel-tendon
model was close to that of T-127 in the full parallel-tendon model. This phenomenon
indicated that the accuracy of the radial compressive stress of the simplified parallel-
tendon model can be increased by dividing the compensation factor ϕ. When the distance
from the loading end exceeded 120 mm, the radial compressive stress in the simplified
dispersed-tendon model was lower than that in the simplified parallel-tendon model. This
phenomenon can be explained by the gradual increase in tendon spacing from the loading
end to the free end because of the bending arrangement, thereby resulting in reduced
extrusion action between the tendons. The large longitudinal elastic modulus difference
between the cable and LTC also contributed to this result.

As shown in Figure 9c, the shear stress difference between the full and the simplified
parallel-tendon models gradually decreased from the loading end to the free end. It can be
explained by stress concentration and magnitude. The shear stress in the simplified parallel-
tendon model was the mean value because of the symmetric circular section. However,
T-127 in the full parallel-tendon model was located at the stress concentration position,
resulting in excessive shear stress. Additionally, the shear stress decreased with fluctuations.
Consequently, the shear stress difference between the two models decreased as the shear
stress decreased. The shear stress in the simplified dispersed-tendon model was also lower
than that in the simplified parallel-tendon model. This result can be explained by the fact
that the farther the shear stress is from the center of the cable, the smaller the shear stress.
A similar conclusion was obtained in a previous study on high-strength CFRP CAS [30].

In summary, the dispersed-tendon CAS was superior to the parallel-tendon CAS
when the same cable was anchored. Meanwhile, it is feasible to use a simplified dispersed-
tendon model to simulate dispersed-tendon CAS. Further simulation verification of the
simplified dispersed-tendon model using a full-scale experiment will be implemented in the
following study.

 
(a) 

Figure 9. Cont.
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(b) 

 
(c) 

Figure 9. Simulated results of three FE models: (a) axial tensile stress of T-1, (b) radial compressive
stress of T-127, and (c) shear stress of the LTC.

4. Experimental Verification in Dispersed-Tendon CAS

4.1. Manufacturing

In the manufacturing process, the combination of the cable in the test section and the
dispersion of the cable in the anchoring zone are two major challenges. Only one BFRP
cable was fabricated owing to the high cost and difficulty of cable preparation. As shown in
Figure 10, the cable, characterized by a tendon spacing of 0 and a regular hexagon section,
was first combined by hand with two positioning plates having a hole spacing of 2 mm [33].
The assembled parts of the cable were then fixed by wrapping them with medical tape that
had the advantages of toughness and viscosity at specific intervals. The test section of the
cable was further compressed by wrapping it with polyethylene (PE) tape with a width of
50 mm. Subsequently, cable dispersion was realized using separate and integral polyvinyl
chloride (PVC) positioning plates. Separate PVC positioning plates with a hole diameter
of 4.2 mm and thickness of 2 mm were first employed to disperse the anchoring-zone
cable layer by layer. The combined cable was then placed into the prepared anchorages,
which were connected using two channel steel with a length of 3150 mm. Notably, the
inner surfaces of the anchorages were coated with silicon grease to make removing the
LTC easier after loading. The separate positioning plates were removed after all tendons
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were threaded into the holes of the integrated positioning plate. The segmented LTCs were
cast along the vertical direction, segment by segment. The casting interval was determined
to be approximately 2 h to ensure reliable bonding between the interfaces of the adjacent
LTCs. The casted LTCs were set to rest for 7 d to cure the epoxy resin adequately.

Figure 10. Preparation of dispersed-tendon CAS.

4.2. Loading and Measuring

A horizontal stretching device with a maximum loading capacity of 6500 kN was used
for tensile testing of the cable (Figure 11a). The active anchorage was connected to the
load cell by a nut and 20 high-strength bolts. A steel base plate was placed between the
die anchorage and bearing plate. The maximum stroke of the piston rod was 400 mm. To
eliminate the assembly clearance of the loading device, a tensile force of about 5 kN to the
cable to produce a pretension was applied. A graded loading method including four stages
was implemented at 100 MPa/min loading speed according to the Chinese standard [35].
The load was maintained for no less than 10 min when it reached 20%, 40%, and 60% of the
standard value of the ultimate tensile force of the cable.

 

 

(a) (b) 

Figure 11. Loading and measurement schemes: (a) loading device and (b) measurement arrangement.

The measurement arrangement of the displacement and strain is shown in Figure 11b.
The cable axial tensile strains at the test section and anchoring zone were collected using
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eighteen and four strain gauges (SGs), respectively. The ultimate measurement range of
the SGs was 20,000 με. The distance between SGs in the anchoring zone was set to 60 mm.
The cable and LTC axial displacements at the loading and free ends were measured by
four linear variable differential transformers (LVDTs) with an ultimate measuring range of
100 mm. The data acquisition frequency was 1 Hz.

4.3. Experimental Results and Discussions
4.3.1. Failure Mode

During the loading process, slippage of the LTC along the axial direction was ob-
served, resulting from the smooth inner surface of the anchorage. When the load exceeded
approximately 80% of the standard value of the ultimate tensile force of the cable, the
external fibers of the BFRP tendons began to rupture at random. When the ultimate load
was reached, several BFRP tendons in the test section began to rupture one after another.
Subsequently, the remaining tendons ruptured within a short time. The uneven stress
of the tendons caused this phenomenon at the test section. The final failure mode of the
cable is shown in Figure 12. The LTCs in the die and active anchorages suffered slight
damage, indicating that the shear and compressive strengths of the LTCs were sufficient to
anchor the cable. The cable cross-sections at the loading end also indicated that the bonding
between the interface of the LTC and the cable was reliable. Almost no radial extrusion
damage occurred to the loading-end cable, indicating that the variable-stiffness LTC could
effectively reduce the cable radial stress concentration.

 
Figure 12. Failure mode of the CAS.

4.3.2. Load–Displacement Curve

As shown in Figure 13, the experimental load–displacement curve increased linearly
with several fluctuations resulting from the slippage of the LTC. A horizontal section was
then clearly observed at the end of the curve because of the rupture of a few tendons,
demonstrating that the BFRP CAS had certain ductility characteristics. This phenomenon
is mainly caused by the relatively low elastic modulus and high fracture elongation of
the cable. Finally, the curve decreased rapidly after reaching an ultimate load of 2419 kN,
which was significantly larger than the mean ultimate load of 1919 kN tested in a previous
study [29]. Additionally, the experimental curve was followed closely by the simulated
curve, indicating that the load–displacement relationships can be adequately simulated
using the simplified dispersed-tendon model with high accuracy.
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Figure 13. Load–displacement curve of the cable.

4.3.3. Anchoring Efficiency

The anchoring efficiency defined in Equation (12) [30] is typically employed to evaluate
the bearing capacity of CASs. ηa is the anchoring efficiency, FfTu is the measured ultimate
tensile load of the cable, Ffpk is the standard value of the ultimate tensile force of the cable,
and N is the number of tendons. According to Table 1 and the cable configuration, f fpk,
Ast, and N of the BFRP cable were 1638 MPa, 12.56 mm2, and 127, respectively. Ffpk was
calculated to be 2613 kN. ηa of the CAS was calculated to be 93%, slightly lower than
the 95% specified by the standard [35]. This result can be explained by several potential
reasons, such as the anchorage (no redesign), assembly errors, and material dispersion.

ηa =
FfTu
Ffpk

=
FfTu

ffpk AstN
(12)

4.3.4. Axial Displacement

As shown in Figure 14, the experimental displacement at the loading end was no-
ticeably larger than that at the free end, which was caused by the tensile deformations of
the cable and LTC. Meanwhile, the experimental displacements of the cable were always
larger than those of the LTC, which can be explained by the vertical distance difference
between the LVDTs and the axial deformations of the cable and LTC. Additionally, the
maximum difference between the simulated and experimental displacements was only
0.4 mm, indicating that the axial displacement can be reasonably simulated using the
simplified dispersed-tendon model.

 
Figure 14. Axial displacement of the LTC and cable.
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4.3.5. Axial Tensile Strain

The axial tensile strains of the BFRP tendons in the outermost layer arranged at in-
tervals were measured (Figure 15). Generally, the tensile strain of the tendons increased
linearly with an increase in the load, which was in good agreement with the linear elas-
tic characteristic of BFRP materials. The tensile strain differences between the tendons
increased with increasing load, and the maximum value reached 2551 με when the load
was 1756 kN. This phenomenon may be explained from three aspects: the length difference
of tendons caused by cutting error and different initial bending shapes of tendons, the
unparallel measuring direction of SGs, and the varying thicknesses of glue between tendons
and SGs.

 

Figure 15. Axial tensile strains of the BFRP cable in the test section.

The changing laws of the axial tensile strains of T-1 at different load grades are shown
in Figure 16, where D represents the distance from the loading end. Linear decreasing
trends in the axial tensile strains of T-1 were observed at different load grades owing
to the high longitudinal elastic modulus ratio of the BFRP cable to the LTC. The ratio
of the maximum to minimum tensile strains generally increased with an increase in the
load, primarily resulting from the axial wedge action of the LTC that restricted the cable
deformation. When the load was 2000 kN, the plotting points were one less than the other
cases. The main reason is that the strain gauge at the loading end was damaged when the
load increased from 1600 to 2000 kN. Thus, the strain gauge could not collect valid data.

 
Figure 16. Axial tensile strains of T-1 at different load grades.
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Based on the measured tensile strains in Figure 16, the mean shear stress of T-1 was
calculated using the formula proposed in a previous study [27]. In this formula, the
mean axial tensile strain, distance between two adjacent SGs, and elastic modulus of
the BFRP tendons are considered. As shown in Figure 17, when the load was less than
1200 kN, the mean shear stress decreased gradually from the loading end to the free end.
This phenomenon can be attributed to the varying elastic modulus of the LTC and the
relatively small wedge displacement. Additionally, the mean shear stress near the loading
end decreased drastically when the load was greater than 1200 kN. This phenomenon is
possibly caused by the excessive wedge displacement (radial extrusion) of the LTC that
limits its axial tensile deformation and the measuring error of the SGs. In general, no shear
stress concentration was observed in the anchoring zone, illustrating that the variable-
stiffness design for the LTC was beneficial for reducing the stress concentration caused by
the excessive stiffness in the loading-end LTC.

 
Figure 17. Mean shear stress of T-1 at different load grades.

5. Contribution of the Research to Practical Implementation

The research contribution mainly proposes a simplified model for anchoring design,
cable manufacturing, and performance verification. Generally, the optimization design for
anchoring cable is the premise of cable preparation. For different FRP cables, a simplified
simulation method with high accuracy and efficiency can shorten the development cycle
of FRP CAS. Based on the designed FRP CAS, the developed manufacturing method in
the laboratory can provide helpful preparation strategies and details for actual factory
production. The large-diameter BFRP cable in this paper was verified to be high anchoring
efficiency. Furthermore, the anchoring efficiency of the cable may be further improved by
optimizing the anchoring system. The design and testing results show that the BFRP cable
is capable of engineering application. The cost-effective BFRP cables will also be a solid
complement to the CFRP cables in the future. Thus, it is necessary to carry out in-depth
scientific research on BFRP cables.

6. Conclusions

The main conclusions are as follows.
Compared with the full model, the simplified model has apparent advantages in terms

of the decrease in element number, increase in computing efficiency, and convergence. The
simulated results of the simplified dispersed-tendon model established using the concentric
ring simplification method can be corrected by dividing the revised compensation factor
from the geometric relations among the tendons.

The FE results showed that the loading-end radial stress decreased by 12% when
the tendon spacing decreased from 1.5 mm to 0. Meanwhile, the tensile stress difference
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between the inside and outside of the tendons decreased by 38%. The radial compressive
stress of the cable and the shear stress of the LTC in the dispersed-tendon CAS were lower
than those in the parallel-tendon CAS when the same cable was anchored. In addition, the
loading ends of the cable and LTC were verified as the maximum stress positions.

The experimental load–displacement relationship and axial displacement agreed well
with the simulated results. All tendons were completely ruptured in the testing section, and
the LTC was nearly unchanged. The ultimate tensile force of the cable was 2419 kN, and the
corresponding anchoring efficiency was 93%. The axial tensile strain of the anchoring-zone
cable generally decreased at a rate of 10–43 με/m when the load increased from 400 to
2000 kN. The shear stress concentration of the cable in the anchoring zone can be eliminated
by applying a variable-stiffness LTC.

In general, a novel dispersed-tendon CAS for large-diameter BFRP cables was devel-
oped based on a previously developed LTC. The static behaviors of the CAS were then
numerically evaluated using a simplified 3D FE model and implemented in a full-scale ex-
periment. The shortcomings of the simplified model will be further overcome by releasing
the circumferential stress of the anchor-zone cable. The developed large-diameter BFRP
cable CAS is the foundation for further promotion and application.
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Abstract: Welding is the main method for oil/gas steel pipeline connection, and a large number of
girth welds are a weak part of the pipeline. Under extremely complex loads, a steel pipeline undergoes
significant plastic deformations and eventually leads to pipeline fracture. A damage mechanics model
is a promising approach, capable of describing material fracture problems according to the stress
states of the materials. In this study, an uncoupled fracture 2D model with a function of fracture strain
and stress triaxiality, two uncoupled 3D fracture models, a consider the effect of Lode parameter
stress-modified critical strain (LSMCS) model, and an extended Rice–Tracey (ERT) criterion were
applied to X80 pipeline girth welds. Comprehensive experimental research was conducted on
different notched specimens, covering a wide range of stress states, and the corresponding finite
element models were established. A phenomenon-based hybrid numerical–experimental calibration
method was also applied to determine the fracture parameter for these three models, and the stress
triaxiality of the influence law of the tensile strength was analyzed. The results showed that the
proposed fracture criterion could better characterize the ductile fracture behaviors of the girth welds
of the X80 pipeline; however, the prediction accuracy of the 3D fracture model was higher than that of
the 2D fracture model. The functional relationship between the tensile strength and stress triaxiality
of the X80 pipeline girth welds satisfied the distribution form of the quadratic function and increased
monotonically. The research results can be used to predict the fracture of X80 pipeline girth welds
under various complex loads.

Keywords: X80 pipeline girth weld; ductile fracture; damage model; tensile strength

1. Introduction

Pipelines made of high-strength steel are the most commonly used means of trans-
porting oil and gas (O&G) for onshore and offshore installations. X80 pipeline steel is
widely used for oil and gas pipelines because of its excellent mechanical properties, and
its laying quantity is also increasing [1,2]. Given the fixed length of pipes, long-distance
natural gas transmission pipelines have to be connected by manual girth welding every
12 m. Owing to several limitations, girth welds inevitably produce defects during the
welding process, making them a vulnerable point in pipeline structures. In actual projects,
pipelines are laid in a variety of environments, such as mountainous areas, deserts, glaciers,
and oceans. When these environments change or a third party carries out construction
activities in the vicinity, geological disasters, such as settlement and landslides, can occur
in the location of the pipeline. As weak points of the pipelines, girth welds are most likely
to be destroyed during these events. Recently, a strain-based method has been developed,
which has a better resolution to deal with global plastic deformations, compared with the
traditional stress-based method. This method has been applied to standards and recom-
mended practices to evaluate defects in pipes [3–6]. However, it is difficult to capture the
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actual failure physics involved in the localized plastic deformation and material tearing in
this method [7].

Fracture and damage mechanics theories are commonly employed to study ductile
fractures. Both theories require a full understanding of the mechanical properties of materi-
als. Based on 104 experimental results, Khalaj [8,9] realized the prediction of mechanical
properties of metal materials through artificial neural networks and successfully predicted
the tensile strength of X70 pipeline steel by chemical composition elements. Pouraliak-
bar [10] used an adaptive neuro-fuzzy interface system (ANFIS) to simulate the Charpy
impact energy of Al6061-SiCp laminated nanocomposites prepared by mechanical alloying
in two configurations of splitting and crack resistance, which provided a new idea for ob-
taining the mechanical properties of materials. In traditional fracture mechanics, material
fracture toughness data are required, and fracture toughness is considered in terms of the
resistance curve. Traditional fracture mechanics generally have certain limitations. First,
they must be studied based on material cracks, therefore, prediction of object fractures with-
out prefabricated cracks is impossible. Second, the crack propagation direction, including
the crack path deviations, cannot be predicted without a user-defined criterion [11].

However, the damage mechanics theory can describe the initiation and propagation of
cracks by allowing damage evolution to include the influences of both local stress and strain
variables [11]. Thus, the limitations of traditional fracture mechanics can be effectively
removed. The Gurson–Tvergaard–Needleman (GTN) model, based on micromechanics, is
a classical coupled damage mechanics model. This model was developed from the porous
plastic model developed by Gurson [12] and was used to describe the effect of holes on the
plastic behavior of materials. The model was then modified by Tvergaard and Needleman,
and the failure process of the materials was expressed by describing the evolution behaviors
of the holes [13,14]. However, the original GTN model could not describe the material
failure under shear stress. The modified GTN model [15–17] considering shear failure
resulted in an increase in the free parameters of the model, which make the calibration
difficult. The other model is an uncoupled fracture model that excludes the effect of damage
on the mechanical properties of materials, and is the common method used in industry.
The uncoupled fracture model typically consists of a mathematical expression based on
the relationship between the fracture strain and stress state, forming a fracture criterion.
Many uncoupled fracture models, such as Johnson–Cook criterion [18], stress-modified
critical strain model [19], Xue–Wierzbicki model [20], and extended Rice–Tracey (ERT)
criterion [21], have been developed.

Damage-mechanics models have been widely used for metal fractures [22–24]. Several
mechanical damage models have been applied to oil/gas pipelines. Oh [25–28] formulated
a series of notch tensile specimens for X65 pipeline steel, developed GTN and uncoupled
fracture models, and verified the accuracy of the model through blasting experiments with
full-scale pipelines having defects. Shinohara [29] integrated the GTN and Thomason
models to develop a fracture model capable of describing the anisotropic fracture behavior
of X100 pipeline steel. Paredes [30] calibrated the MMC (Mohr–Coulomb) parameters for
X70 pipeline steel. Han [31] calibrated the MMC material parameters versus ERT for X80
pipeline steel, based on experiments. Regarding the research on the ductile fracture of
girth welds in oil and gas pipelines, Sarzosa [32] developed the fracture track between
the Lode parameter, stress triaxiality, and fracture strain for the girth weld on the X65
pipeline, and the simulated fracture prediction effect was in good agreement with the test
results. Although damage models have been frequently applied by many researchers in
simulating ductile fractures in pipe steels, the feasibility of these models remains subject to
verification, and the calibration of parameters has been controversial. In addition, ductile
fracture models for pipeline girth welds are lacking.

In this study, a series of welded tensile specimens, under different stress states, was
designed for X80 pipeline girth welds, and a corresponding finite element model was estab-
lished. The girth-weld fracture parameters of the X80 pipeline under different stress states
were determined and obtained through experimental tests and finite element simulations.
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A 2D fracture model of the stress triaxial degree and fracture strain was established, and
the uncoupled 3D fracture model parameters of an extended Rice–Tracey (ERT) model and
the consider the effect of Lode parameter stress-modified critical strain (LSMCS) model
were fitted. The established constitutive and fracture models can be used for the safety risk
assessment of the girth welds of X80 pipelines.

2. Overview of the Damage Model

2.1. Characterization of Stress States

In previous studies on ductile fracture, stress triaxiality and the Lode parameter has
been extensively applied to characterize the stress states of materials and were the two
main parameters that affect fracture strain. The stress triaxial with the Lode parameter is
expressed as

η =
σm

σ
(1)

θ = 1 − 2
π

arccos
27J3

2σ3 (2)

where η is the stress triaxiality, θ is the dimensionless Lode angle parameter, σm is the mean
stress, σ is the equivalent stress, and J3 is the third invariant of the deviatoric stress.

σ =
√

3J2 =

√
1
2

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

(3)

J3 = (σ1 − σm)(σ2 − σm)(σ2 − σm) (4)

σm =
1
3
(σ1 + σ2 + σ3) (5)

where J2 is the second invariant of the deviatoric stress and σ1, σ2, σ3 denotes the three
principal stresses in the stress tensor.

2.2. Uncoupled Fracture Models
2.2.1. Extended Rice–Tracey (ERT) Model

Rice and Tracey studied the growth of isolated spherical voids in an infinite ideal
rigid-plastic matrix and developed the well-known Rice–Tracey (RT) fracture criterion [33].
Gruben [21] introduced the influence of the Lode parameters in the RT model using the
correction proposed by Nahshon [17] and obtained the ERT model as follows:

ε
pl
f =

1
R1 exp(R2η) + R3 sin2[π

2 (1 − θ)]
(6)

where R1, R2, R3 are three material parameters to be determined, and ε
pl
f is fracture strain.

2.2.2. Consider the Effect of Lode Parameter Stress-Modified Critical Strain (LSMCS)
Model

Based on the stress-modified critical strain model (SMCS), which only considers stress
triaxiality on fracture strain, Huang [34] added the influence term of the Lode parameters
and developed the LSMCS model as follows:

ε
pl
f = α exp(−1.5η)[γ + (1 − γ)θ

2
] (7)

where α, γ are the two material parameters to be determined.

3. Experimental Methods

In this study, the ductile fracture of X80 pipe girth weld is studied by combining
test and simulation, and the flow chart is shown in Figure 1. Given that fabricating
small-sized tensile specimens for girth welds is difficult, a study was conducted to design
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heteromorphic specimens with welded joints. To obtain the fracture parameters of X80
pipeline girth welds, the constitutive model of X80 pipeline steel must be determined. For
X80 pipeline steel, standard tensile specimens (smooth round bar: SRB) were designed
based on the requirements of GB/T +228.1−2010 [35], as shown in Figure 2. For weld
specimens, based on HB 5214−1996 [36], GB/T 7314−2017 [37], and HB 6736−1993 [38],
notched round bar tension specimens (radius: 1 mm, 3 mm, 5 mm, NRB1, NRB3, NRB5)
and compression and flat shear (FS) specimens were designed. Following a previous
study [31], a central-hole tensile specimen (CH6) with a central round hole diameter of
6 mm was designed, as shown in Figure 3. The stress state of high-stress triaxiality was
determined using round bar notch weld specimens; low-stress triaxiality was determined
using shear weld specimens; negative stress triaxiality was obtained using compression
specimens; and the stress state of stress triaxiality near 0.4 was determined using central-
hole tensile specimens.

Figure 1. Research flow chart.

Figure 2. Standard tensile specimen (dimensions in mm).

The experiment was performed using a CMT5150 universal test machine, with a
maximum load of 100 kN, manufactured by Meister Industrial System (China) Co., Ltd., in
June 2010. The distance of the extensometer was 50 mm, which has a grade 1 accuracy. All
the experiments were conducted with a loading rate of 0.45 mm/min. The material used in
this research was an X80 girth-weld pipe, with a diameter of 1219 mm and a pipe thickness
of 18.4 mm, The welding material was 91T8, and a steel grade can be additionally qualified
according to TR/ISO 15608 [39]. The average weld parameters used for preparing the
test weld using the FCAW process are (1) welding current 170 Amps; (2) welding voltage
20 V; (3) wire feed speed 5 m/min, and front arc energy 0.72 kJ/mm, while the V Groove
and welding were performed in accordance with GB/T 31032-2014 [40], and the welding
method according to ISO 4063 [41]. The size of the weld joint is shown in Figure 4. To
ensure the quality of the welding, non-destructive testing of the welds was performed;
non-destructive testing includes radiographic testing and time of flight diffraction, ensuring
that the source of specimen welds without defects. All specimens were obtained from the
longitudinal direction of the pipe, and the girth weld was ensured to be located at the notch
of the special-shaped specimen, as shown in Figure 5.
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(a) (b) (c)

(d) (e) (f)

Figure 3. Weld special-shaped specimens (dimensions in mm): (a) CH6, (b) FS, (c) NRB1, (d) NRB3,
(e) NRB5, and (f) compression.

Figure 4. Weld joint (dimensions in mm).
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Figure 5. Schematic of weld specimen pick-up.

4. Constitutive Equations

4.1. Constitutive Model of X80 Pipeline Steel

Figure 5 shows the true stress-strain curve of the X80 pipeline steel drawn based on the
results of the experiment. It was observed that X80 pipeline steel had no obvious yield plateau;
therefore, the stress when 0.2% plastic strain occurred was adopted as the yield strength
(Rp0.2). The mechanical parameters of X80 pipeline steel are summarized in Table 1.

Table 1. Mechanical parameters of X80 pipeline steel.

Young’s
Modulus (MPa)

Poisson’s
Ratio

Yield Strength/Rp0.2 (MPa) Tensile Strength (MPa)

206,000 0.3 638 739

Under large strains, the difference in the stress anisotropy of X80 pipeline steel could
be ignored [31]; therefore, X80 pipeline steel could be regarded as an isotropic material in
this study. For invalid data of specimens after necking, stress-strain data before necking were
adopted, and the Johnson–Cook constitutive model was applied to fit the hardening curve
which describes the hardening behavior after necking. This parameter is expressed as [42]

σ =
[

A + B(εpl)
n]⎡⎣1 + C ln(

.
ε

pl

.
ε0

)

⎤
⎦(1 − θ̂m) (8)

where εpl is the equivalent plastic strain,
.
ε
pl

.
ε0

is the dimensionless plastic strain rate, 1− θ̂m is a
temperature-related term, and A, B, C, n, m are parameters to be determined experimentally.

In this study, quasi-static loading was adopted, and the temperature changes of the
specimens during loading were ignored. Therefore, the temperature and strain rate terms
in Equation (8) were equated to 1, simplifying the equation into

σ = A + B
(

εpl
)n

(9)

The hardening curve data before neck shrinkage were selected for the preliminary
parameter fitting. The load-displacement curve of the standard tensile specimen was drawn
using a finite element software and was compared with the experimental results. The
slope of the hardening curve after the neck shrinkage was continuously adjusted until the
simulation (FEM) results were consistent with the experimental results. Finally, parameters
A, B, and n were determined to be 506.94 MPa, 398.467 MPa, and 0.17402, respectively. The
hardening curve is shown in Figure 6b, and a comparison of the experimental and finite
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element results is shown in Figure 6c. The established constitutive model can characterize
the mechanical behavior of X80 pipeline steel.

(a) (b)

(c)

Figure 6. X80 pipeline steel stress-strain curve: (a) true stress-strain curve, (b) Johnson–Cook harden-
ing curve, and (c) comparison of finite element and experimental results.

4.2. Constitutive Model of Girth Weld

According to numerous studies [43–46], the mechanical properties of the elastic stage
of a girth weld are consistent with those of the base metal, which was also considered in this
work. In this study, the constitutive relationship of the girth weld was determined using
compression specimens. Owing to the influence of the friction force at the loading end
of the compression machine, the compressed specimens formed obvious “drum shapes”.
This shape led to the inaccuracy of the constitutive relationship obtained directly through
experiments and the correct hardening constitutive curve of the weld material established
with the corresponding finite element model. Finite element software uses ABAQUS2022,
and Figure 7 shows the finite element model of the compression specimens. Two rigid plates
were set up in which the bottom plate was completely fixed, the upper plate was loaded
with a downward displacement, the friction coefficient (μ) between the rigid body presses
and the specimens was set to 0.15, and the mesh size was 0.2, totaling into 25,600 elements.
The quasi-static calculation was carried out using the C3D8R solid element and explicit
dynamics (the kinetic energy proportion was less than 5% of the internal energy). The
constitutive curve was constantly corrected using the finite element software, verifying until
it was consistent with the experimental conditions. The final plastic hardening constitutive
curve of the X80 girth weld is shown in Figure 8a, and Figure 8b shows the comparison
results between test and finite element model (FEM). The hardening constitutive model
finally determined can well reflect the mechanics of materials and uses a piecewise function
description of {

σ = 490.2 + 478.1(εpl)0.1918(0 < εpl < 0.272)
σ = 120εpl + 829(0.272 < εpl)

(10)
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Figure 7. Compressed specimen loading model.

(a) (b)

Figure 8. X80 girth weld constitutive model: (a) hardening curve; (b) comparison of test results
with FEM.

5. Calibration Procedure

5.1. Finite Element Model

The fracture strain, stress triaxiality, and Lode parameters of the test specimens were
analyzed and calibrated according to the elastic-plastic finite element model. ABAQUS
was used to establish a three-dimensional finite element model of the special-shaped notch
tensile specimen to obtain the simulated load displacement curves. A large deformation
was observed at the weld gap, and its heat-affected zone was either still in the elastic stage
or the plastic stage was small and could be neglected, therefore, the material softening
of the heat-affected zone could be assumed negligible. The notch position was endowed
with the attributes of the weld material, and the weld was considered to be an isotropic
uniform material [47]. One end of the specimen was articulated, and the other end was
loaded with displacement, as shown in Figure 9. C3D8R solid elements were used for
all specimens. The global element size was 1mm, the notch part was encrypted, the CH6
and FS middle densified element size was 0.2, while the element of the notch part of the
round bar specimen was densified along the longitudinal direction and the element size
was 0.2 mm. Calculate using explicit dynamics (the kinetic energy proportion is less than
5% of the internal energy) and reduce integral control.

It was seen from the load displacement curves drawn based on the finite element and
experimental results shown in Figure 10 that the established base material and girth weld
constitutive models could reflect the mechanical behaviors of the weld tensile specimens
under different stress states. The initial fracture points of the specimens are marked with
“�” on their respective curves in Figure 10. The experimental results revealed notched
round bar cracks at the specimen center and plate-pattern cracks on the notched surface.
The critical element determined by each specimen is shown in Figure 10. The equivalent
plastic strain of the critical element under the state of fracture displacement is the fracture
strain. The maximum load simulation value of NRB3 was slightly higher than the test value,
which may be caused by the mechanical non-uniformity of the weld. However, according
to the simulation of all test specimens, it is reasonable to regard the weld as isotropic. The
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element body at the fracture position was selected to evaluate the evolution processes of the
stress triaxiality, Lode parameters, and equivalent plastic strain, as illustrated in Figure 11.
The Lode parameter of the round bar specimen was constant at 1. It was found that the
round-hole plate in the process of tensile change was not near 0.5, and the shear specimen
remained near 0. In addition, the stress triaxiality of the sheet metal remained unchanged
during the tensile process, whereas those of the notched round bar tensile specimens all
increased to different levels, and the stress triaxiality of the specimens with 1 mm radius
was increased significantly.

(a)

(b)

(c)

Figure 9. Cont.
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(d)

(e)

Figure 9. Finite element mesh models: (a) CH6; (b) FS; (c) NRB1; (d) NRB3; (e) NRB5.

5.2. Fitting of Experiment Data

The stress states of the specimens constantly changed during the entire tensile process;
therefore, the stress triaxiality of the element had to be averaged with the Lode parameters
as follows [48,49]:

(η)av =
1

ε
pl
f

∫ ε
pl
f

0
ηdεpl (11)

(θ)av =
1

ε
pl
f

∫ ε
pl
f

0
θdεpl (12)

where (η)av denotes the average stress triaxiality, and
(
θ
)

av denotes the average Lode parameter.

(a)

Figure 10. Cont.
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(b)

(c)

(d)

(e)

Figure 10. Determination of critical displacement: (a) CH6; (b) FS; (c) NRB1; (d) NRB3; (e) NRB5.
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(a) (b)

Figure 11. Evolution of equivalent plastic strain and stress states: (a) evolution of equivalent plastic
strain and Lode parameters; and (b) evolution of equivalent plastic strain and stress triaxiality.

5.2.1. Fitting of 2D Fracture Criteria

By neglecting the effects of the Lode parameters on the fracture strain, the fracture criterion
was expressed as a function of the stress triaxiality and fracture strain. The Johnson–Cook failure
model presented a good fracture prediction model for materials under high-stress triaxiality. In
this study, the Johnson–Cook failure model was adopted to determine the relationship between
fracture strain and stress triaxiality under high stress triaxiality, as follows [18]:

ε
pl
f = [d1 + d2 exp(d3η)]

⎡
⎣1 + d4 ln(

.
ε

pl

.
ε0

)

⎤
⎦(1 + d5

�
θ

m
) (13)

where d1 − d5 are parameters to be determined by experiment, and (1 + d5
�
θ

m
) is a

temperature-related term.
Quasi-static loading was applied in this study, and the temperature changes in the

specimens during loading were ignored. Therefore, the temperature and strain rate terms
in Equation (13) were eliminated, which simplifies it to

ε
pl
f = d1 + d2 exp(d3η) (14)

The average stress triaxiality and fracture strain values determined above are summarized
in Table 2. Based on the presented data, a failure model function of the girth weld of the X80
pipeline was developed. The Johnson–Cook failure model was applied to fit the round-hole
tensile and notch specimens. The fracture strain at a stress triaxiality of 0.333 was determined
by extension, which was described by a linear function for the shear specimen, and the fracture
strain when the stress triaxiality was 0 was determined by linear function extension.

Table 2. Average stress triaxiality, Lode parameter, and fracture strain of each specimen.

NRB1 NRB3 NRB5 CH6 FS

Average stress triaxiality 1.498 1.146 0.992 0.503 0.019
Average Lode parameter 1 1 1 0.521 0.031

Fracture strain 0.331 0.743 0.806 0.910 0.780

Bao [50] obtained the fracture cutoff effect of materials; that is, when the stress triaxial-
ity of the material is −1/3, the fracture strain tends to approach infinite at this point. No
cracks were observed in the specimens during the compression experiments. Therefore,
a fracture strain equal to 5 was used to characterize the uncracked specimens when the
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stress triaxiality was −1/3. The power function was applied to describe the fracture strain
when the stress triaxiality was −1/3 to 0, as stated in Equation (15). The established failure
model is illustrated in Figure 12.

⎧⎪⎪⎨
⎪⎪⎩

ε
pl
f = −0.6686 + 2.016 exp(−0.4175η)(0.333 < η < 1.5)

ε
pl
f = 1.052η + 0.7346(0 < η < 0.333)

ε
pl
f = 1

0.4918+η − 1.299(−0.333 < η < 0)

(15)

Figure 12. 2D fracture model.

It can be seen from Figure 12 that the monotonic and functional types of the fracture
strain curve, at different stress triaxiality intervals, are different. In the stress triaxiality
range of −1/3–0, the fracture strain function presented a power function distribution and
monotonically decreased. From 0 to 0.333, the function monotonically increases into a linear
function. In the range 0.333–1.5, the function distribution conformed to the Johnson–Cook
failure model and decreased monotonically.

5.2.2. Determination of 3D Fracture Model

While considering the Lode parameters in the fracture model, a 3D model is developed in
which the stress triaxiality and Lode parameters affect the fracture strain. Equations (6) and (7)
were fitted based on the data in Table 2 to determine the unknown parameters in these equations.
The resulting fracture model is illustrated in Figure 13 and the determined parameters are
summarized in Table 3.

As shown in Figure 13, the ERT and LSMCS models exhibit the same trends in the
overall distribution. Under certain Lode parameters, the fracture strain decreased along
with an increase in the stress triaxiality. However, slight numerical differences were
observed between the two models, mainly in the peak distribution of the fracture strain.

(a) (b)

Figure 13. 3D fracture model: (a) ERT and (b) LSMCS.
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Table 3. Determined model parameters.

ERT LSMCS

R1 R2 R3 α γ
0.279 1.477 1.030 3.883 0.218

6. Comparison with Notched Tensile Specimen Experiments

To verify the accuracy of the established girth weld failure model for X80 pipelines,
a failure model was introduced using ABAQUS to conduct a fracture simulation of the
experimental processes mentioned above. Several points on the function of the 2D model
were selected using the built-in ductile damage of ABAQUS. The 3D model defined the
functional relationship between stress triaxiality, Lode parameters, and fracture strain
through the keywords in the INPUT file provided by ABAQUS, which defined the corre-
lation between the Lode angle function and fracture strain. The conversion relationship
between the Lode angle function and Lode angle parameters is as follows:

θ = 1 − 2
π

arccos(ζ) (16)

where ζ is the Lode angle function.
The simulation results are shown in Figure 14. It was observed that the fracture model

that considered the influences of the Lode parameters was significantly superior to the 2D
model. The maximum error between the simulated crack initiation displacement and the
average experimental crack initiation displacement of the 2D fracture model was 18%, and
that of the 3D fracture model was less than 10%. Figure 15 is a comparison of experimental
and simulated fracture morphology, and the fracture morphology is basically consistent.

(a) (b)

(c) (d)

Figure 14. Cont.
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(e)

Figure 14. Comparison between finite element and experimental fracture: (a) CH6, (b) FS, (c) NRB1,
(d) NRB3, and (e) NRB5.

(a) (b)

(c) (d) (e)

Figure 15. Comparison of experimental and simulated fracture morphology: (a) CH6, (b) FS, (c) NRB1,
(d) NRB3, and (e) NRB5.

7. Influence of Stress Triaxiality on Tensile Strength

As shown in Figure 11, the stress triaxiality of each tensile specimen exhibited a
constantly increasing trend during the tensile process; thus, the average stress triaxiality
was applied to describe the relationship between the stress triaxiality and tensile strength.
HB 5214-96 defines notch tensile strength as the maximum load divided by the minimum
initial cross-sectional area. The fracture displacement decreased, indicating that ductility
decreased with an increase in stress triaxiality. The average value of the tensile strength
of the specimen was equated to the tensile strength under each working condition. The
determined tensile strength is listed in Table 4, and it can be seen from Figure 16 that the
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tensile strength increased with an increase in stress triaxiality [51–53]. The relationship
between the average stress triaxiality and ultimate tensile strength is expressed as

σtensile= 506.023(η)2
av − 622.018(η)av + 956.467 (17)

Table 4. Average stress triaxiality and tensile strength of notched specimens.

