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Abstract: The bonding of thin fiber-reinforced plastics (FRP) composites on the surface of concrete
members has emerged as an effective method to increase both the strength and stiffness of concrete
members. Although a large volume of experimental and numerical research has performed on existing
concrete structures to increase their load carrying capacity, there appears to be less work reported on
simulating the influence of temperature on the behavior of concrete structures. This study intends to
examine the effects of changing temperature on the mechanical properties of FRP composites as well as
deteriorated composites on the structural performance of FRP bonded concrete structures. The overall
approach consists of computations using finite element models to simulate the structural behavior
of FRP bonded beams and columns. Three-dimensional-extended finite element modeling X-FEM
using ABAQUS-CAE v.6.13 program was performed to explore the influence of temperature of (25 °C,
100 °C and 180 °C) on failure loads of FRP strengthened beams and columns with adhesive material.
Additionally, the cohesive traction—separation damage model was use to model the delamination
of FRP from the concrete. The flexural strength, mid-span deflection, crack patterns, failure loads,
and mode of failure for the tested models were compared with the previous experimental study.
The results show that a FEM results were in good agreement with experimental results. The flexural
strength decreases with temperature rise for FRP strengthened concrete beams. The high temperature
180 °C has an adverse influence on the compressive strength of the specimens. The way of FRP
rupture in the simulation was similar to the mode that was observed during the experimental tests.

Keywords: abaqus; bond strength; concrete; crack propagation; extended finite element method
(X-FEM); finite element analysis; FRP; room temperature; 100 °C and 180 °C; strengthening

1. Introduction

One of the main causes of the deterioration of construction materials is due to external
environmental conditions (temperature and humidity) [1]. Prolonged exposure or even short-term
exposure to elevated temperatures will often produce irreversible physical and chemical changes
within adhesives [1].

Deteriorated structures need repair to ensure proper functioning, and to prolong their usefulness [2].
Intact structures may also need modification because of design or construction errors, or to accommodate
changes in use. To address this need, engineers have developed methods of strengthening techniques.
Traditional strengthening and retrofitting techniques that use steel and cementitious materials do not
always provide the most appropriate solutions [2,3].
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During the past decade, a large body of research has been directed towards better understanding
the behavior of civil infrastructures employing FRP composites, and for the development of design
guidelines. Nevertheless, these studies have generally ignored or marginally evaluated the reaction of
structural systems using FRP to the environments, most importantly temperature changes, to which
civil engineering structures are subjected [3,4].

Using an extensive array of instruments and field as well as laboratory tests, the short-term and
long-term performances of four types of FRP composite bridge decks were recently evaluated [5].
The coefficient of thermal expansion and the level of temperature gradient were found to be higher
than those of standard reinforced concrete decks [6]. Lack of attention to detailing and thermal
characteristics of individual components as well as the entire FRP deck system can lead to build
up of large thermal stresses, which can result in unexpected deformations and damage. To ensure
satisfactory performance, thermal behavior and the resulting thermal stresses need to be incorporated
into the design and detailing of panel-girder connections, field joints, and face sheet-core connection in
sandwich type panels [7]. Temperature variation can effect composite behavior as a result of thermal
expansion mismatch (for instance between the fiber and matrix or between the plies of different
orientation). Further, the level of residual stress will depend on temperature variations [8].

Performance of FRP strengthened structures depends on the efficiency of the bond [2,9], which is
directly affected by the roughness of the surface [2]. Preventive measures must be carried out to assure
adequate bonding. For instance, proper substrate preparation and on-site tests should be executed to
verify that each resin batch has sufficient bond with the concrete substrate [10]. The bond strength
decreases when the temperature increases [1].

This study focuses on the behavior of FRP bonded concrete beams and columns under various
temperature environments (room temperature, 100 and 180 °C) (77, 212, and 356 °F), using finite
element modelling by ABAQUS-CAE v.6.13 program. We focused on hot temperature environments to
investigate the applications of FRP systems in many hot and humid regions around the world.

Finite element analysis numerically models the behavior of structures to corroborate with the
experimental data. Finite element analysis, as used in structural engineering, determines the overall
behavior of a structure by dividing it into a number of simple elements, each of which has well-defined
mechanical and physical properties. When analyzing composite structures using finite elements
we need to supply to the software appropriate input data for the material being used. Typically,
for composites, we shall need moduli and strength of the single plies that constitute a laminate.
Occasionally we may input the laminate properties directly [11].

In recent years, the extended finite element method [12] has emerged as a powerful numerical
procedure for the analysis of crack problems. The extended finite element method was developed
to ease difficulties in solving problems with localized features that are not efficiently resolved by
mesh refinement. One of the initial applications was the modelling of fractures in a material [13].
In this original implementation, discontinuous basis functions are added to standard polynomial basis
functions for nodes that belonged to elements that are intersected by a crack to provide a basis that
included crack opening displacements [13].

