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Abstract 

To figure out the change in the reinforcing effect of FRP system used for the retrofit of RC beam when it is exposed to 
high temperature, it is required to evaluate not only the behavior of the entire beam, but also the bond performance 
at anchorage zone through a bond test according to the increase of external temperature. Moreover, the study to 
find various fire-protection methods is necessary to prevent the epoxy from reaching the critical temperature during 
an exposure to high temperature. In this manner, the fire-resistance performances of externally bonded (EB) FRP 
and near-surface-mounted (NSM) FRP to concrete block were evaluated by high-temperature exposure tests after 
performing a fire-protection on the surface in this paper. Board-type insulation with mortar was considered for the 
fire-protection of FRP system. After the fire-protection of the FRPs bonded to concrete blocks, an increasing exposure 
temperature was applied to the specimens with keeping a constant shear bond stress between concrete and the 
FRP. Based on the result, the temperature when the bond strength of the FRP disappears was evaluated. In addition, a 
finite element analysis was performed to find a proper method for predicting the temperature variation of the epoxy 
which is fire-protected with board-type insulation during the increase of external temperature. As a result of the test, 
despite the same fire-protection, NSM specimens were able to resist 1.54–2.08 times higher temperature than EB 
specimens. In the design of fire-protection of FRP system with the board-type insulation, it is necessary to consider 
the transfer from sides as well as the face with FRP. If there is no insulation of FP boards on the sides, the epoxy easily 
reaches its critical temperature by the heat penetrated to the sides, and increasing the thickness of the FP board alone 
for the face with FRP does not increase the fire-resistance capacity. As a result of the FE analysis, the temperature vari‑
ation at epoxy can be predicted using the analytical approach with the proper thermal properties of FP mortar and 
board.

Keywords:  bond performance, anchorage zone, externally bonded (EB) FRP, near-surface-mounted (NSM) FRP, fire-
protection, board-type insulation with mortar, finite element analysis
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1  Introduction
In the strengthening of Reinforced Concrete (RC) struc-
ture, a method of using Fiber Reinforced Polymer (FRP) 
has been widely used since it has high strength with light 
weight and excellent workability (ACI 440.2R 2008; Fib 

TG9.3 2001). FRPs may consist of carbon, glass, aramid 
and basalt fibers that are bonded together by the matrix of 
a polymer such as epoxy, vinyl ester or polyester to form 
CFRP, GFRP, AFRP and BFRP, respectively (Teng et  al. 
2003; Hollaway 2011; Sidduka et  al. 2020; ACI 440.2R 
2008; Fib TG9.3 2001). FRP materials have been used in 
the forms of laminates, rods, dry fibers or sheets in con-
crete structures (ACI 440.2R 2008; Fib TG9.3 2001; Sid-
duka et al. 2020). Strengthening methods for RC member 
are classified into Externally Bonded (EB) Retrofit and 
Near-Surface-Mounted (NSM) Retrofit. In EB method, 
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FRP is attached to the surface of a concrete member 
using epoxy resin. This method is relatively excellent in 
workability, but it requires a surface treatment process 
of concrete for a perfect bonding of FRP. Since the FRP 
bonded to concrete is exposed to the external environ-
ment, an adhesion failure of it is likely to occur unless the 
surface is suitably protected. NSM method, on the other 
hand, requires additional processing by forming a groove 
in the concrete member and then embedding the FRP in 
it, but does not require any surface treatment work and 
has relatively excellent adhesion performance (Sena Cruz 
and Barros 2004; Lorenzis et  al. 2004; Teng et  al. 2006; 
Seracino et al. 2007; Al-Mahmoud et al. 2012; Seo et al. 
2013, 2016a,b).

About thermal capacity of FRP system, the glass transi-
tion temperature Tg of FRP, which is called as a critical 
temperature, is typically in the range of 93–120 °C (ACI 
440.1R 2015) and that of epoxy resin for attaching FRP 
reinforcement is 60–82  °C for existing, commercially 
available FRP system (ACI 440.2R 2008). Therefore, when 
the concrete structure reinforced with FRP exposed to a 
high temperature such as a fire, the epoxy around FRP 
reinforcement easily reaches its Tg even at low tempera-
ture, and the adhesion capacity is disappeared. (Blontrock 
et al. 1999; Kodur et al. 2007; Wang et al. 2007; Foster and 
Bisby 2008; Nigro et al. 2011a, b, 2012; Katz et al. 1999). 
In consideration of such conditions, the strength of FRP 
for design purpose is to be ignored unless a fire-protec-
tion system can maintain the FRP temperature below its 
critical temperature (ACI 440.2R 2008; Fib TG9.3 2001). 
In this respect, a series of studies have been conducted to 
ensure the fire-resistance performance of the RC member 
reinforced with FRP (Blontrock et  al. 2001; Bisby et  al. 
2005; Burke et al. 2013; Foster and Bisby 2008; Williams 
et  al. 2008; Chowdhury et  al. 2008; Kodur and Ahmed 
2010; Hajiloo et al. 2017).

