Amirkabir Journal of Civil Engineering

Amirkabir J. Civil Eng., 53(1) (2021) 11-14
DOI: 10.22060/ceej.2021.19027.7033

Numerical and experimental study of failure mode of CFRP strengthened concrete
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ABSTRACT: Today, the use of carbon fiber reinforced polymers (CFRP) is used as an efficient method
for the reinforcement of concrete structures. Concrete structures strengthened with CFRP sheets may
have a failure due to debonding mechanisms. In this study, the bond strength and failure mode of CFRP
strengthened concrete in tensile and shear stresses are investigated using nonlinear finite element and
experimental methods. Because in the study of mechanical behavior of concrete strengthened with
CFRP sheet, the assumption of homogeneity of concrete leads to unrealistic results, so in this study,
a mesoscale model is used to model concrete. The mesoscopic model of concrete includes three-phase
inhomogeneous material consisting of aggregate, mortar, and Interfacial Transition Zone (ITZ). Tests
performed include “pull-off” and “twist-off” to determine tension and shear bond strength. The results
show that the tension and shear strength of the finite element model is 18% and 13% higher than the
results of the “pull-off”” and “twist-off” tests, respectively, which are due to laboratory influencing factors
and ignoring They are acceptable in numerical modeling of this difference. Also, the tensile strength of
the numerical and experimental models is 34% and 33% lower than the shear strength, respectively.
According to the obtained results, the debonding in the CFRP strengthened concrete sample was from
the substrate concrete. The results show that the micro-cracks, followed by debonding in the mortar and
ITZ phases of concrete, due to high porosity and lower strength than the aggregate phase, spread easily.
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1. INTRODUCTION

Nowadays, fiber-reinforced polymer sheets have been
known to be one of the most effective composite materials that
are used to increase the strength and durability of concrete
structures. Owing to the lightweight, corrosion resistance,
high tensile strength, and ease of application without any
interruption of the services, the use of these sheets has become
very widespread. One of the recent developments in the
reinforcement industry is the use of fiber-reinforced polymer
reinforcing sheets (FRP) which are used for strengthening
concrete, steel, masonry, and even wooden structures [1].
Fiber-reinforced composites are widely used in engineering
applications today. In the study of the behavior of layered
composites, several different failure mechanisms can be seen
that transverse cracking and consequent debonding is one
of the most common failure mechanisms [2]. Reviewing the
research conducted in this field, it can be seen that in most
studies, concrete is considered as a homogeneous material.
While the mechanical behavior of concrete is influenced
by the properties of its components and in evaluating the
behavior of concrete strengthened with CFRP sheet, the
assumption of homogeneity of concrete leads to unrealistic
results. Therefore, to study more precisely the behavior of
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concrete, it is necessary to consider the heterogeneity of
its internal structure properly. Therefore, in this study, the
mesoscale has been used for modeling concrete, and the bond
strength and failure mode of CFRP strengthened concrete
in tensile and shear stresses are investigated using nonlinear
finite elements in ABAQUS software. Finally, the results
obtained from the finite element method are compared with
experimental results. The experimental methods used in this
study include “pull-oft” and “twist-oft” tests, which are used
to determine the tensile and shear bond strength, respectively.

2. METHODOLOGY
2.1. Experimental method

"Pull-off« test, one of the most accurate methods for
assessing tensile bond strength, is a simple and repeatable test.
The two main parameters studied in the "pull-off« test are the
bond strength and the mode of failure. The "twist-off« test is
an accurate widely used method in determining the strength
of concrete and determining the shear bond strength of repair
layers both in the laboratory and at the site and is considered
as a fast, accurate, and low-cost technique with partial failure
[3]. The shear stress required for debonding can be calculated
using Eq. (1).
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Fig. 1. Meso-scale model of concrete.
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Where 7 = the shear stress due to twist-off, (7), T = the

torsional moment, (N.m), r = the radius of the metal plate,
(m), ] = the polar moment of inertia (m')-

(1)