2. Literature Review

Elarbi [2] studied the effects of changing hygrothermal conditioning cycles on the durability
performance of FRP strengthened concrete beams and columns. The study encompassed the long term
impact of moisture, high temperature (100 °C, 180 °C).

The flexural strength of plain concrete beams changed, due to subjecting to 100 °C temperature,
the changes and magnitudes of flexural strength depended on the number of cycles. By exposing
to 180 °C, both the flexural and compressive strength decreased and the FRP delamination was the
dominant mode of failure for all beam specimens. The presence of humidity has some influence on the
strength of concrete beams and columns especially at 180 °C.
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Di Tommaso et al. [14] investigated the influence of temperature in three point bending tests at
temperatures ranging from —100 °C (-212 °F) up to 40 °C (104 °F). Relative to the failure load at room
temperature, decreasing failure loads were found both for increasing and decreasing temperatures.
The influence of temperature on small scale three point bending tests was investigated by Klamer
et al. [15]. In these tests, an increasing failure load was found with increasing temperatures, until
around the glass transition temperature of the adhesive (62 °C or 144 °F). For higher temperatures,
a decreasing failure load was found due to the changed type of failure.

Mavalar et al. [16] studied the short-term effects of temperature, moisture, and chloride content
on the CFRP adhesion using pull-off tests. They found that the bond strength decreased significantly
at high temperatures [1,16]. Tadeu et al. [17] performed several double-lap shear tests on concrete
specimens externally bonded with steel plates. The authors noted a significant reduction of the failure
load by increasing the temperature and reported failures in the adhesive for temperatures higher than
30 °C (or 86 °F).

Obaidat et al. [18] presented a finite element analysis which was validated against laboratory
tests of eight beams. All beams were loaded under four point bending but differed in the length of
the carbon fiber reinforced plastic (CFRP) plate. The commercial numerical analysis tool ABAQUS
was used. The analyses results demonstrated similar results with the experimental data regarding
load—displacement response, crack pattern, and debonding failure mode when the cohesive bond
model is used. Mohammadi et al. [19] studied a numerical analysis method using XFEM implemented
in ABAQUS to model FRP intermediate crack debonding failure which was started at the tip of a
flexural crack in a plain concrete beam specimen. The numerical analysis has given stiffer results
compared with experimental results [19].

Therefore, this study will focus on the three-dimensional extended finite element modeling x-FEM
(offers significant benefits in the numerical modeling of crack propagation) using ABAQUS-CAE v.6.13
program was performed to explore the influence of temperature of (25, 100, and 180 °C) on failure
loads of FRP strengthened beams and columns with adhesive material. Additionally, the cohesive
traction—separation damage model was used to model the delamination of FRP from the concrete,
and a comparison was made between the numerical results and the experimental results [2].

3. Finite Element Modelling

The three-dimensional nonlinear extended finite element method (X-FEM) has been utilized to
model the behavior of concrete beams and columns subjected to different temperatures numerically.
The ABQUS CAE finite element software was adopted in this study to simulate and predict the load
—displacement response of the strengthened concrete beams and columns at room temperature “RT”,
100 °C, and 180 °C.

3.1. FRP Strengthened Concrete Beams at Room Temperature (RT)

A three-dimensional nonlinear (X-FEM) was created to study the performance of FRP strengthened
concrete beams with dimensions of 406 (16”) x 109 (4.3”) x 104 mm (4.1”) (Ilength, width, and height)
respectively. The beam was modeled as simply supported over a 305 mm (12”) span and loaded at the
middle of the span. The model consisted of two parts, the first part represented the concrete beam
while the second part epitomized the FRP sheet. Two types of material properties were input to the
ABAQUS-CAE. For the first part (concrete), the section type was selected “deformable”, the shape was
chosen “Solid”, and the type was “Extrusion”. The element has been considered as an elastic-isotropic
material, and the section was chosen as Solid/Homogenous. The Poisson’s ratio was assumed to be 0.18,
and concrete density equal to 2.4 x 107° Kg/mm? (0.0867 lb/in®). The average compressive strength of
experimental test results was 38 MPa (5502 psi) after 28 days, The Max. Principal Stress was used of
2.45 MPa (355 psi), and the modulus of elasticity of concrete was 2.92 x 10* MPa (4.23 x 10° psi).