Foster and Bisby (2008) performed an analysis of the 
several test results (such as tension coupon tests, single-
lap FRP-to-FRP bond tests, direct tension FRP-to-con-
crete bond tests, and pull-apart FRP-to-concrete shear 
bond tests) after exposure to temperatures up to 400 °C. 
As a result, they revealed that the residual properties of 
externally bonded FRP systems after high-temperature 
exposure appear to be influenced predominantly by the 
properties of the resin system used for the adhesion 
of the FRP; the fiber type does not appear to influence 
residual performance. From the test to find the change 
of the bond performance of epoxy in NSM retrofit with 
temperature, Palmieri et  al. (2011) found that the bond 
performance of NSM-FRP bars decreased considerably at 
the Tg of epoxy, 65 °C and the bars were separated from 
the concrete due to the interface failure at 100 °C. From 
additional test, Palmieri (2012) found that the properly 

insulated NSM-FRP strengthened in beams can achieve 
a fire endurance of at least 2 h. In addition, from the tests 
of the beams exposed to 1 h of fire, Palmieri et al. (2013) 
suggested that if the insulation system is able to main-
tain the adhesive temperature at a relatively low value 
(not larger than 160% of Tg of epoxy), the bond degrada-
tion of FRP under fire is limited, and the beam strength-
ened with FRP can retain a large part (up to 92%) of its 
original strength. From a fire loading test on an RC beam 
strengthened with carbon FRP (CFRP), also Ahmed 
and Kodur (2010) found that the anchorage configura-
tion plays a critical role in limiting the deflections of the 
strengthened beam after debonding of the FRP occurs at 
around Tg of epoxy. Furthermore, FRP-strengthened RC 
beams supplemented with 25-mm-thick spray-applied 
insulation can survive failure under ASTM E119  (2007) 
standard fire or a design fire. Seo and Kim  (2013) car-
ried out tensile tests of CFRP plates, epoxy state change 
tests, and bond performance tests under increasing tem-
perature conditions. The research found that the NSM 
retrofit is an effective reinforcing method in terms of 
bond strength but the reinforcing effect may be consid-
erably reduced as the surrounding temperature goes up. 
Specifically, it found that the bond function of epoxy is 
lost when the surrounding temperature approaches the 
Tg, 65 °C, at which the chemical characteristics of epoxy 
begin to change. Jiangtao et  al. (2017) reported that Tg 
may be over-conservative as the critical temperature to 
determine the fire resistance of the NSM-CFRP strength-
ening system through a fire loading test of RC beam 
strengthened with NSM-CFRP.

In addition to experimental researches, numerical pro-
cedures have been performed to simulate the thermome-
chanical response of RC member strengthened with FRPs 
under exposure to fire. Kodur and Ahmed (2010) pre-
sented numerical procedures capable of simulating the 
thermomechanical response of RC beams strengthened 
with EB-CFRP strips under exposure to fire. In the mod-
els, the temperature-dependent material properties of 
FRP and adhesive were considered and after performing 
a 2D heat transfer analysis of the cross section, they use 
moment–curvature relationships to trace the mechanical 
response of the beams. In these two researches, the dif-
ference is that the bond degradation at the CFRP–con-
crete interface, particularly the bond-slip as a function of 
temperature is explicitly simulated in latter. As extended 
research, Kodur and Yu (2013) suggested an approach to 
trace the response of NSM-FRP-strengthened RC beam 
from the preloading stage to collapse under a specified 
fire exposure and loading conditions. The model accounts 
for high-temperature properties of constitutive materials, 
realistic load and boundary conditions, and temperature-
induced bond degradation at the FRP–concrete interface. 
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Kodur and Bhatt (2018) applied this analytical approach 
to evaluate the performance of FRP-strengthened RC 
slab under fire conditions.