NRB1 NRB3 NRB5 CH6

Average stress triaxiality 1.498 1.146 0.992 0.503
Average tensile strength (MPa) 1162 891.1 889.8 770.9

Fracture displacement (mm) 1.000 1.460 1.760 2.070

Figure 16. Function relationship between tensile strength and average stress triaxiality.

8. Conclusions

In this study, the ductile fracture of X80 pipeline girth weld was studied experimen-
tally and numerically. The mechanical properties of base metal and weld were obtained
through experiments, and the fracture parameters of weld under different stress states were
obtained through special-shaped specimens. An uncoupled 2D fracture model and two
uncoupled 3D fracture models of the X80 pipeline girth welds were introduced through
a phenomenological approach. The 2D model is a function of fracture strain and stress
triaxiality. The 3D models were a consider the effect of Lode parameter stress-modified
critical strain (LSMCS) model and the extended Rice–Tracey (ERT) criterion.

Tensile failure tests under five different stress states were carried out and correspond-
ing finite element models were established. Fracture parameters from high stress triaxiality
to low stress triaxiality were obtained by combining test and numerical simulation. Fracture
strain and stress triaxiality were obtained to develop a 2D fracture model. Based on the 2D
model, the related parameters of ERT and LSMCS are calibrated considering the influence
of the Lode parameters. In addition, a simulation proved the validity of the developed
fracture model.

Compared with the 2D fracture models, the 3D fracture models yielded more accurate
prediction results. In the fracture prediction of the CH6 and FS specimens, the 2D and 3D
fracture models provided good prediction results for the fracture displacement. However,
in the fracture prediction of the round bar notch specimens, the 2D fracture model generated
results in which the fracture displacement was larger or smaller, but the 3D fracture model
generated consistently good test results.

The influence of stress triaxiality of weld materials on tensile strength is similar to
that of metal materials previously studied, the functional relationship between the tensile
strength and stress triaxiality of the X80 pipeline girth welds satisfied the distribution form
of the quadratic function and increased monotonically. Ductility decreases with an increase
in stress triaxiality.

The research results can be used to predict the fracture of X80 pipeline girth weld
under various complex loads, and can be used to evaluate the safety of pipeline girth weld
in practical projects.
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Abstract: This paper numerically investigates the flexural response of concrete beams reinforced with
steel and four types of Fiber-Reinforced Polymers (FRP), i.e., Carbon FRP (CFRP), Glass FRP (GFRP),
Aramid FRP (AFRP), and Basalt FRP (BFRP). The flexural responses of forty beams with two boundary
conditions (simply supported and over-hanging beams) were determined using ABAQUS. Subsequently,
the finite element models were validated using experimental results. Eventually, the impact of the
reinforcement ratios ranging between 0.15% and 0.60% on the flexural capacity, crack pattern, and
fracture energy were investigated for all beams. The results revealed that, for the low reinforcement
ratios, the flexural performance of CFRP significantly surpassed that of steel and other FRP types. As
the reinforcement ratio reached 0.60%, the steel bars exhibited the best flexural performance.

Keywords: ABAQUS; finite element analysis (FEA); fiber reinforcement polymer (FRP); concrete
damage plasticity (CDP)

1. Introduction

Although steel is the most popular material for reinforcing concrete elements due to
its cost and enhanced mechanical features [1–3], the corrosion of steel bars reduces the
structure’s lifespan and raises maintenance expenses [4,5]. Fiber-Reinforced Polymer (FRP)
bars are an appealing option in the reinforcement of concrete elements because they provide
excellent levels of durability, corrosion resistance, and fatigue resistance, in addition to
having a high strength-to-weight ratio [6–13]. FRP may be used for various purposes, such
as reinforcing structures internally or externally by embedding discrete FRP fibers into the
concrete, utilizing the near-surface-mounted technique (NSM) for FRP plates and sheets
attached to the structure with vinyl-ester glue or epoxy [9,10].

To simulate the behavior of beams, many constitutive numerical models were provided
in the existing literature [14–17]. Tejaswini and Raju [14] studied the flexural response for
reinforced concrete beam sections with different failure modes using ABAQUS. The aim
was to numerically compare the Finite Element Analysis (FEA) experimental findings. Salih
et al. [15] executed seventeen models using ANSYS software of concrete beams reinforced
with CFRP and GFRP bars. Various parameters were studied, including the number of bars,
size, types, and longitudinal configuration for FRP bars. The outcomes were described
in the form of a load–deflection diagram. Al Hasani et al. [16] investigated the crack
propagation of RC beams reinforced with steel bars using ABAQUS software to simulate
crack propagation. A comparison of numerical and experimental data findings has been
established. The results indicated that the cracks were initiated from the tension side at
the bottom of the beam. Shirmardi and Mohammadizadeh [17] simulated twenty concrete
beams reinforced with GFRP in ABAQUS. The study focused on the span/depth ratio and
the reinforcement ratio. The results showed that the rigidity of the beam decreases as the
span/depth ration increases.

Many experimental tests were also conducted to compare the flexural behavior of
the beams reinforced with GFRP and steel bars [18–23]. Shanour et al. [18] investigated
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seven GFRP and steel beams under four-point loading. The primary studied factors were a
concrete compressive strength and reinforcement ratio. The fracture breadth and GFRP
reinforcing stresses were measured for the tested beams mid-span deflection. The results
showed that increasing the reinforcement ratio reduces the crack widths and mid-span
deflection. Krasniqi et al. [19] examined GFRP and steel-reinforced beams under four-point
loading. The results showed early crack initiation due to the low elastic modulus of GFRP
bars. Sirimontree et al. [20] investigated the flexural behavior of concrete reinforced with
GFRP and steel bars. The beam was subjected to four-point loading. The stiffness, flexural
capacity, and mode of failure were investigated. The results relieved that the stiffness of
GFRP-reinforced beams decreased in comparison to steel-reinforced beams.

Arivalagan [21] examined the beams’ flexural behavior reinforced with GFRP bars
and stainless-steel bars (SSRB). The results showed that the beams reinforced with GFRP
experience larger deflections, lower stiffness, and lower ultimate loads than the control
beam. This was due to a slip between the rebar and the concrete. Saraswathi and Dhanalak-
shmi [22] studied the behavior of concrete beams reinforced with GFRP and steel bars.
Various factors, including the load capability, load deflection, and mechanism of failure
were examined. The GFRP bars exhibit higher deflections due to their low elastic modulus.
The GFRP bars failed due to the slip between the rebar and the concrete. To improve
the FRP bars’ bond behaviors. Murugan and Kumaran [23] studied the flexural tensile
behavior of five rectangular concrete beams reinforced with surface-treated GFRP under
two-point static loading. The sand-sprinkled and grooved reinforcing bars were used to
improve the bond behavior. The investigated parameters were the ultimate load capacity,
fracture widths, crack propagation, and beam failure modes. The results showed that the
sand-coated GFRP reinforcements had poorer performance than the grooved GFRP beams
concerning ultimate load capacity and deflections. To compare the behavior of the beams
reinforced with BFRP and steel bars.

Some studies focused on the studying behavior of BFRP and CFRP. Hamdy and
Arafa [24] examined six concrete beams reinforced with BFRP bars, dispersed steel fibers
and steel tested in four-point bending until failure. The moment carrying capacity and
failure loads were calculated and compared with the experimental data. The results showed
that the BFRP bar-reinforced beams experienced greater deflection values than steel beams
as it has low stiffness of FRP bars. Zhang et al. [25] experimentally studied the flexural
deflection of six concrete beams reinforced with BFRP bars and one beam reinforced with
steel bars. Additionally, the numerical simulation was performed using FEM. The findings
demonstrated that all the BFRP-reinforced concrete beams had either concrete crushing or
rupture. Ashour and Habeeb [26] investigated the tensile behavior of the CFRP-reinforced
simply supported and continuous beams. It was found that the CFRP beams failed due to
the rupture of bars. The use of CFRP bars enhanced the load carrying capacity. Many studies
focused on the usage of CFRP in the strengthening of rc beams [27–30]. All the studies
indicated that CFRP increased the load carrying capacity in flexural and shear strengthening.

Despite the efforts of the previously mentioned studies to investigate the flexural
behavior of concrete beams reinforced with FRP, the majority of these studies focused on
the utilization of GFRP bars, disregarding the other FRP types. Furthermore, most studies
focused on the application of CFRP bars to strengthen the concrete beams rather than
reinforcing them. Thus, the flexural behavior of most FRP types lacks further investigation.
Moreover, the fracture energies of the beams reinforced with FRP were not discussed.
Therefore, the current study addresses the literature gap by examining the flexural behavior
of four FRP types (CFRP, AFRP, BFRP, and GFRP) to help the structural designers to find an
effective alternative to steel bars. To this end, the influence of different reinforcement ratios
(0.15%, 0.27%, 0.42%, and 0.60%) on the flexural capacity of forty concrete beams. Moreover,
the load–deflection relationships and crack patterns of these beams were discussed. In
order to verify the models, the results of FEM were compared with the experimental work
performed by Issa and Elzeiny [31]. Section 2 of this study provides an overview of the
experimental work, specifics of developing numerical FE models, the behavior of materials,
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and FE model verification. The parametric study and findings are discussed in Section 3.
Finally, a brief discussion of the results, conclusions, and recommended work are presented
in Section 4.

2. Model Evolution

2.1. General

The experimental investigation performed by Isa and Elzeiny [31] consisted of six over-
hanging concrete beams that were subjected to a three-point load. The beams’ dimensions
were 150 × 250 mm; the total length was 2000 mm, including a 600 mm long cantilever.
There were three groups, each with varying ratios of GFRP rebars, concrete strength, and
rebar types (steel or GFRP). The details of the examined beams are shown in Figure 1.

Figure 1. Details of concrete beams: (a) concrete dimensions of tested beam and (b) longitudinal
reinforcement configuration.

2.2. Model Loading Boundary Condition and Meshing

The overhanging beams presented by Isa and Elzeiny [31] were simulated in ABAQUS.
In order to simulate the concrete, 3D solid C3D8R element have been used. T3D2 is a 2D
truss element used in the modeling of steel and FRP reinforcements. The concrete material
was defined according to the damage plasticity models and details of defining steel and
FRP materials are discussed in detail in the following section. A static condition of loading
was considered. The embedded bar option was used to simulate the bond between FRP
and steel reinforcement in concrete. Ties were utilized to simulate the bond between the
beams and the plates. A loading point (reference point) at the tip of the cantilever was
added at the top of the plate as shown in Figure 2 and the displacement was computed at
the node located at the bottom of the beam. The fine mesh size of 20 mm and increment
size from 0.01 to 1 to obtain more accurate results. The details of meshing are shown in
Figure 2.

2.3. Materials
2.3.1. Damaged Plasticity Model

Three crack models: (i) brittle crack model, (ii) smeared crack model, and (iii) concrete-
damaged plasticity (CDP) model in ABAQUS were used to simulate the concrete dam-
age [32]. The CDP model was used to represent the inelastic responses of concrete com-
pression and tension damage characteristics. The models take into account two failure
mechanisms, namely tensile cracking and compressive crushing.
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Figure 2. Reference point and finite element meshing.

2.3.2. Tensile Behavior of Concrete

The tensile strain and cracking stress relationship was used to describe the behavior of
concrete under tension. The cracking strain was computed using Equation (1):

ε∼ ck
t = εt−εel

ot (1)

where ε∼ ck
t is the tensile cracking strain, εt tensile strain, and εel

ot is the elastic strain of
the unaffected material. The model was developed based on the Nayal and Rasheed [33]
model of tension-stiffening. Gilbert and Warner [34] created a homogenized stress and
strain relationship. The accuracy of the plastic strain values was checked using ABAQUS
and are calculated as shown in Equation (2). The inaccurate damage curves result from the
tensile plastic strain values that are negative or decreasing.

ε
∼ p
t = ε∼ ck

t − dt

(1 − dt)

σt

E0
(2)

where ε
∼ p
t is the tensile plastic strain, dt refers to tensile damage parameter values, σt is

the concrete tensile stress, and E0 is the elastic modulus.

2.3.3. Compressive Behavior of Concrete

The relationship between compressive stress and cracking strain was used in defin-
ing the nonlinear compression behavior of concrete. Equation (3) was used to convert
compressive strain to inelastic strain.

ε∼ in
c = εc − εel

oc (3)

where ε∼ in
c is the compressive inelastic strain, εc is compressive strain, and εel

oc is elastic
strain corresponding to the unaffected material. The accuracy of the plastic strain values
was checked using Equation (4) to ensure there were no negative or decreasing values.

ε
∼ p
c = ε∼ in

c − dc

(1 − dc)

σc

E0
(4)
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where the symbol ε∼ p
c is the compressive plastic strain, dc is the damage parameter values,

and σc is the compressive strength. In compression, the stress–strain relationship was ob-
tained using a computational model created by Hsu et al. [34]. The concrete materials with
compressive strengths of up to 62 MPa can be utilized with this model. The stress–strain
of concrete exhibits linear behavior up to 50% of compressive strength in the hardening
part. The material was described until the σc of 30 MPa in the softening part. The model
equations are presented in Equations (5)–(8).

σc = (
β ( εc

ε0
)

β − 1 +
(
εc
ε0

)β
) σcu (5)

β =
1

1 − (σcu/(ε0 E0))
(6)

ε0 = 0.000089 σcu + 0.002114 (7)

E0= 124.3 σcu + 32831.2 (8)

where ε0 refers to strain at peak stress and β refers to a variable that depends on the shape
of stress–strain diagram.

2.3.4. Concrete Damage Parameters (CDP)

The elastic modulus following tensile and compressive failure can be calculated
using Equations (9) and (10). The tensile and compressive failure has a range between 0
and 1, where 0 indicates that the material is in its initial state but 1 indicates that there
is a loss in material strength. The compression and tensile damage can be calculated
using Equations (11) and (12).

Et = E0(1 − dt) (9)

Ec = E0(1 − dc) (10)

dt = 1 − (
σt

σ′t
) (11)

dc = 1 − (
σc

σ′c
) (12)

where Et refer to the tensile damage elastic modulus, Ec is elastic modulus of compressive
damage, dt is tensile damage, dc is compressive damage, σ′c is effective compressive
strength, and σ′t is effective tensile strength. The CDP model in ABAQUS is defined by
five parameters [35]. Table 1 summarizes the CDP values needed to define the model in
ABAQUS [36].

Table 1. Recommended values for CDP model parameters.

CDP Parameters Symbol Recommended Values

Dilation angle Ψ From 30
◦

to 45
◦

Eccentricity Є 0.1
Viscosity Parameter μ 0.0001 to 0.008

Shape Factor Kc From 0.667 to 1
Biaxial stress ratio fbo

fco
From 1 to 1.16

2.3.5. FRP Bars Behaviors

The behavior of the FRP bars was assumed to be isotropic linear elastic up to fail-
ure without any damage criteria [37,38]. FRPs were defined by their linearly elastic re-
sponse in the absence of any visible yield point. The stress–strain equation is presented in
Equation (13).

ff = Ef εf εf ≤ εfu (13)
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where ff refer to the fiber strength, Ef is the elastic modulus, εf refer to the strain, and εfu
refer to the ultimate strain of FRP bars.

2.3.6. Behavior of Steel

Steel bars used for reinforcement have linearly elastic behavior under low strains. The
yield point of steel is used to explain its plastic behavior. When a material’s stress–strain
curve reaches a yield point, the elastic behavior changes to a plastic one. The only strains
that are produced by the steel’s deformation before it reaches the yield point are elastic
strains, which are entirely returned when the load is withdrawn. When the steel reaches its
yield stress, permanent (plastic) deformation starts to occur [39]. The stress–strain equation
is expressed in Equation (14). Kobraei et al. [37] and Abbood et al. [38] suggested proper
values for the yield stress, elastic modulus of steel, and elastic modulus of FRP; these are
summarized in Table 2.

fs =

{
Es εs εs ≤ εsy
fsy εs > εsy

(14)

where fs is stress, Es is modulus of elasticity, εs is strain in the steel bars, fsy is yielding
strength, and εsy is yielding strain.

Table 2. Steel and FRP properties.

Bar Type

Yield Stress
(N/mm2)

Tensile Strength
(N/mm2)

Modulus of Elasticity
(kN/mm2)

Allowable
Range

Chosen
Value

Allowable
Range

Chosen
Value

Allowable
Range

Chosen
Value

Steel 276–517 450 483–690 500 200 200
GFRP – – 483–1600 1045 35–51 40
CFRP – – 600–3690 2900 120–580 300
AFRP – – 1720–2540 2500 41–125 100
BFRP – – 600–1500 1200 50–65 55

2.4. Experimental Program Specimens

The specimens were classified into three groups A, B, and C. Group A consists of
three beams reinforced with steel bars (SN8-8, SN10-10, and SN 12-12). The first part of
the symbol (SN) reflects the steel reinforcement and the second part 8-8, 10-10, and 12-12
reflects the bar diameter. Group B consists of two beams reinforced with GFRP bars (GN8-8
and GN12-10). Group C represents the beam reinforced with GFRP bars (GM10-10). The
σc of concrete for group A and B was 42.25 MPa. The σc of concrete for group C was
59.26 MPa. The compressive strength of the concrete and the details of reinforcement
configuration are summarized in Table 3.

Table 3. Compressive strength of concrete and reinforcement configuration.

Group Beam
Type of Longitudinal

Reinforcement
Top Longitudinal

Reinforcement
Bottom Longitudinal

Reinforcement
Compressive

Strength (MPa)

A
SN 8-8 Steel 2Ø8 2Ø8

SN 10-10 Steel 2Ø10 2Ø10 42.25
SN 12-12 Steel 2Ø12 2Ø12

B
GN 8-8 GFRP 2Ø8 2Ø8 42.25

GN 12-10 GFRP 2Ø12 2Ø10

C GM 10-10 GFRP 2Ø10 2Ø10 59.26

2.5. FE Models Verification and Discussion

Four statistical indicators were utilized to verify the model [35]:
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(i) Nash—Sutcliffe efficiency (NSE) is a statistic indicator that determines the proportion-
ate difference between the observed data variance and residual variance.

(ii) Coefficient of determination (R2) is the percentage of variance or difference that can be
statistically explained by one or more independent variables for a dependent variable.

(iii) Modified index of agreement (md) calculates the proportional and additive differences
between the experimental and numerical in the means and variances.

(iv) Kling—Gupta efficiency (KGE) evaluates the bias, correlation, and variability be-
tween the numerical and experimental data. These indicators are calculated for
Equations (15)–(18).

NSE = 1 −
[

∑N
a=1(x̂a − xa)

2

∑N
a=1(xa − xmean)2

]
(15)

md = 1 − ∑N
a=1|xa − x̂a|

∑N
a=1(|x̂a − xmean|+ |xa − xmean|) (16)

R2 =

⎛
⎝ ∑N

a=1[(xa − xmean)(x̂a − x̂mean)]√
∑N

a=1[x̂a − x̂mean]2
√

∑N
a=1[xa − xmean]2

⎞
⎠

2

(17)

KGE = 1 −
√√√√(Pc − 1)2 +

(
x̂mean

xmean − 1
)2

+

(
ˆS.D/x̂mean

S.D/xmean − 1

)2

(18)

where x̂a denotes a numerical value, S.D is the experimental data standard deviation, N
denotes the quantity of data values, xa denotes the experimentally acquired data value, Pc
denotes the Pearson’s correlation coefficient, xmean denotes the experimental mean value,
and ˆS.D is the standard deviation of numerical data. ABAQUS was used to validate six
FEM models for the beam features illustrated in Figure 1. The deflection was measured
at the tip of the cantilever. Figure 3 illustrates the outcomes of load deflection curves.
The results indicated that steel had a greater load capacity than GFRP except for the
diameter size (8 mm), which was attributed to the better bond strength of GFRP bars in
small diameters when compared to steel. As the diameter increases the bond strength
decreases [40]. Moreover, steel exhibits a greater increase than GFRP as the load increases
due to the low stiffness and modulus of elasticity of GFRP. The results of R2, KGE, md,
and NSE for all beams are presented in Table 4. The outcomes revealed good concordance
between experimental and numerical findings.

Table 4. Results of statistical indicator.

Statistical Indicators SN8-8 SN10-10 SN12-12 GN8-8 GN10-10 GN12-10 Optimal Value

NSE 0.909 0.833 0.743 0.949 0.59 0.874 1
md 0.974 0.963 0.937 0.986 0.971 0.973 1
R 0.944 0.988 0.782 0.971 0.895 0.918 1

KGE 0.867 0.828 0.862 0.885 0.737 0.831 1
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. The load–deflection curves for overhanging beams: (a) SN8-8; (b) GN8-8; (c) SN10-10; (d)
GM10-10; (e) SN12-12; and (f) GN12-10.
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3. Parametric Study and Results

The study includes examining the flexural behavior and fracture propagation of beams
using various FRP types and comparing them with those of steel. Two parameters were
studied: the bar type and the reinforcement ratio. The reinforcement ratio 0.15% refers
to bar diameter 6 mm, 0.27% refers to 8 mm, 0.42% refers to 10 mm, and 0.60% refers to
12 mm. These parameters were evaluated for simply supported and over hanging beams.
The beam details are shown in Figure 4. The σc of concrete was 42.5 MPa while Es for steel
reinforcement was 200 GPa. The investigation includes various FRP materials such as glass,
aramid, carbon, and basalt. The reinforcement configurations for both groups are shown in
Table 5. The displacement was measured at the beams’ midpoint for simple beams and at
the cantilever tip for the overhanging beams.

Figure 4. Details of concrete beams: (a) concrete dimensions of simple beam and (b) longitudinal
reinforcement configuration.

Table 5. Reinforcement configuration.

Type of
Longitudinal Bars

Beam No.
Top Longitudinal

Reinforcement

Bottom
Longitudinal

Reinforcement

Reinforcement
Ratio (%)

Stirrups

CFRP

CFRP 6-6 2ø6 2ø6 0.15

ø
8

@
14

0
m

m
(S

te
el

)

CFRP 8-8 2ø8 2ø8 0.27
CFRP 10-10 2ø10 2ø10 0.42
CFRP 12-12 2ø12 2ø12 0.60

BFRF

BFRP 6-6 2ø6 2ø6 0.15
BFRP 8-8 2ø8 2ø8 0.27

BFRP10-10 2ø10 2ø10 0.42
BFRP 12-12 2ø12 2ø12 0.60

AFRP

AFRP 6-6 2ø6 2ø6 0.15
AFRP 8-8 2ø8 2ø8 0.27

AFRP 10-10 2ø10 2ø10 0.42
AFRP12-12 2ø12 2ø12 0.60

GFRP

GFRP 6-6 2ø6 2ø6 0.15
GFRP 8-8 2ø8 2ø8 0.27

GFRP10-10 2ø10 2ø10 0.42
GFRP 12-12 2ø12 2ø12 0.60

Steel

Steel 6-6 2ø6 2ø6 0.15
Steel 8-8 2ø8 2ø8 0.27

Steel 10-10 2ø10 2ø10 0.42
Steel 12-12 2ø12 2ø12 0.60
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3.1. Results of Simple Beam

The FE models for simple beams were executed. The maximum deflection was mea-
sured at the beams’ mid span. The results of the load–deflection curves are depicted in
Figure 5. The results show that increasing the reinforcement ratios for FRP bars reduce
the load capacity due to the loss of bond strength. This can be attributed to the type of bar
surface, the surface treatments, the cross section, position and diameter of the rebar, and
the concrete strength. For the steel bars, increasing the reinforcement ratios increases the
loading carrying capacity. The relationship between ultimate loads and reinforcement ratio
is illustrated in Figure 6. It was observed that CFRP had a higher modulus of elasticity
leading to lower deflections and better stiffness of beams. The beams reinforced with AFRP
showed better ductility than GFRP and BFRP.

 

(a) (b) 

 
(c) (d) 

Figure 5. Load Deflection curves for simple beam with different reinforcement ratios: (a) 0.15%,
(b) 0.27%, (c) 0.42%, and (d) 0.60%.
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Figure 6. Ultimate load vs. reinforcement ratio.

All the beams showed the same trend for fracture behavior. The failure mode was
tension failure as shown in Tables S1–S4 in the Supplementary Materials. Figure 7 shows
the crack pattern for CFRP and Steel beams at 0.15% reinforcement ratio as a sample. It can
be observed that the crack started at the bottom of the beams near to the maximum tension
zone. The fracture energy (Gf ) was calculated as follows in Equation (19).

Gf =
Wo

AL
(19)

 
(a) (b) 

Figure 7. Crack Pattern at 0.15% reinforcement ratio (a) Steel and (b) CFRP beams.

The region under the entire load deflection diagram represents the energy that the
beam will absorb during failure [35]. The results of the fracture energy (Gf ) are shown in Ta-
bles S1–S4 in the Supplementary Materials. At 0.15%, the results show Gf of (70,686.7 N/m)
for CFRP and (40,646.7 N/m) for steel and, at 0.60%, Gf was (100,713.3 N/m) for CFRP
and (137,260 N/m) for steel as shown in Figure 8. This shows a better ductility of steel bars
in higher reinforcement ratios due to the bond strength enhancement.
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Figure 8. Fracture energy vs. Type of bars.

3.2. Results of Overhanging Beams

The models were executed and the maximum deflection was measured at the cantilever
tip. The results of load deflection are illustrated in Figure 9. The reinforcement ratios had
an effect on the stiffness of the beam. As the reinforcement ratio increases, the stiffness
of the beam increases. As expected, greater deflections were obtained for the beams with
lower reinforcement ratios. Furthermore, the deflections in the concrete beams reinforced
with GFRP and BFRP in all the models were greater than those reinforced with steel, CFRP,
and AFRP at the same load. This is due to the low stiffness and modulus of elasticity of the
BFRP and GFRP bars. As a result, increasing the reinforcement ratio increases the ultimate
load capacity and decreased the deflection. The relationship between the ultimate load and
reinforcement ratio is illustrated in Figure 10. The figure shows that steel reaches a higher
ultimate load in the larger reinforcement ratios than the FRP bar types. Moreover, CFRP
shows better ductility than other FRP materials due to higher tensile strength. The beams
reinforced with BFRP and GFRP had a low stiffness due to the low modulus of elasticity
and, consequently, high deformations were obtained.

For the crack patterns, all the beams showed the same trend for fracture behavior. A
tension failure was observed as shown in Table S5–S8 in the Supplementary Materials. At
0.15%, for steel and CFRP beams, the crack appeared at the top of the cantilever as shown
in Figure 11 as a sample. The results of the fracture energy are shown in Table S5–S8 in
the Supplementary Materials. It was found that the maximum load capacity is directly
proportional to Gf . The results of the fracture energy were as shown in Figure 12. At 0.15%,
the results of Gf were (39,133.3 N/m) for CFRP and (14,666 N/m) for steel and, at 0.60%
Gf , were (77,740 N/m) for CFRP and (89,253.3 N/m) for steel. It was observed that, as the
reinforcement ratio increases, the fracture energy increases.
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(a) (b) 

  
(c) (d) 

Figure 9. Load–deflection relationship for different reinforcement ratios: (a) 0.15%, (b) 0.27%,
(c) 0.42%, and (d) 0.60%.

 
Figure 10. Load vs. Reinforcement ratio.
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(a) (b) 

Figure 11. Crack pattern at 0.15% reinforcement ratio: (a) Steel and (b) CFRP beams.

Figure 12. Fracture energy vs. Type of bars.

4. Conclusions

In this paper, FE models were developed to investigate the flexural behavior of steel-
and FRP-reinforced concrete beams. Forty simply supported and overhanging beams
were simulated using ABAQUS. CDP was employed to express the inelastic responses
of concrete. The load–deflection curves, crack propagations, and fracture energy were
attained for each beam. The findings showed that:

− The FEM results of overhanging beams were validated using four statistical indicators
and they showed good agreement with the experimental results in the literature.

− The CFRP bars could withstand higher load than steel bars by 29% and 33% for
simple and overhanging beams, respectively. Furthermore, CFRP could absorb greater
fracture energy than steel by 22% and 40% for simple overhanging beams, respectively.
Hence, CFRP can be an effective alternative to steel.

− As the reinforcement ratio increases, CFRP showed greater load carrying capacity
than other FRP types. For simple beams, the load capacity for CFRP bars increased by
80% more than GFRP, 37.5% more than AFRP, and 120% more than BFRP. Similarly,
for overhanging beams, CFRP had a 130% greater load than GFRP, 50% than AFRP,
and 87.5% than BFRP. This enhancement in the load capacity is attributed to higher
stiffness, tensile strength, and their modulus of elasticity compared to other FRP types.

− As the reinforcement ratio increases, the increase in the ultimate load capacity for
GFRP and BFRP bars was insignificant due to the low modulus of elasticity compared
to other FRP types.

− As the bar diameter increases, the bond strength for FRP bars decreases. Thus, all the
FRP types could be considered alternatives to steel when low bars sizes are utilized.

The results obtained from the current study showed that CFRP is an adequate alter-
native to steel, especially at low reinforcement ratios. Interestingly, the stiffness of beams
with CFRP bars was quite near to the reinforced concrete beams. The deflections of BFRP
and GFRP beams were typically more significant due to the low elastic modulus and
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various bond properties. For future research, examining the bond behavior of FRP bars is
recommended. Moreover, researchers could explore advanced methods to deal with the
brittle behavior of FRP bars and examine the shear behavior of beams using various FRP
types. Finally, we recommend including the cost estimation for concrete beams reinforced
with FRP bars in future comparative studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/buildings13020374/s1. Table S1. Ultimate load, fracture energy
and crack pattern for simple beams with ratio 0.15% reinforcement ratio. Table S2. Ultimate load,
fracture energy and crack pattern for simple beams with 0.27% reinforcement ratio. Table S3. Ultimate
load, fracture energy and crack pattern for simple beams with 0.42% reinforcement ratio. Table
S4. Ultimate load, fracture energy and crack pattern for simple beams with 0.60% reinforcement
ratio. Table S5. Ultimate load, fracture energy and crack pattern for overhanging beam with 0.15%
reinforcement ratio. Table S6. Ultimate load, fracture energy and crack pattern for overhanging
beam with 0.27% reinforcement ratio. Table S7. Ultimate load, fracture energy and crack pattern for
overhanging beam with 0.42% reinforcement ratio. Table S8. Ultimate load, fracture energy and crack
pattern for overhanging beam with 0.60% reinforcement ratio.
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Abstract: Ultra-high-performance concrete (UHPC) is a kind of structural material with ultra-high
strength, extremely low porosity, and excellent durability, which has extremely broad application
prospects. In order to promote the application of UHPC constrained by carbon fiber-reinforced poly-
mer (CFRP) sheets as strengthening material in practical engineering, a total of nine specimens were
designed, and two kinds of UHPC strengthening layer thickness (35 mm and 45 mm, respectively)
were designed. By changing the constraint form of the UHPC strengthening layer (longitudinal
reinforcements and ordinary stirrups, longitudinal reinforcements and spiral stirrups, and CFRP
sheets, respectively), the axial compression performance of the strengthened column was explored.
The study shows that compared with the without strengthened column, the uplift of carrying capacity
of the strengthened test column is 277–561%. The reinforcement form of the strengthening layer has
little influence on the lifting capacity. Among the three different strengthening methods, the wrapped
CFRP has the best improvement effect on carrying capacity and ductility, followed by longitudinal
reinforcements and spiral stirrups in the strengthening layer. With the increase of CFRP layers from
two to five layers, the maximum carrying capacity increases by 21.3%. The carrying capacity of three
different types of UHPC-strengthened columns is theoretically calculated, and the accuracy of the
theoretical calculation method is verified by comparing the test value with the theoretical value,
which provides a theoretical basis for the application of UHPC-strengthened columns in the future.

Keywords: ultra-high-performance concrete (UHPC); carbon fiber-reinforced polymer (CFRP);
concrete column; axial compression performance

1. Introduction

Ultra-high-performance concrete (UHPC) is a fiber-reinforced cement-based composite
with ultra-high impermeability and mechanical properties, which is based on micro-scale
optimization of fine aggregate and ultra-fine aggregate (silica fume and sand), mixed with
high-efficiency superplasticizer to reduce the water-cement ratio, and mixed with high-
strength steel fiber [1]. As a new type of cement-based structural engineering material, it
has ultra-high strength and toughness and can be used to construct new lightweight and
high-strength structures. Good durability makes the UHPC structure have a longer life and
lower maintenance costs [2].

At present, research on reinforced concrete members strengthened by UHPC has
been carried out [3], Tanarslan et al. [4] enhanced the interfacial bonding ability between
prefabricated UHPC thin layer and reinforced concrete beams by implanted bars, epoxy
resin interfacial agent, and compression. Al-Osta et al. [5] carried out research on UHPC
strengthening of reinforced concrete beams, considering the influence of different interface
treatment methods and different strengthening positions on the beam strengthening effect.
Using UHPC material as the strengthening layer of the ordinary concrete short column
can improve the ultimate compressive capacity and ductility of the short column. The
test results of Alsomiri and Xie et al. [6,7] show that increasing the thickness of the UHPC
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strengthening layer can significantly improve the compressive capacity of the cylinder,
which provides a theoretical basis and reference for practical strengthening engineering.

UHPC usually exhibits weak ductility under axial compression, which can be im-
proved by fiber-reinforced polymer confinement. Zeng [8–10] proposed using fiber-
reinforced polymer (FRP) grids as the reinforcement material of UHPC and embedding
FRP grids in UHPC to improve its strength and ductility. The experimental results show
that the confinement of FRP grids improves the strength and ductility of UHPC. Carbon
fiber-reinforced polymer (CFRP) sheets have the advantages of high strength and durability
and are lighter than other strengthening materials. Many scholars have studied the mechan-
ical properties, thermal properties, and alkaline resistance of CFRP materials [11,12]. Guo
et al. [13] performed accelerated aging experiments on carbon fiber-/glass fiber-reinforced
hybrid rods. The water absorption and diffusion behavior of the fiber matrix, the change
of interfacial strength, and dynamic thermodynamic properties were investigated. The
long-term life evaluation shows that the interface shear strength of the hybrid rod shell
has a fast degradation rate and reaches a stable level of 62%. The advantages of CFRP are
also reflected in the seismic restoration and reinforcement of existing reinforced concrete
structures [14]. Many scholars have studied the compressive properties of FRP-constrained
UHPC [15–17]; the tests show that the ultimate strength and strain of UHPC columns are
significantly improved by increasing the thickness of the FRP constraint layer, showing
better ductility. Huang [18] conducted experiments on FRP-constrained UHPC columns
under cyclic axial compression and proposed its stress-strain model. Abadel et al. [19]
explored the influence of CFRP sheets strengthening on the compressive strength of UHPC
at 400 ◦C. After CFRP sheets material strengthening, the compressive strength has been
improved. The model of FRP-constrained concrete column to predict the axial stress-strain
and ultimate strength of FRP-constrained UHPC column is not accurate [20–24] due to
the limited test results, and a large number of test studies are needed. The study on
the strengthening of UHPC with FRP sheets is of great significance to the engineering
application of UHPC materials.

Some scholars have studied the axial compression performance of UHPC columns
by combining FRP sheets and stirrups. Chang et al. [25,26] used high-strength spiral
stirrups constrained UHPC and stirrups and CFRP sheets constrained UHPC to carry
out axial compression tests. With the increase of stirrups volume ratio, the ductility of
UHPC was improved, and the prediction model of transverse strain and axial strain curves
of UHPC constrained by CFRP sheets and stirrups was established. Lu [27] conducted
the axial compression test on reinforced concrete columns strengthened with fiber high-
performance concrete by using the enlarged section method. The effects of the thickness
of the strengthening layer, the stirrups in the strengthening layer, and the stirrup spacing
on the axial compression performance of the FRP-strengthened columns were evaluated.
Based on the confined concrete theory, a theoretical calculation model was established,
and the axial carrying capacity of the column was discussed. The results showed that the
carrying capacity and ductility of the column can be improved by adding stirrups in the
strengthening layer.

In conclusion, UHPC, as a new type of composite material, has been widely recognized
for its superior mechanical properties in the practical application of civil engineering. The
performance and durability of reinforced concrete members strengthened UHPC are better
than those reinforced concrete members, so it has better engineering application value
to strengthen concrete members by UHPC. Due to the limitation of the test equipment
and the test site, to avoid the stress concentration phenomenon of the square column,
the shortened cylindrical column is used as the research object. Whether the relevant
conclusions can be applied to long columns, remain to be studied. In order to further
explore the compressive performance of the UHPC strengthening layer, this paper uses
CFRP sheets to wrap the UHPC strengthening layer, adds longitudinal reinforcements and
ordinary stirrups to the UHPC strengthening layer, and adds longitudinal reinforcements
and spiral stirrups to the UHPC strengthening layer. In this paper, a total of nine specimens

108



Buildings 2023, 13, 596

were designed to study the effects of the thickness of the UHPC strengthening layer,
strengthening layer reinforcement form, and confinement form on the axial compression
performance of the strengthening column, providing a theoretical basis for the application
of UHPC as strengthening material in engineering.

2. Test Program

2.1. Design of Test

Nine reinforced concrete columns were made; the height of the specimen column was
300 mm, the diameter was 150 mm, the concrete strength grade was C35, the longitudinal
reinforcement was configured as 6 12 mm, the stirrup was configured as Φ8@60 mm, and
the thickness of the concrete cover was 15 mm. The parameters of the specimens are shown
in Table 1.

Table 1. Test column parameters.