The concrete damaged plasticity “CDP” is one of the most popular concrete models used for
simulation of concrete behavior in Abaqus. For a full definition of the CDP model in Abaqus the
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following obligatory parameters should be input: the ratio fb0/fcO of biaxial compressive yield stress to
uniaxial compressive yield stress, the ratio K of the second stress invariant on the tensile meridian to that
on the compressive meridian for the yield function, dilation angle, and the viscosity parameter [20,21]
(see Table 1).
Table 1. CDP model parameters. (Class notes. Finite Element Analysis Lecture#3. Lawrence Tech.
University, 2010 [20]. Michal and Andrzej, 2015 [21]).

The Parameter The Value
Dilation angle [degrees] 35
Viscosity parameter 0
Eccentricity 0.1
fb0/fc0 1.16
K 0.67

For FRP “part 2”, elastic isotropic behavior up to failure was assumed. Poisson’s ratio was
assumed to be 0.3. The section was solid and Homogeneous. The mechanical properties of FRP were

provided by the manufacture (see Table 2).
Table 2. SikaWrap Hex 113C carbon fiber fabric properties. Elarbi, 2011 [2].

Typical Data SikaWrap Hex 113C Carbon Fiber
Color Black
Primary fiber direction 0°/90° (bi-directional)
Weight per square yard 196 g/m? (5.7 0z)
Fiber Properties
Tensile Strength 3450 MPa (5 x 10° psi)
Tensile Modulus 230,000 MPa (33.4 x 10° psi)
Elongation 1.5%
Density 1.8 g/cc (0.065 Ibs./in%)

Normal Thickness

Cured Laminate Properties Design Values *

Tensile Strength 456 MPa (66,000 psi)
Tensile modulus 41,400 MPa (6.0 x 10° psi)
Elongation at breaks 1.2%

Thickness 0.25 mm (0.01 in)

* Cured laminate properties with Sikadur Hex 300 Epoxy. Properties after standard post cure 21-24 °C (70-75 °F) for
5 days, then 48 hours at 60 °C (140 °F).

The sections were meshed by size of 0.6 for concrete (1856 nodes, 1372 elements) and 0.3 for
FRP (1620 nodes, 742 elements), the element type was selected as “3D Stress”, and the mesh controls
selected Hex, while the mesh technique has been considered as structured, see Figure 1.

000K
AL
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A

(a) Mesh of concrete by size (0.6) (b) Mesh of FRP by size (0.3)

Figure 1. Mesh of concrete beam and FRP strengthening sheet. (a) Mesh of concrete by size (0.6);
(b) Mesh of FRP by size (0.3).
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To connect the two parts, the type of constraint that has been used was surface-to-surface contact,
the concrete beam was designated as the master surface and the FRP was selected to be the slave
surface. Contact bonding is supported in the cohesive behavior option of the contact interaction
property, see Table 3 for adhesive properties.

Table 3. Adhesive Properties.

The Property The Value

17.24 GPa
E: Young’s Modulus of adhesive (2.5 x 10° psi)
Elarbi, 2011 [2]

0.665 GPa
G: Shear Modulus of adhesive (96,450.1 psi)
Obaidat et al., 2010 [18]
t: Thickness of adhesive 0.1 mm (0.004 in) Estimated
Knn = E/t = 6.25 x 108
Stiffness Coefficients Kss = G/t =2.411 x 107
Ktt = G/t = 2.411 x 107
. 6 MPa (870.23 psi)
Cohesive Strength Mikamia et al., 2015 [22]
Tmax = 1.46 Ga %1 fct 1033 Obaidat
etal., 2010 [18]
Shear Strength 2.84 MPa (406.11 psi) =1.46 (0.665 0-165) 2 03 1.033

fct is concrete tensile strength
=0.33 fc'=2.03 MPa

= (12 P2 a2) / (E h® B%) Dri and
Restrepo, 2011 [23]
91.8 g/mm (5.14 Ib/in) Where P is maximum experimental
(Estimated) load, a corresponds to the precrack
length, h is the height of the sample,
and B is the width of the samples.

G: Fracture Energy

The cohesive traction—separation damage model was use to model the delamination of FRP from
the concrete.

For flexural strength, the concrete beam model was tested by center-point loading according to
ASTM C293, whereas the effective span length was three times of the beam depth and the distance
from the center of the support to the beam edge was 50 mm (2”) each side. The load was applied as a
static pressure load and the type of boundary conditions has been selected “displacement/rotation.”
One support was considered as a pin and the other is a roller, see Figure 2.

(a) Static Pressure Load (b) Boundary Conditions

Figure 2. Load and boundary conditions of FRP strengthened concrete beam model. (a) Static Pressure
Load; (b) Boundary Conditions.

3.2. FRP Strengthened Concrete Beams at 100 °C

The same procedures that were performed to model FRP strengthened concrete beams at RT have
been followed to obtain the numerical results of strengthened concrete beams at 100 °C. The modulus of
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elasticity of concrete at 100 °C was lower than the modulus of elasticity at RT based on the experimental
data, see Table 4. Table 5 shows concrete properties at 100 °C.