About the insulated FRP reinforcing system, Dai et al. 
(2015) developed 3D finite element model considering 
the bond degradation with temperature of both inter-
nal steel and external FRP reinforcement to simulate the 
thermal and structural behavior of insulated EB-FRP-
strengthened RC beams exposed to fire. Firmo et  al. 
(2015) simulated the thermomechanical response of 
EB-CFRP-strengthened beams subjected to fire and pro-
tected with different insulations. Two-dimensional (2D) 
FE models of the beams were developed using a com-
mercial software, where the CFRP–concrete interaction 
was modeled by means of bi-linear bond-slip laws pre-
viously calibrated up to 120  °C. As extended research, 
Frimo et al. (2018) performed 3D-FE analysis to simulate 
the fire behavior of RC beams flexurally strengthened 
with NSM-CFRP techniques. From these two researches, 
they confirmed that the thermal response of the insulated 
CFRP-strengthened RC beams subjected to fire, in par-
ticular the temperature distribution along the EB-CFRP–
concrete and NSM-CFRP–concrete interfaces could be 
accurately simulated.

These previous researches present that the bond per-
formance of FRP bonded to concrete will be reduced 
if the FRP is exposed to a high temperature. The tem-
perature at which the bond strength decreases is closely 
related to the Tg of epoxy, but its limit is still unclear. In 
particular, according to the previous research results, in 
the case of beams reinforced with FRP, it was found that 
the adhesion performance of the epoxy was maintained 
in the range of 1.0–1.6 times Tg. This performance seems 
to be due to the fact that the end fixing performance 
of the FRP is properly kept even when exposed to high 
temperatures. Therefore, to figure out the change in the 
bond performance of FRP according to the tempera-
ture increase, not only the behavior of the entire beam, 
but also the performance evaluation is required on the 
anchorage zone according to the external temperature. 
Moreover, it is required to study various reinforcing tech-
nologies for a proper fire-insulation to prevent the epoxy 
from reaching the limit temperature and maintain a suf-
ficiently low temperature.

Accordingly, this study aims to evaluate the fire-resist-
ance performance of FRPs reinforced to concrete sub-
jected to increasing temperature under constant bond 
stress. Two types of retrofits, EB and NSM methods are 
considered in the test plan and board-type insulators 
with mortar are used for fire-protection. After keeping 
constant load at the end of FRP to act a bond stress at the 
interface between FRP and concrete, the increasing expo-
sure temperature is applied to FRP surface with various 

details of the insulation for fire-protection to determine 
the temperature at which the FRP loses its bond strength. 
In addition, a finite element analysis is performed to find 
a proper method for predicting the temperature varia-
tion of the epoxy which is fire-protected with board-type 
insulation during external temperature increase.

2 � Evaluation on the Bond Capacity 
of Fire‑Protected FRP Bonded to Concrete 
at High Temperature

2.1 � Design of Specimen
To evaluate the performance of the FRP bonded to con-
crete members under high temperature, a bond test is 
planned. The variables of the experiment are the rein-
forcement method of FRP, the thickness of fireproof 
insulation and the number of insulated surfaces. The 
strengthening methods using FRP reinforcement con-
sidered in this study are EB and NSM. The shape of the 
specimens and the concept of fire-protection are shown 
in Fig. 1. The list of specimens is shown in Table 1. 

Eight 100  mm × 100  mm × 200  mm size concrete 
blocks were made. In making an EB specimen, epoxy was 
pre-applied to the front surface of four concrete blocks, 
and then carbon FRP with a thickness of 1.2 mm and a 
width of 34  mm was attached. For NSM specimens, a 
groove of 5 mm wide and 20 mm deep is formed in each 
concrete block over its entire length and CFRP having a 
thickness of 1.2 mm and a width of 17 mm was embed-
ded in the groove. Regarding this groove, ACI 440.2R 
(2008) recommends a width of at least 3.0 times the 
thickness of the FRP and 1.5 times the width of the FRP 
for rectangular FRP reinforcement in NSM system. The 
width of the groove in the specimens is 3.6  mm, which 
satisfies the condition, but the depth is 25.5  mm which 
is somewhat insufficient. However, as a result of using 
a groove of this shape in the previous experiments (Seo 
et  al. 2013, 2016a,b), a sufficient adhesion strength was 
exhibited, so the same shape of the groove was also set in 
this experiment.

For each EB and NSM-FRP systems, two cases of fire-
protection were considered such as the case where only 
the front surface is fire-protected by the board with mor-
tar and the case where the front and sides are fire-pro-
tected. The insulation thickness of 25 mm or 45 mm are 
planned for the front face with FRP while 15 mm for both 
sides.