Number
Strengthening Layer
Confinement Form

Thickness of
Strengthening Layer

(mm)

Strengthening Layer
Longitudinal Reinforcements

Arrangement Form

Strengthening Layer
Stirrups

Arrangement Form

Z1 - - - -

Z2
longitudinal

reinforcements and
ordinary stirrups

35 6 12 Φ8@40

Z3
longitudinal

reinforcements and
ordinary stirrups

45 6 12 Φ8@40

Z4
longitudinal

reinforcements and
spiral stirrups

35 6 12 Φ8@40

Z5
longitudinal

reinforcements and
spiral stirrups

45 6 12 Φ8@40

Z6 2 layers of CFRP 35 - -
Z7 5 layers of CFRP 35 - -
Z8 2 layers of CFRP 45 - -
Z9 5 layers of CFRP 45 - -

For each cylinder, 6 12 steel bars 270 mm in length were first cut and bound for
stirrups. After the steel cage was made, the steel cage was put into the prefabricated mold
with an inner diameter of 150 mm and a height of 300 mm. Then concrete was poured, and
six C35 concrete cube test blocks (150 mm × 150 mm × 150 mm) were reserved, which were
naturally cured to maturity with the specimens. After the column was cured, according to
the code for the design of strengthening concrete structure, the column was chipped with a
chipping machine, and the surface was cleaned. The column, after chipping, was connected
with the longitudinal reinforcement of the strengthening layer through the anchor bar, and
then it was put into the prefabricated strengthening layer mold. After removing the mold,
it can be seen that the interface between the UHPC strengthening layer and the new and
old concrete of the strengthening column was well combined, and the appearance of the
UHPC strengthening layer was smooth and dense. The UHPC surface was polished after
the strengthening column specimens were cured to the age, the impregnating glue was
evenly applied to the CFRP sheets by wet adhesive method, and the CFRP sheets were
seamlessly wound around the surface of the strengthening column.

2.2. Details of Material Mechanical Properties

The concrete design strength grade was C35, and the mix design and preparation
are shown in Table 2. Six standard cube test blocks (150 mm × 150 mm × 150 mm) were
reserved during concrete pouring, and their compressive strength was measured after 28d
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of laboratory curing together with the specimens. Their mechanical properties are shown
in Table 3. Table 4 shows the UHPC mix design and preparation, and Table 5 shows its
mechanical properties. Table 6 shows the mechanical properties of steel bars, HPB300
strength grades stirrup, and HRB400 strength grades longitudinal reinforcement. Table 7
shows the mechanical properties of CFRP sheets. Table 8 shows the mechanical properties
of CFRP sheets impregnating glue.

Table 2. Mixture proportions of concrete (kg/m3).

Strength Class Cement Water Sand Coarse Aggregate Superplasticizer

C35 380 180 648 1198 2.8

Table 3. Mechanical properties of concrete.

Strength Class fcu (MPa) 1 fc (MPa) 1 ft (MPa) 1 Ec (N/mm2) 1

C35 37.36 28.4 2.891 31946
1 The cubic compressive strength fcu is the measured value. fc, ft, and Ec are calculated according to the literature [28].

Table 4. Mixture proportions of UHPC (kg/m3).

Cement Fine Sand Silica Fume, Fly Ash Additive Water Steel Fiber

1025 700 315 8 226 202

Table 5. Mechanical properties of UHPC.

Number 1 2 3 Average

Cube compressive strength
fcu (MPa) 125.88 110.8 123.28 124

Axial compressive strength
fc 1 (MPa) 110.8 108.2 108.5 109.1

1 According to the literature [29], the axial compressive strength of UHPC is fc = 0.88 fcu.

Table 6. Mechanical properties of steel bars.

Reinforced Type Diameter (mm) Yield Strength (MPa)
Tensile Strength

(MPa)

HRB400 12 468 630
HPB300 8 323 453

Table 7. CFRP sheet parameters.

Name Type
Density
(g/cm3)

Thickness
(mm)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

UT70-20G Unilateral high-strength fabric 1.8 0.111 3400 245

Table 8. Mechanical parameters of adhesive.

Name
Tensile Strength

(MPa)
Elastic Modulus

(MPa)
Bending Strength

(MPa)
Compressive Strength

(MPa)
Ultimate Elongation

(%)

Sikadur®-330CN ≥40 ≥3000 ≥60 ≥70 ≥1.5

2.3. Loading Device and Measuring Point Layout
2.3.1. Test Setup

It was loaded monotonically at a rate of 0.3 mm/min. Before loading, the end of the
specimen was polished by an angle grinder and made level with fine sand to ensure that
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the whole section of the specimen was compressed. The specimens were preloaded, and
the preloaded load value was 10% of the calculated ultimate carrying capacity. Checked
whether the strain box, testing machine, and other equipment were working normally
before starting the formal test. Figure 1 shows the test loading device.

Figure 1. Setup of the test.

2.3.2. Loading Device and Measuring Point Layout

Longitudinal strain gauges and hoop strain gauges were pasted on two symmetrical
sides in the middle of the concrete; longitudinal strain gauges and hoop strain gauges were
pasted on two symmetrical sides of the middle part of the strengthening layer of UHPC;
three longitudinal reinforcements were spaced apart, and strain gauges were pasted in the
middle; two strain gauges were symmetrically pasted on the stirrups. Figure 2 shows the
position of strain gauges.

 
(a) (b) 

Figure 2. Location of the strain gauge. (a) Profile view. (b) Cross-section view.
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3. Test Result and Analysis

3.1. Test Observations

Z1 is the without-strengthening column, and the strain of the whole section was
uniformly distributed under the axial load. At the initial stage of loading, the steel bars
and concrete were in the elastic stage. In this stage, the compression deformation of the test
column increased with the increase of the load, and the load of the steel bars and concrete
was proportional to the displacement. When the load continued to increase, the concrete
began to appear in small vertical cracks. When approaching the failure load, the cracks
gradually extended, and obvious longitudinal penetrating cracks appeared. The concrete
fell off, and the longitudinal reinforcements and stirrups were deformed. The failure form
is shown in Figure 3.

Figure 3. Z1, Z2, and Z3 failure forms.

The UHPC-strengthened columns with longitudinal reinforcements and ordinary
circular stirrups in the strengthening layers of Z2 and Z3 had the same elastic stage in
the initial loading period as Z1, and the load had a linear relationship with the axial
deformation. The load continued to increase, and the increased rate of axial deformation
exceeded the increased rate of load. When the load was close to the peak, the sound of
steel fiber pulling out in UHPC could be heard. When the load reached the peak load, the
load did not drop precipitously but showed a slow decline. After the longitudinal crack
was connected, it could still bear a large load. Finally, the crack of the UHPC strengthening
layer was connected, and the failure form is shown in Figure 3.

Z4–Z5 are UHPC-strengthened columns equipped with longitudinal reinforcements
and spiral stirrups in the strengthening layer, and the test phenomenon is similar to that of
Z2 and Z3. When the confinement capacity of spiral stirrups completely lost its effect, the
load of the test column decreased significantly, and the failure form is shown in Figure 4.

Z6–Z9 are UHPC-strengthened columns with CFRP sheets, which are in the elastic
stage in the early stage of the test. With the gradual increase of load, the surface of CFRP
sheets did not change, and the sound of concrete cracking was heard, and the sound of
steel fiber pulling out was always heard. The crack of the UHPC strengthening layer made
a sound, and the slope of the load-displacement curve decreased, which was still linear.
The original pictures and failure forms of CFRP-constrained strengthening columns are
shown in Figure 5.
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Figure 4. Z4 and Z5 failure forms.

 
(a) 

 
(b) 

 

Figure 5. Z6–Z9 original pictures and failure forms. (a) Original pictures. (b) Failure forms.

3.2. Ultimate Carrying Capacity

The carrying capacity of the test columns with the three strengthening methods was
greatly improved compared with that of the without strengthening column. Table 9 and
Figure 6 show the ultimate carrying capacity of each test column. According to the different
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strengthened methods, the three strengthened columns were compared with the without
strengthened columns, and the three different strengthening methods were compared.

Table 9. Carrying capacity of test columns.

Number
Test Carrying Capacity

Nu (kN)
Calculate Carrying Capacity

Nth (kN)
η1 = (Nu−N1)/N1 η = Nth/Nu

Index of Ductility
(DI)

Z1 686.12 748.78 - 1.09 1.00
Z2 2583.73 2787.24 2.77 1.08 1.09
Z3 3167.48 3417.00 3.62 1.08 1.32
Z4 2714.05 2947.67 2.96 1.09 1.10
Z5 3259.46 3538.62 3.75 1.09 1.30
Z6 3278.23 3345.73 3.78 1.02 1.00
Z7 3976.31 3720.59 4.80 0.94 1.66
Z8 4089.81 4141.86 4.96 1.01 1.08
Z9 4533.41 4494.80 5.61 0.99 1.33

Note: η1 represents the increase in the carrying capacity of the strengthened column Z2–Z9 relative to the
without-strengthened column Z1. η is the ratio of the theoretical and test carrying capacity of the test column.

Figure 6. Ultimate carrying capacity of test columns.

Compared with the without-strengthening column, the carrying capacity of the test
column was greatly improved by using UHPC strengthening, and the carrying capacity
increased more with the increase of the thickness of the strengthening layer. The strength-
ening method of Z2 and Z3 is the UHPC column with longitudinal reinforcements and
ordinary circular stirrups in the strengthening layer. With the increase of the thickness
of the strengthening layer, the lifting range of the carrying capacity of the strengthening
column also increased. Compared with Z1, the carrying capacity increased by 277% and
362%, respectively. For UHPC columns in Z4 and Z5 with longitudinal reinforcements and
spiral stirrups in the strengthening layer, when the thickness of the strengthening layer
increased, the carrying capacity of the strengthened column also increased. Compared with
Z1, the carrying capacity of Z4 and Z5 increased by 296% and 375%, respectively.

The longitudinal reinforcements and circular stirrups were used in the strengthening
layer, and the carrying capacity of Z3 with a thickness of 45 mm increased by 22.6%
compared with that of Z2 with a thickness of 35 mm. The carrying capacity of Z5 with a
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thickness of 45 mm strengthened by longitudinal reinforcements and spiral stirrups was
20.1% higher than that of Z4 with a thickness of 35 mm strengthening layer. When the
strengthening layer is thick, the strengthening efficiency can be improved by changing the
reinforcement form of the strengthening layer. Under the condition that the thickness of the
strengthening layer was the same and the stirrup spacing of the strengthening layer was
the same, when the thickness of the strengthening layer was 35 mm, the carrying capacity
of Z4 of the strengthening layer with longitudinal reinforcements and spiral stirrups was
5% higher than Z2 of the strengthening layer with longitudinal reinforcements and circular
stirrups. When the thickness of the strengthening layer was 45 mm, the carrying capacity
of Z5 with longitudinal reinforcements and spiral stirrups in the strengthening layer was
2.9% higher than that of Z3 with longitudinal reinforcements and circular stirrups in the
strengthening layer.

By comparing the carrying capacity of three different strengthened column confine-
ment forms, when the thickness of the strengthening layer was 35 mm, the Z6 carrying
capacity of the strengthening layer with two layers of CFRP sheets was 26.9% higher than
the Z2 of the strengthening layer with longitudinal reinforcements and circular stirrups,
and the Z7 carrying capacity of the strengthening layer with five layers of CFRP sheets
was 53.9% higher than Z2 of the strengthening layer with longitudinal reinforcements and
circular stirrups. When the thickness of the strengthening layer was 45 mm, the Z8 of the
strengthening layer with two layers of CFRP sheets was 29.1% higher than the Z3 carrying
capacity of the strengthening layer with longitudinal reinforcements and circular stirrups,
and the Z9 of the strengthening layer with five layers of CFRP sheets was 43.1% higher
than the Z3 carrying capacity of the strengthening layer with longitudinal reinforcements
and circular stirrups. When the thickness of the strengthening layer was the same, the
maximum increase in the carrying capacity of the wrapped CFRP sheets was 53.9% among
the three strengthening methods.

For the CFRP-constrained UHPC strengthening column, Z6 and Z7 were strengthened
with CFRP sheets on the basis of 35 mm UHPC strengthening layers. Z8 and Z9 were
strengthened with CFRP sheets based on a 45 mm UHPC strengthening layer. Compared
with the without strengthened column Z1, the carrying capacity of Z6, Z7, Z8 and Z9
increased by 378%, 480%, 496% and 561%, respectively. The thickness of the strengthening
layer of Z6 and Z7, Z8 and Z9 were 35 mm and 45 mm, respectively. With the increase of
the thickness of the strengthening layer, the carrying capacity of Z8 with the thickness of
the strengthening layer of 45 mm was 24.8% higher than that of Z6 with the thickness of the
strengthening layer of 35 mm. Using five layers of CFRP sheets to reinforce the specimen,
the carrying capacity of Z9 with a thickness of 45 mm was 14.0% higher than that of Z7
with a thickness of 35 mm. The maximum carrying capacity increased by 24.8% with the
increase in strengthening layer thickness. The carrying capacity can be greatly improved
by using CFRP constraints. With the increase of CFRP layers from two to five layers, the
carrying capacity of Z7 was 21.3% higher than that of Z6, and that of Z9 was 10.8% higher
than that of Z8.

All three strengthening methods can greatly improve the carrying capacity of the
column. The optimal carrying capacity of the column is strengthened by UHPC constrained
by wrapped CFRP. The carrying capacity of the column strengthened by longitudinal
reinforcements and spiral stirrups in the UHPC strengthening layer is the second, and the
carrying capacity of the column strengthened by longitudinal reinforcements and ordinary
circular stirrups in the UHPC strengthening layer is the worst.

The axial force of ordinary reinforced concrete columns is borne by both steel bars and
concrete, as shown in Equation (1).

N = fco Aco + fy As (1)

fco is the axial compression strength of concrete; Aco is the section area of concrete; fy
is the compression strength of longitudinal reinforcement; As is the cross-section area of
longitudinal reinforcement.
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According to the literature [30], the axial compressive carrying capacity of UHPC
strengthened column with longitudinal reinforcements and ordinary stirrups are shown in
Equation (2).

N = fco Aco + fy As + αcs
(

fc Ac + f ′y A′s
)

(2)

αcs is the correction coefficient considering the degree of strength utilization of newly
added concrete and steel bars; fc is the axial compression strength of UHPC; Ac is the
section area of UHPC; f′y is the compression strength of the longitudinal reinforcement in
the strengthening layer; A′

s is the cross-section area of longitudinal reinforcement in the
strengthening layer.

According to the literature [31], the calculation formula of carrying capacity of UHPC
strengthened column with longitudinal reinforcements and spiral stirrup are shown in
Equations (3) and (4).

N = fco Aco + fy As + αcs
(

fc Ac + 2α fy,s Ass0 + f ′y A′s
)

(3)

Ass0 =
πdcor Ass1

s
(4)

α is the reduction coefficient of the constraint of a spiral stirrup on concrete; Ass0 is the
conversion area of spiral stirrups; dcor is the diameter of the core area, determined according
to the inner surface of the spiral stirrup; Ass1 is the section area of a single screw stirrup; s
is the spacing of spiral stirrups; fy,s is the compression strength of spiral stirrups.

There are few research results on the axial compression test of CFRP-constrained
UHPC concrete columns. Due to the strain difference between UHPC and concrete being
very small, the confining pressure effect of UHPC on concrete is not considered in the
calculation of the carrying capacity, but only the confining effect of CFRP sheets on UHPC
and concrete is considered. The calculation of the carrying capacity of the CFRP-constrained
UHPC column is given in reference [32], and CFRP constrained concrete column is given
in reference [33]. Equations (5) and (6) are used to calculate the confinement stress of the
CFRP sheets. The calculation formula of confinement stress f′l is shown in Figure 7 and
Equation (7).

fcc = fco + 3.3 f ′l (5)

f ′cc = f ′co + 2.53 f ′l
0.32 (6)

f ′l =
2EFRPεh,rupt f rp

d′cor
(7)

εh,rup = 0.586ε f rp (8)

N = NC + NU + NS (9)

N = fcc Acc + f ′cc A′
cc + fy As (10)

EFRP is the elastic modulus of CFRP sheets; εh,rup is the measured hoop rupture strain
of CFRP sheets, and the calculation method is shown in Equation (8); εfrp is the CFRP
sheets’ ultimate tensile strain; d′cor is the diameter of the confinement members; tfrp is the
thickness of CFRP sheets; fcc is the confinement stress of CFRP on concrete; fco is the axial
compression strength of concrete; f′cc is the confinement stress of CFRP on UHPC; f′co is the
axial compression strength of UHPC; Acc is the cross-section area of concrete; A′

cc is the
cross-section area of UHPC; fy is the compression strength of longitudinal reinforcement;
As is the cross-section area of longitudinal reinforcement. The carrying capacity calculation
formula is shown in (9) and (10). The calculation results are shown in Table 10.
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Figure 7. Distribution of confinement stress of UHPC-concrete column by CFRP sheets.

Table 10. Results of calculation.

Number
Test Carrying Capacity

Nu (kN)
Calculate Carrying Capacity

Nth (kN)
η = Nth/Nu

Z6 3278.23 3345.73 1.02
Z7 3976.31 3720.59 0.94
Z8 4089.81 4141.86 1.01
Z9 4533.41 4494.80 0.99

3.3. Load-Displacement Curve

Z2 and Z3 are UHPC-strengthened columns equipped with longitudinal reinforce-
ments and ordinary circular stirrups in the strengthening layer; Z4 and Z5 are UHPC-
strengthened columns equipped with longitudinal reinforcements and spiral stirrups in the
strengthening layer; Z6–Z9 are UHPC-strengthened columns constrained by CFRP sheets.
The carrying capacity of strengthened columns Z2–Z9 was greatly improved compared
with that of without strengthened Z1. Compared with Z1, the carrying capacity of the
columns strengthened with wrapped with CFRP sheets could be improved by up to 561%.
When the wrapped two layers of CFRP sheets Z6 and Z8 (the thickness of the strengthening
layer is 35 mm and 45 mm, respectively) reached the peak load, the carrying capacity
decreased rapidly. When wrapped in five layers of CFRP sheets, compared with Z6 and
Z8, the curve trend of Z7 and Z9 was relatively smooth after the load approached the peak
load, and the strengthening effect was better. The displacement corresponding to the peak
load of each strengthened column was larger than the displacement corresponding to the
ultimate load of the without-strengthened column Z1 because the peak strain of UHPC
was larger than that of ordinary concrete. For the strengthened column with steel bars
or CFRP sheets, when the peak load was reached except for Z6 and Z8 with fewer CFRP
sheets, other strengthened columns had greater deformation capacity.

Figure 8 shows the load-displacement curve of Z1–Z9. The curve of Z2–Z5 shows a
straight line at the initial stage of loading, and when it is close to the peak load, the curve
shows an inflection point. At this time, large cracks appeared in the UHPC strengthening
layer, and then the peak load was reached. Compared with the brittle failure of Z1, Z2–Z5
still has greater deformation ability and better ductility after passing the inflection point. At
the initial stage of loading, columns Z6–Z9 constrained by CFRP sheets presented a straight
line, which rose to about the peak load of columns Z2–Z5 constrained by longitudinal
reinforcement and stirrups. At this stage, there was no large crack in UHPC. When the load
exceeded the peak load of Z2–Z5, the strengthening layer of UHPC cracked and generated
transverse deformation. At this time, the CFRP sheets began to play a restraint role, and
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the strengthening layer wrapped by the CFRP sheets was in a state of three-dimensional
compression, which could continue to bear the load. After Z6 and Z8 reached the peak
load, the curve had an inflection point, and then the specimen had a brittle failure. The
brittle failure of Z6 and Z8 columns occurred due to the small number of CFRP sheets.
It can be seen from the curve of Z7 and Z9 that with the increase of load, the transverse
deformation of the strengthening layer increased, and the restraint effect of CFRP sheets
was fully exerted. Due to the large thickness of CFRP sheets, the failure mode was in which
CFRP sheets gradually ruptured from the inside out. There is no obvious inflection point
in Z7 and Z9 curves, and the load-displacement curve fluctuates until the end of loading.
After the test, it was observed that the failure form of Z6–Z9 was that the concrete in the
strengthening layer was crushed, and the CFRP sheets were ruptured. Due to the wrapping
of the CFRP sheets, it was difficult to monitor the compression state of the internal UHPC
and concrete at any time during the test. Therefore, the maximum load generated by the
press was recorded as the ultimate carrying capacity of the test column.

Figure 8. Load-displacement curve of test columns.

3.4. Strain Analysis

Figures 9 and 10 show the load-strain curves of the columns with longitudinal rein-
forcements and circular stirrups in the strengthening layer and longitudinal reinforcements
and spiral stirrups in the strengthening layer. At the initial stage of load application, the
load-strain curve of concrete was close to the slope of UHPC. In this case, the difference
between the axial strain of UHPC and concrete was small, indicating that there was no rela-
tive slip between UHPC and concrete with the increase of load. When the load approached
the peak load, the strengthening layer was the strengthening column with longitudinal
reinforcements and stirrups, and the concrete reached the axial and transverse limit strain
before the UHPC, then the load decreased after the UHPC reached the limit strain. In
Figures 9 and 10, the load-strain curves of UHPC and concrete gradually decreased with
the increasing load, indicating that the growth rate of axial strain and transverse strain
of UHPC and concrete exceeded the increase rate of load when the load approached the
peak load.
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Figure 9. The strengthening layer is the load-strain curve of UHPC and concrete longitudinal
reinforcement and ordinary stirrup.

Figure 10. The strengthening layer is the load-strain curve of UHPC and concrete longitudinal
reinforcement and spiral stirrup.

Figure 11 shows the load-strain curves of CFRP and concrete of UHPC strengthened
column constrained by CFRP. At the initial stage of loading, the slope of the two was
close, showing a linear relationship. The strain change was relatively small, indicating that
CFRP and concrete had good cooperation. No slip phenomenon occurred, and the overall
performance of the strengthened column was good. As the load increased, the concrete
reached the ultimate transverse strain before CFRP. The slope of the load-strain curve of
CFRP and concrete decreased gradually with the continuous increase of load, indicating
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that the growth rate of axial strain and transverse strain of CFRP and concrete exceeded
the increase rate of load when the load approached the peak load.

Figure 11. The strengthening columns with CFRP sheets and load-strain curves of CFRP and concrete.

3.5. Ductility Analysis

Ductility is the deformation capacity during which the carrying capacity does not
decrease significantly after reaching the ultimate carrying capacity. The ratio DI of dis-
placement δ0.85 when the reinforced column reaches 85% of the residual bearing capacity
after the peak load and displacement δu when the peak load is adopted as the ductility
index. The greater the DI value, the better the ductility. Table 9 shows the DI values of
each column. Brittle failure occurs when column Z1 reaches the peak load and the DI value
is 1. The DI values of strengthened columns Z2 and Z3 are 1.09 and 1.32, respectively.
When the strengthening layer is equipped with longitudinal and stirrups, the ductility can
be increased by increasing the thickness of the strengthening layer. The DI values of the
strengthened columns Z4 and Z5 are 1.10 and 1.30, respectively. For Z6 and Z8, brittle
fracture occurs due to the small number of wrapped CFRP layers, the DI values are 1.00
and 1.08, and the ductility is low. Compared with Z6 and Z8, when the number of CFRP
layers is five, the DI values of Z7 and Z9 are 1.66 and 1.33. With the increase of CFRP layers,
the ductility of columns will be improved.

According to the load-displacement curves of the three strengthening methods in
Figures 8 and 12, it can be seen that the DI value of the column strengthened by longitu-
dinal reinforcement and circular stirrup is higher. Compared with the load-displacement
curve of the column strengthened with spiral stirrup and CFRP sheets, the curve of the col-
umn strengthened with longitudinal reinforcement and circular stirrup decreases faster and
is steeper after reaching the ultimate carrying capacity, indicating that the column strength-
ened with spiral stirrup and CFRP confinement has better ductility. In the strengthening
layer, the longitudinal reinforcements and stirrups have the same influence factors on the
ductility of the strengthening column; that is, the thicker the strengthening layer is, the bet-
ter the ductility is. The ductility of CFRP sheets confined strengthened column is influenced
as the more CFRP sheets layers, the better ductility. CFRP sheets confined strengthened
column should pay attention to the CFRP sheets; when the number of wrapped CFRP
sheets layer is small, brittle fracture is easy to occur.
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Figure 12. DI values of ductility of test columns.

4. Conclusions

In this paper, the axial compressive properties of three UHPC-strengthened columns
were studied which are strengthened columns with longitudinal reinforcements and ordi-
nary circular stirrups in the strengthening layer, strengthened columns with longitudinal
reinforcements and spiral stirrups in the strengthening layer, and strengthened columns
with CFRP sheets. The failure form and carrying capacity of strengthened columns were
studied, and the following conclusions were obtained:

(1) The thicker the UHPC strengthening layer is, the greater the uplift of carrying capacity
is. Compared with the without strengthened column Z1, the uplift of carrying capacity
of the strengthened test column Z2–Z9 is 277–561%.

(2) For the three different strengthening methods, the wrapped CFRP sheets have the
best effect on improving the carrying capacity and ductility, followed by longitu-
dinal reinforcements and spiral stirrups. Compared with the strengthening form
in the strengthening layer, the carrying capacity of the wrapped CFRP sheets in-
creases by 53.9% at most, and the reinforcement form of the strengthening layer has
little influence on the increase of the carrying capacity. The carrying capacity of the
strengthening column with the strengthening form of longitudinal reinforcements
and spiral stirrups increases by 2.9% to 5% compared with the strengthening form of
longitudinal reinforcements and circular stirrups.

(3) Due to the confinement effect of UHPC and CFRP, the internal core concrete and UHPC
strengthening layer are in a state of three-dimensional compression, which greatly
improves the strength of concrete and UHPC, and the ultimate carrying capacity of
UHPC strengthened concrete column with CFRP confinement is greatly improved.

(4) Calculate the carrying capacity of three different strengthening methods, and the cal-
culated value is similar to the test value, which provides a reference for the calculation
of the carrying capacity of columns strengthened with UHPC.
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Abstract: This paper is an experimental study of the effectiveness of using internal and external
alkali-resistant glass fabric textile (AR-GT) layers for flexural strengthening of reinforced concrete (RC)
beams. The experimental work compares internal single and triple layers of AR-GT as supplemental
flexural reinforcement with textile-reinforced mortar (TRM) in RC beams subjected to four-point
bending loading. In addition, a control beam specimen is cast with no AR-GT fabric. Monitoring
the load–deflection curves, crack patterns, and strengthening layer performance showed that using
AR-GT for internal and external layers increased the load-carrying capacity of RC beams. The failure
patterns of beams with one external AR-GT layer and three internal AR-GT layers showed a similar
trend, with higher loading capacity and lower deflections than the other beams. Three internal textile
AR-GT layers recorded higher flexural strength (52%) than one internal layer (6.3%), compared to the
control beam specimen. Moreover, using one layer of external AR-GT fabric exhibited higher flexural
strength than using one or three internal layers (56.8%).

Keywords: AR-glass textile; textile-reinforced mortar; load-carrying capacity; flexural strengthening;
reinforced concrete beams; repair

1. Introduction

Textile-reinforced concrete (TRC) is an innovative technique which may replace nu-
merous traditional approaches of repairing or strengthening existing concrete structures
(steel jackets, bonding of sheets of fiber-reinforced polymer (FRP), shotcrete, etc.). FRP is
a popular method for rehabilitation or strengthening concrete elements due to its large
ratio of strength to weight, ease of application, low thermal conductivity, and durability
in a severe environment [1]. In addition, the use of FRP in damaged concrete elements is
efficient, since it enhances the load-carrying capacity and ductility. It is worth mentioning
that FRP composites have been used to reinforce RC beams against seismic [2–4] and impact
loads [5–7]. Nevertheless, it is reported that FRP methods have some disadvantages, such
as application cost, low performance at high temperatures, weak integration between the
concrete surface and the binder, and adhesion on wet surfaces [8–10].

In order to overcome these disadvantages, attention towards the use of TRC has been
growing as a reinforcing material for concrete elements in buildings, as another option
for FRP techniques. TRC is usually made of fibers woven or stitched in two orthogonal
orientations, producing an open mesh. TRC can enhance the mechanical strength, energy
absorption, and ductility, as well as reduce application cost, weight, and emissions of
carbon dioxide of concrete members [11,12]. TRC is made of high-strength materials such
as carbon, AR-glass, or basalt fibers embedded in inorganic materials, e.g., cement-based
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mortars, when it is used as an external layer on a concrete surface, and it is known as
textile-reinforced mortar (TRM) or fabric-reinforced cementitious matrix (FRCM).

Many researchers have compared TRC and FRP techniques for external strengthening
of flexural or shear capacities of concrete members. In general, the limitations of some
composite materials, such as their incompatibility with sustainable environmental require-
ments, their brittleness, and their low fire resistance, have slowed their development and
use for strengthening/repairing purposes. Furthermore, the literature has highlighted
that the performance of hybrid TRC solutions is similar to that of CFRP under service
limit states, but using TRC alone to strengthen RC beams revealed lower capacity gain
performance under strength limit states. In particular, as noted by Larbi et al. [13], beams
strengthened with TRC exhibited crack kinematics similar to that of undamaged RC beams,
while no effect of TRC composite strengthening on the qualitative development of crack
opening was observed. Verbruggen et al. [14] studied the effect of using external CFRP
and TRC systems to test small-scale reinforced concrete beams that were strengthened
for flexure. The results showed that both external systems cause the concrete beams to
maintain high initial stiffness despite crack initiation. This is until reaching the cracking
loads, which were found to be in excess of the calculated loads. The experiment showed
that the number of cracks is independent of the type of external strengthening systems,
but more than twice that of the reference beams. The researchers concluded that using
CFRP or TRC for the external reinforcing layers of RC beams has a beneficial effect on the
crack width, which was smaller, thus protecting the reinforcing bars by reducing moisture
penetration. The crack widths were comparable to TRC- and CFRP-reinforced beams, up to
75% of the failure loads. Finally, the authors concluded that the pre-cracking of RC beams
does not affect failure mode, ultimate load, crack number, and crack width compared to
the performance of uncracked beams. The difference was the loss of the initial stiffness of
the beams due to the opening of the existing cracks.

The flexural strengthening of beams using TRC has been conducted in different studies
to investigate various parameters such as the material of the textile fiber, including carbon
fiber textile [15–17], polyparaphenylene benzobisoxazole (PBO) fiber textile [16–18], and
basalt fiber textile [19], the number of textile fiber layers used [16–21], the strengthening
configuration [16], and the compressive strength of concrete [20]. It was concluded that
using various textile fiber for reinforced concrete beams improved their flexural capacity,
and increasing the number of textile layers increased flexural capacity and changed the
failure mode.

Some studies have made numerical simulations of RC beams in order to assess the
load-carrying capacity and crack resistance. Maio et al. [22] used an integrated numer-
ical fracture model to model the damage phenomena of FRP-strengthened RC beams.
Rimkus et al. [23] simulated concrete cracking of RC beams by using a smeared crack ap-
proach. The numerical analysis included the influence of the bond, fracture energy, and
mesh of finite elements.

Ohno and Hannant and Peled et al. [24,25] initiated research to classify TRC composite
structures according to their tensile strength properties. Then, Triantafillou and Papani-
colaou [26] and Brückner et al. [27] initiated studies focusing on using TRC to strengthen
and repair concrete elements. Thus, several experimental and numerical studies have
been performed to evaluate the technical feasibility of TRC to determine the mechanical
performance of composite structures compared to conventional solutions incorporating
CFRP [28]. Elsanadedy et al. [19] conducted experimental and numerical investigations con-
cerning textile-reinforced mortar (TRMs) effectiveness in the enhancement of the flexural
capacity of RC beams. Basalt-based textiles were used to study variables including mortar
types, number of TRM layers, and TRM types versus CFRP composites. The researchers
concluded that the TRM strengthening system was less effective as it increased the tested
beams’ flexural strengths by 7.2% only but provided 61% higher ductility than FRP systems.
The experimental tests in their study showed that using polymer-modified cementitious
mortar to install TRM layers on concrete provides better bonds in the composite structure
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than using cementitious mortar. Additionally, reinforcing the concrete beams with layers of
basalt-reinforced mortar resulted in a significant increase in the flexural strength ranging
from 39% to 91%.

AR-glass textile fabric is a high-strength reinforced structural fabric made from alkali-
resistant glass fibers with a special reactive coating. The general characteristics of AR-GT
include its bidirectional configuration, high tensile strength, high ductility, and durability. It
is removable without damaging the structure, easy to use, resists the alkaline environment
of mortars due to its ZrO2 content, and is fully compatible with mortars based on hydraulic
cement or lime. Furthermore, it has high adhesion properties with a special reactive coating,
and is available in different weight and mesh size options. Structural applications of AR-GT
fabric include repairing and strengthening of concrete structures.

Experiments by Giese et al. [29] were carried out to study the flexural strengthening
of RC beams using AR-glass textiles (two, three, and four layers) with variable TRM ages
(3, 7, and 28 days) for different pre-cracking levels (no pre-cracking, 50%, and 100% of
yielding loads obtained from the corresponding control specimens). The study concluded
that all TRM beams showed increasing ultimate loads within the service limit state. The
beams’ cracking and yielding loads were affected by different TRM ages (increased by
49% for 28-day TRMs) and pre-cracking levels (from 35% to 72% for the uncracked beams
compared to the control beams). Nevertheless, the same had no significant effect on the
ultimate loads. However, the TRM strengthening systems significantly improved the beams’
ultimate loads when increasing the number of layers, by 31%, 54%, and 72% for using two-,
three-, and four-layer glass fabrics, respectively. It was observed that the beams with a
pre-crack level of 50% exhibited a decrease of 10.9%, while there was a decrease of 41.4%
for pre-cracked beams with a level of 100%. However, the TRM external strengthening of
beams enhanced their behavior in the second stage of the load–deflection curves to record
yielding loads equivalent to those of the uncracked beams, but reduced their ductility, as
the average ductility ratio was 2.45–3.25 for the strengthened beams versus 4.02 for the
control beams.

A few studies have investigated the embedded fabric textile in reinforced concrete
members to strengthen flexural capacity. Limited researchers have studied the use of
internal layers of AR-GT in concrete prisms and slabs. They reported that the inclusion of
bidirectional glass grids could improve the flexural capacity of reinforced foam concrete
prisms under a three-point bending test [30]. Furthermore, using lateral reinforcements
of AR-GT grids under the four-point loading test improved the shear resistance of the
polypropylene fiber-reinforced foam concrete beams [31]. Applying glass fiber grids and
polypropylene grids for concrete slabs improved the punching capacity, and better behavior
was observed at the interface between concrete and glass fiber grids compared to the glued
fiber-reinforced polymer plates on the surface of the slab [32].

Accordingly, it is clear that study of the feasibility of using internal fabric textile
layers for flexural strengthening of RC beams has not been performed. This article aims to
conduct and evaluate the mechanical characteristics of solutions based on AR-GT fabric. In
comparison to the conventional external AR-GT application, this paper investigates the
qualitative and quantitative effectiveness of enhancing the flexural strength and ductility
of reinforced concrete beams by applying internal layers of AR-GT fabric. Thus, the RC
beam specimens prepared with one internal layer and three internal layers of AR-GT
fabric were tested. Furthermore, one strengthened beam specimen was prepared with one
external layer of AR-GT fabric using the TRM technique. Four RC beams were inspected by
four-point flexural loading to monitor load-bearing capacity, load–deflection curves, crack
propagation, ductility index, and failure pattern.
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2. Experiment Work

2.1. Materials
2.1.1. Concrete and Steel

The beams were prepared using ready-mix concrete, which has been tested according
to ASTM standards. Three cubes with side dimensions of 150 mm were tested for compres-
sive strength of concrete and obtained an average value of 50 MPa. The tensile strength of
concrete splitting was determined based on the test of two cylinders with a diameter of
150 mm and a height of 300 mm, with an average value of 4.5 MPa. The measured yield
strengths of the main and shear reinforcement were 517 MPa and 280 MPa, respectively.

2.1.2. AR-Glass Textile and Mortar Matrix

The general characteristics of the AR-glass fabric listed on the manufacturer’s data
sheet show 81% fiberglass content with a 19% alkali-resistant treatment. The web width
(warp) was shown to be 4.15 mm ± 5%, and the web width (weft) was 3.8 mm ± 5%. The
mechanical properties of the glass fabric demonstrate a tensile strength (warp and weft)
of more than 35 N/mm, with an elongation of 5%. Details of AR-glass fabric textiles are
shown in Figure 1.

 

Figure 1. AR-glass fabric textile.

A hydraulic cement-based mortar was used to install the GT layers. It consists of a
cementitious powder with a density of 1.6 kg/L which has a high polymer content, specific
silicon/quartz mineral charges, and additives. The mortar mixture has an initial bond
strength of 2.1 MPa and can be used up to 15 mm in thickness.

2.2. Preparation of Beams

The mortar mixture was prepared by mixing 1 kg of mortar and 0.483 L of water using
an electric mixer and then left for 5–10 min before re-mixing to bed in the layers of the GT
fabrics. The stages of fixing the external glass fabric involved firstly spreading a 3 mm thick
layer of mortar using a trowel at the bottom of the beams to gradually lay the GT fabric
over the mortar, then covering the fabric with a 2–3 mm layer of mortar. Figure 2 illustrates
applying the external AR-GT fabric on a reinforced concrete beam.

To install the internal textiles, the glass fabric was placed directly under the stirrups
of the specimens. For the three-layer strengthening beams, the first and second layers
were placed on top of each other below the stirrups. The third layer of fabric was installed
directly on top of a 30 mm layer of concrete above the main reinforcing bars, with a distance
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of 18 mm between the first two layers and the third layer. Figure 3 depicts the installation
technique of one layer of internal GT fabric in reinforced concrete beams.

Figure 2. Application of external AR-GT fabric.