Table 4. Elastic properties for concrete (temperature dependent). (Class notes. Finite Element Analysis
Lecture#5. Lawrence Tech. University, 2010 [24]).

Young’s Modulus N/m? Poisson’s Ratio Temperature (°C)
3.49 x 1010 0.2 20
3.14 x 1010 0.2 200
2.79 x 1010 0.2 400

Table 5. Concrete Properties at 100 °C.

The Property The Value
E100 Young’s Modulus of concrete 2.8 x 10* MPa (4062000 psi) (Table 4)

No change in compressive strength (fc’) (Ezekiel, et al.,

2013 [25]. Guo and Shi, 2011 [26]. Venkatesh, 2014 [27]) 38 MPa (5502 psi)

No change in Max. Principal Stress (Ezekiel, et al., 2013

[25]. Guo and Shi, 2011 [26]. Venkatesh, 2014 [27]) 2:45 MPa (355 psi)

For contact property, the cohesive behavior was used, see Table 6 adhesive properties at 100 °C.

Table 6. Adhesive properties at 100 °C.

The Property The Value
E100: Young’s Modulus of  14.3 GPa
adhesive (2.075 x 10° psi) Elarbi, 2011 [2]
425.6 MPa

(61728.05 psi) Advanced Materials
G100: Shear Modulus of Epibond® 100 A/B
adhesive High-temperature Epoxy
Structural Adhesive. Available
online: [28]

t: Thickness of adhesive 0.1 mm (0.004 in) Estimated
Knn = E/t = 5.187 x 108
Stiffness Coefficients Kss = G/t = 1.5432 x 107

Ktt = G/t = 1.5432 x 107
1.2 MPa (174.04 psi) Mikamia et al.,

Cohesive Strength 2015 [22]
Tmax = 1.46 Ga %16% fct 1033 Obaidat et al.,
Shear Strength 2.64 MPa (382.89 psi) iOll ZE(%]. 4056 0165) 9 03 1033
= 2.64 MPa (382.89 psi)
= (12 P? a?)/(E h® B%) Dri and Restrepo,
2011 [23]
70.7 g/mm (3.96 Ib/in) Where P is maximum experimental load
Fracture Energy (G) (Estimated) 100 °C, a is correspond to the precrack

length 100 °C, h is the height of the
samples, and B is the width of the sample.
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3.3. FRP Strengthened Concrete Beams at 180 °C

The same procedures that were performed to model FRP strengthened concrete beams at RT and
100 °C have been followed to obtain the numerical results of strengthened concrete beams at 180 °C.
As shown in Table 7.

Table 7. Concrete Properties at 180 °C.

The Property The Value
E180 Young’'s Modulus of concrete 2.67 x 10* MPa (3,873,000 psi) (Table 4)
No change in compressive strength (fc’) (Ezekiel, et al., .
2013 [25]. Guo and Shi, 2011 [26]. Venkatesh, 2014 [27]) 38 MPa (5502 psi)
No change in Max. Principal Stress (Ezekiel, et al., 2013 2.45 MPa (355 psi)

[25]. Guo and Shi, 2011 [26]. Venkatesh, 2014 [27])

For contact property, the cohesive behavior was used. Table 8 shows adhesive properties at 180 °C.

Table 8. Adhesive Properties at 180 °C.

The Property The Value
E180: Young’s Modulus of 9825 MPa
adhesive (1.425 x 10° psi) Elarbi, 2011 [2]
219.4 MPa

(31,828.52 psi) Advanced Materials
G180: Shear Modulus of Epibond® 100 A/B
adhesive High-temperature Epoxy
Structural Adhesive. Available
online: [28]

t: Thickness of adhesive 0.1 mm (0.004 in) Estimated
Knn = E/t = 3.563 x 108
Stiffness Coefficients Kss = G/t = 7.95713 x 10°

Ktt = G/t = 7.95713 x 10°
0.8 MPa (116.03 psi) Mikamia et al.,

Cohesive Strength

2015 [22]
Tmax = 1.46 Ga %165 fct 1.033 Opaidat et al.,
. 2010 [18]
Shear Strength 2.36 MPa (342.29 psi) — 146 (0.21945 0165) 2,03 103
= 2.36 MPa (342.29 psi)
= (12 P2 a2)/(E h3 B3)
Dri and Restrepo, 2011 [23]
62.5 g/mm (3.5 Ib/in) Where P is maximum experimental load
Fracture Energy (G) (Estimated) 180 °C, a is correspond to the precrack

length 180 °C, h is the height of the
samples, and B is the width of the sample.