The cross-sectional area of FRP is doubled in EB 
specimen compared to NSM specimen, but the adhe-
sion area is the same. In both cases, the bond length 
is 100  mm so that bond failure dominates the overall 
behavior. For side insulations, the fire-protection (FP) 
boards were attached to only 75 mm of 100-mm depth 
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of block. Therefore, the remaining 25 mm was allowed 
to be exposed. Figure  2 shows the dimensions of the 
specimens reinforced with EB and NSM.

To measure the temperature of the epoxy in the spec-
imens during the experiment, the thermocouples were 
installed as shown in Fig. 2, and then the FP board was 
attached to the surface using fire protection mortar (FP 
mortar). Figure 3 shows the appearance after reinforc-
ing fire protection for NSM specimen. In case of EB 

specimens, the method of fire protection is same as that 
of NSM specimen.

2.2 � Material Properties
The 28-day compressive strength of the concrete block 
was 21  MPa. SK-CPS0512 and SK-CPA10 were used 
for the CFRP strip and epoxy, respectively. The tensile 
strength and modulus of elasticity of CFRP provided 
by the manufacturer are 2942  MPa and 165,000  MPa, 

Fig. 1  Shape of specimens and concept of fire protection.
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respectively. The actual tensile strength and modulus of 
elasticity of the CFRP obtained from tensile tests in this 
study are 2319 MPa and 222,851 MPa, respectively. The 
strength properties of the epoxy are shown in Table  2. 
Glass Transition Temperature, Tg of a material can be 
found through the Differential Scanning Calorimetry 
(DSC) test. DSC is the most frequently used thermal 
analysis technique. It measures enthalpy changes in 
samples due to changes in their physical and chemical 
properties as a function of temperature or time. Three 
specimens of CFRP and epoxy were prepared each 
and subjected to DSC test using the test equipment as 
shown in Fig. 4. As a result, the average Tg of epoxy was 
54.5 °C, and the decomposition temperature of FRP was 

231.09  °C. The adhesion performance of FRP reinforced 
to concrete is greatly influenced by the performance of 
epoxy. In particular, when exposed to high temperatures, 
the adhesion capacity of the epoxy may be lost first. A 
bond-shear experiment of epoxy was performed to check 

Table 1  Specimen list.

a  E Externally bonded, N near surfaced mounted, F front insulation, S side insulation.
b  Pn-E and Pn-N: Bond strengths achieved from the tensile test of E-F0-S0 and N-F0-S0 without exposure to high temperature, respectively.

Specimen namea Strengthening method Fire protection Thickness of insulator (mm) Stress acting on FRPb

Front Sides

E-F0-S0 Externally bonded None None None Increase up to failure

E-F25-S0 Front 25 None 0.4Pn-E

E-F45-S0 45 None

E-F25-S15 Front and sides 25 15

E-F45-S15 45 15

N-F0-S0 Near-Surface-Mounted None None· None Increase up to failure

N-F25-S0 Front 25 None 0.4Pn-N

N-F45-S0 45 None

N-F25-S15 Front and sides 25 15

N-F45-S15 45 15

Fig. 2  Specimen dimension and locations of thermocouples. Fig. 3  Specimens after fire-protection (NSM specimen).

Table 2  Strength properties of epoxy.

a  The values are given by manufacturers.

Strength (N/mm2)a Test method

Compressive strength More than 90 ASTM D 695

Tensile shear bond strength More than 10 ASTM D 1002

Bond strength to concrete More than 1.5 JIS K 5400
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the critical temperature at which the bond strength of 
reinforced FRP disappears. Three double shear specimens 
were made and tested as shown in Fig. 5. It will ascertain 
the critical temperature at which the bond strength of the 
epoxy is lost by causing certain level of shear stress to the 
epoxy and then exposing it to gradually increasing tem-
peratures. Using epoxy, W 20 mm × H 5 mm steel plates 
were attached to each other with a length of 50  mm to 
have double shear surfaces. The specimens were installed 
for the epoxy bonding surface to be positioned inside the 
heating furnace, while the upper and lower ends of the 
FRP penetrate the holes located at the upper and lower 
sides of the heating furnace and are fastened to the UTM 
(Universal Testing Machine) jigs. After fixing both ends 
of the specimen securely to the grip, a stress equivalent 
to 40% of expected ultimate shear strength of epoxy was 
applied. The inside temperature of the heating furnace 
was gradually increased according to the planned heat-
ing curve until bond failure occurred while keeping the 
stress constant. The temperature was measured at the top 
and bottom of the epoxy (T1 and T2 in Fig. 5). Figure 6 
shows the test results with a graph, where (a) is the tem-
perature of epoxy of three specimens as the average value 
of T1 and T2 of the three specimens. (b) shows the change 
of the applied load (8kN) during the temperature change. 
The shear stress acting on the bond surface of epoxy was 
lost when the epoxy temperature reaches about 60  °C 
(54.4–60.5  °C). From this, it can be seen that the epoxy 
loses its adhesion at around 60  °C which is similar to 
54.5 °C obtained from DSC.