Figure 3. Installation of internal AR-GT fabric.

2.3. The Experiment Setup and Specimen Details

The study was completed based on the test of four RC beams 150 mm wide, 200 mm
deep, and 2000 mm long under four-point loading. Details of the reinforcement of the
beams are shown in Figure 4. The experimental program included the preparation of a
control beam specimen (CTRL), and three strengthened beams as follows: two beams with
one layer and three inner GT fabric layers marked with (INT1L) and (INT3L), respectively,
and a single beam with one outer GT textile layer (EXT1L).

The beam specimens were simply supported on solid concrete blocks with a center-to-
center supported distance of 1800 mm. Deflection measurements were taken every 5 kN
incremental loading using a linear variable differential transducer (LVDT) positioned at the
center of the supported specimen length.
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Figure 4. The test setup and beam reinforcement details.

2.4. Setup of Beams

The beam specimens were placed for testing as shown in Figure 5. The supports were
placed 100 mm from the edge of the beams; thus, the centers of supports were distanced at
1800 mm. The supports were placed on rigid concrete blocks at the two edges. The load
was applied gradually through a heavy-duty load cell, and deflection values were recorded
every 5 kN increment. The deflection measurements were taken with a linear variable
differential transformer (LVDT) placed beneath the center of the beams. Figure 6 shows
schematic representations of the experimental setup of the four tested beams.

 
Figure 5. Experimental setup of RC beam specimen.
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Figure 6. Schematic representations of the experimental setup of RC beams.

3. Experiment Results and Discussion

Figure 7 displays the load–deflection curves for the four beams (CTRL, INT1L, INT3L,
and EXT1L) along with the ultimate flexural loads (kN) and the associated deflections (mm).
Table 1 lists the experimental results for the cracking load (Pcr) and deflection (Δcr),
the yield load (Py) and deflection (Δy), the ultimate load (Pu) and deflection (Δu), the
failure load (Pf) and deflection (Δf), the ductility indices, and the strengthening ratios.
The failure modes are presented in Figure 8, where cracks and loading are recorded for
visual inspection.
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Figure 7. Load–deflection curves for four RC beam specimens.

Table 1. The experimental results.

Specimen Pcr (kN) Δcr (mm) Py (kN) Δy (mm) Pu (kN) Δu (mm) Pf (kN) Δf (mm)
Ductility

Index
(Δu/Δy)

Strengthening
Ratio for

(Pu, Δu) (%)

CTRL 17.71 2.24 23.06 3.71 34.13 46.13 26.13 58.84 12.43 -
INT1L 16.84 2.05 27.23 4.32 36.28 52.14 28.39 62.28 12.07 (6.3, -)
INT3L 17.99 2.02 43.45 9.34 51.87 21.78 36.77 51.77 2.33 (52.0, 52.8)
EXT1L 17.89 1.82 54.87 11.55 63.01 32.36 40.06 78.53 2.80 (84.62, 29.9)
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Figure 8. Failure patterns of specimens.
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3.1. Failure Patterns

Overall, there is a relationship between the developed cracking pattern and failure
and the configuration of AR-GT fabric applied to strengthen the flexural capacity of the
beams (Figure 8 and Table 1). Schematic representations of the recorded failure patterns
are also displayed in Figure 9. All the strengthened beams (INT1L, INT3L, and EXT1L)
exhibited a flexural crack pattern similar to the un-strengthened specimen (CTRL). The loss
of strengthening action occurred due to AR-GT fabric rupture prior to the beams’ failure by
concrete crushing in the compression zone.

 

Figure 9. Schematic failure modes of specimens.

The control beam (CTRL) failed in flexure after the formation of flexural cracks in the
constant moment span. The failure was due to the post-yielding response and rupture of
the tensile reinforcement bars (Figure 8a). This type of failure mode is typical for under-
reinforced beams. This type of failure was consistent with the results obtained by Giese et al.
and Sen and Reddy [29,33]. Sen and Reddy [33] tested two control beams and observed
major vertical cracks developed at the mid-span in the lower face of the RC beams and
extended towards the top face.

All AR-GT-strengthened beams also failed in flexure at loads substantially higher
than the control beam (Table 1). Thus, the contribution of AR-GT strengthening fabrics in
increasing the flexural capacity was 6.3%, 52.0%, and 84.62%, for INT1L, INT3L, and EXT1L,
respectively. Similar behavior was observed in the literature [19,21,34]. Raoof et al. [21]
reported that all FRP-strengthened beams failed in flexure and rupture of the fibers and
had an ultimate load higher than the control beam. The RC beam strengthened with TRM
recorded an ultimate load of 43.2 kN, whereas the control beam recorded 34.6 kN. The
main failure mode for INT1L, INT3L, and EXT1L specimens was a textile rupture, in which
textiles are damaged because cracks on the extreme concrete surface open while increasing
load. Flexural cracks occurred until the yielding load was reached. This increases the beam
deflection and causes the concrete to crush in the compression zone at the ultimate loads.
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Figure 10 presents the total number of visible cracks in the beam specimens and
change percentage in the number of cracks relative to the CTRL beam. In all specimens,
approximately 50% of the total visible cracks occurred in the constant moment span. A
similar behavior trend was observed in previous studies [35–37]. Park et al. [35] found that
the number of cracks in the pure moment zone of the TRM beam appeared more than in the
control beam. This result indicates that AR-GT textile fabric is beneficial for the uniform
distribution of cracks and effectively enhances flexural capacity.
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Figure 10. Visible crack numbers and percentage change in crack number relative to CTRL.

The following sections discussed the flexural capacity, ductility, and comparisons of
the load–deflection behavior developed by beam specimens strengthened with different
configurations (internal or external) and numbers of AR-GT fabrics.

3.2. Flexural Strengthening and Load–Deflection Relationship

In the literature, load–deflection curves obtained by beam flexural tests have been sim-
plified to illustrate the effect of strengthening systems used. Three linear branches up to the
ultimate load describe the flexural behavior of the tested beams in three phases [26], namely,
the uncracking phase up to the first cracking of the concrete, the cracking phase up to steel
yielding, and the plastic hinge phase in the case of un-strengthened elements or the full
activation phase of the fabric until the ultimate load in the case of strengthened specimens.

The slope of the straight branch of the load–deflection curves in Figure 7 describes
the flexural stiffness of the uncracked beams in the flexural tests. The AR-GT-reinforced
beams showed stiffness behavior almost the same as the control beam specimen. In this
loading stage, with uncracked beam sections, the deflection is slight because of the full
section stiffness capacity of the beams. Figure 7 indicates that crack loads for all specimens
occurred at approximately the same load level (17–18 kN), indicating that the AR-GT fabrics
in the tensile zone were not activated prior to concrete cracking [38].

The second branch of the load–deflection curves in Figure 7 reveals the behavior of
cracked concrete beams with decreasing stiffness and, thus, increasing deflection. The
load–deflection curves differ due to applying different strengthening configurations of
the AR-GT. In this stage, multiple crack modes of concrete resulted in AR-GT fabric layer
activation. Therefore, relatively, a stiffer flexural behavior compared to the control specimen
was observed in INT3L and EXT1L beams, along with increased loads at the yielding stage.
Therefore, from the steel yielding point and beyond, the contribution of AR-GT fabrics to
the beam flexural resistance has become significant. Any additional load after that point
is expected to be carried almost solely by the AR-GT layers until failure occurs and the
ultimate deflection is reached.

As shown in Figure 7 and presented in Table 1, the control beam (CTRL) supported
an ultimate load of 34.13 kN, causing a deflection of 46.13 mm. The specimen failed at
26.13 kN and deflection capacity of 58.84 mm.
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The AR-GT-reinforced beams INT1L and INT3L exhibited approximately the same
shape of load–deflection curves as the control beam. The beam strengthened with a single
internal layer of GT fabric had an ultimate load of 36.28 kN, with a slight increase in its
flexural load (6.3%), indicating a negligible effect of the AR-GT fabric layer. However, using
a single internal GT fabric slightly enhanced the beam deflection capacity by increasing its
ultimate deflection (Figure 7 and Table 1) and increasing the number and spread of flexural
cracks (Figures 8 and 10).

When three internal layers of AR-GT fabric (INT3L) were used, the load–deflection
curve in Figure 7 shows that the ultimate load increased to 51.87 kN, resulting in a 52%
increase in the flexural load capacity compared to the control beam. Additionally, the
beam exhibited a significant decrease in its mid-span deflection caused by the ultimate
load. This was associated with an increase in the width of the cracks. This behavior can be
attributed to the increased yield loads, approximately from 23.06 kN for CTRL to 27.23 kN
and 43.45 kN for INT1L and INT3L, respectively. A textile rupture at the failure stage was
observed in INT1L and INT3L. Therefore, it can be expected that the number of internal GT
layers to three layers can positively enhance the flexural load capacity of a strengthened
beam with a decrease in its ultimate deflection, 52.0% and 52.8%, respectively.

The highest flexural capacity was found for the RC beam with TRM of a single external
layer of AR-GT fabric (EXT1L), which was 63.01 kN with 84.62% flexural strengthening
for this beam compared to the control beam. Furthermore, the yield load for EXT1L was
54.87 kN, resulting in a 138% enhancement compared to the control beam. These findings
were similar to the studies by D’Ambrisi and Focacci and Raoof et al. [16,21], with a few
exceptions. Raoof et al. [21] used TRM with seven layers of glass-fiber reinforcement to
strengthen RC beams. They found that the RC beams failed in flexure due to rupture
of fibers at the constant moment region at loads higher than the reference beams with
increasing in flexural capacity of 39.3%. The failure of specimens is attributed to the loss of
the strengthening action, which can be either progressive or abrupt in the mode of concrete
crushing cases or shear failure. After a significant loss of strength, the residual flexural
capacity of the strengthened specimens approaches the plastic moment capacity of the
control specimen. The combination of concrete crushing in the compression zone and
shear cracks can be seen from the failure pattern of EXT1L in Figure 8d as well as from the
load–deflection curve in Figure 7. Furthermore, rupture of the external AR-GT fabric layer
was observed with no separation occurring at the interfaces between the fabric, concrete,
and mortar. In EXT1L, with the layer positioned at the extreme face of the beam section,
textile fibers in the region of the maximum moment are expected to reach high tension
stresses that exceed their tensile capacity. This mechanism is brittle, resulting in a sudden
drop in the beam load capacity [19–21].

It should be noted that a higher deflection reading was obtained in EXT1L than in
INT3L, comparatively. This flexural response can be attributed to the gradual decrease in
the flexural stiffness of the beam with increasing crack spacing, as indicated by the failure
pattern and the load–deflection curve of EXT1L in Figures 8d and 7, respectively.

3.3. Ductility Index

The ductility index is the ratio of ultimate deflection to the deflection at the yielding
of the tensile reinforcement bar. Figure 11 shows that all of the strengthened specimens
developed lower levels of ductility index than that in the control beam. This is consistent
with the results from Ebead et al. [17]. The authors found that the strengthening led to a
reduction in the ductility index compared to the control specimen. This can be explained by
the fact that the deflection of the strengthened beams at yielding loads was generally higher
than that of the control beam, while the control beam’s ultimate deflection was higher than
that of the beams strengthened with AR-GT fabrics, except for INT1L. This means that the
use of AR-GT fabrics as a flexural strengthening reduced the increase in deflection that
occurred when the applied load increased from the yield stage to the ultimate stage.
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Figure 11. Ductility of the tested RC beam specimens.

Moreover, the results presented in Figure 11 indicate a correlation between the decrease
in the ductility levels of the tested beams and the increase in the number of visible cracks
relative to CTRL (Figure 10). The beam specimens that developed more cracks resulted in
lower ductility than the CTRL specimen of 77.5–81.26%. Furthermore, strengthening the
beam with a single external layer of AR-glass textile fabric showed a slightly higher level of
ductility than strengthening the beam with three layers of internally fixed AR-glass fabric.
This is due to the relatively high deflection (78.53 mm) at the ultimate load in the EXT1L
beam specimen. The high deflection and the ultimate load recorded in the EXT1L beam
can be attributed to its longer lever arm of the AR-GT layer compared with the lever arm
of internal AR-GT layers.

4. Conclusions

This article experimentally studied the behavior of alkali-resistant glass textile fabric
in the flexural strengthening of RC beams. Two main parameters were examined in four
full-scale RC beams under the four-point flexural test: (a) internal and external GT fabric
and (b) the number of GT layers. Based on the load–deflection curves, mode of failure, and
strengthening layer behavior, the following conclusions can be drawn:

• Generally, using AR-glass textile fabric in reinforced concrete beams increased the
load-bearing capacity.

• The embedded AR-GT as an internal supplementary reinforcement layer in RC beams
enhanced not only the flexural strength but also substantially increased the cracking
and post-yielding stiffness (up to 52%) compared to the un-strengthened beam.

• The flexural capacity is sensitive to the number of internal AR-GT fabric layers used.
Using one internal layer of AR-GT fabric recorded a flexure capacity enhancement of
only 6.3%, whereas using three layers of AR-GT resulted in an enhancement of 52% in
load-bearing capacity.

• The use of textile concrete mortar systems increased the beam’s flexural capacity. The
strengthened RC beam with one external layer displayed an increase of 56.8% in
flexural capacity with respect to the control specimen.

• The load–deflection response of the two beams made with internal AR-GT fabrics was
similar to that of the control beam. This behavior may be due to the fact that AR-GT
layers are embedded at almost the same level as the main steel reinforcement bars.

• When the textile fabric was used as external strengthening, the beam specimen ex-
hibited a different load–deflection behavior than the control beam specimen because
the AR-GT fabric worked as additional tensile resisting reinforcement with a larger
lever arm.

• The failure patterns of RC beams strengthened with one external AR-GT fabric layer
and three internal fabric layers showed a similar trend with higher load-bearing
capacity and lower deflections compared to the other beams.

• Using many layers of internal AR-GT fabric can be used in strengthening RC beams
and may efficiently replace using a TRM technique.
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• All the strengthened RC beams exhibited lower levels of ductility index than that in
the control beam. This means that the use of AR-GT fabrics as a flexural strengthening
reduced the increase in deflection that occurred when the applied load increased from
the yield stage to the ultimate stage.

The abovementioned conclusions were based on a limited number of RC beams. For
future research, it is recommended to use RC beam specimens made with AR-GT by
considering different parameters such as different concrete strengths, different AR-GT
fabric configurations, and subjecting the specimens to harsh environments or a wide range
of high temperatures.
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Abstract: Fiber-reinforced polymer (FRP) composites offer a corrosion-resistant, lightweight, and
durable alternative to traditional steel material in concrete structures. However, the lack of established
inspection methods for assessing reinforced concrete elements with externally bonded FRP (EB-FRP)
composites hinders industry-wide confidence in their adoption. This study addresses this gap by
investigating non-destructive testing (NDT) techniques for detecting damage and defects in EB-FRP
concrete elements. As such, this study first identified and categorized potential damage in EB-FRP
concrete elements considering where and why they occur. The most promising NDT methods for
detecting this damage were then analyzed. And lastly, experiments were carried out to assess the
feasibility of the selected NDT methods for detecting these defects. The result of this study introduces
infrared thermography (IR) as a proper method for identifying defects underneath the FRP system
(wet lay-up). The IR was capable of highlighting defects as small as 625 mm2 (1 in.2) whether between
layers (debonding) or between the substrate and FRP (delamination). It also indicates the inability
of GPR to detect damage below the FRP laminates, while indicating the capability of PAU to detect
concrete delamination and qualitatively identify bond damage in the FRP system. The outcome of
this research can be used to provide guidance for choosing effective on-site NDT techniques, saving
considerable time and cost for inspection. Importantly, this study also paves the way for further
innovation in damage detection techniques addressing the current limitations.

Keywords: CFRP laminates; externally bonded FRP; NDT methods; inspection; damage detection

1. Introduction

1.1. FRP Composites

In steel-reinforced concrete (RC) structures, corrosion poses a significant problem,
causing the loss of cross-sectional area, deterioration of the rebar-to-concrete bond, and
deterioration of the concrete cover [1,2]. Various methods exist to prevent or mitigate
corrosion, along with techniques for strengthening, repairing, and retrofitting deteriorated
structures. Fiber-reinforced polymer (FRP) composites offer an alternative to steel for
strengthening purposes due to their mechanical properties and chemical resistance [3–5].
They are favored for their strength-to-weight ratio, ease of installation, and adaptability to
curved surfaces. FRP composites can be produced using various types of fibers, such as
glass, carbon, basalt, and aramid [6–9]. Thermosetting resins, such as polyester, epoxy, and
vinyl ester, are commonly employed with fibers in the production of FRP composites.

Extensive research efforts have been dedicated to examining the long-term durability
of FRP materials. The findings indicate that FRP materials exhibit minimal degradation
over extended periods [10]. Additionally, when compared to traditional materials, FRP
composites display superior resistance to salt, water, and various chemicals. Notably,
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substances like oil and other heavy hydrocarbons have a comparatively reduced impact
on FRP composites in comparison to their effects on conventional materials [11–14]. The
aging process typically results in the need of repairs in conventional steel-RC structures.
Furthermore, structural elements often require strengthening and retrofitting due to design
and construction errors, damage from exceptional events or accidental impacts, natural
disasters, and functional modifications [15,16].

FRP laminates (i.e., wraps/fabrics, strips, and plates) are the most common externally
bonded FRP (EB-FRP) systems for strengthening existing structures. The application
techniques can be categorized into ‘wet lay-up’, ‘prepreg’, and ‘precured’ systems. In a
‘wet lay-up’ system, the resin impregnation occurs on site, while in a ‘prepreg’ system,
it takes place at the manufacturer’s facility, with the resin matrix being partially cured
beforehand. Conversely, ‘precured’ FRP systems, which are manufactured off site, are
available in multiple forms [17]. Commonly, the same polymer resin is also employed to act
as an adhesive in plates or as a primer, putty coat, and saturant in ‘wet lay-up’ systems [18].

1.2. Application of EB-FRP Systems

The utilization of FRP composites in concrete bridges has experienced substantial
growth in recent decades. EB-FRP systems are generally applied to the tension side
of the concrete girders, beams, and slabs to enhance their flexural strength. They can
also be used to provide additional shear strength when applied on the sides of beams
and girders. In seismic zones, FRP wraps can be used for columns to increase pseudo-
ductility due to the induced confinement of the concrete [19]. Although, research studies
have indicated substantial increases in flexural ultimate strength, often ranging from 40%
to 95%, and stiffness, typically showing improvements of 17% to 95% [20–22], design
guidelines impose strengthening limits to guard against collapse of the structure. The
effectiveness of these applications depends on factors like proper anchorage systems,
reinforcement configuration, and FRP type. Due to its ease of installation, the wet-layup
system is preferred over other systems when used as an externally bonded strengthening
material. Figure 1 shows a typical application procedure for EB-FRP systems. Before
strengthening, the extent of deficiency and suitability of FRP strengthening should be
evaluated. Surface preparation, which removes contamination and weak surface layers,
is one of the most important steps in adhesive bonding of composite laminates to the
concrete elements [23–25]. Improper surface preparation can lead to premature failure of
bonded FRP sheets due to rupture/debonding [26]. It is crucial to ensure that fibers are
thoroughly wetted, and the amount of resin is maintained at the minimum level as per the
manufacturer’s recommendations.

While a wide variety of fiber and resin combinations exist, carbon FRP (CFRP) with
epoxy resin stands out as the most employed type for external applications (strengthening)
in RC elements within the US market. It has been extensively studied in the available
literature and it has consistently demonstrated superior performance in aggressive envi-
ronments (typically, there is less than a 10% reduction in tensile strength when subjected
to harsh environmental conditions), and its higher stiffness, compare to other types of
FRPs [27], makes it more suitable for strengthening applications.
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Figure 1. Application of an Externally Bonded FRP system [28]; (a) surface preparation; (b) application
of resin and FRP sheets; (c) coating and finishes.

Several organizations have developed guidelines for the design of reinforced concrete
structures externally bonded with FRP composites [29–31]. For external application, differ-
ent systems can be used for strengthening, retrofitting, or repairing of RC elements that are
normally reinforced with conventional steel. However, there are currently no established
inspection protocols for evaluation and maintaining structures exposed to demanding
environments or dealing with potential issues in the FRP system. These issues in FRP ap-
plications can be traced back to various causes, encompassing mechanical, environmental,
and design considerations, as well as fabrication and workmanship [27].

1.3. Inspection of EB-FRP Concrete Elements

Nondestructive testing (NDT), in general, is defined as “an examination, test, or
evaluation performed on any type of test object without changing or altering that object in
any way, in order to determine the absence or presence of conditions or discontinuities that
may have an effect on the usefulness or serviceability of that object.” [32]. NDT methods
have been increasingly used for quality control, quality assurance and quality assessment
of both new and old structures [33–35]. Many NDT techniques, such as visual inspection
(VT) [36,37], tap testing (TT) [38–42], impact echo testing (IE) [43–47], microwave testing
(MW) [48–53], ground penetrating radar (GPR) [54–58], ultrasonic testing (UT) or phased
array ultrasonic testing (PAU) [59–64], infrared thermography testing (IR) [56–64], acoustic
emission testing (AE) [65–68], laser testing (LT) [69–74], radiographic testing (RT) [75], etc.,
have been studied for detecting damage in the externally applied FRP composites.

The external application of FRP composites to strengthen/repair RC structures in-
volves three materials: internal reinforcement (typically steel rebars, with the potential
for future adoption of FRP rebars), and concrete and FRP composites (wet lay-up system),
along with the different interfaces. Defects associated with the external application of
FRP composites can occur within either of the three materials or at the interface between
them [15].

The present study was divided in the following tasks: The initial step involved
identifying and classifying the location of potential damage and defects in externally
bonded FRP (EB-FRP) concrete elements. This included determining where the damage
occurs on the element (i.e., rebar, concrete, or interface, as seen in Figure 2). Understanding
“where” the potential defects can occur was crucial to further investigation, as it facilitated
precise targeting of the specific location. Along with the “where”, it was essential to address
the timing and reasons behind the occurrence of damage. This involved investigating
the factors that contribute to defects/damage in FRP external applications and when
they manifest (i.e., during fabrication or service life). Understanding the “why” and
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“when” helped uncover the root causes of the potential defects/damage. Building upon
the understanding of the location, timing, and causes, the subsequent step was to conduct
a literature review focusing on the damage and defects of EB-FRP concrete elements. The
objective was to identify and classify observed and potential damage comprehensively.
This step aimed to answer the question of “what” potential defects/damage exist. Finally,
an experimental phase was carried out to assess the selected NDTs. Two small-scale slabs
were fabricated with different rebars and internal/external defects to evaluate the feasibility
of the chosen NDT method. The findings of this research offer a reference for inspectors in
choosing the most suitable on-site NDT techniques, with the prospect of saving both time
and cost significantly.

Figure 2. Defects in EB-FRP concrete elements [15].

2. Location of Potential Defects or Damage

The term “defect” can be defined as “discontinuity whose size, shape, orientation or
location (1) makes it detrimental to the useful service of its host object or (2) exceeds an
accept/reject criterion of an applicable specification” [76], while damage can be defined
as “changes introduced into a system that adversely affect its current or future perfor-
mance” [77]. Defects denote material-level anomalies, while damage encompasses the
combination of these material-level imperfections, ultimately evolving into system-level
deterioration. Breaking down the EB-FRP concrete element into its distinct components
enables a focused approach to examine the potential defects and damage that may arise dur-
ing its service life. Initially, potential damage and defects in EB-FRP concrete elements were
categorized based on their likely locations, i.e., where they occur, typically falling into three
distinct groups: (1) defects in FRP composites (i.e., FRP composites (F)); (2) bond defects
(i.e., FRP–adhesive interface (I-FA), adhesive (A), and adhesive–concrete interface (I-AC);
and (3) defects in concrete (i.e., concrete (C) and concrete–steel rebar interface (I-CS)) [15].
In a prior study, the authors classified damage based on its location and initiation time,
while also identifying its sources. Figure 2 illustrates the location of the most likely defects
in EB-FRP concrete elements [15].
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3. Damage and Defects in EB-FRP Concrete Elements

Once the locations of potential defects have been determined and the question “where
do they occur?” has been answered, it is important to establish “what” damage and defects
exist that affect the performance of the EB-FRP concrete element. Tables 1–3 present the
defects shown in Figure 2 with brief descriptions. These defects were identified based on
the available literature [6,33,78–87] and can be further explored in Malla et al. (2023) [15]
for more in-depth information.

Table 1. Defects in FRP composites (F—FRP composites).

Defects Description

F.1 Surface Defects—Blisters

Blisters are observed as bubble-like formations on the surfaces of the EB-FRP system
because of the combined action of freeze–thaw cycles and entrapped moisture.
However, since their effects are primarily limited to the surface, this imperfection have
minimal impact on the structural performance of the structure.

F.2 Surface Defects—Wrinkling

Wrinkling appears as creases or folds on the surface of the FRP composites, often
occurring at corners and curves of the structure. It is caused by improper installation
practices. The safety of the structure is compromised only if they result in insufficient
surface contact of the FRP composites with the substrate.

F.3 Surface Defects—Scratches
Scratches represent marks or wounds on the surface of the FRPs and can occur at any
point during the installation and service life of the structure. They become detrimental
when they evolve into full-depth cracks.

F.4 Surface Defects—Discoloration

Discoloration manifests as stains on the FRP composites and is primarily induced by
exposure to UV rays, heat, chemicals, fire, excessive strain, subsurface defects, voids,
and moisture penetration. These stains serve as indicators of composite degradation,
frequently preceding the occurrence of cracks and embrittlement.

F.5 Surface Defects—Fiber Exposure
Improper handling and installation of FRP composites results in exposed fibers of FRP
composites. These exposed fibers serve as entry points for moisture and contamination
into the composite, leading to the deterioration of its properties.

F.6 Voids in FRP

Voids are cavities that exist at the fiber–matrix interface, formed as a result of entrapped
air within the layers of the composites. They can also occur due to the overlapping of
fabrics during fabrication or installation. They cand lead to a reduction in their laminar
shear strength.

F.7 Debonding

Debonding within FRP composites refers to the separation at the interface between the
two components of the composite: the fiber and the matrix. This separation is primarily
triggered by the presence of surface moisture on the fibers. The consequences of
debonding encompass a loss of composite action.

F.8 Delamination in FRP Layers

Delamination in FRP involves the separation at the interface between the layers. It is
frequently induced by factors such as moisture, foreign object contamination, and
trapped air between the FRP layers. The repercussions are significant and can result in a
substantial reduction in the material’s shear transfer capacity.

F.9 Cracks
Cracks in FRP composites primarily occur parallel to fiber layers due to factors like
trapped air, uneven resin distribution, and exposure to impact and service loads. Failure
risk increases as cracks deepen and widen under sustained or dynamic loading.

F.10 Impact
Damage in FRP

Impact damage can happen from both slow-moving and fast-moving objects.
Slow-moving objects may harm the internal structure, while fast-moving ones cause
severe surface damage. Regardless, impact damage harms the system’s structural
integrity.
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Table 2. Bond defects (I-FA: FRP–adhesive interface; A: adhesive; I-AC: adhesive–concrete interface).

Defects Description

I-FA.1 FRP–Adhesive Debonding

FRP–adhesive debonding between laminates can occur due to factors such as the use of
an inappropriate adhesive, improper mixing, poor adhesive application, or insufficient
curing of the adhesive. These factors can lead to a weakened bond between the FRP
layers, reducing the effectiveness of the composite material.

A.1 Voids in
Adhesive

Voids are areas where FRP composites lack contact with the concrete substrate. They
result from trapped air, contaminants in the resin, or substrate irregularities, and can
sometimes resemble “bubbles.” Voids create stress concentrations, weakening the bond
strength of the FRP application.

I-AC.1 Adhesive–Concrete
Debonding

Debonding is the separation of externally applied FRP from the concrete substrate, often
due to factors like high loads, improper installation, inadequate resin curing, or surface
moisture. Excessive debonding can lead to brittle concrete fracture, as the composite
loses its ability to transfer stresses to the substrate.

Table 3. Defects in concrete (C: concrete; I-CS: concrete–steel rebar interface).

Defects Description

C.1 Cracks in
Concrete

Obscured cracks in the concrete substrate, hidden beneath the externally applied FRP,
result from various factors such as shrinkage, thermal stresses, chemical exposure, and
more. They can lead to structural failure by allowing corrosive chemicals to attack steel
reinforcement and weaken the bond between FRP and concrete.

C.2 Voids in
Concrete

Concrete voids, unrelated to external FRP application, stem from inadequate design and
construction practices during casting. Causes include improper vibration, concrete
quality issues, rebar congestion, consolidation problems, and irregular aggregates.
These voids lead to gradual structural deterioration.

C.3 Delamination/Spalling in Concrete

Delamination is caused by the relatively weaker nature of concrete compared to the
adhesive and FRP materials. It occurs when high stresses in the FRP material pull the
concrete apart, typically near cracks or the ends of the FRP system where stress buildup
is significant. Delamination failures are sudden and brittle, posing a serious structural
risk.

I-CS.1 Cover
Separation

Cover separation differs from delamination and occurs deeper within the concrete,
extending to the cover distance of internal reinforcement. This separation happens as
cracks near the internal reinforcement propagate horizontally due to high stresses from
external FRP. Like delamination, it is a sudden, brittle failure.

I-CS.2 Corrosion
in Steel
Reinforcement

External FRP strengthening is typically applied to steel-reinforced concrete elements.
Although it can reduce the corrosion rate of steel reinforcement, it does not completely
stop it. As a result, corrosion continues over time, and it is essential to monitor corrosion
activity in concrete elements even after applying strengthening measures.

I-CS.3 Concrete Reinforcement
Debonding

Due to environmental and load factors, the bond may gradually weaken over time,
resulting in bond failure of the steel-reinforced concrete element. Debonding might
compromise the structure integrity and tensile resistance, making it susceptible to more
damage.

4. Source of Damage

After locations and potential defects (“where” and “what”) have been determined,
it is important to establish the possible sources of these defects/damage (“why”) as well
as the timing during the service life when they occur (“when”). Based on the existing
literature reports on similar studies [88], the causes of defects in FRP application can be
categorized into four main sources. These sources include fabrication and workmanship,
design factors, mechanical factors, and environmental factors, as presented in Table 4. The
initial two sources are associated with the construction process of the EB-FRP concrete
element, encompassing the manufacturing of the FRP composite, the design of the RC
element, and its subsequent construction. The latter two occur during the in-service stage.
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Table 4. Source of damage and defects in FRP applications [15].

Fabrication and
Workmanship

Design Factors
Environmental

Factors
Mechanical

Factors

• Manufacturing
• Transportation
• Storage
• Handling
• Installation

• Unreasonable Design/Lack of
Specification and Code

• Calculation/Design Errors
• Inadequate

Installation/Construction Details
(Constructability)

• Improper Composite Choice

• Water Exposure
• Saline Exposure
• Alkaline Exposure
• UV Exposure
• Elevated Temperature

Exposure
• Freeze–thaw Cycles

Exposure

• Fatigue
• Creep Rupture
• Shrinkage
• Impact
• Service Loads

The classification of damage/defects in EB-FRP concrete elements and their sources
are depicted in Figure 3. The damage is classified based on “when” they could occur. Malla
et al. (2023) [15] and Ortiz et al. (2023) [27] provide more in-depth information about the
source of the damage. Each defect is rationally related to its possible cause.

Figure 3. Source of damage in EB-FRP concrete elements. Note: colors are related to location given in
Figure 1 and source given in Table 4.

5. NDT Methods Applicable to EB-FRP Concrete Elements

A previous study by the authors reviewed the applicability of available non-destructive
testing (NDT) methods for detecting damage in structural elements reinforced or strength-
ened with FRP [89]. An extensive literature survey was conducted, encompassing over
100 past studies on the application of NDT methods in detecting damage in FRP for external
applications. The damage detectability was divided into seven groups: i. surface Anoma-
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lies (F.1–F.5), ii. defects within FRP composite layers (F.6–F.10), iii. bond defects (I-FA, A,
I-AC), iv. cracks in concrete (C.1), v. voids in concrete (C.2), vi. delamination in concrete
(C.3), vii. steel reinforcement defects (I-CS). The most promising methods were selected
and are summarized in Table 5, along with the percentage of applicability in the available
literature for detecting each of the seven groups of damage. Khedmatgozar Dolati et al.
(2023) [89] can be consulted for a deeper explanation on each NDT method. The following
is a brief description of the most used NDT methods found in the available literature.

Table 5. Applicability of NDT methods for EB-FRP concrete elements in the available literature [89].

NDT Method
i. Surface

Anomalies *
ii. FRP

Composite
iii. Bond
Defects

iv. Cracks in
Concrete

v. Voids in
Concrete

vi. Concrete
Delamination

vii. Rebar
Defects

Tap testing (TT) - 12% 6% 0% 0% 0% 0%

Impact echo testing (IE) - 5% 5% 15% 20% 20% 10%

Ground-penetrating
radar (GPR) and
microwave testing (MW)

- 7% 17% 12% 30% 42% 70%

Ultrasonic testing (UT)
and phased array
ultrasonic testing (PAU)

- 27% 16% 37% 15% 9% 10%

Infrared thermography
testing (IR) - 26% 38% 8% 9% 5% 0%

Acoustic emission testing
(AE) - 4% 5% 0% 0% 0% 0%

Laser testing method (LT) - 7% 11% 0% 0% 0% 0%

Radiography testing (RT) - 12% 2% 5% 9% 1% 0%

Impulse response testing
(IRT) - 0% 0% 20% 17% 23% 5%

Magnetic flux leakage
(MFL) - 0% 0% 3% 0% 0% 5%

* Visual inspection (VT) can be used for qualitative and quantitative detection of almost all surface anomalies.

• Visual Inspection (VT): A common, versatile, and straightforward NDT method,
is used to identify surface defects in EB-FRP concrete elements. Although some
researchers do not consider VT as an NDT method, it completely fits the definition of
NDT method as described earlier in this paper. In any case, it is a fast and cost-effective
method, and provides real-time results, serving as a baseline for other NDT techniques.
Based on its findings, decisions can be made about further inspection. However, it can
only detect surface defects and may be subjective, depending on individual perception.

• Tap Testing (TT): This method detects defects by analyzing changes in stiffness and
sound frequency upon impact. It is a quick, cost-effective, and user-friendly approach
for inspecting large areas in real-time, but its results are subjective and can vary due
to differences in applied force, angle, and equipment. Misinterpretations may occur
due to ambient noise and geometric changes.

• Impact Echo Testing (IE): This method relies on stress waves from an impact to
identify subsurface defects in materials, particularly in concrete. It is effective for
evaluating issues like cracks and delamination. By using lower frequencies, it can
penetrate deeper and requires access to only one surface for testing. However, its
applicability is limited to materials up to 40 inches thick. Skilled operators are needed,
and it may have difficulty detecting smaller cracks and discontinuities.

• Ground-Penetrating Radar (GPR): This method uses radio waves to pass through a
material and detects reflections from any interfaces between materials or subsurface
defects like voids, cracks, debonding, and delamination. It can go beyond concrete–air
interfaces, inspecting features below, and identifying defects at greater depths than
some other NDT methods. It is not effective for detecting air-filled defects.
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• Ultrasonic Testing (UT) and Phased Array Ultrasonic Testing (PAU): This method
uses the reflection of ultrasonic waves at material interfaces with differing acoustic
impedances to locate defects. It excels in identifying defects in concrete and composites
due to the strong reflection caused by these flaws. It offers fast and field-friendly testing
with good resolution, capable of penetrating materials and detecting various defects.
It necessitates highly trained personnel for conducting and interpreting tests and is
primarily suitable for materials of limited thickness. PAU uses multiple transducer
elements in a phased array probe to enable precise control.

• Infrared Thermography Testing (IR): This method relies on differences in thermal
properties between anomalies and sound areas within the material. By measuring
surface temperature, it can detect subsurface defects to some extent. It is particularly
suitable for inspecting larger surface areas quickly and cost-effectively, with real-time
data interpretation. However, it is not reliable for detecting water-filled defects, has
limitations in identifying deep-seated defects in concrete, and necessitates specific
environmental conditions for optimal results.

The results from their literature review indicated that IR, GPR, and UT can be consid-
ered the most applicable methods for detecting bond defects [89]. For damage detection
within FRP composites (e.g., debonding, voids, delamination at layers), UT, IR, and TT

have been recognized as the most suitable ones. For concrete damage detection, UT,
IRT, GPR, and IE have emerged as the most promising approaches. For all FRP surface
anomalies, visual testing (VT) is proposed. Overall, GPR has been selected as the most
effective NDT method for detecting different types of damage in FRP strengthened concrete
elements followed by UT, as shown in Table 5.

GPR with high frequency antennas of about 2 GHz was able to easily detect debonding
and delamination. A 1.5 GHz ground-coupled GPR antenna was effective for water-
filled voids (as small as 50 × 50 × 1.5 mm3). Air-filled voids could not be detected
because of CFRP’s higher electrical conductivity that leads to higher attenuation and smaller
echoes [90]. However, it exhibits limitations in accuracy and frequency dependencies when
assessing various structural defects. UT was able to detect debonding of 6.3 mm in diameter
and qualitatively detect debonding and voids. Studies confirmed its efficacy in detecting
and locating typical FRP defects. It was able to detect flaws as small as 0.8 mm with a
penetration depth of 25 mm. IR detected air-filled debonding of sizes 75 mm × 75 mm,
50 mm × 50 mm, and 35 mm × 35 mm along with water-filled debonding. It also detected
near-surface voids (<10 cm from surface). Furthermore, it provided qualitative detection
of delamination.