4. Finite Element Modelling for Columns

Likewise, with some differences to the procedures which have been followed to simulate the FRP
strengthened concrete beam, the FRP strengthened column has been treated. A 3D nonlinear extended
finite-element analysis of the FRP-strengthened column was carried out using the ABAQUS/CAE.

4.1. FRP Strengthened Concrete Columns at Room Temperature (RT)

The model was divided into two parts. While the first part represented the 3-D cylindrical concrete
column with a dimension of 20 mm (8”) height and 10 mm (4”) diameter, the second part dealt with the
FRP, see Figure 3. The properties have been selected to be the same as those for the FRP strengthened
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concrete beam simulation. The damage evaluation has been selected to be the same as those for the
FRP strengthened concrete beam simulation. The mesh seed was chosen edge by size 0.4 for FRP
(1344 nodes, 640 elements) and 0.69 for concrete (1573 nodes, 1440 elements), see Figure 4. The mesh
controls selected as Hex-dominated for FRP and Hex for concrete, while the mesh technique has been
considered as structured and the element type was 3-D stress for both concrete and FRP.

fe—— D=t

Concrete FRP

Figure 3. 3-D strengthened concrete column model.

l'f.;‘l...l'l'..

Concrete FRP Concrete + FRP

Figure 4. Mesh of the FRP concrete column model.

To connect the two parts, the type of constraint that has been used was surface-to-surface contact.
The concrete column was designated as the master surface, while the FRP has been selected to be the
slave surface. Contact bonding is enabled in the cohesive behavior option of the contact interaction
property. The load has been selected as a static pressure on the upper surface and the type of boundary
conditions at the bottom surface was chosen as the displacement/rotation, see Figure 5.

(a) Static Pressure Load (b) Boundary Conditions

Figure 5. Load and boundary conditions of FRP strengthened column model. (a) Mesh of concrete by
size; (b) Mesh of FRP by size.



Fibers 2020, 8, 10 90f19

4.2. FRP Strengthened Concrete Columns at 100 °C

The same procedures that were performed to model FRP strengthened concrete columns at
RT have been followed to obtain the numerical results of strengthened concrete columns at 100 °C.
The modulus of elasticity of concrete at 100 °C was lower than the modulus of elasticity at RT based on
the experimental data, see Table 4. Table 5 shows concrete properties at 100 °C. For adhesive properties
at 100 °C, see Table 6.

4.3. FRP Strengthened Concrete Columns at 180 °C

The same procedures that were performed to model FRP strengthened concrete columns at RT and
100 °C have been followed to obtain the numerical results of strengthened concrete column at 180 °C.
Table 7 shows concrete properties at 180 °C. The adhesive properties at 180 °C are shown in Table 8.

5. Finite Element Analysis Results and Discussion

In this section, the behavior of FRP strengthened concrete beams and columns are discussed
and the results were compared with the experimental investigations [2]. The extended finite element
method was used to model the behavior of those elements numerically.

5.1. FRP Strengthened Concrete Beams at Room Temperature (RT)

By running the ABQUS-CAE software, the load started to increase by steps and the section began
to deform until failure. The concrete crack began at the lowest point of the concrete beam almost at the
center and propagated upward, followed by the delamination of the FRP and finally the FRP ruptured.
The sequence of failure in the simulation was similar to that of the experimental tests, see Figure 6.

(a) Concrete flexural crack (b) FRP Rupture

(c) FRP delamination

Figure 6. Concrete flexural crack, FRP rupture and delamination at experimental tests. Elarbi, 2011 [2].

The events of simulation loadings were depicted in Figure 7a. All loading stages are shown in
Figure 7b.

As shown in Figure 7, the first concrete crack started when the external load reached 40.75%
of the peak load and FRP delamination started when the external load reached 95.07% of the peak
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load. While the first rupture of CFRP started when the external load reached 99.63% of the peak load,
the Max. Principal stress of CFRP reached the input 456 MPa (66,000 psi) at rupture.

By comparing the simulated and experimental flexural load and mid-span deflection of FRP
strengthened concrete beams at RT, the experimental results of flexural load were about 27% less than
the numerical results, which means the finite element model has been successful in prediction FRP
strengthened concrete beam failure load.

The maximum principal stress of concrete reached the input 2.813 MPa (408 psi) at crack, and then
gradually increased until the peak load. The failure changed above the FRP from failure in the concrete
near the interface with the adhesive to failure exactly in the interface in between the concrete and
the adhesive.

1- Concrete Crack

Stage 1 (First Crack) Stage 2

The first crack (stage 1) of concrete when the Extend the first crack of concrete (stage 2) when
external load reached 40.75% of the peak load.  the external load reached 53.25% of the peak load.