The material properties of FP mortar for bonding FP 
board to the reinforced FRP are shown in Table  3. The 
characteristics FP board are shown in Table 4. These are 
all commercial products and their material properties are 
provided by manufacturers.  

The board thickness used for this study is 15  mm, 
25 mm and 45 mm. To investigate the thermal conductiv-
ity of FP mortar and FP board, direct thermal conductiv-
ity test was performed in Korea Conformity Laboratories 
for each of the three specimens. As a result, the average 
thermal conductivity of FP mortar and FP board was 0.41 
and 0.063 W/mK, respectively.

Fig. 4  DSC test equipment.

Fig. 5  Bond-shear test of epoxy under temperature increasing.
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2.3 � Measurement and Test Method
Thermocouples were installed to measure temperature 
changes in the furnace and in the epoxy used for bond-
ing FRP to concrete. After reinforcing the concrete 
block with FRP, the thermocouples were spaced 25 mm 
between 25 and 100  mm from the end of the specimen 
in the direction of force, as shown in Fig. 2. The thermo-
couples were positioned in the epoxy between the FRP 
and the concrete for the EB specimens. In NSM speci-
mens, thermocouples were placed in a central position in 
the depth direction of the FRP strip. To apply the tensile 
force, two steel plates with 100-mm length were rein-
forced with epoxy on both sides of the loading end of the 
FRP. Also, to prevent damage during the high-tempera-
ture exposure of FRP exposed to the upper part inside the 
furnace, as shown in Fig.  7, the FRP is protected in the 
shape of ’□’ with FRP board. After placing the specimen 
inside the heating furnace, the FRP protruding from the 
upper part was fixed to the biting device of the universal 
testing machine, and the concrete block was fixed to the 
lower part of the device for fixing the block. Figure 8 rep-
resents the specimen installed inside the furnace. 

Two experiments, (1) increasing ultimately the tensile 
force until failure without exposing to high temperature 
and (2) increasing the temperature load while applying a 
predetermined stress and keeping it constant, were con-
ducted. First, for the E-F0-S0 and N-F0-S0 specimens, 
the tensile strength was gradually increased until the final 
fracture to determine the maximum strength and the 
sliding displacement at this time under room tempera-
ture. For the specimens with fire-protection, the temper-
ature was gradually increased until the adhesion stresses 

Fig. 6  Adhesion variation of epoxy during temperature increasing.

Table 3  Material properties of mortar for fire protection.

a  International standard refractory code for SK.
b  Test result done by Korea Conformity Laboratories

Product name Refractoriness (SK)a Modulus of rupture (kg/cm3) Chemical composition Conductivity
(W/m.k)b

SUPER
#3000

33 110 °C 550 °C 1100 °C Al2O3 SiO2 Fe2O3 0.41

93 79 79 52.2 44 0.2

Table 4  Material properties of fire board.

a  Result of a 24-h test at a temperature of 927 °C.
b  Test result done by Korea Conformity Laboratories.

Product name Density
(g/cm3)

Contraction ratio (%)a Modulus of rupture
(N/mm2)

Conductivity
(W/m k)

Taikalite 0.45 0.39 15 mm 25, 30 mm 45 mm 0.063b

1.3 or higher 1.7 or higher 2.4 or higher
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were lost while keeping a stress of 40% of the maximum 
bond strength of E-F0-S0 or N-F0-S0. Temperatures were 
measured at the top and middle surfaces of the test speci-
mens and the average of these values was taken to be the 
furnace temperature. The increase in heating tempera-
ture over time was attempted to follow the standard fire 
temperature curve of KS F 2257 (2014, same as the curve 
of ISO 834), but due to the limitation of electric heating 
furnace, it is heated to the maximum performance of the 
heating furnace and the heating was stopped when bond 
strength deteriorates. Accordingly, there is a difference 
in time-heating temperature for each specimen. Figure 9 
shows the time–temperature curves inside the furnace 
for all specimen in this experiment.