6. Experimental Verification—Inspection of EB-FRP Concrete Elements

6.1. Materials and Constrcution

In order to assess the most promising NDT methods for damage detection in EB-
FRP concrete elements (i.e., VT, TT, GRP, UT, IR), two small-scale slab specimens were
fabricated (as shown in Figures 4–6). Slab M’ was 760 mm (30 in.) wide by 760 mm (30 in.)
long and 178 mm (7 in.) deep, and Slab Q’ was 904 mm (36 in.) wide by 904 mm (36 in.) long
and 178 mm (7 in.) deep. The concrete mix used to cast the slab specimens was ‘Class II 4500
Bridgedeck’ concrete, as per the Florida Department of Transportation (FDOT). This class
specified a guaranteed compressive strength of 31 MPa (4500 psi). Type II Cement was used
with a water to a cementitious material ratio (w/m) of 0.44, and #57 stone and silica sand
were used as coarse and fine aggregate, respectively. To obtain the actual strength value,
concrete cylinders were fabricated and tested according to ASTM C39 [91]. An average
compressive strength of 31.7 MPa (4600 psi) was obtained with a standard deviation of
0.69 MPa (100 MPa).
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Figure 4. Slab M’, specimen with steel rebars and damage in the EB-FRP system. 1 in. = 25.4 mm.

  
(a) (b) 

Figure 5. Slab Q’, specimen defects within concrete and in the EB-FRP system. 1 in. = 25.4 mm.
(a) Before EB-FRP system installation. (b) After EB-FRP system installation.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 6. Defects generation in EB-FRP concrete elements. (a) Unidirectional CFRP sheet, (b) mixing
of the resin, (c) adhesive–concrete debonding, (d) surface impregnation, (e) first layer of CFRP,
(f) strengthened slab.

To eliminate the need for plastic chairs/spacers or internal supports for the rebars,
openings were made in the sides of the formwork and the rebars were inserted through
them for support. In Slab M’, the internal steel reinforcement was located in different depths
in order to target different possible concrete covers (see Figure 4). Additionally, as in a future
FRP-RC elements will become more available and they could also require strengthening and
retrofitting, Slab Q’ was constructed using different internal reinforcement types (i.e., glass-,
carbon-FRP, and steel rebars). In this case, they were all located at the same depth since
this slab had defects and damage within the concrete, as shown in Figure 5. The reason
to incorporate different reinforcement types was also to evaluate the detectability of these
materials when an EB-FRP system is used.

Four types of defects in concrete were simulated to evaluate the feasibility of different
NDT methods when an EB-FRP system is applied on the surface of the element. These
defects were selected based on the literature review of prior phase (i.e., C1 to C3 in Table 3).
Delamination, flexural and split cracks, as well as voids in the concrete, were simulated in
Slab Q’ using thin architectural polystyrene foam (thickness of 6.35 mm or 1/4”) held in
place with the use of epoxy as shown in Figure 5a.

6.2. Defects Generation for EB-FRP Concrete Elements

External application commonly refers to the installation of an FRP system, typically a
wet-layup system where an FRP fabric/sheet is impregnated with resin in situ to facilitate
the strengthening process. To simulate the common/potential defects of external FRP
applications, two layers of an CFRP unidirectional system was applied on one face of
the slab. Two different types of defects were generated to evaluate the feasibility of
application of the selected NDT methods. The first, “adhesive–concrete debonding” (or FRP
composite–concrete debonding in general) was generated by placing a thin film of 1.2 mm
expanded polystyrene foam (EPS) on the surface of the concrete before impregnating
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it with resin. Figure 6a shows the first layer of defects also with a 40 μm thin film of
polyethylene; however, this material was more difficult to bond to the concrete surface and
prevent movement during installation. The second defect, FRP–adhesive debonding or
delamination between layers of FRP sheets in a composite, was simulated by applying the
same thin film (polystyrene foam) between the CFRP layers, thus creating a discontinuity
between the layers. Figure 5 shows the strengthening application process.

7. Results and Discussion

7.1. Visual Inspection (VT)

Visual inspections were conducted on the EB-FRP slab specimens to identify various
defects and damage such as fiber kinks, waviness, swelling, bubbles, voids, debonding,
delamination, peeling, cracking, and fiber breakage (Figure 7), with further tap testing to
confirm defects in areas suspected of having air pockets. Inspectors should also watch for
signs of internal steel reinforcement damage, like corrosion, indicating potential concrete
deterioration beneath the FRP layer. Visual inspection is limited to determining the location
and quantity of defects/damage that appear on the surface, while additional NDT like
UT, GPR, and IR may be needed to accurately size defects or locate those not visible on
the surface, such as voids. The visual inspection on Slab M’ and Q’ successfully detected
defects simulated with polystyrene foam but struggled to identify those created using
thinner and denser polyethylene cutouts, suggesting that delamination without bulging of
the laminate could be challenging to perceive.

  
(a) (b) 

Figure 7. Visual inspection of slabs: (a) Slab M’, (b) Slab Q’.

7.2. Tap Testing (TT)

Tap testing (TT) was conducted over the suspected areas determined from visual
inspection and over remaining areas with at least one strike per 0.1 m2 (1 sq. ft), as shown in
Figure 8. The procedure was executed on the external FRP application to discern variations
in sound between bonded and unbonded laminate. It is similar to the one performed over
concrete elements by bridge inspectors trained to hear the difference between concrete with
and without delamination. The tap testing conducted successfully detected all simulated
defects and damage in Slab M’ and Q’. Small areas of 625 mm2 (1 in.2) were detected
with TT. Typically, delamination less than 1300 mm2 (2 in.2) is permissible as long as the
delaminated area is less than 5% of the total laminate area and there are no more than 10
such delaminations per 1 m2 (10 ft2) [30].
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Figure 8. Tap Testing on Slab Q’.

7.3. Infrarred Thermography (IR)

Infrared thermography was conducted on the slab specimens to identify minor defects
and damage beneath the laminate, which may not have been detected through visual
inspection and tap testing. The test relied on solar heating to establish a thermal gradient
between the defective and intact areas. In cases where the slabs had maintained a uniform
temperature across the top surface due to prolonged sun exposure prior to testing, a canopy
was employed to induce the necessary thermal gradient. All defects and damage appeared
as thermal anomalies or hot spots in the infrared images of the slabs (Figure 9). These
anomalies recorded temperatures of about 49 ◦C (120 ◦F) in contrast to approximate 40 ◦C
(105 ◦F) registered in the sound element. The IR was capable of highlighting defects as small
as 625 mm2 (1 in.2), but the most favorable results were observed in the 2500 mm2 (4 in.2),
whether between layers (delamination) or between the substrate and FRP (debonding). The
B1 defect (delamination between layers) in Slab Q’ was created using a 40 μm polyethylene
film, making it harder to identify the defect. However, this demonstrates that IR could
detect delamination without bulging with the adequate expertise of the inspector.

  
(a) (b) 

Figure 9. Infrared image of slabs: (a) Slab M’, (b) Slab Q’.

7.4. Ground-Penetrating Radar (GPR)

The externally applied CFRP sheets on Slabs M’ and Q’ acted as a reflective surface
for GPR devices due to their conductivity. GPR line scans (Figure 10) indicated significant
interference, with multiple hyperbolas and reflections, making it challenging to discern
any targets beneath the CFRP layer. The distinctive hyperbolas representing the four steel
rebars embedded in Slab M’ before the application of the EB-FRP system, were no longer
discernible in the line scan conducted over the slab with the EB-CFRP layer, as displayed
in Figure 10 (perpendicular to the direction of the rebars). No information about external
defects could be detected. No tests were conducted for the external application of GFRP
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sheets in this study, primarily because the vast majority of external FRP applications utilize
CFRP due to its higher strength and stiffness. Therefore, it remains a possibility that GPR
could detect anomalies in the concrete substrate if GFRP sheets were employed.

 

  

Figure 10. GPR line scans of Slab M’ and Q’. (a) Slab M’ before strengthening, (b) Slab M’ after
strengthening, (c) Slab Q’ before strengthening, (d) Slab Q’ after strengthening.

7.5. Phased Array Ultrasonic Testing (PAU)

The advantage of employing PAU instead of a GPR device for inspecting externally
applied FRP systems is its ability to penetrate conductive FRP layers, such as CFRP lay-
ers. The individual B-scan (line scan) of Slab Q’ with externally applied CFRP sheets,
obtained during a PAU stripe scan, revealed the detectability of internal features like
a 230 mm × 76 mm (9 in. × 3 in.) concrete delamination (Figure 11i) and steel rebars
(Figure 11iii), which was not achievable using GPR. Although, in Figure 11ii, it is evident
that a debonding introduced between the first layer of CFRP and the concrete substrate is
clearly detectable, the size of this defect cannot be clearly established (in this case, it was a
100 mm × 100 mm (4 in. × 4 in.) debonding). However, this defect also acts as a strong
reflector for nearly all ultrasonic waves, which explains why Figure 11ii appears uniformly
red beneath the top surface. This implies that it is not possible to detect internal features
immediately beneath the defects or damage on the top surface using PAU. Furthermore,
other simulated defects such as voids and cracks could not be detected using PAU.

The effectiveness of the evaluated NDT methods (i.e., GPR, PAU, VT, TT, and IR) for
inspection of EB-FRP concrete elements is presented in Table 6. They were classified into
three different categories based on the detectability of the introduce defect: D (Detectable)
if the defect was detectable either quantitative or qualitative; LD (Limited Detectability) is
based on size of defect/damage; and ND (Not Detectable) if the defect cannot be either
quantitatively or qualitatively detected by the technique evaluated.
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Figure 11. PAU stripe scan of Slab Q’. (i) 300 mm, (ii) 570 mm and (iii) 800 mm from face 2.

Table 6. Effectiveness of selective NDT methods for inspection of EB-FRP concrete elements.

Slab Parameters 1
Selected NDTs

GPR PAU VT TT IR

M’
Internal Targets ND D 2 - - -

External
defects/damage

Debonding or
Delamination ND LD 3 LD 1 D D

Q’
Internal Targets ND D 2 - - -

External
defects/damage

Debonding or
Delamination ND LD 3 LD 1 D D

Note: D = Detectable; LD = Limited Detectability; ND = Not Detectable. 1 Limited detection (LD) is based on
the size of defect/damage. 2 Concrete delamination is detectable as long as the external applied fabric is sound.
3 Qualitatively detectable.

8. Conclusions

This study examined the types, characteristics, and identification of damage and
defects that were either observed or expected in EB-FRP concrete elements. The defects
and damage were categorized based on their location, time of initiation, and sources. The
inspection of FRP-EB concrete elements can be categorized into three main groups. The
first category focuses on visible surface damage and defects within the FRP composite.
The second category involves inspecting damage within the FRP composite and at the
bond layer between the FRP and concrete. The third category concentrates on identifying
damage and defects in the concrete substrate itself. The most promising non-destructive
testing (NDT) methods were reviewed and subsequently evaluated in small-scale EB-FRP
concrete slabs. By offering a structured framework for inspecting structures utilizing wet
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lay-up carbon FRP systems, the findings of this study can serve as the foundation for the
development of a guide and training materials for the inspection of structures employing
wet lay-up carbon FRP systems.

• The externally applied FRP system should be visually examined thoroughly to identify
surface anomalies, including blister-like formations, exposed fibers, surface scratches,
and cracks. Signs of moisture and water stains near joints or lower areas underneath
the structure. Surface anomalies observed in the externally applied FRP may indicate
defects within the FRP composite or bonding issues between the FRP and concrete.

• Inspecting FRP composite defects and bond issues may necessitate NDT methods
beyond visual inspection (VT). Tap testing (TT) is suitable for detecting bond defects
to prevent the separation of externally applied FRP system from the concrete substrate.
Additionally, IR can be employed for quantitative defect assessment within the FRP
composite or between the FRP and concrete, capable of detecting areas as small as
625 mm2. PAU can be employed for qualitative assessment of the EB-FRP.

• Inspecting hidden concrete under external FRP is challenging but achievable by noting
evidence of internal defects (e.g., detecting FRP tearing due to concrete spalling),
observing anomalies deviating from sound FRP (e.g., CFRP bulging indicating under-
lying cracks), and checking for rust stains (e.g., a sign of embedded steel corrosion).
Employment of NDT devices capable of penetrating FRP (e.g., PAU) is desirable for
an in-depth investigation. The coupling of these defects potentially adds complexity
to accurate defect identification. However, the effectiveness of the device and the
technician’s expertise play a crucial role in detecting and distinguishing such complex
defects. Nevertheless, the presence of damage regardless of the type and complexity
should trigger further examination and potentially corrective action.

• In a contrast to the results of a previous literature review, it was determined that
GPR could not detect defects or damage introduced into the externally applied CFRP
and the internal targets beneath the CFRP layer due to its conductive nature. PAU
exhibited relatively better performance in inspecting the external application of FRP,
being able to qualitatively detect introduced debonding/delamination in the external
FRP and delamination within the concrete. Other NDT techniques, including visual
inspection (VT), tap testing (TT), and infrared thermography (IR), were also found
to be quite effective in detecting primarily surface anomalies and some bond defects,
such as voids.
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Abstract: Many materials are highly sensitive to temperature, and the study of the fire resistance of
materials is one of the important research directions, which includes the study of the fire resistance of
fiber-reinforced polymer (FRP) composites, but the cooling mode on the change of FRP mechanical
properties after high temperature has not been investigated. This study analyzes the mechanical
properties of GFRP under various cooling methods after exposure to high temperatures. The tensile
strength of GFRP was evaluated through water cooling, firefighting foam cooling, and air cooling
within the temperature range of 20–300 ◦C. Damage modes were investigated at different target
temperatures. The results indicate that the tensile strength of air-cooled GFRP is the highest, whereas
water cooling yields the lowest retention rate. It indicates that the FRP temperature decreases
slowly under air cooling and the better recovery of the damage within the resin matrix, while under
water cooling, the damage at the fiber/resin interface is exacerbated because of the high exposed
temperature and the water, resulting in a reduction in the strength of GFRP. Between 20 and 150 ◦C,
GFRP essentially recovers its mechanical properties after cooling, with a residual tensile strength
factor exceeding 0.9. In the range of 150–250 ◦C, GFRP exhibits a graded decline in strength. At
300 ◦C, GFRP loses certain mechanical properties after cooling, with a residual tensile strength factor
below 0.1. Furthermore, the analysis of experimental results led to the modification of the Johnson–
Cook constitutive model, proposing a model for GFRP under three cooling methods. Additionally,
a predictive model for the elastic modulus of GFRP after high-temperature cooling was derived,
showing agreement with experimental results.

Keywords: glass fiber-reinforced polymer (GFRP); cooling methods; mechanical properties; modified
constitutive model

1. Introduction

Fiber-reinforced polymer (FRP) composites, known for their lightweight and high
strength, offer excellent corrosion resistance and specific strength. They find diverse
applications in aerospace, military, civil construction, and infrastructure projects, serving
as cost-effective alternatives to traditional steel components [1–4]. Understanding the
mechanical behavior of FRP composites at elevated temperatures is crucial for both civil
and military applications [5,6]. In addition to being cheaper than AFRP and CFRP, GFRP
has better bonding performance and mature technology. As a result, it is used in large-
scale applications in various fields. So this paper conducts experimental research using
GFRP. These composites, comprised of glass fibers, carbon fibers, and a resin matrix
formed through processes like winding, molding, or pultrusion, are particularly sensitive
to temperature variations, with the resin component being a key influencing factor.

The resin matrix in FRP commonly consists of thermosetting and thermoplastic resins,
both of which are prone to softening at elevated temperatures. As the temperature rises, the
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matrix undergoes transitions from a glassy to a leathery, rubbery, and eventually decom-
posed state, leading to a notable decline in FRP’s mechanical properties [7,8]. In addition,
the tensile strength of FRP decreases significantly with increasing exposed temperature
and time [9]. Experimental and theoretical support is essential to ascertaining the post-fire
mechanical behavior of FRP, a critical consideration for structures seeking to regain func-
tionality after fire incidents. Consequently, investigating the mechanical properties of FRP
at high temperatures becomes imperative.

Exploration into the mechanical properties of FRP at elevated temperatures stands
as a pivotal focus within FRP material research. This exploration encompasses three
primary directions: the mechanical behavior of FRP at high temperatures [6,10–14], the
bond strength of FRP reinforcement and concrete under high temperatures [15–20], and
the effects of high temperatures on FRP reinforcing and restraining components [21–25].
Numerous researchers have delved into this subject, utilizing experimental, numerical,
and analytical approaches. For instance, Zike Wang [9] presents an investigation on
the durability of basalt- and glass-fiber-reinforced polymer bars exposed to an SWSSC
environment under different sustained stress levels. It was experimentally obtained that
the tensile strength of BFRP and GFRP decreased significantly under the combined effect of
sustained stress and exposure temperature. Gang Wu [26] investigated the tensile properties
of BFRP bars under four environments: alkaline solution, salt solution, acid solution, and
de-ionized water at 25, 40, and 55 ◦C. The results showed that the exposure temperature
and environmental corrosion can damage the fiber/resin interface, resulting in a significant
decrease in the tensile strength of BFRP bars. H. Wang et al. [27] conducted dynamic and
quasi-static compressive tests on a ceramicized polymer composite, revealing a substantial
decrease in compressive strength with increasing temperature. Khaneghahi MH et al. [28]
explored the impact of intumescent paint on the mechanical properties of FRP at various
temperatures, observing a significant inhibitory effect on the decrease in tensile strength.
C. Wang [29] investigated the mechanical properties of FRP as internal reinforcement in
concrete structures at high temperatures, noting variations in performance. Despite these
valuable insights, existing research predominantly focuses on the mechanical properties of
FRP materials at elevated temperatures, leaving a notable gap in the exploration of their
behavior after high-temperature cooling—an essential consideration for preserving FRP
performance after exposure to elevated temperatures.

By investigating the effects of different cooling methods on the mechanical properties
of GFRP after high temperature, the aim of this study is to provide the best fire extinguishing
method for GFRP materials after exposure to fire, and to establish the constitutive model
of GFRP under different cooling methods after high temperature. This is crucial for
the application of GFRP in practical engineering and provides a basis for the reliability
assessment of thermal protection structures in extreme environments. In addition to this,
providing the failure range of GFRP’s mechanical properties after cooling will facilitate the
safety assessment of the building.

2. Materials and Methods

2.1. Specimen Design

The Glass Fiber Reinforced Polymer (GFRP), a flat strip composed of unsaturated
polyester resin and glass fibers, was chosen for this test. The design approach for the
layering structure of GFRP is unidirectional layering. The thermosetting temperature of
this resin is approximately 90 ◦C. According to GB/T 1447-2005 [30], the dimensions and
configuration of the GFRP are depicted in Figure 1. With a thickness of 3.7 mm and a fiber
volume fraction of 62%, the glass fibers are predominantly aligned along the axial direction
of the plate. Table 1 presents the essential mechanical properties of the GFRP.
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Figure 1. Dimensions of the test specimen (mm).

Table 1. Mechanical Properties of GFRP.

Specimen Labels
Tensile Strength

f u/MPa
Modulus of Elasticity

E/GPa
Elongation δ/%

1 427.89 37.05 12.05
2 563.31 39.16 14.33
3 467.92 38.15 12.51

Average 486.37 38.12 12.96
Standard Deviation 56.80 0.86 0.98

2.2. Test Procedures

To investigate the impact of different cooling methods on GFRP after exposure to
high temperatures, the test involved five target temperatures and 48 specimens. Three
specimens were tested at each target temperature using various cooling methods, and
an additional three specimens were kept at ambient temperature as a control group. The
high-temperature setting utilized a box-shaped resistance furnace (SX2-4-10 type) which
is illustrated in Figure 2a, with target temperatures set at 100 ◦C, 150 ◦C, 200 ◦C, 250 ◦C,
and 300 ◦C. After reaching the target temperature, the specimens were left for a one-hour
constant temperature phase, according to GB/T 38515-2020 [31]. Subsequently, cooling
was performed using water, firefighting foam, and the natural cooling method. The entire
process, including heating, insulation, and cooling under different target temperatures, is
illustrated in Figure 3. After cooling to ambient temperature, a strain gauge was affixed to
the center of each specimen to measure the GFRP strain. A static tensile test, according to
GB/T 1447-2005 [30], involved controlling tensile loading by displacement with a loading
rate of 1 mm/min until specimen fracture. The EMT504D electronic universal testing
machine (Figure 2b) is manufactured in Shenzhen Wance Testing Equipment Co., Ltd.,
Shenzhen, China, and the load cell used is S-TYPE LOAD CELLS, which facilitated the
static tensile test. The comparison and analysis of test results under different temperature
conditions, including the stress–strain relationship curve of GFRP and related mechanical
property parameters, were conducted to assess the influence of elevated temperatures and
cooling methods.
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( ) Electric furnace (b) ETM series electronic universal 
testing machine 

Figure 2. Test equipment.

Figure 3. Temperature–time curves.

3. Test Results

3.1. Experimental Phenomena
3.1.1. Surface Characteristics

The surface color variations of the test specimens after exposure to high temperatures
are illustrated in Figure 4. It can be seen that the cooling methods slightly affect the
characteristics of the specimen. Under natural conditions, the GFRP surface exhibited
a yellow hue. As the temperature increased, heating at 100 ◦C, 150 ◦C, and 200 ◦C led
to a gradual deepening of the color, transitioning from a slightly blackened appearance
to localized brown and eventually to brown. At temperatures approximately between
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65 ◦C and 120 ◦C, the glass fiber reinforced plastic (GFRP) material undergoes its first glass
transition, causing the material’s resin to shift from a glassy state to a rubbery state [32].
At 250 ◦C, the surface turned charcoal-black, and the outer protective layer began to
partially detach. Upon reaching 300 ◦C, the entire surface became charcoal-black due to the
carbonization of the outer protective layer, which completely detached from the structural
layer of the GFRP.

( ) Air cooling 

(b) Firefighting foam cooling 

Figure 4. Cont.
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( ) Water cooling 

Figure 4. Surface characteristics.

3.1.2. Failure Mode

The tensile failure characteristics of Glass Fiber Reinforced Polymer (GFRP) after high-
temperature cooling at various target temperatures are presented in Figures 5–7. Observing
the figures reveals distinct stage differences in failure characteristics corresponding to
changes in temperature. As the temperature increased from ambient to 100 ◦C, 150 ◦C,
and 200 ◦C, the fracture patterns exhibited notable variations. Initially, there was resin
adhesion between the fibers, indicating integral destruction of the glass fibers and resin
with a concentrated fiber distribution. As the temperature continued to rise, the fibers
transitioned gradually into a diffuse filamentous state.

At ambient temperature and 100 ◦C, GFRP experienced cracking along axial extension,
followed by destruction after the fiber bundles burst out. At 100 ◦C, the three cooling
methods showed no significant impact on GFRP failure characteristics, with fiber bonding
similar to that at ambient temperature, suggesting that the coordinated working ability of
the fibers and resin remained relatively unchanged. At 150 ◦C and 200 ◦C, GFRP exhibited
cracks extending from the axial center, while the final fracture leaned toward the end of the
fixture. In comparison, natural cooling resulted in more dispersed fibers than water cooling
and foam cooling, indicating that the latter two methods played a role in the recovery of
resin after thermal decomposition.

Simultaneously, with the temperature increase, the flocculent material at the GFRP
fracture gradually increased. At 250 ◦C, the fibers dispersed after failure, indicating that a
large portion of the resin in the specimen could not be recovered after cooling. Notably,
fiber bundle dispersion was relatively low under natural cooling. When the temperature
reached 300 ◦C, fibers at the fracture of GFRP, cooled by all three methods, exhibited a
diffuse filamentous state, indicating de-bonding and complete carbonization of the GFRP.
Consequently, recovery through cooling was not possible at this temperature.
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( ) Normal section 

 
(b) Cross section 

Figure 5. Air cooling.

( ) Normal section 

Figure 6. Cont.
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(b) Cross section 

Figure 6. Firefighting foam cooling.

 
( ) Normal section 

 
(b) Cross section 

Figure 7. Water cooling.
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3.2. Mechanical Properties
3.2.1. Tensile Strength

The maximum stress value reached when materials undergo damage under the action
of force is termed tensile strength. Table 2 illustrates the tensile strength and residual factors
of materials after high-temperature cooling at various target temperatures.

At 100 ◦C, compared to ambient temperature (σmax = 486.38 MPa), the tensile strength
under air cooling and foam cooling specimens increased, while water-cooled specimens
(σmax = 457.30 MPa) exhibited a decrease. At 100 ◦C, the resin matrix is undergoing a
transition from a glassy state to a rubbery state [32]. This suggests that a reduction reaction
enhanced the strength of materials after high-temperature cooling at the target temperature,
and air cooling was more conducive to preserving material strength by allowing the
reduction reaction to proceed more effectively.

At 150 ◦C, the residual factor of tensile strength under air cooling was 1.0, indicating
effective restoration of material strength. Water and foam cooling exhibited residual factors
of 0.90 and 0.83, respectively, indicating a decrease in strength when the temperature ex-
ceeded 150 ◦C. However, under air cooling, the strength exhibited a decreasing trend when
the temperature surpassed 200 ◦C, suggesting that air cooling remained more beneficial for
preserving material strength.

At 250 ◦C, tensile strength significantly decreased, signifying a sharp decline in the resin’s
bearing capacity due to thermal decomposition, resulting in permanent damage even after
cooling. At 300 ◦C, a change in the damage mode occurred, with the stress slowly decreasing
after reaching tensile strength, revealing resin carbonization. Despite cooling, the material lost
load-bearing capacity after 300 ◦C. The strength retention rates for the three cooling methods
at the same target temperature followed the order: air cooling > foam cooling > water cooling.
After reaching 250 ◦C, none of the cooling methods could restore the strength.

It indicates that at temperatures above 250 ◦C, the degree of glass transition of the
resin is more pronounced at high temperature. The destruction of the fiber/resin interface
is aggravated by the combination of a higher exposure temperature and water cooling.
Eventually, the glass fibers debond from the resin, resulting in a significant decrease in the
tensile strength of GFRP [33].

Figure 8 illustrates the fitted line between tensile strength and high temperature,
showcasing a decrease in the tensile strength of GFRP tubes as temperatures increased. The
response of the tensile strength–temperature ratio presented a curvature. The curvatures of
air cooling and foam cooling were similar, while water cooling exhibited a gentler change.
Regression analysis of the experimental results yielded the following expressions for
GFRP tubes:

Air cooling:
ya = −1.07 × 10−2x2 + 1.82x + 451.82 (1)

Fire foam cooling:

y f = −1.03 × 10−2x2 + 1.57x + 463.47 (2)

Water cooling:
yw = −6.20 × 10−3x2 + 0.30x + 488.37 (3)

The reliability coefficients (R2) for the fit curve under air cooling, foam cooling, and
water cooling are 0.941, 0.917, and 0.921, respectively, indicating a favorable matching effect.
This implies that the experiment exhibits minimal data dispersion, validating the credibility
and accuracy of the collected data.
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( ) Air cooling (b) Fire foam cooling 

 
( ) Water cooling 

Figure 8. Ultimate strength of GFRP composites after high-temperature cooling.

Table 2. Tensile strength and residual factors of GFRP composites after high-temperature cooling.

Cooling
Methods Temperature/◦C

Tensile Strength (MPa) Residual Factor (σT/σ20)

Group-1 Group-2 Group-3 Average Group-1 Group-2 Group-3 Average

Air
Cooling

Ambient 427.89 563.35 467.89 486.38 0.88 1.16 0.96 1.00
100 587.68 485.30 472.76 515.24 1.21 1.00 0.97 1.06
150 490.92 470.92 493.95 485.26 1.01 0.97 1.02 1.00
200 461.95 431.03 392.76 428.58 0.95 0.89 0.81 0.88
250 197.30 190.38 195.24 194.31 0.41 0.39 0.40 0.40
300 77.73 36.54 45.19 53.15 0.16 0.08 0.09 0.11

Fire Foam
Cooling

Ambient 427.89 563.35 467.89 486.38 0.88 1.16 0.96 1.00
100 598.05 499.89 502.16 533.37 1.23 1.03 1.03 1.10
150 405.41 423.35 480.32 436.36 0.83 0.87 0.99 0.90
200 443.03 383.24 431.14 419.14 0.91 0.79 0.89 0.86
250 113.84 119.46 239.89 157.73 0.23 0.25 0.49 0.32
300 7.14 42.92 29.30 26.45 0.01 0.09 0.06 0.05

Water
Cooling

Ambient 427.89 563.35 467.89 486.38 0.88 1.16 0.96 1.00
100 415.03 477.08 479.78 457.30 0.85 0.98 0.99 0.94
150 466.38 358.38 392.86 405.87 0.96 0.74 0.81 0.83
200 326.05 335.03 325.51 328.86 0.67 0.69 0.67 0.68
250 97.62 81.84 147.24 108.90 0.20 0.17 0.30 0.22
300 16.43 55.78 79.46 50.56 0.03 0.11 0.16 0.10
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3.2.2. Modulus of Elasticity

The experimental findings presented in Table 3 reveal that the elastic modulus of the
material under natural and foam cooling at the target temperature of 100 ◦C experienced a
noticeable increase. Specifically, the elastic modulus showed a 20% enhancement under
air cooling, indicating a strengthening process. There was no significant difference in the
elastic modulus at the target temperatures of 100 ◦C and 150 ◦C, and the change in the
residual factor of the elastic modulus was within 5%. This suggests that the alteration in the
elastic modulus after air cooling within this temperature range is relatively minor, implying
no distinct impact on the collaborative working performance of the resin and glass fibers.

Table 3. Elastic moduli and residual factors of GFRP composites after high-temperature cooling.

Cooling
Methods Temperature/◦C

Elastic Modulus (GPa) Residual Factor (ET/E20)

Group-1 Group-2 Group-3 Average Group-1 Group-2 Group-3 Average

Air
Cooling

Ambient 37.05 39.16 38.15 38.12 0.97 1.03 1.00 1.00
100 42.37 54.33 39.96 40.06 1.11 1.42 1.04 1.19
150 41.78 38.40 39.61 39.93 1.09 1.01 1.03 1.04
200 43.14 39.39 34.44 38.99 1.13 1.03 0.90 1.02
250 32.53 28.20 28.97 29.90 0.85 0.74 0.75 0.78
300 11.26 3.26 10.29 8.27 0.30 0.08 0.26 0.21

Fire Foam
Cooling

Ambient 37.05 39.16 38.15 38.12 0.97 1.03 1.00 1.00
100 41.22 41.74 37.97 40.31 1.08 1.09 0.99 1.05
150 38.12 36.83 36.21 37.05 0.99 0.97 0.94 0.97
200 33.70 36.41 38.32 36.15 0.88 0.95 1.00 0.94
250 17.91 27.87 28.89 24.89 0.46 0.73 0.75 0.65
300 2.08 9.39 11.40 7.62 0.05 0.24 0.29 0.19

Water
Cooling

Ambient 37.05 39.16 38.15 38.12 0.97 1.03 1.00 1.00
100 36.80 37.98 37.88 37.55 0.96 0.99 0.99 0.98
150 39.54 39.33 37.12 38.66 1.04 1.03 0.97 1.01
200 36.17 36.25 32.68 35.03 0.94 0.95 0.85 0.91
250 13.67 15.05 16.50 15.08 0.35 0.39 0.43 0.39
300 5.21 1.28 10.46 5.65 0.14 0.03 0.27 0.15

However, after reaching 250 ◦C, the elastic modulus exhibited a decline, with a notable
60% reduction under water cooling. This decline could be attributed to the fact that the
structure of the unsaturated polyester resin experienced significant defects under water
cooling. At 300 ◦C, the residual factor was 20% of the initial elastic modulus under all
three cooling methods, and cooling was incapable of restoring the working abilities of the
materials. Comparing with the average reduction in about 30% in tensile modulus under
high-temperature conditions at 100 ◦C [34], it can be observed that the tensile modulus of
GFRP tends to recover to some extent after cooling.

3.2.3. Ultimate Strain

Table 4 lists the tensile strength and the residual factor of the GFRP composites after
high-temperature cooling, which indicated that in the range of 100 ◦C–300 ◦C, the tensile
strength tends to decrease as the temperature increases. It is worth noting that the tensile
strength of foam cooling is generally higher than that of the other two cooling methods,
which could be attributed to the fact that foam cooling alters to some extent the bonding
effects of the unsaturated polyester and the fiber material, which led to the mass increment
of ductility. At 100 ◦C, the residual factors of the materials in natural and foam cooling are
1.01 and 1.03, respectively, indicating that the material is strengthened to a certain degree.
The decrease in tensile strength is greater with water cooling than with other cooling
methods, which may be due to defects in the redox process of unsaturated polyester,
causing a decrease in the tensile strength of the materials.
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Table 4. Ultimate strain and residual factors of GFRP composites after high-temperature cooling.

Cooling
Methods Temperature/◦C

Ultimate Strain (%) Residual Factor (εT/ε20)

Group-1 Group-2 Group-3 Average Group-1 Group-2 Group-3 Average

Air
Cooling

Ambient 12.05 14.33 12.51 12.96 0.93 1.11 0.97 1.00
100 14.31 13.54 11.28 13.04 1.10 1.04 0.87 1.01
150 11.28 12.01 12.31 11.87 0.87 0.93 0.95 0.92
200 11.52 11.40 9.80 10.90 0.89 0.88 0.76 0.84
250 7.69 6.60 7.30 7.20 0.59 0.51 0.56 0.56
300 6.42 15.35 4.16 8.64 0.50 1.18 0.32 0.67

Fire Foam
Cooling

Ambient 12.05 14.33 12.51 12.96 0.93 1.11 0.97 1.00
100 14.91 13.10 12.01 13.34 1.15 1.01 0.93 1.03
150 10.14 10.57 11.87 10.86 0.78 0.82 0.92 0.84
200 11.74 10.46 11.79 11.33 0.91 0.81 0.91 0.87
250 8.02 6.38 9.80 8.06 0.62 0.49 0.76 0.62
300 1.85 4.27 14.89 7.03 0.14 0.33 1.15 0.54

Water
Cooling

Ambient 12.05 14.33 12.51 12.96 0.93 1.11 0.97 1.00
100 10.71 12.31 11.81 11.61 0.83 0.95 0.91 0.90
150 12.07 8.99 10.21 10.42 0.93 0.69 0.79 0.80
200 8.89 9.31 9.72 9.31 0.69 0.72 0.75 0.72
250 8.00 5.03 5.88 6.30 0.62 0.39 0.45 0.49
300 2.81 11.65 5.92 6.79 0.22 0.90 0.46 0.52

3.3. Stress–Strain Curves

Figure 9 depicts the stress–strain curves of GFRP after water, foam, and air cooling at
different target temperatures, revealing a brittle damage pattern in the materials. Examin-
ing the stress–strain curve of air cooling, it is evident that the tensile strength decreases
with rising temperature. Before material destruction, the curve slopes linearly at ambient
temperatures of 100 ◦C, 150 ◦C, and 200 ◦C, showing no significant differences. The tensile
strength and ultimate strain at the target temperatures of 100 ◦C and 150 ◦C are similar,
indicating that within the range of 100 ◦C to 150 ◦C, there is no notable impact on the coor-
dinated working performance of the resin and glass fibers. However, at 250 ◦C, the tensile
strength significantly drops as only the fiber can withstand the load, leading to thermal
decomposition of the resin, which cannot be restored to its working performance after
air cooling. At 300 ◦C, the damage mode changes, with the stress reaching its maximum
value and then slowly declining, signifying that the materials have essentially lost their
working abilities. Under this temperature condition, the stress–strain curve of the specimen
after cooling exhibits significant plastic deformation. Based on the failure characteristics
of the specimens, it is concluded that due to the higher exposure temperature, the resin
is completely damaged, and only the fibers are in working condition, with the fibers in a
divergent state. This results in significant plastic deformation.

Analyzing the strength–strain curve of foam cooling, it is evident that, compared to air
cooling at the same temperature, the ultimate strain at 150 ◦C decreases and is even lower
than that at 200 ◦C. This implies that the internal resin structure of GFRP undergoes changes
after air cooling at this temperature, resulting in defects and a reduction in ultimate strain.
The damage mode is similar to the air cooling curve under corresponding temperatures at
250 ◦C and 300 ◦C, with no significant differences. The cooling mode has a minimal effect
on the materials at these temperatures. The strength–strain curves for water cooling show
that the tensile strength at each target temperature is lower than those for natural and foam
cooling. At 250 ◦C, the slope of GFRP decreases significantly after water cooling, lower than
that of natural and foam cooling under the same target temperature. This is attributed to
the weaker retention of strength under water cooling compared to the other two methods.
The contact between the materials and water at high temperatures alters the resin structure,
leading to defects and a reduction in strength. The materials exhibit plasticity damage at
250 ◦C and 300 ◦C after water cooling, resulting in a loss of their bearing capacities.
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( ) Air cooling (b) Fire foam cooling 

 
( ) Water cooling 

Figure 9. The stress–strain curve of GFRP after high-temperature cooling.

4. Theoretical Analysis

4.1. The T-E Model

To accurately determine the variation in the elastic modulus of GFRP after three
cooling methods under different temperatures, the test was conducted using both an
extensometer and strain gauges simultaneously. This approach enabled the measurement
of strain throughout the tensile process, providing experimental values for the material’s
elastic modulus. The results of the experimental values are depicted in Figure 7, revealing
that the cooling method has a minimal impact on GFRP within the temperature range of
100 ◦C to 200 ◦C, with a variation in no more than 7.3%. However, at 250 ◦C, water cooling
displays the most substantial decrease in elastic modulus, showing a reduction in up to
50% compared to the other cooling methods. This observation implies that water cooling
induces the softening of the resin matrix from a rubbery state during the cooling process,
thereby influencing the stiffness of GFRP.