Stage 3 Stage 4

Extend the first crack of concrete (stage 3) when Extend the first crack of concrete (stage 4) when the
the external load reached 65.95% of the peak load. external load reached 78.03% of the peak load.

Stage 5 Stage 6

Extend the first crack of concrete (stage 5) when Extend the first crack of concrete (stage 6) when the
the external load reached 91.77% of the peak load. external load reached 95.03% of the peak load.

Figure 7. Cont.
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2- CFRP Delamination, Stage 7

Extend the first crack of concrete (stage 7) when FRP delamination started when the external load
the external load reached 95.07% of the peak load. reached 95.07% of the peak load.
3- CFRP Rupture

The first rupture of CFRP started when the The externalload reached 99.64% of the peak load.
external load reached 99.63% of the peak load.

The external load reached 99.65% of the peak At peak load.
load.

(a) The events of simulation loadings

6000 -
Staee 3 . E:I:age 6 .'S.'taga.} ..................................
5000  omerererrer
- [} StagM
§ 4000
E
i
-g : Stame 3
3000 ;
3 * Stage2
§ i
£ 2000 |: Staeel
X .
& :
“ 000 f
0 . | | | |
o 0.02 0.04 0.06 0.08 o1
Deflection (in)

(b) The stages of concrete crack

Figure 7. Numerical flexural response of FRP strengthened concrete beams and the stages of concrete
crack at RT. (a) The events of simulation loadings; (b) The stages of concrete crack.

5.2. FRP Strengthened Concrete Beams at 100 °C

The events of simulation loadings were depicted in Figure 8a. All loading stages were shown in
Figure 8b.
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1. Concrete Crack
Stage 1 (First Crack) Stage 2

o= o

Crack

The first concrete crack started (stage 1) when the Extend the first crack of concrete (stage 2) when
external load reached 40.75 % of the peak load.  the external load reached 41.85% of the peak load.
Stage 3 Stage 4

Lot L

Extend the first crack of concrete (stage 3) when Extend the first crack of concrete (stage 4) when
the external load reached 53.46% of the peak the external load reached 66.58% of the peak load.
load.

Stage 5 Stage 6

Extend the first crack of concrete (stage 5) when Extend the first crack of concrete (stage 6) when
the external load reached 78.62% of the peak the external load reached 92.96% of the peak load.
load.

Stage 7

Extend the first crack of concrete (stage 7) when the external load reached 95.69% of the peak load.

Figure 8. Cont.
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2. CFRP Delamination

CSDMG  ASSEMBLY_5_SURF-1/ASSEMBLY_M_SURF-1
+5.077e-01
+4.654e-01
+4.231e-01
+3.808e-01
+3.385e-01
+2.962e-01
+2.53%-01
+2.116e-01
+1.692e-01
+1.269e-01
+8.462e-02
+4.231e-02
+0.000e+00

FRP delamination started when the external load reached 95.73% of the peak load.
Stage 8

Extend the first crack of concrete (stage 8) when the external load reached 96.10% of the peak load.
(a) The events of simulation loadings

5000 -
Stage 6 Smge ;‘ SWEB s ---------------------------------
Sogg | et weer
: . -
2 000 o o Stagel
T ¥Stage 4
¢ s000 4
3 T | "Stage3
< Stage 2
E 2000 - 4 Stage 1
3 :
i
¢ Looo o
o 0.02 0.04 0.06
Deflection (in)

(b) The stages of concrete crack

Figure 8. Numerical flexural response of FRP strengthened concrete beams and the stages of concrete
crack at 100 °C. (a) The events of simulation loadings; (b) The stages of concrete crack.

As shown in Figure 8, the first concrete crack started when the external load reached 40.75% of the
peak load. There is no rupture of FRP, and FRP delamination started when the external load reached
95.73% of the peak load.

Similarly, when compared the simulated and experimental flexural load and mid-span deflection
of FRP strengthened concrete beams at 100 °C, the experimental results of flexural load were about 6%
less than the numerical results, which means the finite element model has been successful in prediction
FRP strengthened concrete beam failure load. The Max. Principal stress of concrete reached the input
Max. Principal stress of concrete 3.047 MPa (442 psi) at crack, then gradually increased until the peak
load. The cohesive strength decreases when the temperature increases. See Tables 3 and 6.

The failure changed the above FRP transition temperature from failure in the concrete near the
interface with the adhesive to failure exactly in the interface in between the concrete and the adhesive.

5.3. FRP Strengthened Concrete Beams at 180 °C

The events of simulation loadings were depicted in Figure 9a. All loading stages are shown in
Figure 9b.
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1. Concrete Crack
Stage 1 (First Crack) Stage 2

Crack

The first concrete crack started (stage 1) when Extend the first crack of concrete (stage 2) when
the external load reached 41.88% of the peak the externalload reached 54.69% of the peak load.
load.