2.4 � Test Result
2.4.1 � Bond Strength of the FRP Bonded to Concrete Under 

Room Temperature
Figure 10 shows the result of increasing load test until the 
bond failure at room temperature of 22–24 °C for E-F0-S0 
reinforced with EB-FRP and N-F0-S0 reinforced with 
NSM-FRP. The stresses were obtained by dividing the load 
by the cross-sectional area of the FRP. The FRP cross sec-
tion of the E-F0-S0 specimen is twice that of the N-F0-S0 
specimen. The behavior of the two specimens shows a lin-
ear relationship between displacement and stress as the 
load increases, and ultimately both specimens show bond 

Table 5  Bond strength of EB and NSM-FRP.

*  fn is strength of specimen; the peak load was divided by sectional area of FRP. 
ffu is the ultimate strength of FRP, 2319 N/mm2 which was given from tensile test, 
τf is bond stress acting between FRP and concrete.

Specimen name Pu
(kN)

σf
Pu/Af
(N/mm2)

fn/ffu τf
Pu/Ab
(N/mm2)

E-F0-S0 15.33 375 0.16 4.5

N-F0-S0 22.79 1117 0.48 6.7

Fig. 7  Shape of test specimen before installation in heating furnace.

Fig. 8  Test set-up.
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failure as intended in the experiment. The maximum ten-
sile forces of E-F0-S0 and N-F0-S0 specimens were 15.33 
kN and 22.79 kN, respectively, which are 375  MPa and 
1117 MPa in terms of the strength divided by the cross-sec-
tional area. These are 16.17% and 48.17% of FRP’s ultimate 
tensile strength, respectively. If the load is expressed as 
the shear bond strength divided by the attachment area as 
shown in Table  5, the values are 4.5  MPa and 6.7  MPa, 
respectively. It can be seen that the shear bond strength of 
FRP is higher in NSM than in EB as in the previous stud-
ies (Sena Cruz and Barros 2004; Lorenzis et al. 2004; Teng 
et al. 2006; Seracino et al. 2007; Al-Mahmoud et al. 2012; 
Seo et al. 2011, 2013, 2016a, b). In this experiment, NSM 
specimen showed 1.49 times higher shear bond strength 

than EB specimen. These shear bond strengths of FRP rein-
forced with EB or NSM also can be estimated using Eq. (1–
4) suggested by Seo et al. (2011, 2013).

 
where bf  and tf  are width and thickness of FRP, respec-

tively, fyf  is tensile strength of FRP, � is effective reduc-
tion factor of bond, τf  is shear strength of epoxy, ld is 
bond length, β is experimental coefficient, Acf  is surface 
area of split failure of concrete.

The shear bond strength of EB specimens was governed 
by Eq. (2) and the value was 13.94 kN while that of NSM 
specimen was 21.9 kN which was determined by Eq. (3). 
These values showed good response as 1.1 and 1.04 times 
of actual experimental results, respectively. From this, it 
can be seen that the shear bond strength can be properly 
predicted using these equations.

2.4.2 � Fire Resistance of EB and NSM‑FRPs Bonded 
to Concrete with the Insulation of FP Mortar and Board

To determine the exposure temperature when a bond 
failure occurs according to the method of FRP reinforc-
ing to concrete and fire-protection, load correspond-
ing to about 40% of the ultimate bond strength obtained 
from tensile tests, i.e., 5.98–6.13 kN (155–160 MPa) for 
EB specimens and 8.92–9.29 kN (232–242 MPa) for NSM 
specimens, were kept constant after applying.

Figures  11 and 12 represent the graphs showing the 
change of bond stress with increasing exposure tem-
perature of the specimens with fire-protection after EB 
and NSM systems, respectively. In EB specimens, the 
E-F25-S0 and E-F45-S0 specimens insulated with FP 
boards of 25 mm and 45 mm only on the front face with 
FRP, respectively, showed bond failure at furnace temper-
atures of 236 °C and 297 °C, respectively. The E-F25-S15 
and E-F45-S15 specimens, which were insulated not only 
on the front face with FRP but also on both sides with 
a 15-mm FP board, showed bond failure at furnace tem-
peratures of 285  °C and 411  °C, respectively. From this, 
it can be seen that as the FP board becomes thicker, the 
resistance temperature increase, and if the FP board is 
installed on the both sides as well as the face with FRP, 
the temperature at which bond failure occurs increases.