The values obtained from a nonlinear fit based on the Boltzmann function closely align
with those presented in Figure 7. The regression analysis of the relationship between the
elastic modulus residual factor and temperature is as follows:

y =
A1 − A2

1 + e(x−x0)/k
+ A2 (4)
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Since this paper investigates the relationship between elastic modulus residual factor
and temperature, A1 is the initial value of the elastic modulus discount factor; A2 is the
final value of the elastic modulus discount factor; x0 is the median temperature of the
discount factor; k is the transformation rate of the discount factor; y is the discount factor
of the elastic modulus; x is the temperature. To find the coefficient k, divide both sides of
Equation (1) by the natural logarithm, Equation (1) becomes:

(x − x0)/k = ln(A1 − A2)− ln(y − A2) (5)

The coefficients A1, A2, x0 under different cooling methods can be determined from
Figure 10, which shows the relationship between the residual factor of elastic modulus and
temperature. The results are shown in Table 5. The coefficient k can be obtained by mathe-
matical derivation, which ultimately leads to the equations described by Equations (6)–(8).
Air cooling: ka = 18.84, foam cooling: kf = 21.17, water cooling: kw = 15.86.

Air cooling:

ya =
0.86

1 + e(x−266.08)/18.84
+ 0.22 (6)

Fire foam cooling:

y f =
0.80

1 + e(x−260.76)/21.17
+ 0.21 (7)

Water cooling:

yw =
0.85

1 + e(x−241.42)/15.86
+ 0.15 (8)

Figure 10 compares the predicted characteristics of the elastic modulus residual factor
temperature with the actual test results. The model’s predictions align well with the
experimental data, demonstrating the accuracy of the model in forecasting the modulus of
elasticity residual factor of GFRP after three cooling methods at various target temperatures.

Figure 10. Elastic modulus reduction factors of fire and cooling-affected GFRP.

Table 5. Parameters of Boltzmann model under different cooling modes.

Cooling Method A1 A2 x0

Air cooling 1.08 0.22 266.08
Fire foam cooling 1.01 0.21 260.76

Water cooling 1.00 0.15 241.42
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4.2. Johnson−Cook Model

The original Johnson–Cook (JC) constitutive model [35] can describe the stress–strain
relationships under the influence of temperature or strain rate. It is usually considered
one of the representative constitutive models due to its simple form and satisfactory
performance. Therefore, this model was chosen as the basis for this study. The original
model is:

σ(εp,
.
ε, T) =

[
A + B(εp)n][1 + C ln

( .
ε
.
ε0

)][
1 −
(

T − TR
Tm − TR

)m]
(9)

A is the nominal yield stress (MPa) in the tensile process at room temperature, denotes
the yield strength of the material, n is the strain hardening parameter, and B is the strain
hardening constant (MPa), which can be determined by the fitting method [36].

.
ε,

.
ε0, T,

TR and Tm are the current strain rate, reference strain rate, current temperature, reference
temperature, and melting temperature, respectively.

4.2.1. Parametric Analysis

The reference temperature: TR = 293 K, the reference strain rate:
.
ε0 = 0.005 s−1,

A = 12.51 MPa, Tm = 953 K, and T = 373 K. Since strain rate and temperature are not
variables in this experiment, Equation (9) can be split into:

σ(ε) = A + Bεn (10)

Converting both sides of the equal value of Equation (10) and dividing them by the
natural logarithm gives the following equation:

ln(σ(ε)− A) = n ln ε + ln B (11)

After substituting the stress and strain values into Equation (11) for a linear fit, the
relationship between lnε and ln(σ − A) under different cooling methods is shown in
Figure 11, where n and lnB denote the slope and initial value of the fitted curve, respectively.
From this, the coefficients n, and B are calculated in Table 4.

After obtaining the coefficients n, and B for different cooling methods, Equation (9) is
transformed into:

σ(ε)

(A + Bεn)
= 1 + C ln

( .
ε
.
ε0

)
(12)

As shown in Figure 11, the strain values and strain rates derived from the different
cooling methods are brought into Equation (12) for a linear fit, where C denotes the slope
of the fitted curve, from which the coefficient C can be calculated.

After the linear fit, the values of C for different cooling methods can be known from
Figure 12. To find the parameter m, Equation (13) is changed to:

ln
[

1 − σ(ε)

A + Bεn

]
= m ln

(
T − TR

Tm − TR

)
(13)

As shown in Figure 13, by bringing the numbers of strains and target temperatures
from this test into Equation (13) and then performing a linear fit, m can be yielded, as
shown in Table 6.

Table 6. Parameters of Johnson–Cook model under different cooling modes.

Parameters Air Cooling Fire Foam Cooling Water Cooling

n 1.16 1.04 1.10
B 5653.33 4105.16 4865.87
C 0.26 0.30 0.38
m 4.26 3.60 3.49
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( ) Air cooling (b) Fire foam cooling 

 
( ) Water cooling 

Figure 11. The relationship of lnε and ln(σ − A).

Finally, the relationship between stress (σ), strain (ε), deformation temperature (T),
and deformation rate was established based on the JC constitutive model. The modified
equation T0 was obtained through linear fitting, resulting in the predicted model data
closely aligning with the actual observations.

Fire foam cooling:

T0 = (0.13T − 12.56)ε + (6.17 × 10−5T2 − 0.018T + 6.18 × 10−3)ε2 + 10.33 (14)

σ(εp,
.
ε, T) =

(
12.51 + 4105.16ε1.04)[1 + 0.30 ln

( .
ε

0.005

)][
1 −
(

T−293
660

)3.60
]
−

(0.13T − 12.56)ε − (6.17 × 10−5T2 − 0.018T + 6.18 × 10−3)ε2 − 10.33
(15)

Air cooling:
T0 =

(
1.08 × 10−3T2 − 0.32T + 20.76

)
ε + 8.65 (16)

σ(εp,
.
ε, T) =

(
12.51 + 5653.33ε1.16)[1 + 0.26 ln

( .
ε

0.005

)][
1 −
(

T−293
660

)4.26
]
−(

1.08 × 10−3T2 − 0.32T + 20.76
)
ε − 8.65

(17)
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Water cooling:

T0 =
(

1.07 × 10−3T2 − 0.24T + 12.97
)

ε +
(
−5.12 × 10−4T2 + 0.21T − 15.81

)
(18)

σ(εp,
.
ε, T) =

(
12.51 + 4865.87ε1.10)[1 + 0.38 ln

( .
ε

0.005

)][
1 −
(

T−293
660

)3.49
]
−(

1.07 × 10−3T2 − 0.24T + 12.97
)
ε − (−5.12 × 10−4T2 + 0.21T − 15.81

) (19)

  
( ) Air cooling (b) Fire foam cooling 

 
( ) Water cooling 

Figure 12. The relationship of σ/A + Bεn and ln(
.
ε/

.
ε0).

4.2.2. Verification of the Constitutive Model

The original JC model demonstrates effective predictions at the reference strain rate
and temperature. However, given the consideration of mechanical behavior after high-
temperature cooling in this experiment, modifications were made to the JC model, resulting
in Equations (15), (17) and (19). Figure 14 compares the stress–strain curves obtained from
the tests with the predicted data from the modified constitutive model. It can be observed
that the predicted equation accurately describes the effects of the three cooling methods
on the mechanical behavior of GFRP at different target temperatures. It is important to
note that the equation is specifically applicable to the boundary conditions and materials
utilized in this study.
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( ) Air cooling (b) Fire foam cooling 

 
( ) Water cooling 

Figure 13. The relationship of ln(1 − σ/A + Bεn) and ln(T − TR/Tm − TR).

Figure 14. Cont.
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Figure 14. Cont.
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Figure 14. Comparison of predicted and test results.

5. Conclusions

In this paper, the effects of different target temperatures and cooling methods on the
tensile properties of GFRP are investigated, and the prediction equations of mechanical
properties and theoretical models after high-temperature cooling are derived and verified
by experiments. The conclusions of this study are as follows:

1. The elevated temperatures and cooling methods significantly influenced the mechani-
cal properties of GFRP. When exposed to temperatures below 200 ◦C, the three cooling
methods can recover the mechanical properties of GFRP to a greater extent. At temper-
atures ranging from 20 to 200 ◦C, the recovery ability of water cooling is the weakest,
with tensile strength values of 486.38, 457.30, 405.87, and 328.86. Conversely, natural
cooling exhibits the strongest recovery ability, with corresponding tensile strength
values of 486.38, 515.24, 485.26, and 428.58; while in 200 ◦C–300 ◦C, mechanical prop-
erties of GFRP decreased substantially, the ability of the cooling methods to restore
the mechanical properties gradually decreased; when at 300 ◦C, GFRP has basically
lost work abilities.

2. The best fire extinguishing method for GFRP materials after exposure to fire is firefighting
foam cooling. At 100 ◦C, the residual factors of elastic modulus (1.05, 1.19) and tensile
strength (1.10, 1.06) for GFRP in fire foam cooling and air cooling are greater than those at
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ambient temperature. The elastic modulus and tensile strength of GFRP under fire foam
cooling and air cooling are greater than those under ambient temperature. They decreased
gradually with the increase in temperature. For the same target temperature, the strength
retention rates of the materials are air cooling > fire foam cooling > water cooling.

3. The prediction equation of the mechanical properties of GFRP is established based
on the experimental results, and the JC constitutive model is also modified to obtain
the stress–strain curve equation suitable for this experiment, which is specifically
applicable to the boundary conditions and materials utilized in this study.

4. This paper investigates the impact of different firefighting methods on the mechanical
properties of GFRP in the event of a fire. Three commonly used cooling methods,
namely, fire foam cooling, water cooling, and natural cooling, were employed. This
study aims to provide a basis for the post-fire structural safety assessment of buildings.
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Abstract: This paper investigates the interfacial bonding behavior between high toughness resin
concrete with steel wire mesh (HTRCS) and concrete. A total of five sets of fifteen double shear
specimens were tested for parameters including concrete strength and material properties of HTRCS
composites. The test results showed that the failure mode of DS1 specimens was partial debonding
and fracture, and the rest of the specimens were the fracture of HTRCS. The concrete strength and
reinforcement ratios of HTRCS composites were positively correlated with interfacial adhesion
properties. When the concrete strength was increased from C30 to C40 and C50, the ultimate load
increased by 43.4% and 43.2%, respectively. The ultimate load capacity increased by 32.1%, with the
reinforcement ratio of HTRCS composites increasing from 1.05% to 1.83%. Moreover, the bonding slip
model and the bearing capacity formula for the interface between HTRCS composites and concrete
were proposed, and the calculation values were in good agreement with the test values, with an
average value of 0.978.

Keywords: high toughness resin concrete with steel wire mesh; concrete; interface bonding behavior;
double shear test

1. Introduction

Improving the normal performance and extending the service life of RC structures
through simple and economical reinforcement measures is an inevitable requirement for
the research and application of RC structures [1–3]. Traditional reinforcement methods
include pasting fiber composite fabric [4], pasting steel plates [5], section enlargement
methods [6,7], and using the NSM technique with steel bars or CFRP bars [8,9]. The pasting
fiber composite reinforcement method considers the characteristics of lightweight and high
strength FRP, and at the same time it has the advantage of low thickness of reinforcement;
however, there are problems with the hollowing of the bonded interface, and the quality of
the interface bond cannot be guaranteed [10]. The steel plate external bonding method has
the advantage of convenient construction, but it has the problem that the steel plate cannot
fit the concrete concave and convex surface well [5]. The section enlargement method can
effectively enhance the structural stiffness and bearing capacity, but there are defects that
increase the structural deadweight, prolong the construction period, and reduce the vertical
clearance under the bridge [11]. The NSM technique embeds CFRP bars, steel bars, and
adhesives into the grooves of the concrete members, but it requires extensive interface
treatment [12]. In addition, fewer studies have been conducted on the effects that factors
such as mandatory protective layer thickness and temperature variations have on it [13].

In recent years, the strengthening method of combining cement mortar and steel wire
mesh has gradually gained the attention of scholars because of its convenient construction
and excellent strengthening performance [14,15]. Marthong [16] used galvanized wire
mesh mortar layers to reinforce concrete columns of different cross-sectional shapes and
found that axial loads increased by 20% and 19% when circular and square columns were
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reinforced with one turn of GSWM, respectively. Zhang et al. [17] investigated the flexural
performance of reinforced concrete (RC) T-beams reinforced with HSSWM-PUC composites
and found that the reinforced beams exhibited a 34% improvement with an increase in PUC
thickness from 20 to 30 mm, and a 31.7% increase in ultimate and yield loads. However, this
method is limited by the tensile properties of ordinary cement mortar, resulting in limited
overall crack resistance of the reinforcement and premature failure of the reinforcement [18].
To solve the problem of early cracking of the reinforcement layer, related studies have
proposed using engineering cementitious composites (ECCs) as binders and anchors [19].
With multicrack development and excellent ductility, ECC has shown it has a good effect on
inhibiting cracks. However, ECC, as an inorganic material, has weak bonding and usually
suffers from interfacial bond failure damage [20]. In addition, by drilling holes on the
concrete surface, planting rebar and other methods can improve the bonding performance
between the interface of ECC and concrete; however, there are also problems that affect its
structural integrity and long construction period [21,22].

Due to the above reasons, this paper proposes high toughness resin concrete with
steel wire mesh (HTRCS) composite material. High toughness epoxy resin concrete has the
advantages of strong adhesion, high tensile strength, high toughness, high fluidity, and
short curing time, which is conducive to rapid construction, shortening the reinforcement
construction period [23]. Meanwhile, steel wire mesh embedded in the resin concrete
enhances the strength of the composite material. Furthermore, the basis of the HTRCS
composite reinforcement of RC members depends on whether HTRCS composite and RC
matrix can work together, that is, the bonding behavior at the interface between HTRCS
composite and concrete. Similar to other cement mortar composites for reinforcing RC
structures, the bond strength of HTRCS composites is mainly related to the cross-sectional
area of the wire mesh in the composite, the cross-sectional area of the resin concrete, and
the strength of the concrete surface [24].

This paper investigates the interfacial bonding behavior between HTRCS composite
material and concrete, which is investigated using a double shear test. Furthermore,
the failure mode, force-displacement response, and strain of the specimens are analyzed.
Moreover, we propose a bond-slip model and a bearing capacity formula for the interface
between the HTRCS composite and the concrete.

2. Experimental Investigation

2.1. Details of the Specimens

To study the bond performance of HTRCS composite reinforced concrete mem-
bers, double shear specimens were designed and fabricated to carry out interfacial bond
tests. The dimensions of the specimens are shown in Figure 1. The test section was
300 mm × 150 mm × 150 mm, and the fixed section was 150 mm × 150 mm × 150 mm.
The thickness of resin concrete was 20 mm and 40 mm, and the dimensions of steel wire
mesh (transverse × longitudinal) were 13 mm × 25 mm, 15 mm × 25 mm, and 30 mm
× 25 mm, respectively. The interfacial test section was bonded at a length of 300 mm
and a width of 120 mm to ensure sufficient and effective bond length to observe strain
transfer. The bond length of the fixed section was 150 mm, while the clip was used to apply
pressure in the normal direction to enhance the interfacial bond. Before casting the HTRCS
composite, the concrete interface needs to be cleaned to keep the interface clean.

A total of five types of specimens were designed for this test, and the main parameters
were concrete strength and HTRCS material properties. Three specimens of each type were
cast, and a total of fifteen double shear specimens were cast. For specimen numbers, “DS”
represents the abbreviation “Double Shear”. DS1, DS2, and DS3 specimens were used to
study the effect of concrete strength on bond performance. DS3 and DS4 specimens were
used to study the effect of the cross-sectional area of the steel wire mesh on bond behavior
when reinforcement ratios were approximately equal. DS4 and DS5 specimens mainly
show the effect of reinforcement ratios in HTRCS on the bond behavior. The specimen
parameters are shown in Table 1.
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Figure 1. Dimensions of the specimens.

Table 1. Types of specimens.

Specimen Concrete

Resin Concrete Steel Wire Mesh

Thickness (mm) Width (mm)
Diameter of Single

Bar (mm)
Interval (mm) As (mm2) ρ/%

DS1 C30 20

120

2 13 × 25 28.3 1.18
DS2 C40 20 2 13 × 25 28.3 1.18
DS3 C50 20 2 13 × 25 28.3 1.18
DS4 C50 40 4 30 × 25 50.2 1.05
DS5 C50 40 4 15 × 25 87.9 1.83

Note: As is the cross-sectional area of the steel wire mesh, ρ is the reinforcement ratio of HTRCS.

2.2. Fabrication of the Specimens

Figure 2 shows the specimen fabrication process according to Chinese codes [25] with
the following procedure:

(1) Casting concrete: Standard molds were used to cast the concrete.
(2) Preparing wire mesh: Trim the wire mesh to the required dimensions and paste the

strain gauges according to Section 2.4.
(3) Preparing molds: Wooden formwork was made, placing the test and fixed sections of

concrete.
(4) Casting resin concrete: Pouring resin concrete in wooden formwork.
(5) Removing molds: After 24 h, remove the wooden formwork and remove the foam

boards from the loading section.
(6) Specimen curing: The fabricated double shear specimens were cured under standard

conditions for 5 days.

(a) Casting concrete (b) Preparing wire mesh (c) Preparing molds 

 
(d) Casting resin concrete (e) Removing molds (f) Specimen curing 

Figure 2. Fabrication of the specimens.
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2.3. Materials Properties

The mix ratio of resin concrete used for the specimens [23] was resin colloid:hardener:
continuous graded aggregate = 4:1.16:24.84. The material properties of resin concrete
and ordinary concrete were measured according to Chinese codes [25]. The compressive
strengths of C30, C40, and C50 ordinary concrete were measured to be 30.1, 42.3, and
54.6 MPa, and the tensile strengths were 2.35, 2.77, and 2.98 MPa, respectively. The tensile
strength was 7.8 MPa, the modulus of elasticity was 12,500 MPa, and the compressive
strength of resin concrete was 102.3 MPa [23], as shown in Table 2. The yield strength of
steel wire mesh was 412 MPa.

Table 2. Properties of resin concrete.

Materials
Tensile Strength

(MPa)
Elastic Modulus

(MPa)
Compressive

Strength (MPa)

Resin concrete 7.8 1.25 × 104 102.3

2.4. Testing Procedure

The test setup used in this test is shown in Figure 3. The test setup consists of fixed,
loading, and testing sections, in which the loading section includes load cells and hydraulic
jacks. In the fixing section, normal pressure is applied using a clamp to improve the
interfacial bond between the HTRCS composites and the concrete, thus ensuring that the
damage occurs in the test section. In addition, the specimen should be kept parallel to the
slide throughout the test to ensure that the specimen can slide freely with the rail. The
loading level difference was about 1 kN, and the loading interval between two adjacent
levels was about 3 s. When the displacement suddenly increased or the load increase rate
slowed down, displacement-controlled loading was used, with a loading rate of 0.02 mm/s.

 
 

(a) Description of the device (b) On-site test 

Figure 3. Test setup.

Figure 4 shows the arrangement of the strain measurement points of the wire mesh,
and the specimen displacement measurement points. The first strain gauge, F1, is used to
simulate the strain at the free end and is positioned in the middle of the loading section.
Strain gauges F2–F8 are set on the test section to measure the strain in the test section. In
addition, two Linear Variable Differential Transformers (LVDTs) were installed at the front
of the test section to measure the relative displacement of the specimens.

 
Figure 4. Measurement points.
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3. Test Results

3.1. Crack Patterns and Failure Modes

The failure modes of the double shear specimens are shown in Figure 5. Partial
debonding and fracture of the HTRCS occurred in the DS1 specimen. The failure mode of
the DS1 specimen was mainly due to the low interfacial bond between the HTRCS and
the concrete when the concrete strength was low. At the same time, with the increase of
load, the local stress concentration at the front end of the test section led to interfacial
debonding and the subsequent fracture of the HTRCS material, as shown in Figure 5a.
The fracture of the HTRCS in the loaded section occurred in the DS2, DS3, DS4, and DS5
double shear specimens, as shown in Figure 5b. This is because when the concrete strength
increases, the interfacial bond strength increases, and therefore no interfacial debonding
occurs. Meanwhile, the deformation of the HTRCS composites was less pronounced before
the specimen fracture because the resin concrete in this study is a linear elastic material
with an ultimate tensile strain of 0.000624. When the specimen was damaged, the resin
concrete was pulled out and the wire mesh did not yield. A crisp sound was emitted at the
time of destruction, and the failure process was rapid.

  
(a) Partial debonding and fracture (b) Fracture of HTRCS 

Figure 5. Failure modes.

The specimen extended interlayer cracks at the vertical cracks, as shown in Figure 6.
Due to that, the resin concrete in the HTRCS composites pulled off when the specimen was
damaged, and the resin concrete was squeezed by the wire mesh; thus, the interlayer cracks
appeared. Furthermore, the bond between the wire mesh and the resin concrete was good
during the whole test, and no significant slippage occurred.

 

Figure 6. Interlayer cracks.

3.2. Maximum Load and Displacement

Figure 7 shows the force-displacement curves of the double shear specimens. The
results of maximum load Pmax, average maximum load Pmax, displacement S, and average
displacement S of the specimens are shown in Table 3. The relationship between force and
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displacement was basically linear for all specimens. This is due to the fact that the resin
concrete in HTRCS composites is a linear elastic material, and the wire mesh did not yield
when the resin concrete reached its ultimate strength. Therefore, HTRCS composites can be
treated as linear elastic materials, the interfacial bonding is sufficient, and no interfacial
peeling occurs, so the load-displacement curves are basically linear.

  
(a) DS1 (b) DS2 

  
(c) DS3 (d) DS4 

 

 

(e) DS5 

Figure 7. Force-displacement curves.

A comparison of the DS1, DS2, and DS3 specimens shows that the load carrying
capacity is affected by the strength of the concrete. The ultimate loads of the DS2 and DS3
specimens are 43.4% and 43.2% higher than that of the DS1 specimen, respectively. This is
because when the concrete is lower, the bond between HTRCS composites and concrete is
weaker. After debonding at the front end of the test section, the partial HTRCS material
fractured, so the bearing capacity of the DS1 specimen was lower. From specimens DS2
and DS3, it can be seen that their ultimate loads are basically the same. This is because
when the concrete strength is increased, the interfacial bond is enhanced, and the ultimate
load of the specimens is mainly related to the reinforcement ratio of HTRCS, which is the
same for both groups of specimens.
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Table 3. Maximum load and displacement.

Specimen Pmax (kN)
¯
Pmax (kN) s/mm

¯
S (mm) Failure Modes

DS1-1 21.18
22.37

0.026
0.026

Partial debonding and fracture
DS1-2 24.75 0.023 Partial debonding and fracture
DS1-3 21.16 0.029 Partial debonding and fracture

DS2-1 32.92
32.07

0.054
0.049

Fracture of HTRCS
DS2-2 32.31 0.048 Fracture of HTRCS
DS2-3 30.98 0.046 Fracture of HTRCS

DS3-1 32.05
32.02

0.061
0.083

Fracture of HTRCS
DS3-2 33.86 0.108 Fracture of HTRCS
DS3-3 30.16 0.081 Fracture of HTRCS

DS4-1 40.05
40.69

0.058
0.056

Fracture of HTRCS
DS4-2 42.14 0.066 Fracture of HTRCS
DS4-3 39.88 0.045 Fracture of HTRCS

DS5-1 56.89
53.75

0.018
0.017

Fracture of HTRCS
DS5-2 54.73 0.019 Fracture of HTRCS
DS5-3 49.64 0.015 Fracture of HTRCS

A comparison of the DS3 and DS4 specimens shows that the ultimate load of the spec-
imens is positively correlated with the cross-sectional area of the reinforcement when the
difference in the reinforcement ratio in the HTRCS composites is small. The ultimate load
of the DS4 specimen is increased by 27.1% compared to the DS3 specimen. A comparison
of the DS4 and DS5 specimens shows that when the cross-sectional area of resin concrete
is determined, the reinforcement ratio of HTRCS composites is positively related to the
ultimate load capacity of the specimens, and the ultimate load capacity increased by 32.1%
with the reinforcement ratio of HTRCS composites increasing from 1.05% to 1.83%.

3.3. Strain-Distance Analysis

The strain distribution of the specimen is shown in Figure 8. Strain gauge F1 simulates
the strain at the free end, with the distance of 0 mm in the test section. Strain gauges F2–F8
draw the strain distribution curve according to the actual distance from the end of the test
section. Because the strain distribution curves of three specimens in each type are basically
the same, one specimen in each group is selected for display.

The DS1 specimen was damaged when the strain reached 400 με, while the strains of
the DS2 and DS3 specimens reached 600 με, which is close to the ultimate tensile strain
of resin concrete. Meanwhile, the stress transfer distance is about 140 mm for the DS1
specimen and 190 mm for the DS2 and DS3 specimens. A comparison of the DS1, DS2,
and DS3 specimens shows that as the strength of the concrete increases, the bonding effect
between the interfaces is enhanced, the HTRCS composite is more fully utilized, and the
strain transfer range is increased.

The strain transfer distance of the DS4 specimen is about 190 mm, and that of the DS5
specimen is about 260 mm. By comparing the DS4 and DS5 specimens, it can be seen that
with the increase of the reinforcement rate in HTRCS, the strain transfer distance increases
and the stress transfer effect is more significant.
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(a) DS1 (b) DS2 

 
(c) DS3 (d) DS4 

 

 

(e) DS5 

Figure 8. Strain distance curve.

4. Bond-Slip Model and Bearing Capacity Formula

4.1. Bond-Slip Model

In order to investigate the material properties of HTRCS composites and the effect of
concrete strength on the bonding behavior at the interface between HTRCS composites and
concrete, the local stress-slip curves need to be obtained first. The strain distance curves
(Figure 8) from the double shear experiments were converted by the conversion formula
proposed in [26], and the expressions are given as follows:

τi =
EHtH(εi − εi−1)

Δd
(1)

Si =
Δd
2
(ε0 + 2

i−1

∑
j

ε j − εi) (2)

where τi and Si are the interfacial bonding stress and slip at strain gauge i; ε0 is the strain at
the free end, which is the strain of F1; ε j(j = 1, . . . , i) is the strain at strain gauge j; EH is the
elastic modulus of the HTRCS composite; tH is the thickness of the HTRCS composite; and
Δd is the corresponding distance between each strain gauge.
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In exploring the interfacial bonding behavior between HTRCS and concrete, we
assumed that the deformation of resin concrete and steel wire mesh before specimen
damage are the same. Therefore, the expressions for the ultimate stress and modulus of
elasticity of HTRCS are as follows:

fH = ( frc Arc + εrcEs As)/AH (3)

EH = (Erc Arc + Es As)/AH (4)

where f H is the tensile stress of the HTRCS; f rc is the tensile strength of the resin concrete;
AH, Arc, and As are the cross-sectional area of the HTRCS, resin concrete, and steel wire
mesh, respectively; Erc and Es are the elasticity moduli of the resin concreteand steel wire
mesh, respectively; εrc is the tensile strain of the resin concrete; and εrc = 0.000624.

After plotting the local stress-slip curves, the local stress-slip relationship closer to the
free end is selected for fitting the overall stress-slip curve. In addition, the stress-slip model
is compared to the formulae presented in [27,28], in which the model shape is controlled by
three parameters with the following expression:

τ = τmax
S
S0

n
(n − 1) + (S/S0)

n (5)

where τmax is the maximum shear stress, S0 is the slip at peak, and n is the coefficient of the
softening branch.

The fitting diagram of the interface bond-slip curve is shown in Figure 9. The fitting
results are somewhat discrete, but basically reflect the bond-slip relationship at the interface.
Similarly, bond-slip curves were plotted for all specimens, and the obtained curve control
parameters, τmax, S0, the tensile strength of concrete (f t), and the elasticity modulus of
the HTRCS (EH), are listed in Table 4. According to the experimental data, the softening
coefficient n is uniformly taken as 3.6.

 
Figure 9. Interface bond-slip curve.

From Table 4, it can be seen that the bond-slip curve parameters are more significantly
affected by the HTRCS material properties and concrete strength. Considering the dimen-
sionless design,

√
ftEH is the independent variable, and τmax and S0 are the dependent

variables. Figure 10 illustrates the regression analysis and gives Equations (5) and (6) with
their R2 as 0.859 and 0.791, respectively.

τmax = 0.577e0.001
√

ftEH (6)

S0 = 0.0008e0.013
√

ftEH (7)
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Table 4. Parameters of bond-slip curve.

Specimens τmax S0 f t/MPa EH/MPa

DS1-1 5.42 0.0125 2.35 2.0 × 104

DS1-2 5.35 0.0110 2.35 2.0 × 104

DS1-3 4.72 0.0120 2.35 2.0 × 104

DS2-1 5.10 0.0201 2.77 2.0 × 104

DS2-2 5.91 0.0134 2.77 2.0 × 104

DS2-3 5.8 0.0200 2.77 2.0 × 104

DS3-1 6.65 0.0172 2.98 2.0 × 104

DS3-2 6.22 0.0175 2.98 2.0 × 104

DS3-3 6.21 0.0190 2.98 2.0 × 104

DS4-1 8.50 0.0260 2.98 2.4 × 104

DS4-2 9.33 0.0197 2.98 2.4 × 104

DS4-3 7.64 0.0250 2.98 2.4 × 104

DS5-1 5.98 0.0195 2.98 1.9 × 104

DS5-2 6.09 0.0287 2.98 1.9 × 104

DS5-3 6.10 0.0190 2.98 1.9 × 104

  
(a) τ  vs. f E  (b) S  vs. f E  

Figure 10. Regression analysis.

As can be seen from Figure 10, τmax and S0 are shown to be positively correlated
with

√
ftEH, indicating that the higher the concrete strength and the elastic modulus of

HTRCS, the better the bond behavior between the interface of HTRCS and concrete. The
high R2 values of the equation established by regression analysis indicate that the bond-slip
model of HTRCS and concrete established in this paper has good accuracy. Furthermore,
an accurate bond-slip model is also required for the establishment of an interfacial bearing
capacity formula.

4.2. Bearing Capacity Formula

There are few studies on the load bearing capacity formulae at the interface between
HTRCS and concrete. However, HTRCS composite material can be regarded as a sheet,
and its bond to concrete can be referred to as the bond between an FRP sheet and concrete.
Lu [29] and Neubauer [30] have conducted a series of tests and an extensive finite element
study on the bond between the sheet and concrete, and they concluded that the load bearing
capacity equation is mainly affected by factors such as the elastic modulus of the bonding
material, thickness, bond length, and concrete strength. With reference to the relevant
literature, for the interface bonding between HTRCS and concrete, the following bearing
capacity calculation formula is proposed:

Pu = kβwβlbH
√

2EHtH ft (8)
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βw =

√
2.25 − bf/bc

1.25 + bf/bc
(9)

βl =
L
Le

(2 − L
Le

), L < Le (10)

βl = 1, L ≥ Le (11)

Le = 1.33
√

Eftf
ft

(12)

where Pu is the interface bearing capacity; k is the interface bonding coefficient; βw is the
width influence coefficient; βl is the anchorage length coefficient; bH is the width of the
HTRCS; bc is the width of the concrete; L is the actual adhesive length; Le is the effective
bonding length; and f t is the tensile strength of the concrete.

In the above established formula for calculating the interfacial bond bearing capacity
of HTRCS composite material and concrete, the interfacial bond coefficient k is unknown.
Through regression analysis, k = 0.286 is obtained, and the square of the correlation coeffi-
cient is found to be 0.857, as shown in Figure 11.

 

Figure 11. Regression analysis of k.

Currently, there are fewer studies on HTRCS composites, and even fewer on the
interfacial bonding properties between HTRCS and concrete, so this paper is only based on
experimental data to validate the bearing capacity equations established above. Table 5
shows the comparison between the calculated and test values for each specimen, SD is
standard deviation, and COV is coefficient of variation. The prediction accuracy of the
proposed load-bearing capacity formula is good, and the average value of the ratio of test
values to calculated values is 0.978; the SD is 0.115 and the COV is 0.118. Therefore, the
proposed formulae can accurately predict the interfacial bearing capacity between HTRCS
and concrete. However, the applicability of the proposed prediction model is limited. The
effects of factors such as interfacial bond length, the width ratio of concrete to composite
layers, and interfacial cleanliness on interfacial bond behavior have not been tested and
analyzed in depth. Therefore, in future studies, it is necessary to further explore the
modification of the formulae by the key parameters and provide suggestions for engineers
in practical applications.
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Table 5. Comparison between test values and calculation values.

Specimens Pu,exp/kN Pu,cal/kN Pu,exp/Pu,cal

DS1-1 21.18 28.03 0.76
DS1-2 24.75 28.03 0.88
DS1-3 21.16 28.03 0.75
DS2-1 32.92 30.42 1.08
DS2-2 32.31 30.42 1.06
DS2-3 30.98 30.42 1.02
DS3-1 32.05 31.59 1.01
DS3-2 33.86 31.59 1.07
DS3-3 30.16 31.59 0.95
DS4-1 56.89 49.12 1.16
DS4-2 54.73 49.12 1.11
DS4-3 49.64 49.12 1.01
DS5-1 40.05 43.72 0.92
DS5-2 42.14 43.72 0.96
DS5-3 39.88 43.72 0.91

Average 0.978
SD 0.115

COV 0.118

5. Conclusions

In this paper, the interfacial bond behavior of HTRCS material and concrete is dis-
cussed through a double shear test. The main parameters involve concrete strength and
HTRCS material properties. The failure modes, force-displacement relationship, and strain
distribution of specimens are analyzed. The bond-slip model and bearing capacity formula
are proposed. The following conclusions are drawn:

(1) The failure mode of DS1 specimens was partial debonding and fracture, and the rest
of the specimens were the fracture of HTRCS. The bond between the wire mesh and
the resin concrete was good, and there was no obvious slip.

(2) The concrete strength and reinforcement ratios of HTRCS composites were positively
correlated with interfacial adhesion properties. When the concrete strength was
increased from C30 to C40 and C50, the ultimate load increased by 43.4% and 43.2%,
respectively. The ultimate load capacity increased by 32.1% with the reinforcement
ratio of HTRCS composites increasing from 1.05% to 1.83%.

(3) The stress transfer effect is positively correlated with the concrete strength and rein-
forcement ratio of HTRCS; the higher the concrete strength and reinforcement ratio of
HTRCS, the further the stress transfer distance.

(4) A bond-slip model for the interface between HTRCS and concrete is proposed and
corrected according to the test parameters. The calculation formula for the interface
bearing capacity is also proposed, and the test values are in good agreement with the
calculated values, with an average value of 0.978.
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Abstract: The use of non-metallic reinforcement can significantly reduce the carbon footprint of
the construction sector. Mixed structures made out of steel and non-metallic reinforcement should
be avoided due to the risk of galvanic corrosion. So far, researchers have been focusing on the
load-bearing behavior in the longitudinal direction of the fibers. In this study, the behavior of the
fibers in the non-metallic reinforcements is analyzed perpendicular to the fiber orientation. Therefore,
a uniaxial shear test on a single bar (uniaxial shear test), as well as a series of push-off tests with
reinforcements embedded in the concrete, was carried out. For both experiments, bars made of carbon
fiber-reinforced polymers (CFRPs) and glass fiber-reinforced polymers (GFRPs) were investigated.
In order to analyze the influence of non-metallic reinforcement in the joint, specimens without
reinforcement have been tested as well. Also, the joint roughness and reinforcement ratio of the
concrete joint was varied in the tests. The determined transverse shear strengths for the single
bar exceed the values of the producer. For the push-off test, high standard deviations occurred,
making it difficult to draw firm conclusions. Nevertheless, it is shown that increasing the amount
of reinforcement leads to higher ultimate forces. The presented study emphasizes the necessity of
further studies of the shear transfer in concrete joints.

Keywords: shear transfer; joints; carbon fiber-reinforced polymers (CFRPs); glass fiber-reinforced polymers
(GFRPs); non-metallic reinforcement; carbon reinforced concrete; adhesion; friction; dowel action

1. Introduction

1.1. Motivation

The cement production is responsible for 8% of global annual CO2 emissions [1]. To
protect the steel reinforcement in order to avoid corrosion in steel-reinforced concrete,
a minimum concrete cover must be maintained. The development of carbon and glass
fiber-reinforced polymers is opening up new possibilities for lightweight structures. Due
to its inherent corrosion resistance, high tensile strength and small weight, non-metallic
reinforcement has become a promising substitute for conventional steel bars [2]. Broad
research has been conducted concerning the behavior of non-metallic reinforcement in
pure tensile tests, as well as experiments for non-metallic reinforcement embedded in
concrete. The used reinforcement shapes varied from fibers to single yarns over to grids
and bars [3–5]. According to the German DAfStb-guideline for non-metallic reinforcement
published in March 2024 [6], the cross-sectional area of a non-metallic reinforcement
crossing a joint must not yet be accounted for in the shear resistance. Thus, the load-bearing
capacity is underestimated.

1.2. Load-Bearing Behavior in Joints

The ultimate load of a joint is reached after the mechanisms of adhesion, friction
and the load-carrying action of the reinforcement are exceeded. The latter can be divided
into dowel action and clamping. An overview of the described mechanisms is shown in
Figure 1.
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Figure 1. Load-carrying mechanisms in a joint exposed to shear [7].

For adhesion, physical bonds such as van der Waals forces in the form of hydrogen
bonds and dipole-dipole bonds are involved. However, chemical bonds contribute to only
a small part of the load transfer through ionic and covalent bonds compared to physical
mechanisms such as mechanical interlock [8].