Stage 3 Stage 4

Extend the first crack of concrete (stage 3) Extend the first crack of concrete (stage 4) when
when the external load reached 66.93% of the the external load reached 80.22% of the peak load.
peak load.

Stage 5

Extend the first crack of concrete (stage 5) when the external load reached 94.18% of the peak load.
2. CFRP Delamination

FRP delamination started when the external load reached 96.24% of the peak load.
Stage 6 Stage 7

Extend the first crack of concrete (stage 6) Extend the first crack of concrete (stage 7) when
when the external load reached 96.43% of the the external load reached 96.45% of the peak load.
peak load.

Figure 9. Cont.
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FRP delamination when the external load FRP delamination when the external load
reached 96.43% of the peak load. reached 96.45% of the peak load.

(a) The events of simulation loadings
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(b) The stages of concrete crack

Figure 9. Numerical flexural response of FRP strengthened concrete beams and the stages of concrete
crack at 180 °C. (a) The events of simulation loadings; (b) The stages of concrete crack.

As demonstrated in Figure 9, the first concrete crack started when the external load reached 41.88%
of the peak load. There is no rupture of FRP, and the FRP delamination started when the external load
reached 96.24% of the peak load.

Likewise, when compared the simulated and experimental flexural load and mid-span deflection
of FRP strengthened concrete beams at 180 °C, the experimental results of flexural load were about 20%
less than the numerical results, which means the finite element model has been successful in prediction
FRP strengthened concrete beam failure load.

The cohesive strength decreases when the temperature increases see Tables 3, 6 and 8. The failure
changed above the FRP transition temperature from failure in the concrete near the interface with the
adhesive to failure exactly in the interface in between the concrete and the adhesive.

The maximum principal stress of concrete reached the input Max. Principal stress of concrete
2.813 MPa (408 psi) at crack, then gradually increase until the peak load. Because after the onset of the
crack in concrete, stress at the crack tip intends to go infinite and this is known as stress singularity at
the crack tip. Therefore, in our simulations, we predict larger max principal stress values than input.

When the first crack shows up on the concrete surface and starts to spread, the FRP strengthening
sheet tries to prevent crack propagation. As a result of this resistance, an extremely large max principle
stress values will generate. See Table 9 for the comparison of failure load and first rupture beginning
for FRP strengthened concrete beams at RT, 100 °C and 180 °C.

Table 9. Comparison of failure load and first rupture beginning for FRP strengthened concrete beams

at RT, 100 °C and 180 °C.
Temp °C Peak Load KN, (Ibs) First Rupture of FRP Beginning
RT 24.52 KN, (5512.6 1bs) 99.63% of the peak load
100 °C 24.29 KN, (5461 1bs) no rupture

180 °C 23.91KN, (5375 Ibs) no rupture
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We noted that the flexural strength decreases with temperature rise for FRP strengthened concrete
beams. The maximum flexural load of 100 °C decreased about 1% for the maximum flexural load of
RT. The maximum flexural load of 180 °C decreased about 2% for the maximum flexural load of RT.

5.4. FRP Strengthened Concrete Columns at Room Temperature (RT)

By running the ABQUS-CAE software, the pressure began to increase by steps until the failure
occurred. Figure 10 shows the crack pattern at peak load. The way of FRP rupture in the simulation
was similar to the mode that was observed during the experimental tests (Figure 11).

PHILSM
PHILSM +2.513¢-01
+2.513¢-01 +2.094¢-01
+2.094e-01 +1.675e-01
+1.675¢-01 +1.256¢-01
+1.256e-01 +8.376¢-02
+8.376¢-02 +4.188¢-02
+4.188e-02 +4.545¢-07
+4.545¢-07 -4.188¢-02
-4.188¢-02 -8.376e-02
-8.376e-02 -1.256e-01
-1.256e-01 -1.675¢-01
-1.675¢-01 -2.094e-01
-2.094e-01 -2.513e-01
-2.513e-01
(a) Crack in (Concrete +FRP) (b) Crack propagation Rupture in CFRP

PHILSM: Signed distance function to describe the crack surface

Figure 10. Crack propagation of FRP strengthened concrete column at peak load (RT).

Figure 11. FRP rupture at experimental tests. Elarbi, 2011 [2].

At RT, the crack of CFRP started at 96.94% of the peak load. By comparing the simulated and
experimental compressive load and mid-span deflection of FRP strengthened concrete columns at
RT, the numerical results of compressive load was about 0.99 % less than experimental results, which
means the finite element model has been successful in prediction FRP strengthened concrete column
failure load.