(1)Tf 1 = φbf tf fyf (Tension failure of FRP), [kN]

(2)
Tf 2 = �τf

(

2bf ld
) (

Shear failure of epoxy bond
)

, [kN]

(3)
Tf 3 = 0.57β

√

fckAcf (Split failure of concrete), [kN]

(4)Tf = min .
{

Tf 1, Tf 2, Tf 3

}

, [kN]

Fig. 9  Time–temperature curves for fire loading.

Fig. 10  Stress–displacement curves of FRPs bonded to concrete 
under normal temperature (22–24 °C).
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In NSM specimens, N-F25-S0 and N-F45-S0 speci-
mens insulated with 25 mm and 45 mm FP boards only 
on the front face with FRP, respectively, showed bond 
failures at furnace temperatures of 507  °C and 492  °C, 
respectively. N-F25-S15 and N-F45-S15 specimens, 
which were insulated not only on the front face with 
FRP but also on both sides with a 15-mm FP board, 
showed FRP bond failures at 491 °C and 633 °C, respec-
tively. In this result, if there are no side insulation of FP 
boards, the difference as the thickness of FR board for 
the face with FRP increases from 25 to 45  mm is not 
large. This means that if there are no insulation of FP 
boards on both sides, the epoxy easily reaches its criti-
cal temperature by the heat penetrated to the sides, 
and increasing the thickness of the FP board alone for 

the face with FRP does not increase the fire-resistance 
capacity. On the other hand, if there are insulations 
with FP boards on the face with FRP and both sides, 
there is an increase in bond failure temperature as the 
thickness of the FP board increases from 25 to 45 mm. 
In other words, the heat transfer is effectively delayed 
in proportion to the thickness of the FP board on the 
face with FRP as the heat shield is sufficiently made in 
the sides.

Figure  13 shows the comparison of bond-failed expo-
sure temperature of EB and NSM specimens with same 
thickness of FP boards. In case of the specimens with 
25-mm and 45-mm FP boards only on the face with FRP, 
the bond failures of NSM specimens occurred at 2.08 and 
1.71 times higher temperatures than the EB specimens, 
respectively. When the specimens are insulated with 

Fig. 11  Temperature–stress curve of EB specimens with 
fire-protection.

Fig. 12  Temperature–stress curve of NSM specimens with 
fire-protection.
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25-mm and 45-mm FP boards on the front face with FRP 
as well as with 15-mm FP board on both sides, the NSM 
specimens showed bond failure at the temperature which 
are 1.72 and 1.54 times higher than the EB specimens, 
respectively. From this, it can be seen that NSM system 
have a much higher resistance to high temperatures than 
EB system with same fire-protection.

Figure 14 shows the difference between the presence 
and absence of fire-insulation on both sides. In EB spec-
imens, as both sides of the specimen were protected 
with FP boards, the bond failure temperature at the 
interface of FRP increased. In NSM specimens, how-
ever, the positive effect of the side protection in case of 
with 25-mm FP board on the front is not appeared. This 
means that the increase of temperature is controlled by 

the heat transferred to the front part. From this, it can 
be seen that in the case of EB system, even at low tem-
peratures, the heat from the sides is rapidly transferred. 
On the other hand, in the case of NSM system, the heat 
transfer from the sides seems to be delayed to a rela-
tively high temperature since the FRP is located inside 
the groove.

2.4.3 � Temperature Profiles at Epoxy Inside of Fire‑Protection
In order for the FRP reinforced in concrete to exhibit 
its structural function, the bond strength of epoxy must 
be secured. However, epoxy is very vulnerable to high 
temperature and ease to lose its bond capacity when its 
temperature reached to Tg. As shown in Fig. 2, the tem-
perature of epoxy was measured at each edge distance 
from the top surface to find the temperature distribution 

Fig. 13  Comparison of bond-failed temperatures between EB and 
NSM specimens.

Fig. 14  Comparison of bond-failed temperatures with or without 
sides protection.
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of epoxy for the entire length of FRP; the upper surface 
is the direction in which tensile stress acts on the FRP. 
The temperature distribution of each specimen is shown 
in Figs.  15 and 16. In the figures, Te is the temperature 
inside the furnace. At low temperatures below 100  °C, 
the temperature of the epoxy does not fluctuate and the 
temperature at each location is almost constant. As the 
applied temperature increases, the temperature near 
the FRP protruding upper surface rose relatively rapidly. 
E-F25-S15 specimen showed bond failure in the range of 
30–50 °C. This low temperature is due to the impact on 
the interface between FRP and concrete in the process 
of setting up the specimen. In the N-F25-S15 specimen, 
a problem occurred in the thermocouple installed at the 
25-mm position, so that some data could not be obtained.