T =

2.2. Numerical method

To evaluate concrete at mesoscale, it is necessary to make
a random geometry of the concrete sample. This geometry,
which consists of aggregates with random shape, size, and
distribution, should be made as similar as possible to real
concrete specimens. The basis of this geometry is the random
distribution of aggregates and filling the space between them
with a cement (mortar) matrix. Fig. 1 shows a concrete sample
with dimensions of 150 x 150 x 150 mm produced by coding
in the MATLAB program. The model produced includes
spherical aggregates, mortar, and interfacial transition zone
(ITZ). The volume percentage of aggregates is 30% (p,.
=30%), the minimum distance between the two aggregates is
0.5 mm, the minimum distance between the aggregates and
the concrete sample boundary is 0.5 mm. Based on these past
results, the present study uses 0.1 mm thick solid elements to
represent I'TZ as a separate phase with tensile and compressive
strength approximately 75% of the mortar’s as suggested in
Xiong and et al. [4].

To accurately simulate the “pull-oft” and “twist-off” tests,
in the numerical model, a partial core was created on the
cubic sample of concrete and CFRP sheet, with diameters and
depths of 50 and 5 mm, respectively. The produced model
includes cubic concrete (in mesoscale) with dimensions of
150 mm, a CFRP sheet with a thickness of 0.35 mm, and a
circular metal disk with a diameter of 50 mm. The intended
mesh size in the core is 1 mm and has increased to 5 mm in
areas farther away.

3. RESULTS AND DISCUSSIONS

Fig. 2 shows the distribution of damage in the area of
concrete failure in tensile loading.

As shown in Fig. 2, the damage caused in the aggregates
phase is minimal and in the other two phases of concrete
(mortar and ITZ), complete damage is observed. Due to the
weaker phases of mortar and ITZ compared to the aggregate
phase, micro-cracks and tensile damage of concrete first
occur in these two phases. Then, with the spread of micro-
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Fig. 2. Damage propagation in the concrete core under tension
loading.
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Fig. 3. Damage propagation in the concrete core under torsion
loading.

cracks, the damage caused in the concrete also spread, which
eventually leads to the failure of the concrete. However, the
amount of damage caused in the aggregate phase due to the
high strength and stiffness is less than the other two phases.
According to Fig. 2, the value of the damage index in the
aggregate phase is close to zero. Fig. 3 shows the distribution
of damage in the area of concrete failure in torsional loading.

The propagation path in CFRP strengthened concrete
specimens depends on the characteristics of the substrate
concrete, CFRP sheet, and the interface zone (adhesive
matrix). In the sample under net shear force, the main
compressive and tensile stresses are at a 45-degree angle, and
since the brittle materials, such as concrete, failure sheets
are perpendicular to the tensile stresses and core failure has
a failure angle of about 45 degrees in the “twist-oft” test. As
shown in Fig. 3, the failure surface in the concrete sample
strengthened with the CFRP sheet Occurs in a plane with
an approximate angle of 45 degrees. Fig. 4 shows the load-
displacement curve obtained from the numerical model
under tensile and torsional loading.

To compare the numerical and experimental results,
Table 1 presents the bond strength obtained from these two
methods.

It should be noted that the surface areas of a concrete
specimen are different from the internal strength due to the
contact with mold oils, insufficient hydration of cement on the
concrete surface, and also the impact of environmental damaging
factors. these factors reduce the strength of the concrete surface
areas. Due to the mentioned factors are ignored in the numerical
model, so the bond strength obtained from the numerical model
is higher than the experimental model.

4. CONCLUSIONS

According to the results, due to the high strength of the
aggregate phase of concrete, the highest amount of stress
has occurred in this phase. Also, in this phase, the criterion
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Table 1. Result of the numerical and experimental model (numerical/experimental).