At 100 °C, the crack of concrete started first, and after that, at the end of load (100% load), the crack
of CFRP occurred. The cohesive strength decreases when the temperature increases see Tables 3
and 6. The failure changed under the FRP transition temperature from failure in the concrete near the
interface with the adhesive to failure exactly in the interface in between the concrete and the adhesive.
As well as, when the simulated and experimental compressive load and mid-span deflection of FRP
strengthened concrete columns at 100 °C were compared, the experimental results of compressive load
was about 0.61% less than numerical results, which means the finite element model has been successful
in prediction FRP strengthened concrete column failure load.
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At 180 °C, the crack of concrete started first, after that at 97.48% of the peak load the crack of
CFRP started. For the cohesive strength decreases when the temperature increases, see Tables 3, 6
and 8. The failure changed under the FRP transition temperature from failure in the concrete near the
interface with the adhesive to failure exactly in the interface in between the concrete and the adhesive.
When compared the simulated and experimental compressive load and mid-span deflection of FRP
strengthened concrete columns at 180 °C, the numerical results of compressive load was about 7% less
than experimental results, which means the finite element model has been successful in the prediction
of FRP strengthened concrete column failure load. The Table 10 shows the comparison of failure load
and first rupture beginning for FRP strengthened concrete columns at RT, 100 °C and 180 °C.

Table 10. Comparison of failure load and first rupture beginning for FRP strengthened concrete columns
at RT, 100 °C and 180 °C.

Temp °C Peak Load KN, (Ibs) First Rupture of FRP Beginning
RT 387.54 KN, (87,122.65 1bs) 96.94% of the peak load
100 °C 4919 KN, (110,584.1 1bs) at the peak load
180 °C 279.49 KN, (62,831.85 Ibs) 97.48% of the peak load

The maximum compressive load of 100 °C increased about 27% for the maximum compressive load
of RT. The maximum compressive load of 180 °C decreased about 39% for the maximum compressive
load of RT. This is the same as the experimental results [2]. This concludes that the high temperature
180 °C has an adverse influence on the compressive strength of the specimens.

6. Conclusions

The following conclusions can be drawn from this research:

(1) The FE results are in generally agreement with the experimental results for all temperatures.
The maximum discrepancy was 27%.

(2) Atroom temperature, the FRP strengthened beams showed predominately flexural cracks in
concrete, followed by a brief FRP delamination prior to FRP rupture. The first rupture of FRP
started when the external load reached 99.63% of the peak load.

(3) When the temperature is raised to 100 °C and 180 °C, the FRP strengthened beams showed
predominately flexural cracks in concrete, followed by a brief FRP delamination. As the
temperature rises, a delay of FRP delamination has been observed.

(a) The maximum flexural load of 100 °C decreased about 1% for the maximum flexural load
of RT, these results suggest that the FRP strengthened concrete beams at 100 °C, flexural
strength weaker than FRP strengthened concrete beams at RT.

(b) The maximum flexural load of 180 °C decreased about 2% for the maximum flexural load
of RT. These results suggest that the FRP strengthened concrete beams at 180 °C, flexural
strength weaker than FRP strengthened concrete beams at RT and 100 °C.

(c) This concludes that the flexural strength decreases with temperature rise for FRP
strengthened concrete beams.

(4) TheFRP strengthened columns showed compression cracks in concrete and FRP rupture. The crack
of FRP started at 96.94% of the peak load at room temperature. At the end of load (100% load),
the crack of FRP occurred when the temperature is raised to 100 °C. While at 180 °C the crack of
CFRP started at 97.48% of the peak load. The crack of FRP increased expansion at 180 °C than
100 °C, in the way of FRP rupture in the simulation was similar to the mode that was observed
during the experimental tests.
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)

(a) The maximum compressive load of 100 °C increased about 27% for the maximum
compressive load of RT. These results suggest that the FRP strengthened concrete columns
at 100 °C, compressive strength stronger than FRP strengthened concrete columns at RT.

(b) The maximum compressive load of 180 °C decreased about 39% for the maximum
compressive load of RT. This is the same as the experimental results [2]. This concludes
that the high temperature 180 °C has an adversely influence on the compressive strength
of the specimens.

The thickness of FRP wrapping was 0.25 mm (0.01 in) in this study. I recommend in future, use
thick of FRP wrapping more than 0.25 mm (0.01 in) for beams and columns to withstand high
temperature (100 °C and 180 °C).

(a) Also,itshould be noted that the above mentioned findings are based on the cohesive behavior
formulation (the cohesive traction-separation damage model) was use to the characterization of
damage evaluation at the interface between concrete and FRP. In future, the virtual crack closure
technique (VCCT) that is also available in the ABAQUS-CAE is recommended to be utilized and
compared to the results obtained from the cohesive behavior formulation.
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