After adhesion is exceeded, a surface displacement occurs, which leads to interlocking
due to surface roughness and the interaction of the aggregate grains with each other. In
addition to the aggregate, this interlocking is also dependent on the reinforcement crossing
the joint. The reinforcement resists the displacement of the crack surface, resulting in a
clamping and dowel effect. In the case of the clamping effect, the forces are transferred
from the joint to the interior of the component along the length of the reinforcement. In the
case of the dowel effect, a combined load transfer takes place via the bending stress and the
diagonal tension of the reinforcement [9].

The behavior of concrete joints has been extensively investigated in the past using
steel reinforcement, e.g., [7,9–12]. A variation in roughness for unreinforced specimens
was investigated by differentiating a surface that had been water-blasted or sand-blasted,
as well as a surface that had been casted against formwork or casted without surface
treatment [13]. According to the test results, the load bearing is dominated by friction
and cohesion. Based on experiments using round steel dowels clamped in concrete, the
embedment length upon which no changing in the ultimate load was stated equals 5·Ø [11].
A model of the pressure distribution along a reinforcement, assuming it behaves like a
pole embedded in the ground, was provided first by [10]. For an embedment length of
>6–8·Ø, concrete splintering instead of spalling occurs, and, additionally, a yielding of
the reinforcement is observed. The model was modified by determining that the concrete
section directly at the surface until the yielding zone plasticizes. Below this yielding zone
the concrete does not form cracks [12]. The yielding zone can be found at 1·Ø [12].

The development of [14] was based on the discovery that reinforcements crossing a
joint are only involved after a certain opening or displacement of the joint. The mechanisms
for a slip smaller and greater than 0.05 mm, as well as a reinforcement ratio smaller or
greater 0.05%, are distinguished by [14]. The case of a slip smaller than 0.05 mm, as well
as a reinforcement smaller than 0.05%, is depicted in (1), consisting of the load-carrying
behavior through adhesion and friction.

τRd = ca· fctd + ·σn ≤ 0.5·ν· fcd (1)

With
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ca Coefficient for adhesive bond;

fctd Design tensile strength of concrete;

Coefficient of friction;

σn Stress due to external normal force;

ν Reduction factor for shear strength of diagonal concrete strut;

fcd Design compressive strength of concrete.

When the slip exceeds 0.05 mm, the reinforcement participates in the load-bearing,
and the resisting shear strength is depicted in (2) as in [14].

τRd = cr· fck
1
3 + ·(σ n + ρ·κ1· fyd

)
+ κ2·ρ·

√
fyd· fcd ≤ βc ·ν· fcd (2)

With the formula symbols, in addition to the listing beforehand

cr Coefficient for adhesive bond for slip >0.05 mm;

fck Characteristic compressive strength of concrete;

κ1 Coefficient of efficiency for tensile force that can be activated in the reinforcement;

fyd fyd Design tensile strength of steel;

κ2 κ2 Coefficient for flexural resistance of reinforcement (dowel action);

βc βc Coefficient allowing for angle of diagonal concrete strut.

This article focuses on the strength of non-metallic bars perpendicular to their fiber
orientation. Since non-metallic bars consist of pure fibers and a surrounding polymer
impregnation, the material properties differ widely depending on the direction of load-
ing. The load-carrying capacity perpendicular to the fiber orientation is examined in an
experiment for a single bar in a uniaxial shear test and for the reinforcements embedded in
concrete in a push-off test. The test series for the concrete joints analyzes the influence of
the roughness of the joint, as well as the amount and type of reinforcement.

1.3. Novelty of the Test Setup

The presented test setups had not yet been used in the context of non-metallic reinforce-
ment. The uniaxial shear test of a single bar was conducted inspired by [15] performing
a ASTM D7617/D7617M [16] shear test on glass fiber-reinforced polymers with varying
profiles. This test-setup was not adopted entirely since the blade pushing down on the rein-
forcement bar is surrounding it, which translates to stiff behavior from the steel compared
to the soft behavior of concrete that exists in reality [17]. A reinforcing bar with a spiral
sheathing as a profile had a greater load-bearing capacity than milling off material [15];
thus, both types of profiles were used in the presented test setup. In addition, carbon fiber-
reinforced polymer bars (CFRPs) exhibited no recorded information on shear behavior;
hence, this study guarantees new insights into the behavior of non-metallic reinforcements.
Regarding the push-off test of reinforcement crossing a joint, first insights in the role of
dowel action using CFRP textiles have been given. It was stated that dowel action in the
shear transfer of FRP textile-reinforced members should not simply be negated [18]. The
test setup used plates of two thicknesses, predefining a crack specified with and inducing
a normal force. The predefinition of a crack in the presented test setup was executed by
creating two joints (see Section 2.2), and the introduction of a normal force was avoided in
order to exclude positive effects on the shear capacity (see Formulas (1) and (2)).

2. Materials and Methods

2.1. Materials

As for the reinforcement, two different types of bars were used. A yarn made of carbon
fibers is helically twisted around the carbon core of the bar (CFRP). The glass bar profile
(GFRP) is twisted as well, but it is achieved by milling out material (see Figure 2). The
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nominal diameter is defined as the diameter where there is a completely circular cross
section. Further properties from the technical data sheet can be found in Table 1.

 
Figure 2. Detail of investigated reinforcement: carbon reinforcement—black: solidian REBAR D8-
CCE; white: Schöck ComBAR, d = 8 mm.

Table 1. Properties from technical data sheet [19,20].

Properties Unit Carbon Glass

Nominal diameter mm 8 8
Ultimate tensile strength N/mm2 2100 1 1000

Ultimate strain ‰ 15 2 7.4 3

Modulus of elasticity N/mm2 140,000 4 60,000 5

Fiber volume content % 64 75
Nominal cross-sectional area mm2 50.3 50.3

1 Characteristic short-time tensile strength regarding the nominal cross-sectional area. 2 Characteristic elongation
at break. 3 Strain at Ultimate Limit State. 4 Average modulus of elasticity regarding nominal cross-sectional area.
5 Tension modulus of elasticity.

The concrete had a maximum aggregate size of 8 mm and the quantitative amount can
be found in Table 2. According to DIN EN 206 [21], aggregate mixtures with an aggregate
size smaller than 4 mm are classified as mortar. However, because of the relatively small
aggregate size, the testing of the envisaged compressive strength was verified by prisms
(160 × 40 × 40 mm3) according to the standard test method for mortar DIN EN 1015-
11 [22]. For each concrete batch, the compressive strength f c was determined on three
prisms, and the flexural tensile strength f ct,fl was determined on the two halves after each
compression test on the day of testing (age 28 to 32 days). The average compressive
strength of the concrete prisms was scaled to experiments of cube dimensions and resulted
in 21.6 N/mm2 [23].

Table 2. Mix design of the cementitious matrix for 1 m3.

Component Volume in dm3 Density in
kg/cm3 Mass in kg

Water 199.81 1 199.81
Cement 105.37 3 316.1

Aggregate size 0–2 mm 379.87 2.63 999.05
Aggregate size 0–8 mm 297.21 2.63 781.66

Pore 20 - -
Sum 1002.25 1 - -

1 The volume differs from 1000 cm3 due to rounding.
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2.2. General Procedure and Experimental Program

The present study differentiates between the uniaxial shear test and the push-off test.
One main objective was to investigate the shear capacity of the samples in terms of the
load-displacement characteristics. For the push-off test, the following parameters were varied:

• Roughness (smooth, rough: Rt = 1.41 mm);
• Ratio of reinforcement (one or two reinforcements crossing the joint);
• Type of reinforcement (carbon fiber-reinforced polymer, glass fiber-reinforced polymer).

Two reinforcements crossing the joint were only investigated for the smooth joint
(geometry as in Figure 3). Three specimens were examined for the reinforced configuration,
resulting in 18 reinforced and 6 unreinforced samples. Regarding the uniaxial shear test,
4 samples per reinforcement type, in total 8 samples were tested (Table 3). For each
reinforcement type in the uniaxial shear test, only one sample was not tested until failure.

 
(a) (b) 

Figure 3. Specimen for the push-off test with: (a) one reinforcement crossing the joint; (b) two
reinforcements crossing the joint.

Table 3. Number of experiments conducted for each test setup.

Uniaxial Shear Test Push-Off Test

Reinforcement
Type

Specimens Reinforcement
Surface of the

Joint

Reinforcements
Crossing the

Joint
Specimens

Carbon 4
Carbon

Smooth 1 3
Glass 4 Smooth 2 3

Rough 1 3

Glass
Smooth 1 3
Smooth 2 3
Rough 1 3

None
Smooth - 3
Rough - 3

Total: 8 specimens Total: 24 specimens

2.3. Sample Preparation

The length of the bar for the uniaxial shear test was determined to 180 mm, respecting
the conditions of ISO 10406-1 [24] being not more than 300 mm. The condition of the
length being less than five times the shear plane interval could not be satisfied due to the
restrictions of the load-charging equipment of the laboratory. The cutting was realized by
using a diamond circular saw.
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For the experiments of concrete joints, a three-layered specimen was built. The speci-
mens used for this study were produced at the Otto-Mohr-Laboratorium (OML, Dresden,
Germany). A formwork of sealed timber (340 × 280 × 90 mm3) was prepared with three
casting boxes. The inner part was casted with a fresh concrete consistency class of F3
according to DIN EN 12350-5 [24,25]. The specimens were roughened one day after casting
by loosening the limiting formwork of the inner part. In order to roughen the generated
surface evenly, the specimens were extracted from the formwork. The roughness was
obtained by using water pressure. Determining the roughness coefficient Rt according to
Kaufmann [26,27] as depicted in Figure 4a resulted in a roughness of 1.39 mm for the first
batch and 1.42 mm for the second batch. A few hours after the roughening process, the
concrete was embedded again in the formwork as in Figure 4b, casting the outer parts one
day afterwards.

  
(a) (b) 

Figure 4. Production of the samples with roughened concrete joints: (a) determining roughness depth;
(b) formwork ready for second casting.

Due to the profile of the bars, especially for the carbon bars, the diameter of the hole
in the formwork was not big enough to remove the formwork. Turning the formwork out
along the profile resulted in stress being put on the young concrete, thus destroying it. Two
specimens in the configuration of two reinforcements crossing the joint version had to be
casted again. Probably, microcracks existed for the other specimens as well, albeit without
being noted. Until the day of testing, the specimens remained in a climate chamber at a
temperature of 20 ◦C with 65% relative humidity.

2.4. Test Setup and Instrumentation
2.4.1. Uniaxial Shear Test of Single Bar

Since the tests were of tentative nature, the test set-up was designed based on ISO
10406-1 [24]. The setup, as shown in Figure 5a, consisted of an upper blade (in this case, the
machine charging equipment) exerting downward pressure on the bar and two lower blades
supporting the bar. The demanded distance of the two lower blades of 50 mm could not be
guaranteed by the load application of the testing machine at the Otto-Mohr-Laboratorium
(OML) with 60 mm.
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(a) (b) 
180 

Figure 5. Uniaxial shear test: (a) front view of test-setup; (b) side view scheme of test-setup (dimen-
sions in mm).

The upper blade was not adapted to the diameter of the tested bar and a plane surface,
whereas the halves of the lower blades were drilled with the diameter according to the
tested reinforcement type. In order to prevent the lower blade halves from opening up,
four screws assured the position between two halves and the position on the test machine
(Figure 5b). The setup was screwed to the frame of the testing machine with a compressive
load capacity of 250 kN.

The load was applied in a displacement-controlled manner at a loading rate of 1 mm/min
until failure for three specimens and until extreme bending for one specimen. Before starting
the test, a force of 100 N was applied in order to align the calotte of the test setup.

2.4.2. Push-off Test of Reinforcement Crossing a Joint

The specimen with three concrete parts was tested while standing on metal blocks,
allowing the inner part to move downward without any hindrance. The aim of the test
setup was to determine the force that could be transferred by the reinforcement. If the
specimen is clamped on both sides, the normal force created while doing so contributes to
the resisting force of the joint. In order to avoid this effect, steel profiles were placed on
both sides, with distance to the specimen only for the case of falling (Figure 6).

 

Figure 6. Push-off test setup of reinforcement crossing a joint.
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The load was applied in a displacement-controlled manner at a loading rate of
0.5 mm/min until the crushing of the concrete around the reinforcement bar. A force
of 200 N was applied in order to align the load from the metal plates to the specimen.
During the experiments, the machine force F, as well as the vertical machine displacement
w, were measured. In order to monitor the horizontal opening of the joints, one inductive
displacement sensor (linear variable differential transformer—LVDT) was installed on
the upper part, and one was installed on the lower part beneath the reinforcement bar.
The displacement of the joints was determined with two vertical inductive displacement
sensors, one in each joint.

3. Results and Discussion

3.1. Uniaxial Shear Test Result of Single Bar

The experiments were conducted in order to deliver a better understanding of the shear
failure of non-metallic reinforcement. Figure 7 shows photographs of the failure pattern.
All specimens failed on the left lower blade after a displacement of over 6.7 mm regarding
the carbon reinforcement and 5.3 mm for the glass reinforcement. Until the failure bending
occurred in the middle of the bar (see Figure 5a). Some fibers close to the support are detached
and a crack in the surface propagates widely from the joint away further into the middle of
the reinforcement bar, as it can be seen in Figure 7b (orange arrows).

  
(a) (b) 

Figure 7. Uniaxial shear test after failure: (a) carbon reinforcement; (b) glass reinforcement.

Regarding the tensile strength, one can note that the characteristic short-time tensile
strength of carbon reinforcement is higher than the one of glass reinforcement (2100 N/mm2

> 1000 N/mm2 [19,20,28]). This tendency was also observed in the shear force, as shown in
Figure 8. In addition, the curve trend varies from parabolic for the carbon bars to parabolic
with two drops at a displacement of approximately 1 and 2 mm for the glass bar. One
offered explanation is the failure of the surrounding matrix, which is scattered during the
test of all the carbon bars and two times significantly for the glass bars.
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Figure 8. Force-machine displacement diagram for the uniaxial shear test comparing carbon rein-
forcement with glass reinforcement. The highlighted curve represents the average value.

The shear strength (τs) can be calculated with the aid of dividing the ultimate force
( Ps) by two times the cross section according (A) to ISO 10406-1 [20] as follows:

τs =
Ps

2·A
On average, the samples achieved an average shear strength of 366.5 N/mm2 regarding

the carbon reinforcement and 213.7 N/mm2 for the glass reinforcement according to Table 3.
The values for the shear strengths of the producers were smaller than the experimentally
determined values. The producer of the carbon reinforcement removed the profiling prior
to testing. As the nominal cross section stays the same, it translates to a lower ultimate force
in the test of the producer compared to our own obtained ultimate force. The profiling,
therefore, led to higher ultimate forces and should be taken into account. According
to [19], the profile was removed in order to provide replicability, and the values were
rounded down, ensuring safety in the dimensioning. The blade in the shear test of the
carbon reinforcement producer surrounded the reinforcement, whereas the blade in the
here presented test setup pushed only onto the surface of the reinforcement. This reasoning
explains the ratio of the producers’ value to the average experimentally developed values
of 65% for the carbon reinforcement and 70% regarding the glass reinforcement. Further
investigation showed that a higher value for the rib inclination angle suggests a greater
tendency towards splitting [29]. Comparing the used reinforcements, this translates to
a greater tendency towards splitting for the glass fiber-reinforced polymer than for the
carbon fiber-reinforced polymer. Figure 7 confirms that GFRPs have greater splitting than
CFRPs. The details of the test results are listed in Table 4.
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Table 4. Uniaxial shear test results.

Carbon Reinforcement Glass Reinforcement

Ps w τs Ps w τs

Sample No. in kN in mm in N/mm2 in kN in mm in N/mm2

1 36.9 6.7 366.8 21.8 5.6 216.7
2 35.9 6.9 356.9 21.8 5.4 217.7
3 37.8 6.9 375.7 20.9 5.3 207.8

Average value 36.9 6.8 366.5 21.5 5.4 213.7
Variation 0.9 0.01 89.3 0.3 0.02 26.7

Standard deviation 1.0 0.1 9.4 0.5 0.2 5.2
Average transversal shear strength

(producer value)
240 N/mm2 150 N/mm2

3.2. Push-off Test Results of Reinforcements Crossing a Joint

With 6 unreinforced specimens and nine specimens for each reinforcement type, the
shear behavior of concrete joints was assessed. Figure 9 shows a selection of possible failure
patterns of the specimens. The specimens with no reinforcement failed brittle, and the
entire specimen tilted towards one side (Figure 9a). The rough surface of the joint created
small concrete spalling along the joint. Comparing the specimen where there was one
reinforcement crossing the joint to two reinforcements, it was noted that the failure of the
concrete was also brittle, but the three parts of the specimens were held together by the
reinforcement. In addition, cracks occurred above the reinforcement (Figure 9b,c orange
arrows) and propagated from the joint towards the end of the reinforcement. The formation
of the crack coincided with the peak load, as in [18]. The experiments for the specimens
with two reinforcements crossing the joint were conducted until a machine displacement of
at least 5.6 mm was achieved, resulting in crack widths of 2.5 mm and even separating the
concrete blocks above the reinforcement from the part below. This enabled an analysis of
the reinforcement embedded in the concrete.

In order to analyze the torsion of the reinforcement and the crack in the cross section,
the three parts of the specimens were separated from each other. The cracks in the concrete
are caused by exceeding the concrete tension force, resulting in a crack. The cracks begin on
the surface and disperse toward the reinforcement, as shown in Figure 10a. The formation
of the cracks results from the destroyed adhesive bond along the joint. The reinforcement
that crosses the joint is therefore the most contributing component for transferring the force
of the inner concrete part to the two outer concrete parts. The vertical force on the test
specimen is transformed into a horizontal force by the reinforcement. The surrounding
concrete, thus, receives a tensile force, which the concrete withstands less effectively than a
compressive force. The appearance of longitudinal cracks in the plane of the reinforcement
is confirmed by [18].
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(a) (b) (c) 

cracks 

cracks 

cracks 

Figure 9. Push-off test: (a) unreinforced specimen with rough joint; (b) carbon-reinforced speci-
men (one reinforcement crossing the joint and rough joint); (c) carbon-reinforced specimen (two
reinforcements crossing the joint and smooth joint).

  
(a) (b) 

Figure 10. Details of failure for reinforcements embedded in concrete: (a) top view of a side concrete
block with reinforcement (removed for photo); (b) damaged surface of glass reinforcement near the
shear plane.

That the reinforcement has been exposed to shear is depicted in Figure 10b. The type
of crack along the reinforcement near the shear plane resembles the crack obtained during
the uniaxial shear test of the single bar (Figure 7b), but the cracks in Figure 10b are only in
the surface of the reinforcement.

The brittle behavior of specimens without reinforcements is illustrated in a force-
displacement diagram in Figure 11a,b. Roughening the surface does not impact the ad-
hesion failure, as the curves have a significant drop as well. However, the ultimate force
until failure of the joint is higher for the roughened surface. There is no drop near to
0 N for the reinforced specimens in Figure 11a, contrary to the unreinforced specimens.
This cannot be shown for all unreinforced specimens because the machine stops the test
when the force drops 95%. In Figure 11a, the ultimate force for the reinforced joint for
two out of three specimens is slightly above that of the unreinforced joint. In Figure 11b,
the opposite can be stated. The finding is unexpected, taking into account the fact that
roughness typically results in a greater surface being available for adhesion forces, thus
increasing the resistance to shear displacement. Comparing the calculation of resisting
shear stress in joints according to [14], the rough surface has a higher resistance, since the
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design value of the adhesive bond (ca in Equation (1)) is greater. One explanation for the
test result could be that the reinforcement crossing the joint reduces the surface available for
adhesion forces. A second explanation is offered by the erased material of the rough surface
due to transport and reassembly, thus smoothening the joint before the second casting can
take place. Another difference between the two diagrams is the behavior after the concrete
joint fails. In Figure 11b, the rough surface with its hilly structure on a microscopic level
becomes smoother with the further displacement of the joint. Hence, the force diminishes
only slowly after the force drop. The contribution of reinforcement to the load-carrying
capacity is evident in Figure 11a, which shows a new local maximum after an average
machine path of 1.5 mm.

 

(a) (b) 
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Figure 11. Force-displacement diagram comparing unreinforced and carbon-reinforced joints (dash
line represents average value): (a) for smooth joints; (b) for rough joints.

The glass reinforced specimens achieved smaller ultimate loads compared to the
carbon-reinforced specimens regarding the smooth joint for one and two reinforcements
crossing the joint (see Table 5). This is not the case for the rough joint, where the glass
reinforcement has a slightly higher ultimate load than the carbon fiber crossing the joint.
The failure behavior is similar to that of the carbon-reinforced specimens, even though
two significant drops in the curve take place in the case of the glass fiber reinforcement
(Figure 12 light green line). This could be explained by an asymmetrical arrangement in the
test machine, thus resulting in one joint being more loaded than the other, and as a result,
one joint fails before to the other. A significant increase in the ultimate force is stated for
two reinforcements crossing the joint (Figure 12, dark green line). This applies to both types
of reinforcement. In addition, a new local maximum in the curve appears after the concrete
failure of the joint. The local maximum of the highest curve represents an exception, as the
machine recorded the real force of the reinforcement representing a resistance only after
a short delay. The ultimate force for the specimens with two reinforcements crossing the
joint could be even higher if the holes in the formwork are significantly greater and do not
lead to the preliminary damage of the specimens, as described in Section 2.3.
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Table 5. Push-off test results of reinforcements crossing a joint (ultimate force Ps in kN).

Unreinforced Carbon Reinforcement Glass Reinforcement

Joint Surface Smooth Rough Smooth Rough Smooth Rough

No. of reinforcements 0 0 1 2 1 1 2 1
Sample 1 57 81.7 108.1 92.6 70 36.8 74 76.2
Sample 2 79.7 85.5 81.2 109.5 76.9 60.1 92.2 68.5
Sample 3 33.7 89.2 71.4 62.3 75.9 64 56.2 82.9

Average value 56.8 85.5 86.9 88.1 74.3 53.6 74.1 75.9
Variation 529 14.1 361.1 571.9 13.9 216.3 324 51.9

Standard deviation 23 3.8 19 23.9 3.7 14.7 18 7.2
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Figure 12. Force-displacement diagram comparing two glass reinforcements with one reinforcement
crossing the joint and unreinforced specimens.

On average, the unreinforced samples with smooth joints achieved an average ultimate
load of 56.8 kN, compared to 85.5 kN for the unreinforced samples with rough joints. A
significant standard deviation was stated for the unreinforced specimens with smooth
joints. Concerning the specimens with carbon reinforcement, the ultimate load was 86.9 kN
for the smooth joint and 74.3 kN for the rough joint. Comparing these values with the glass
fiber reinforcement, one can note that the ultimate load for the smooth joint with 53.6 kN
was higher for the carbon-reinforced joints. Regarding the rough joint, the ultimate load
for joints with glass rebars was slightly greater at 75.9 kN compared to carbon-reinforced
joints. Throughout the smooth joints, a high standard deviation was noted. This can be
explained in part by the inhomogeneity of the concrete joint. The details of the test results
are listed in Table 5.

The findings correlate with the results of other authors. The ultimate shear force is
a function of the reinforcement ratio, according to [30]. The shear force was determined
by reinforcing the joint of two L-formed specimens with glass fiber-reinforced polymers
(GFRPs). The test setup of two concrete blocks, casted one after the other and reinforcing
the joint with GFRPs, showed that with a rising number of reinforcements crossing the
joint, the bearing capacity increases.

A qualitative analysis of the bending behavior of steel, carbon and glass bars is shown
in Figure 13. Steel reinforcement develops a plastic hinge at a distance of approximately
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one time the diameter from the joint (see Figure 13a) [7]. Comparing the tested non-metallic
reinforcement as in Figure 13b, it can be observed that there is a slight deformation, for the
carbon bar, and there are cracks in the profiling of the glass bar. In order to make the cracks
visible, a red color spray was used. The photographs, as in Figure 13b, are the result of a
different modulus of elasticity. The carbon fiber has a higher modulus of elasticity in the
longitudinal direction, thus resulting in a greater resistance against cracks in the profiling.
There were also some small fissures that could not be made visible using coloring spray.

 

 

 
(a) (b) 

Figure 13. Details of failure for reinforcements crossing a joint: (a) steel reinforcement [7]; (b) carbon
reinforcement (top) and glass reinforcement (bottom) for specimens with two reinforcements crossing
the joint.

4. Conclusions

This paper investigated shear loads for single non-metallic bars and concrete speci-
mens with non-metallic reinforcements crossing two joints. Reinforcement bars as carbon
fiber-reinforced polymers (CFRPs) and glass fiber-reinforced polymers (GFRPs) with the
same diameter have been used. The contribution of non-metallic reinforcement should not
be negated, as in the German DAfStb-guideline for non-metallic reinforcement [6]. This
paper gives a first insight into the shear capacity of non-metallic reinforcement.

The main conclusions are as follows:

1. Shear tests on single bars revealed shear strengths that exceeded manufacturer-
provided values, attributed to a different test setup and the unmodified profile of the
reinforcement bars. Initially, only force and machine displacement were recorded;
future research will include strain measurements in the longitudinal direction, cir-
cumferential crack development and modifications to the test setup as per the ASTM
D7617/D7617M standards [16].

2. Push-off tests of reinforcements crossing the joints in concrete specimens showed that
the behavior after exceeding adhesion was ductile in comparison to joints without
reinforcements, where the behavior was brittle.

a. A drop from, on average, 87 kN to 16 kN was stated for the specimens with a
smooth joint and one bar of CFRPs crossing the joint. A drop from 53 kN to
25 kN concerning one bar of GFRPs crossing the smooth joint existed compared
to a drop from, on average 57 kN to 0 kN, for a specimen with a smooth joint
and no reinforcement crossing the joint.

b. Specimens with two reinforcements crossing the joint exhibited a higher ul-
timate shear force than those with a single reinforcement. The factor for the
GFRP reinforcement crossing the joint was 1.38 on average. The CFRPs showed
only a small factor of 1.01.

c. CFRP-reinforced specimens demonstrated higher ultimate forces than GFRP-
reinforced ones, as the ultimate tensile strength of the CFRP bars was 2.1 higher
than those for the GFRP bars.

d. Significant standard deviations highlighted the need for larger population size
in future tests.
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3. Further research should explore varying reinforcement diameters, the compressive
strength of concrete, joint roughness and the reinforcement orientation (e.g., embed-
ding at a 45◦ angle). A comprehensive examination of shear transfer mechanisms is
essential for developing a robust assessment approach through additional modeling.
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Abstract: The bond strength at the interface zone between two concrete sections plays a critical role
in enhancing long-term durability, ensuring that both materials perform homogenously. Ensuring
compatibility at the interfaces between repair and concrete materials is one of the most challenging
aspects of constructing composite systems. Despite various studies, a comprehensive understanding
of the engineered cementitious composite (ECC) bonding mechanism at the repair interface is still
limited. The objective of this research is to identify the interfacial properties between lightweight
concrete (LWC) and engineered cementitious composite (ECC) with varying fiber dosages of polyvinyl
alcohol (PVA) and glass fibers under different surface roughness conditions. The study tested LWC-
ECC specimens in direct shear using slant shear and bi-surface shear tests, recording the maximum
shear stress at failure. Two grades of LWC—normal-strength lightweight concrete (NSLW) and high-
strength lightweight concrete (HSLW)—were used as substrates, while the ECC overlays contained
varying fiber dosages: 2% PVA, 1.5% PVA with 0.5% glass, 1.0% PVA with 1.0% glass, and 0.5% PVA
with 1.5% glass. The surface conditions considered included grooved and as-cast substrates. The
results indicated that the highest bond strength was achieved by specimens with 1.5% PVA and 0.5%
glass fiber, with a maximum shear strength of 24.05 MPa for grooved HSLW substrates. Interface
roughness had minimal impact on shear strength for NSLW substrates but significantly affected
HSLW substrates, with bond strengths varying from 13.81 MPa to 24.05 MPa for grooved surfaces.
This study demonstrates the critical role of fiber dosage and surface roughness in enhancing the bond
performance of composite materials.

Keywords: engineered cementitious composite; polyvinyl-alcohol fiber; bi-surface shear test; roughness
surfaces; slant shear test; substrate concrete

1. Introduction

The bond strength at the interface zone between two concrete sections plays a critical
role in enhancing long-term durability and ensuring that both materials perform homoge-
nously. This bond ensures the effective transfer of loads between the concrete layers in
a composite section, enabling it to resist applied loads and stresses over an extended
period [1]. The strength of the bonding area between two types of concrete is primarily
influenced by four factors: the compressive strength of the weaker concrete, the stresses
within the bonding area, the roughness of the bonding area, and the presence of shear
reinforcement crossing the interface [2]. Additionally, bond strength is determined by
cohesion and friction at the material boundary, which contributes to shear force and shear
resistance [3].

Lightweight concrete (LWC) is known for its low density and high performance in
terms of both strength and durability, particularly high-strength LWC. When dealing with
composite structural members that combine lightweight and normal concrete, it is crucial to
assess the material properties and behavior at the lightweight-to-normal concrete interface.

Buildings 2024, 14, 2379. https://doi.org/10.3390/buildings14082379 https://www.mdpi.com/journal/buildings210



Buildings 2024, 14, 2379

Differential shrinkage may not be a significant concern when LWC is used as a repair layer
thanks to its self-curing properties, which reduce shrinkage [4].

Recent studies have highlighted the potential of using environmentally sustainable
composites to enhance the properties of lightweight aggregate concrete (LAC). For instance,
Suparp et al. [5] demonstrated that the axial load capacity of LAC can be significantly
improved by using sustainable composites [5]. Similarly, Sirisonthi et al. [6] conducted a
full-scale load test on precast post-tensioned continuous girders, providing insights into
the load-deformation behavior of such systems under service and ultimate loading con-
ditions [6]. The use of glass fiber reinforced polymer (GFRP) rods for the remediation of
punching shear failure has also been investigated, showing promising results in enhancing
the structural integrity of concrete slabs [7]. Moreover, Ullah et al. [8] explored the effect
of partial replacement of e-waste as a fine aggregate on the compressive behavior of con-
crete specimens, highlighting the potential of alternative materials in improving concrete
performance [8].

Ultra-high-performance fiber concrete is characterized by low porosity and excel-
lent mechanical properties, including high tensile and compressive strength. Ultra-high-
performance fiber concrete is ideal for rehabilitating and strengthening structures exposed
to high mechanical and severe environmental loads, while normal structural concrete can
be used for areas subjected to moderate exposure [9]. This combination enhances structural
performance in terms of durability and life cycle costs [10]. Ensuring compatibility at the
interfaces between repair and concrete materials is one of the most challenging aspects
of constructing composite systems. This compatibility significantly impacts the overall
structural behavior of the repaired structure [11]. Despite various studies, a comprehensive
understanding of the bonding mechanism at the repair interface is still lacking [12]. For
instance, studies on steel fiber-reinforced concrete have shown that steel fibers can improve
interface bond strength and ductility in repaired structures, albeit slightly [13].

Engineered cementitious composite (ECC) are a new generation of high-performance
fiber-reinforced cementitious materials with high flexibility and moderate fiber content.
ECC materials using polyvinyl alcohol (PVA) fibers with a fiber volume fraction of no more
than 2% have shown tensile strain capacities of between 3 and 5%. This high deformation
capacity is due to the development of multiple microcracks rather than the continuous
opening of a single crack [14]. The ECC’s high fracture toughness and controlled crack
width make it an ideal material for improving the serviceability and durability of infras-
tructure. ECC has been successfully applied in various structural elements, including
embankments, bridge deck overlays, and connecting beams in high-rise buildings [15].

ECC’s properties also make it suitable for repairing and modernizing concrete build-
ings. Potential applications include new structures requiring high energy absorption,
impact resistance, and controlled crack width [16,17]. Studies have demonstrated that
pseudo-ductile cement composite is an effective and durable material for concrete repair.
The bond between pseudo-ductile cement composite and sufficiently cured concrete is
strong, often leading to bond failure within the concrete substrate under shear or traction
stresses [18].

Experimental studies on the bond strength between ECC layers and regular concrete
substrates with varying surface textures have shown that ECC significantly enhances bond
strength. This is particularly evident in compressive loading scenarios where ECC-coated
concrete’s bond strength is higher than that of substrate concrete [19]. ECC’s ability to
withstand tensile stresses makes it an excellent material for repairing structures prone to
cracking due to low tensile strength [20].

Several researchers have explored the application of ECC in strengthening reinforced
concrete structures, including beams, columns, and beam–column joints. The introduction
of ECC into structural members results in the formation of multiple small cracks on tensile
surfaces, leading to a ductile failure mode without reducing the load capacity of the member.
These studies have shown that the bond strength between ECC and concrete, including
interfacial tensile and shear strengths, is sufficient to transfer forces from the original
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reinforced concrete structure to the ECC layer [21]. The slant shear test (see Figure 1a), in
particular, has proven to be an effective method for assessing bond strength, often yielding
higher bond strength values compared to other tests [22]. To evaluate the bond performance
between different concrete interfaces, various test methods exist, such as the pull-off test,
splitting tensile test, direct shear test (see Figure 1b), and slant shear test [19,20].

(a) (b) 

Figure 1. Specimen tests of bond strength: (a) slant shear and (b) direct shear (bi-surface).

2. Research Significance

This research addresses gaps in the use of polyvinyl alcohol (PVA) and glass fibers in
engineered cementitious composite (ECC) for lightweight concrete (LWC) are addressed,
offering significant contributions to both academic research and civil engineering practices.
It shows how fiber dosages affect ECC’s mechanical properties, provides new guidelines
for optimizing composite interfaces, and introduces innovative, sustainable construction
practices. The aim of this research is to identify the interfacial properties between LWC
and ECC with different fiber dosages of PVA and glass fibers, along with varying degrees
of roughness. In order to evaluate ECC effectiveness and suitability as repair materials
for retrofitting reinforced concrete structures, LWC-ECC specimens were tested in direct
shear using the slant shear test and bi-surface shear test, and the maximum shear stress
at failure was recorded. Also, two grades of LWC (normal-strength lightweight concrete
(NSLW) and high-strength lightweight concrete (HSLW)) were used as substrates, while
for the overlay, ECC mixes contained various types and dosages of fibers (2% PVA, 1.5%
PVA with 0.5% glass, 1.0% PVA with 1.0% glass, and 0.5% PVA with 1.5% glass fibers) were
used. Grooved and as-cast substrate surface conditions were considered. Furthermore, this
research investigates the relationship between surface roughness and bond strength for the
LWC-ECC specimens with different types and dosages of fibers, along with two types of
interface treatments—namely, as-cast and grooved surfaces.

3. Experimental Work

3.1. Apparatus and Measurement Techniques

The slant shear test was conducted using cylindrical molds with dimensions of 75 mm
in diameter and 150 mm in height. The molds were cut at an inclination angle of 30 degrees
to create the slant interface, as shown in Figure 2. This apparatus allowed compressive loads
to be applied to the inclined surface, simulating real-life shear and compressive stresses at
the bond interface. The elliptical area of the slant surface was calculated for stress determi-
nation. For the bi-surface shear test, cubic molds measuring 150 mm × 150 mm × 150 mm
were used. The molds were designed to contain two-thirds of the LWC substrate and
one-third of the ECC overlay material, as shown in Figure 2. Three thick steel plates with
dimensions of 100 mm × 33 mm × 25 mm were used to facilitate direct shearing between
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the different concrete composites. The setup ensured symmetrical load application to
simulate realistic shear stress conditions. Two surface preparation methods were employed
to achieve the desired surface roughness: as-cast and grooved surfaces. Grooves inclined
at approximately 45 degrees were created using special cutting discs designed for hard
stone. This preparation ensured good interlock between the concrete surface and the ECC
layer. The surfaces were cleaned with water and compressed air to remove any dust and
debris and then left to dry before the ECC overlay application. A 2000 kN capacity digital
compression testing machine was utilized to apply loads at a constant rate of 2 kN/s. This
machine was employed for both the slant shear test and the bi-surface shear test to evaluate
the bond strength between the LWC substrates and the ECC overlays. The machine’s setup
ensured precise load application and measurement throughout the testing process.

Figure 2. Preparation of composite specimens (slant shear and the bi-surface shear).

3.2. Materials

In all mixes (LWC and ECC), ordinary Portland cement was used in this study. The
cement was tested to ensure conformity with No. 5/1984 standard [23]. The physical
and chemical properties of the fine aggregate are listed in Table 1 in accordance with
No. 45/1984 standard [24] and ASTM C128 standard [25]. Uniformly sized lightweight
aggregates (0.475–1 cm) were used in this study. These aggregates are made from porous
ceramic materials with uniformly small closed-cell pores and firmly sintered, durable
exterior surfaces. The particle volume increases significantly during production due to
swelling when the lightweight aggregates are produced from clay mineral raw materials,
as shown in Figure 3. This process involves burning the materials in rotary kilns at
temperatures between 1100 and 1200 ◦C. The sieve analysis of the lightweight aggregate
was conducted to ensure it met the limits specified in ASTM C330-17a, 2017 [26], as shown in
Table 2. Table 3 presents the physical and chemical properties of the lightweight aggregate
tested by a manufacturer. Due to its high-water absorption capability, the lightweight
aggregate was soaked in water for hours to prevent it from absorbing water during mixing.
After soaking, the aggregate was spread out in laboratory air until the surface dried,
resulting in a saturated surface dry state, as recommended by ACI 211.2-98 [27].
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Table 1. Sand physical and chemical properties.