load type | Average bond sirength Failure mode %Difference between num./ exp.
tension 2.76/2.32 Concrete substrate 18
torsion 8.09/7.1 Concrete substrate 13

of damage is the lowest compared to the other two phases
(mortar and ITZ). The ITZ around the aggregates as well as
the mortar phase is weaker than the aggregate phase due to
its high porosity and low strength. Therefore, micro-cracks,
followed by damage and failure, easily grow in these two parts.
According to the results under uniaxial tensile loading, the
stresses generated in the CFRP sheet are often concentrated
in the center strip of the sheet and reduced around. However,
under torsional loading, the greatest amount of stress is
concentrated around the CFRP sheet. Based on the results of
bond strength and failure mode predicted in the finite element
model and its proper adaptation to the experimental results,
the use of the CZM model in ABAQUS for CFRP-concrete
bond seems to be a suitable model.
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Table 4. Aggregate size distribution
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Fig. 8. Mesoscopic concrete sample (a) spherical aggregates (b) aggregate, mortar and ITZ phases
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Fig. 9. Stress-strain curve of concrete (a) uniaxial compression loading (b) uniaxial tension loading
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Table 5. Mechanical properties of the CFRP sheets and cohesive zone
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Fig. 11. Applied loading, boundary conditions and mesh of CFRP strengthened concrete
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Table 6. Material properties of concrete constituent
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Table 7. Material properties of concrete constituent in validation
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Fig. 12. Specimen dimensions, loading and boundary conditions.(a) uniaxial compression (b) uniaxial tension
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Fig. 13. Validity of stress-strain curve (a) uniaxial compression; (b) uniaxial tension.
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Fig. 14. Stress-strain curve of concrete obtained from numerical and experimental models
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Table 9. “pull-off” test result
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Fig. 15. Failure mode of “pull-off” test
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Fig. 16. Stress distribution under tension loading (a) core of concrete (b) CFRP sheet
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Fig. 17. Damage distribution in the core under tension loading
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Table 10. “twist-off” test result
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Fig. 18. Failure mode of “twist-off” test

+2420e+02
+2.180e+02
+1.940e+02
+1.700e+02
+1.460e+02
+1.220e+02
+9.801e+01
+7.401e+01
+5.002e+01
+2.602e+01
+2.028e+00
+2.028e-01

CFRP )5 (&

+3.114e402
+2.303e+02
+2493e+02
421620402
+1.871e402
+1.561e+02
+1.250e+02
+9.3%4e+01
+6.2882+01
+3.181e+01
+7.505e-01

+7.505e-02

(S 0 pRo (]}

() oyt 65 s AT i 3 597 M S
Fig. 19. Stress distribution under shear(torsion) loading (a) core of concrete (b) CFRP sheet

s et ol ool 89g o JSKE slopls ojae L
CFRP 5,5 0 (¥ alal, o7 glads aolydl 51 Lob s ioli3l)
3o 50 wdlion Byg LI o A5 S pe5 (chomn S Cod 5
4ol 50 ol @598 Vo U 50 sl o 955 e JBlas oy
Lol oas ooy las i Kus
Gog b odd Cusli (S Lged 3 (SaBl> BS e
ol S yie mhaw g CFRP 5,9 ey 0 @laseie o CFRP
FUOWOIPIE G- JUW L SOV I PR VRRLIW LW PR (UVHE S| P JPR
ool plodil Blidss 4 az g b aS wiS o (o |y Blas Coglie b

o)

Jol> CERP (55 5 (5 50 (S Gy 5 395 W9, 285 518
Sl 00l ooy Lzi VA S jo gooe (g5le Jow
Cod diged ,0 gl oo oddline VA S 0 a5 jgbles
Olore 4 bailaSon ;o (oaiS () I8)L alie 53 (LB 6I8L
Ot ol 0al sloul i lade o pien o (RS  ipelie
G5 o P JJs 4 bailaKiw b awlie o o o ITZ
axgi b homy ()I08,L j0 a8 cnl oty aiS oo Joos (6 S
ol b pioey S Jlesl 5l 00 ooy i Jlade ¥ oalal) 4

25 G5 3505 Sy M om Gl (0559) ol 3550 35



05 YD dxbo NFe o JL.: A b)‘.o.a.f} QY 0)9° ‘)....S).‘.al ul)o.c (swNRe 4;).“.;

() (ot IS )l o (i 030 3 ol yianS gy Yo SIS
Fig. 20. Damage distribution in the core under shear(torsion) loading
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Table 11. Comparison of bond strength obtained from numerical and experimental models
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