Size of Sieve (mm) Cumulative Passing %
Limits of IQS No. 45/1984

as in (Zone 2)
Physical Properties Test Results

10 100 100 Specific gravity 2.65
4.75 92 90–100 Absorption 0.92%

2.36 81 75–100 Fine material passing
from the sieve (75 μm) 2.50%

1.18 73 55–90 Fineness modulus 2.68
0.6 55 35–59
0.3 24 8–30 Chemical properties

0.15 7 0–10 Sulfate content 0.35%

 
Figure 3. Lightweight aggregate.

Table 2. Grading of used lightweight aggregate.

Size of Sieve (mm) Cumulative Passing (%) Limits of ASTM C330-17a, 2017

12.5 100 100
10 99 80–100
8 66 -
6 44 -

4.75 7 5–40
2.36 2 0–20
1.18 0 0–10
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Table 3. Physical and chemical properties of lightweight aggregate.

Chemical Properties

Chemical Composition Percentage by Weight%
CaO 3.78
SiO2 61.58

Al2O3 16.99
Fe2O3 7.62
MgO 2.56
SO3 0.19

Na2O 1.03
Loss on Ignition 0.2

Physical Properties

Properties Test Results
Specific Gravity 1.2

Absorption 12%
Bulk density Kg/m3 700

Silica fume consists of extremely tiny spherical particles with diameters ranging from
0.1 to 0.2 μm. In this research, silica fume was used as a partial replacement (15% by weight)
for cement to enhance the microstructure of the cement paste, increasing its resistance to
external influences. The technical data for the silica fume includes Form—Powder, Color—
Grey, Density—0.55 to 0.7 kg/L, and Chloride content—<0.1% [28]. A high-performance
concrete superplasticizer based on modified polycarboxylic ether, MasterGlenium 54, was
also used. A proportion of 3.5% was employed to achieve acceptable flow properties for
ECC. Table 4 provides the technical description of MasterGlenium 54 [29].

Table 4. Technical description of MasterGlenium 54 [29].

Chemical Basis Aqueous Solution of Modified Polycarboxylic Ether

Color Whitish to straw
Specific gravity 1.07

PH 5–7
Chloride content None

Toxicity Danger hazardous material.
Fire Not fire-propagating

The PVA fibers used in this study are 12 mm in length and 39 μm in diameter.
The fiber’s nominal tensile strength, stiffness, and density are 1600 MPa, 40 GPa, and
1300 kg/m3, respectively. Figure 4 displays the PVA fibers used in this research. Table 5
provides the technical properties of the PVA fibers according to a manufacturer. Another
type of fiber used in this study is glass fiber (GF). The properties of the glass fibers are
shown in Table 5. Figure 5 displays the glass fibers used in this research.

Table 5. Properties of PVA and glass fibers *.

Fiber
Fiber Length

(mm)
Diameter μm

Tensile
Strength (MPa)

Young’s
Modulus (GPa)

Fiber
Elongation (%)

Density
(kg/m3)

PVA 12 39 1600 40 10-Apr 1.3
GF 12 - 2200 80 0–4 2.78

* Manufacturer Properties.
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Figure 4. PVA fiber geometry.

  
Figure 5. Glass fiber geometry.

Moreover, the fly ash used in this study complies with BS 3892-1 [30] and BS EN
450-1 [31]. The specific gravity of the fly ash is 2.70 g/cm3, and its Blaine-specific surface
area is 2970 cm2/g. The chemical properties of the fly ash are presented in Table 6.

Table 6. Chemical analysis of fly ash (Type F).

Chemical Composition % by Weight

Al2O3 24.62
SiO2 48.53
CaO 9.49

Fe2O3 7.59
K2O 2.51
MgO 2.28
Na2O 1.18
SO3 2.48

Loss on ignition 1.69
28 d activity index 90%

3.3. Detailed Composition and Mixing Procedures

For substrate concrete mixes, the mix proportions for the NSLW and HSLW were
designed to achieve a compressive strengths of 30 MPa and 50 MPa at 28 days, following
ACI Committee 211.2-98 [32] and ACI 211.4R-08 [33] guidelines, respectively. To attain the
necessary strength, a variety of trial mixes were tested; the specific mix ratios for NSLW
and HSLW are listed in Table 7.
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Table 7. LWC design mixes.

ID
Cement
Kg/m3 Sand Kg/m3 Lightweight

Aggregate Kg/m3
Silica Fume

Kg/m3 Water Kg/m3 SP (%) * W/C

NSLW 478 667 440 0 153 1.1 0.32
HSLW 550 678 400 81 160 1.7 0.25

* SP by wt. of cm.

For overlay concrete mixes, ECC has been optimized using micromechanics to achieve
high tensile ductility and tight micro-crack width while keeping the fiber content low
(2% by volume) [34]. For ECC, the maximum grain size of 250 μm with an average size
of 110 μm of fine aggregates was used to ensure a homogeneous mix. Many trial mixes
were prepared to achieve the optimal properties for ECC mortars, with a mini-slump flow
range of 240–260 mm, ensuring easy and complete penetration of the mortars through the
concrete mold specified for repair.

Table 8 presents the typical mixture design of ECC adopted in this study, which
exhibits self-consolidating casting properties. All proportions are given for materials in
the dry state. Four different ECC mixes with various types and percentages of fibers
(PVA and glass) were used as overlay materials. To account for material heterogeneity, a
maximum fiber content of 2% by volume, which is greater than the calculated critical fiber
content needed to achieve strain-hardening, is typically used in the mix design. Different
percentages of glass fiber volume fractions were added to the ECC mix and PVA fibers,
creating hybrid fiber composites. Therefore, the ECC-P2.0-G0.0, ECC-P1.5-G0.5, ECC-P1.0-
G1.0, and ECC-P0.5-G1.5 mixes included 2% PVA fiber, 1.5% PVA + 0.5% glass fiber, 1.0%
PVA + 1.0% glass fiber, and 0.5% PVA + 1.5% glass fiber, respectively.

Table 8. ECC Mix ID.

Mix ID C/C F/C S/C W/C HRWR/C PVA Fiber (%) Glass Fiber (%) Total (%)

ECC-P2.0-G0.0 1 1.2 0.8 0.56 0.012 2.0 0.0 2
ECC-P1.5-G0.5 1 1.2 0.8 0.56 0.012 1.5 0.5 2
ECC-P1.0-G1.0 1 1.2 0.8 0.56 0.012 1.0 10. 2
ECC-P0.5-G1.5 1 1.2 0.8 0.56 0.012 0.5 1.5 2

C: cement, F: fly ash, S: sand, W: water.

3.4. Specimen Preparation and Curing Regimes

Composite specimens consisting of NSLW and HSLW substrates with various ECC
overlay materials were prepared and tested. Slant shear and bi-surface shear tests were used
to evaluate the interface bond strength at 28 days. For the slant shear test, the specimens
were 75 × 150 mm cylinders with an inclination angle (α) of 30◦, measured relative to
the vertical axis [22]. For the bi-surface shear test, the specimens were 150 mm cubes,
with two-thirds of the cube consisting of the NSLW and HSLW substrates and one-third
consisting of the ECC overlay material [35].

To prepare the LWC substrate concrete specimens, wooden cylinders were cut at the
specified slanted dimension, and wooden cubes were cut to a height of 150 mm with a
base size of 50 × 150 mm, as shown in Figure 6. First, the cylindrical molds were filled
halfway, and the cubic molds were filled two-thirds of the way with the cast LWC substrate.
The fresh LWC mixtures were left in the molds for 24 h. Afterward, the samples were
de-molded and cured in water for 28 days.
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(a) (b) 

Figure 6. Wood slices for (a) slant shear and (b) bi-surface shear test.

To obtain quantitative surface roughness parameters for the LWC surfaces of the
specimens, both grooved and as-cast surface methods were used to create a rough surface
that ensures a strong bond between the concrete substrate and the repair material. This is
crucial to ensure that the ECC repair material contributes to bearing part of the stresses.
Special discs for cutting hard stones were used to make grooves inclined in opposite
directions at an angle of approximately 45 degrees, ensuring good interlock between the
concrete surface and the ECC layer. After the roughening process was completed, a final
cleaning process was performed using water extrusion followed by compressed air to
ensure no dust remained. The specimens were then left to dry before the ECC repair
material was applied, as shown in Figure 7. NSLW and HSLW were used as reference
interfaces, as listed in Table 9.

  
(a) (b) 

Figure 7. Interface roughness (a) half cylinder grooved and as cast surface and (b) two-thirds of the
cube grooved and as cast surface.

Beushausen et al. [36] emphasized the necessity of reaching saturated surface dry
conditions at the LWC-substrate interface before overlay application by soaking the in-
terface. The purpose of this is to allow the mixed water from the fresh layer to pass into
the dry LWC substrate when a new layer is applied. The LWC substrate overlay surfaces
were moistened and subsequently dried using a damp towel. The saturated surface dry
slanted cutting specimens were positioned in cylinder molds with the bevel side facing
upward, and the overlay materials were poured on top of the LWC substrate concrete to
complete these cylinders. Similarly, the saturated surface dry bi-surface cutting specimens
were placed in cube molds and covered with overlay material on one-third of the cubes.
A total of 16 groups of specimens are listed in Table 9, and in each group three specimens
were prepared.
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Table 9. Specimen identification.

Specimen ID
Substrate Concrete

Mix
Overlay Concrete

Mix
Interface Roughness

N-E-P2.0-G0.0-G NSLW ECC-P2.0-G0.0 Grooved surface
N-E-P1.5-G0.5-G NSLW ECC-P1.5-G0.5 Grooved surface
N-E-P1.0-G1.0-G NSLW ECC-P1.0-G1.0 Grooved surface
N-E-P0.5-G1.5-G NSLW ECC-P0.5-G1.5 Grooved surface
H-E-P2.0-G0.0-G HSLW ECC-P2.0-G0.0 Grooved surface
H-E-P1.5-G0.5-G HSLW ECC-P1.5-G0.5 Grooved surface
H-E-P1.0-G1.0-G HSLW ECC-P1.0-G1.0 Grooved surface
H-E-P0.5-G1.5-G HSLW ECC-P0.5-G1.5 Grooved surface
N-E-P2.0-G0.0-A NSLW ECC-P2.0-G0.0 As cast surface
N-E-P1.5-G0.5-A NSLW ECC-P1.5-G0.5 As cast surface
N-E-P1.0-G1.0-A NSLW ECC-P1.0-G1.0 As cast surface
N-E-P0.5-G1.5-A NSLW ECC-P0.5-G1.5 As cast surface
H-E-P2.0-G0.0-A HSLW ECC-P2.0-G0.0 As cast surface
H-E-P1.5-G0.5-A HSLW ECC-P1.5-G0.5 As cast surface
H-E-P1.0-G1.0-A HSLW ECC-P1.0-G1.0 As cast surface
H-E-P0.5-G1.5-A HSLW ECC-P0.5-G1.5 As cast surface

3.5. Load Application and Monitoring

Slant shear tests were performed according to ASTM C882 [22]. Specimens were tested
using a standard compression apparatus, as shown in Figure 8a. The loading was applied
as recommended in ASTM C39 [37]. The maximum load values were recorded, and the
applied stress (σo) required to produce bond rupture was determined using Equation (1):

σo = P/Ae. (1)

  

(a) (b) (c) 

Figure 8. Slant shear test (a) and compression test (b) stresses developed at the interface, and
(c) Mohr–Coulomb circle.

In Equation (1), P is the maximum applied load, and Ae is the elliptical area of the
slant surface [38]. The maximum applied stress is a combined measure of the shear and
compressive strength of the bond (Figure 8b), which are represented by Equation (2) and
Equation (3), respectively.

τn = σo cosα (2)

Equation (2) calculates the normal shear stress acting on the interface. This shear stress
component is derived from the overall stress and the angle of inclination, factoring in the
geometric orientation of the bond interface.

σn = σo sin2α (3)
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Equation (3) determines the normal compressive stress at the interface. This equation
emphasizes the influence of the inclination angle on the compressive stress experienced by the
interface, which is critical for evaluating the capacity of the interface to resist compression. In
Equations (2) and (3), α = 30◦, while τn and σn are the shear and compressive stresses acting on
the bond plane, respectively. τn and σn are related in form, as in Equation (4) [39].

τn = c + μ σn = c + tanφ. σn, (4)

where c, μ, and φ are cohesion, coefficient of friction, and internal friction angle of the
bond, respectively. Equation (4), known as the Mohr–Coulomb failure criterion, links the
shear stress with the compressive stress. The parameters c (cohesion) and μ (coefficient of
friction) are material properties that describe the adhesive and frictional contributions to
the interface strength. This equation integrates the effects of both shear and compressive
stresses to provide a comprehensive view of the failure mechanics at the interface.

To determine the average shear bond strength between two types of concrete, Mo-
mayeza et al. [21] proposed the bi-surface shear test method used in this research. This
test is straightforward to perform and provides consistent results. The samples comprised
two-thirds LWC and one-third repair materials (ECC), as shown in Figure 9. Three thick
steel plates with dimensions of 100 × 33 × 25 mm were used to facilitate direct shearing
between the interfaces of the different concrete composites. A 2000 kN digital testing
machine was used to apply a constant loading rate of 2 kN/s to all bi-surface specimens.
The bi-surface shear strength values were determined using Equation (5).

τv = Pv/(2 × Av), (5)

where τv = bi-surface shear bond strength (MPa), Pv = ultimate load indicated by the testing
machine (N), Av = area of interface in shear (mm2). The average of two shear force values was
used to evaluate the direct shear strength. Figure 9 shows the testing machine and test setup.

 
Figure 9. Bi-surface shear test and test setup.

4. Results and Discussion

4.1. Concrete Machinal Properties of LWC and ECC

For evaluating the material properties of NSLW and HSLW at 28 days, nine samples
were prepared for each type of concrete. Three samples were used to determine the
compressive strength, three for flexural strength, and three for splitting tensile strength. The
mechanical properties of NSLW and HSLW are summarized in Table 10. For ECC materials
with different types and dosages of fibers, the average compressive strength at 28 days was
obtained from the average results of three cube samples (70 mm × 70 mm × 70 mm) tested
for compression. Additionally, four prismatic samples of each type of ECC were tested
to determine the flexural strength at 28 days. Micromechanics is a branch of mechanics
applied at the material constituent level, capturing the mechanical interactions between
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the fiber, mortar matrix, and fiber/matrix interface. The matrix heterogeneities in ECC,
including defects, sand particles, cement grains, and mineral admixture particles, range in
size from the nanoscale to the millimeter scale. The ingredients and mix proportions have
been optimized to satisfy multiple cracking criteria. Specifically, the type, size, amount
of fiber, matrix ingredients, and interface characteristics are tailored for multiple cracking
and controlled crack width. ECC incorporates fine silica sand with a sand-to-binder ratio
(S/B) of 0.36 to maintain adequate stiffness and volume stability. The ECC mix has a
water-to-binder (W/B) ratio of 0.26 to balance fresh and hardened properties. The binder
system is defined as the total amount of cementitious material (i.e., cement and Type F
fly ash) in ECC. The particle size of all matrix components is properly graded to achieve
self-consolidating fresh properties [40]. The mechanical properties of the ECC materials
with various types and dosages of fibers are summarized in Table 10.

Table 10. Mechanical properties of substrate and overlay concretes.

Mix ID
Compressive

Strength (MPa)
Flexural Strength

(MPa)
Splitting Tensile
Strength (MPa)

NSLW 29.3 3.8 3.6
HSLW 56.2 6.8 4.5

ECC-P2.0-G0.0 78.7 21.5 14.1
ECC-P1.5-G0.5 81.3 23.3 15.7
ECC-P1.0-G1.0 76.0 20.7 15.0
ECC-P0.5-G1.5 59.5 19.8 13.6

4.2. Bond Strength—Slant Shear Test and Bi-Surface Test

Previously, various test methods have been reported to estimate bond strength [41–44].
These tests can be classified into the following categories: (1) direct tension tests, (2) direct shear
tests (bi-surface tests), (3) indirect tensile tests (split tensile tests), (4) shear and compression
tests (inclined shear tests), (5) withdrawal tests, and (6) three-point bending tests. Among
these, the direct shear and oblique cut tests are widely used due to their ease of preparation,
cost-effectiveness, and consistent results [42,43]. Many standards and codes also approve slant
shear and Bi-surface tests to define bond strength [38,45]. Therefore, in this study, these methods
were employed to determine the bond strength between different concrete substrates and
overlays. The bond strength values of the composite LWC substrate-ECC overlay specimens
were determined using slant shear and bi-surface shear tests. These values represent the average
bond strengths, as listed in Tables 11–14.

Table 11. Slant shear bond strength and failure modes for NSLW concrete substrate.

Specimen ID σo (MPa) Ave. σo(MPa) COV (%) τn (MPa) σn (MPa) Failure Mode

N-E-P2.0-G0.0-G 10.8
10.58 9.16 1.7

C
N-E-P2.0-G0.0-G 9.5 7.6 C
N-E-P2.0-G0.0-G 11.44 C

N-E-P1.5-G0.5-G 11.95
12.75 11.04 1.96

B
N-E-P1.5-G0.5-G 12.83 4.9 B
N-E-P1.5-G0.5-G 13.47 D

N-E-P1.0-G1.0-G 10.12
9.5 8.22 1.48

C
N-E-P1.0-G1.0-G 8.89 5.3 C
N-E-P1.0-G1.0-G 9.49 C

N-E-P0.5-G1.5-G 5.81
6.25 5.41 1.06

C
N-E-P0.5-G1.5-G 6.45 5.0 C
N-E-P0.5-G1.5-G 6.49 C

N-E-P2.0-G0.0-A 9.12
9.05 7.83 1.48

C
N-E-P2.0-G0.0-A 9.45 4.0 C
N-E-P2.0-G0.0-A 8.58 C
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Table 11. Cont.

Specimen ID σo (MPa) Ave. σo(MPa) COV (%) τn (MPa) σn (MPa) Failure Mode

N-E-P1.5-G0.5-A 11.02
10.81 9.36 1.72

B
N-E-P1.5-G0.5-A 10.25 3.7 C
N-E-P1.5-G0.5-A 11.16 B

N-E-P1.0-G1.0-A 6.85
7.23 6.26 1.21

C
N-E-P1.0-G1.0-A 7 6.0 C
N-E-P1.0-G1.0-A 7.84 C

N-E-P0.5-G1.5-A 4.89
5.4 4.67 0.93

C
N-E-P0.5-G1.5-A 5.35 8.1 C
N-E-P0.5-G1.5-A 5.96 C

Table 12. Slant shear bond strength and failure modes for HSLW concrete substrate.

Specimen ID σo (MPa) Ave. σo (MPa) COV (%) τn (MPa) σn (MPa) Failure Mode

H-E-P2.0-G0.0-G 18.12
17.58 15.22 2.49

B
H-E-P2.0-G0.0-G 17.5 2.3 C
H-E-P2.0-G0.0-G 17.12 C

H-E-P1.5-G0.5-G 23.75
24.05 20.82 3.26

B
H-E-P1.5-G0.5-G 24.15 0.9 B
H-E-P1.5-G0.5-G 24.25 B

H-E-P1.0-G1.0-G 14.81
15.3 13.24 2.57

B
H-E-P1.0-G1.0-G 15.2 2.9 B
H-E-P1.0-G1.0-G 15.89 C

H-E-P0.5-G1.5-G 11
11.25 9.74 1.81

B
H-E-P0.5-G1.5-G 10.85 4.1 B
H-E-P0.5-G1.5-G 11.9 B

H-E-P2.0-G0.0-A 9.63
9.39 8.13 1.55

B
H-E-P2.0-G0.0-A 8.58 6.3 B
H-E-P2.0-G0.0-A 9.96 B

H-E-P1.5-G0.5-A 12.95
13.81 11.95 2.27

B
H-E-P1.5-G0.5-A 14.12 4.5 C
H-E-P1.5-G0.5-A 14.36 C

H-E-P1.0-G1.0-A 7.85
8.23 7.13 1.56

B
H-E-P1.0-G1.0-A 8.55 3.5 B
H-E-P1.0-G1.0-A 8.29 B

H-E-P0.5-G1.5-A 4.75
4.86 4.21 0.96

B
H-E-P0.5-G1.5-A 5 2.1 B
H-E-P0.5-G1.5-A 4.83 B

Table 13. Bi-surface bond strength and failure modes for NSLW concrete substrate.

Specimen ID σo (MPa) Ave, σo COV (%) Failure Mode

N-E-P2.0-G0.0-G 7.1
6.8

B
N-E-P2.0-G0.0-G 5.8 10.4 C
N-E-P2.0-G0.0-G 7.5 B

N-E-P1.5-G0.5-G 7.6
7.9

B
N-E-P1.5-G0.5-G 8.1 2.4 D
N-E-P1.5-G0.5-G 7.9 D

N-E-P1.0-G1.0-G 6.3
5.9

C
N-E-P1.0-G1.0-G 5.8 4.4 B
N-E-P1.0-G1.0-G 5.7 B
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Table 13. Cont.

Specimen ID σo (MPa) Ave, σo COV (%) Failure Mode

N-E-P0.5-G1.5-G 4.0
4.3

C
N-E-P0.5-G1.5-G 5.6 23.9 C
N-E-P0.5-G1.5-G 3.2 C

N-E-P2.0-G0.0-A 5.5
6.0

C
N-E-P2.0-G0.0-A 5.6 9.5 C
N-E-P2.0-G0.0-A 6.8 B

N-E-P1.5-G0.5-A 7.0
6.9

B
N-E-P1.5-G0.5-A 6.8 1.7 C
N-E-P1.5-G0.5-A 6.9 B

N-E-P1.0-G1.0-A 5.1
4.9

C
N-E-P1.0-G1.0-A 4.5 5.9 C
N-E-P1.0-G1.0-A 5.0 C

N-E-P0.5-G1.5-A 3.7
3.7

C
N-E-P0.5-G1.5-A 4.5 15.8 C
N-E-P0.5-G1.5-A 3.0 C

Table 14. Bi-surface bond strength and failure modes for HSLW concrete substrate.

Specimen ID σo (MPa) Ave σo COV (%) Failure Mode

H-E-P2.0-G0.0-G 9.8
10.0

B
H-E-P2.0-G0.0-G 9.1 8.0 B
H-E-P2.0-G0.0-G 11.0 B

H-E-P1.5-G0.5-G 14.0
13.1

B
H-E-P1.5-G0.5-G 13.2 6.5 B
H-E-P1.5-G0.5-G 12.0 B

H-E-P1.0-G1.0-G 9.8
10.3

B
H-E-P1.0-G1.0-G 10.5 3.5 B
H-E-P1.0-G1.0-G 10.6 B

H-E-P0.5-G1.5-G 7.4
7.3

C
H-E-P0.5-G1.5-G 8.1 10.2 B
H-E-P0.5-G1.5-G 6.3 C

H-E-P2.0-G0.0-A 5.8
6.2

C
H-E-P2.0-G0.0-A 6.7 6.0 B
H-E-P2.0-G0.0-A 6.1 C

H-E-P1.5-G0.5-A 9.4
9.1

B
H-E-P1.5-G0.5-A 9.0 2.4 B
H-E-P1.5-G0.5-A 8.9 B

H-E-P1.0-G1.0-A 6.1
6.2

B
H-E-P1.0-G1.0-A 5.4 11.8 B
H-E-P1.0-G1.0-A 7.2 B

H-E-P0.5-G1.5-A 3.4
3.9

C
H-E-P0.5-G1.5-A 4.7 15.8 B
H-E-P0.5-G1.5-A 3.5 C

From the slant shear test results, the applied stress (σo) on the interfacial bond was
calculated by dividing the maximum force at bond failure obtained from compression
loading by the elliptical area (Ae) using Equation (1). For the bi-surface shear test, the
bonding shear strength was calculated by dividing the maximum applied force by the
bonded surface area using Equation (5). Figure 10 presents the average slant shear strengths,
and Figure 11 presents bi-surface shear strengths for grooved and as-cast surfaces for NSLW
and HSLW at 28 days of age.
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Figure 10. Slant shear bond strengths with grooved and as-cast surfaces for (a) NSLW substrate and
(b) HSLW substrate.

The figures indicate that the bond strengths measured by the slant shear method were
higher than those measured by the bi-surface shear method for all ECC repair materials
and surface preparations for both NSLW and HSLW substrates. This is attributed to the
higher friction forces and interlock resulting from the high compressive stresses in the slant
shear test, which increases the shear failure load [21].

Among all the NSLW and HSLW substrate-ECC specimens, the N-E-P1.5-G0.5 and
H- H-E-P1.5-G0.5 specimens exhibited the highest bond strengths at 28 days. The bond
quality decreased in the following order: N-E-P2.0-G0.0, N-E-P1.0-G1.0, N-E-P0.5-G1.5,
H-E-P2.0-G0.0, H-E-P1.0-G1.0, and H-E-P0.5-G1.5. The decrease in bond strength with
higher glass fiber content can be primarily attributed to the formation of voids within the
ECC matrix. Increasing the volume of glass fibers tends to disrupt the uniformity of the
cementitious matrix due to their rigid and non-pliable nature compared to more flexible
fibers like polyvinyl alcohol (PVA). Glass fibers, when added in larger quantities, can
create localized areas of weak matrix density due to poor particle packing and increased
air entrapment during mixing. The formation of these voids is critical as they act as
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stress concentrators within the composite material, significantly weakening the interfacial
transition zone between the ECC and the LWC substrate. Voids reduce the effective contact
area through which load and stresses can be transferred between the ECC overlay and the
concrete substrate. As a result, the mechanical interlocking necessary for optimal bond
strength is compromised, leading to reduced overall adhesion.

Figure 11. Bi-surface shear bond strengths with grooved and as-cast surfaces for (a) NSLW substrate
(b) HSLW substrate.

The increase in PVA fibers leads to a stronger bond with the cement matrix due to the
fibers’ interaction with the Ca(OH)2 compound. This interaction forms complex clusters
with metal hydroxide, which can create a consistency that reduces the ability to fill the
pores on the substrate surface [46]. Conversely, an increase in glass fibers results in the
formation of voids in the cement matrix, reducing adhesion and bond strength between the
overlay and the original concrete.

Figures 10a and 11a show that the quality and roughness of the adhesion surface of
the ECC repair material minimally affect NSLW. The results were similar for grooved and
as-cast surfaces in both slant shear and bi-surface shear tests, respectively. The adhesion
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strength of ECC was such that failure occurred in the NSLW (substrate layer). Several
studies have concluded that the bond strength between two materials is highly influenced
by the degree of roughness of the substrate surfaces [47–49]. In this study, to obtain
quantitative surface roughness parameters for the LWC surfaces of the specimens, both
grooved and as-cast surface methods were used to create a rough surface that ensures
a strong bond between the concrete substrate and the repair material. This is crucial to
ensure that the ECC repair material contributes to bearing part of the stresses. The effect of
surface roughness on bond strength is significant for NSLW in both tests. Figures 10 and 11
show that grooved specimens have a markedly higher bond strength than as-cast surface
specimens. This is due to the better interlock provided by the grooved surfaces between
the ECC and the LWC substrate, especially in HSLW.

Based on the investigation of PVA and glass fibers on the interfacial properties
of lightweight concrete with engineered cementitious composite, a comparison of the
test results from the present study with past research is warranted. Reference [50] by
Chuanqing Fu et al. focused on corrosion’s impact on bond strength and cracking in ce-
ment mortar and PVA-ECC, highlighting the complex interactions between material degra-
dation and mechanical properties under corrosive conditions. This complements this study
on the mechanical impact of fiber content in non-corrosive environments. Hui et al. [51]
examined the dynamic compressive strength of steel fiber-reinforced concrete under cyclic
conditions, underscoring the importance of fiber content, similar to these findings on how
fiber variations influence ECC’s bond strength and integrity. Hui et al. [52] explored the
mechanical properties of polypropylene fiber cement mortar under different loading speeds,
relevant to our interest in fiber dosage effects under static conditions, suggesting a further
investigation into dynamic behaviors. These studies collectively enrich the understanding
of fiber-reinforced composites’ performance across various conditions, aligning with and
expanding upon our research on fiber dosage’s structural impacts.

4.3. Failure Mode—Slant Shear Test and Bi-Surface Test

The bond quality between the lightweight concrete (LWC) substrate and the engi-
neered cementitious composite (ECC) overlay can be effectively evaluated by analyzing
the locations and types of failure. These failures, documented through visual inspections,
are categorized into four distinct modes. Type A: Interfacial Bond Failure—This type of
failure, where the bond interface itself fails without material adherence from either the
substrate or overlay, was not observed in our experiments. Type B: Interface Failure with
Thin Layer Detachment—This mode is characterized by the detachment of thin layers of
the LWC substrate that remain adhered to the ECC, indicative of moderate bond strength.
Representative images are displayed in Figures 12 and 13. Type C: Interfacial Failure with
Thick Layer Detachment—Here, a substantial layer of the LWC substrate remains attached
to the ECC, suggesting a robust bond. This type is illustrated in Figures 14 and 15. Type
D: Complete Substrate Failure—This most substantial bond type results in the complete
structural failure of the substrate, while the overlay remains intact. This scenario is depicted
in Figures 16 and 17. Most failures, particularly in the normal-strength lightweight concrete
(NSLW) during both slant shear and bi-surface tests, occurred within the substrate itself,
showing no cracks in the ECC overlay across both as-cast and grooved surfaces. However,
the failures in high-strength lightweight concrete (HSLW) with as-cast surfaces generally
stemmed from inadequate friction at the interface between the substrate and the ECC.

In specific cases, such as with the N-E-P1.5-G0.5 and H-E-P1.5-G0.5 samples, inter-
face failures followed internal substrate fractures or occurred wholly within the substrate,
demonstrating an exceptionally strong bond strengths of 12.75 MPa and 24.05 MPa, re-
spectively. These observations highlight the critical role of mechanical interlocking and
substrate conditions in influencing bond efficacy.
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Figure 12. Slant shear typical failure mode B—Interface failure with a thin layer on the substrate.

   

Figure 13. Bi-surface typical failure mode B—Interface failure with a thin layer on the substrate.

   

Figure 14. Slant shear typical failure mode C—Interfacial failure with a thick layer of the substrate.

Figure 15. Bi-surface typical failure mode C—Interfacial failure with a thick layer of substrate.

  
Figure 16. Slant shear typical failure mode D—Complete substrate failure.
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Figure 17. Bi-surface typical failure mode D—Complete substrate failure.

In this study, it was observed that higher concentrations of fibers, particularly glass
fibers, are associated with increased porosity within the interfacial transition zone. This
increase in porosity is attributed to the disruption caused by the fibers to the packing
density of the cement matrix, resulting in the formation of voids and gaps at the interface.
Conversely, it was found that optimal dosages of polyvinyl alcohol (PVA) fibers enhance
the density of the interfacial transition zone by promoting better interactions between the
fibers and the matrix, thereby reducing porosity and enhancing bond strength.

Regarding surface roughness, it was found that higher roughness levels lead to a more
mechanically interlocked interfacial transition zone. Rougher substrate surfaces provide
greater mechanical anchorage points for the ECC, which decreases the porosity of the
interfacial transition zone through improved contact and interlocking at the micro-level.
This enhancement in physical bonding contributes to reduced porosity at the interface,
which is correlated with increased shear transfer capacity and higher overall bond strength.

4.4. Friction Coefficient

The calculated values of the coefficient of friction (μ) for the studied specimens are
summarized in Table 15. The results indicate an increase in the μ values for the grooved
surface specimens compared to the as-cast specimens for both NSLW and HSLW substrates.
For HSLW, the μ values ranged from 2.101 to 1.375 for grooved specimens and 1.246 to
0.361 for as-cast specimens. These results suggest that the increase in μ is due to the type
of substrate surface preparation and the interlock effects between the concrete substrate
and the overlay. The highest μ values were observed in specimens H-E-P1.5-G0.5 (2.383)
and N-E-P1.5-G0.5 (1.626) with grooved surfaces, which is consistent with the previously
mentioned adhesion strength results.

Table 15. Coefficient of friction (μ).

Specimen ID μ Specimen ID μ

N-E-P2.0-G0.0-G 1.4 H-E-P2.0-G0.0-G 2.1
N-E-P1.5-G0.5-G 1.6 H-E-P1.5-G0.5-G 2.4
N-E-P1.0-G1.0-G 1.5 H-E-P1.0-G1.0-G 1.1
N-E-P0.5-G1.5-G 1.1 H-E-P0.5-G1.5-G 1.4
N-E-P2.0-G0.0-A 1.3 H-E-P2.0-G0.0-A 1.2
N-E-P1.5-G0.5-A 1.4 H-E-P1.5-G0.5-A 1.3
N-E-P1.0-G1.0-A 1.2 H-E-P1.0-G1.0-A 0.5
N-E-P0.5-G1.5-A 1.0 H-E-P0.5-G1.5-A 0.4

The fiber dosage within the ECC mix plays a pivotal role in modifying the friction
coefficient by directly affecting the surface texture and the microstructure of the ECC
when it interfaces with the LWC substrate. Increasing the dosage of fibers, particularly
polyvinyl alcohol (PVA) fibers, contributes to an involved and more irregular surface
topology at the microscopic level. These fibers, due to their high tensile strength and
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stiffness, create micro-anchoring points within the ECC, which protrudes slightly at the
interface, enhancing mechanical interlocking with the LWC substrate. As fiber content
increases, these micro-anchoring points become more prevalent, effectively increasing the
roughness at the microscale, even if the macroscopic surface appears smooth. This increase
in microscopic roughness enhances the friction coefficient by providing more points of
resistance against sliding, thereby improving the shear transfer capacity across the interface.

The differences in the μ values are significant and can be attributed to the effect of
surface roughness on the adhesion surface of HSLW compared to NSLW models. For
HSLW, the impact of surface roughness is considerable, as shown in Figures 18 and 19,
whereas, for NSLW, the effect of surface roughness is slight.

Figure 18. Friction coefficient values between grooved and as-cast surface for HSLW substrate.

Figure 19. Friction coefficient values between grooved and as-cast surface for NSLW substrate.

This study observed a clear correlation between increased surface roughness and
enhanced bond strength. Specifically, as surface roughness parameters increased, bond
strength was proportionally enhanced. This relationship is attributed to the improved
mechanical interlocking facilitated by more pronounced surface textures, which increases
the effective contact area and frictional resistance between the Engineered Cementitious
Composite (ECC) overlay and the LWC substrate. Statistical analyses, including regression
models, indicated a positive correlation, showing that an increase in surface roughness
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parameters significantly enhanced bond strength across various samples and test conditions.
Additional data and graphical representations illustrating this relationship will be detailed
in the revised manuscript, providing comprehensive insight into how surface roughness
directly impacts the bond performance in fiber-reinforced composites.

5. Conclusions

In this research, each analyzed sample consisted of two types of concrete: the substrate
LWC and the overlay ECC material. The ECC contained various types and percentages of
fibers, specifically 2% PVA fiber, 1.5% PVA + 0.5% glass fiber, 1.0% PVA + 1.0% glass fiber,
and 0.5% PVA + 1.5% glass fiber. Multiple factors were considered, including the testing
methods and the roughness of the substrate surfaces at 28 days of age. The investigation
aims to comprehensively understand how these variables influence the bond performance
between the repair materials and LWC substrates. Based on the experimental investigation,
the following conclusions were reached:

1. The absence of a high rough surface (as-cast surface) did not significantly affect the
adhesion strength between the ECC matrix and the LWC, preventing interface failure.
This strength can be attributed to the chemical interaction between active silicon
dioxide from supplementary cementitious materials in ECC and Ca(OH)2 in mature
concrete, forming secondary C–S–H. This phenomenon has been demonstrated in
several prior studies, indicating that the material has a strong adhesion capacity,
which varies depending on surface roughness.

2. Increasing the proportion of glass fibers beyond 0.5% while reducing PVA fibers in
the ECC matrix reduces adhesion strength for both slant shear and bi-surface shear
tests across different surface roughness levels (as-cast and grooved surfaces).

3. The bond strength is greatly affected by the test method employed. The bond strengths
obtained from the slant shear test were significantly greater in both NSLW and HSLW
types than those obtained from the bi-surface shear test. It is crucial to select bond tests
that can accurately represent the shear stress experienced by structures in real condi-
tions.

4. For the HSLW substrate, surface roughness significantly impacts the bond strength
with the repair material (ECC). This effect is observed in both the slant shear and
bi-surface shear tests.

5. The coefficient of friction is influenced by the properties and texture of the adhesive
surface. When the surface was grooved, there was an increase in the coefficient of
friction between both NSLW and HSLW types and the repair material ECC.

It is recommended that the initial findings related to curing age and fiber orientation in
composite concrete systems be further explored. The effects of extended curing periods on
the bond strength between normal-strength and high-strength lightweight concrete, when
combined with engineered cementitious composite (ECC), are to be further investigated.
Additionally, the influence of the alignment of polyvinyl alcohol (PVA) and glass fibers
within the ECC matrix on mechanical properties and stress transfer should be explored.
Further experimental and computational studies are also recommended to quantify the
influence of porosity and microstructural characteristics of NSLW on the bonding behavior
with ECC. Advanced imaging techniques like scanning electron microscopy (SEM) and
micro-computed tomography (μCT) could provide deeper insights into the interfacial
properties and clarify the role of surface roughness in different substrate types.
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Abbreviations

LWC Lightweight Concrete
ECC Engineered Cementitious Composite
PVA Polyvinyl Alcohol
NSLW Normal-Strength Lightweight Concrete
HSLW High-Strength Lightweight Concrete
GFRP Glass Fiber Reinforced Polymer
CFRP Carbon Fiber Reinforced Polymer
ASTM American Society for Testing and Materials
MPa Megapascal
mm Millimeter
COV Coefficient of Variation
E-waste Electronic Waste
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