In each specimen, the heating furnace temperature 
and the epoxy temperature profile when bond failure 
occurred are shown in Table 6 and Fig. 17. When bond 

failure occurred, the E-F25-S15 specimen did not reach 
the Tg of epoxy in the entire bonded length, and the 
E-F25-S0 specimen exceeded the Tg of epoxy in only a 
location. This phenomenon can be estimated that there 
was some damage to the attachment region during the 
assembly process as described above. For all other speci-
mens, the epoxy temperature at the time of bond failure 
was above the Tg of epoxy overall.

Figures 18 and 19 show the temperature change of the 
epoxy at each location of thermocouples for EB and NSM 
specimens, respectively. It can be seen that the tempera-
ture increase at the epoxy is delayed when the FP board 
is thickened or both sides are protected with FP mortar 
and board. And this pattern was almost the same regard-
less of the measurement position. Figure  20 shows the 
comparison of the temperature profiles of the EB and 
NSM specimens, located at 100 mm from the edge with 
the same fire-protection; in this position, the influence of 

Fig. 15  Temperature profiles of epoxy along its length in EBR specimens.
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Fig. 16  Temperature profiles of epoxy along its length in NSMR specimens.

Table 6  Temperatures of thermocouples around epoxy when bond failure of FRP occurs.

a  Te is the temperature inside the furnace when the bond failure occurred.

Specimen Name Temperature at each location (°C)

Te
a T25 T50 T75 T100 Average

E-F25-S0 236.3 56.1 48.0 44.8 43.2 48.0

E-F45-S0 297.0 90.3 83.9 82.9 72.1 82.3

E-F25-S15 285.6 52.0 32.3 29.8 29.3 35.9

E-F45-S15 411.8 96.3 79.2 72.1 50.7 74.6

N-F25-S0 507.5 93.5 73.4 72.9 72.2 78.0

N-F45-S0 491.6 93.8 70.2 63.8 61.0 72.2

N-F25-S15 491.0 - 69.1 60.2 62.7 64.0

N-F45-S15 633.4 91.5 72.4 58.1 52.2 68.6
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the longitudinal edge distance is minimal. In spite of the 
same fire-protection, the temperature increase of epoxy 
in NSM system is delayed compared to that of EB sys-
tem. The same pattern was observed for the 50-mm and 
75-mm positions. Due to this effect, the adhesion damage 
of the epoxy is delayed, so that NSM system has a higher 
resistance than EB system in high temperature.

3 � Prediction of Temperature Transfer to FRP 
Through FE Analysis

3.1 � FE Modeling
To predict the temperature transition to FRP–epoxy 
interface from outside according to the method of FRP 
reinforcing and the fire-protection method for the FRP 

Fig. 17  Temperature profiles at each location when bond failure 
occurs.

Fig. 18  Temperature increase of epoxy at each location in EBR 
specimens corresponding to heating temperature.
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exposed to high temperature, FE analysis was performed 
using the MIDAS-FEA program (2010) which was devel-
oped for commercial purpose. In this program, the heat 
conduction equations are analyzed based on conduc-
tion in solid materials, and convection is considered as 
a boundary condition or a form of load. The analyses on 
the specimens were performed according to the basic 
thermal conductivity correlation defined in the program. 
Regarding the thermal conductivity characteristics of 
FP mortar and board, the results of previous test were 
considered. In modeling of concrete and FRP, the ther-
mal properties of those suggested by existing researchers 
were used. The constitute equations for heat transition 
considered in this program are as follows.

The rate of thermal increase in volume V can be calcu-
lated as Eq. (5) by specific heat and density.

where c is specific heat ( J/kg ·◦ C ), ρ is density ( kg/m3).
The heat flow rate transferred by conduction is calcu-

lated using temperature gradient and thermal conductiv-
ity according to Fourier’s law.

where k is thermal conductivity ( J/m · hr ·◦ C ), ∇T  is 
temperature gradient ( ◦C/m).

Assuming that the heat generation rate per unit volume 
is Q and the thermal conductivity is constant in space 
and is the same in each direction, Eq. (7) can be obtained 
from Eqs. (5) and (6).

If the above equation is space discretized by the finite 
element method, it becomes the matrix differential equa-
tion for time as Eq. (8), and the analysis result is the node 
temperature for each time.

where C is capacitance matrix, K  is conduction matrix, 
R is heat load vector.

The heat capacity is calculated by density and specific 
heat. Thermal conductivity is a matrix of elements calcu-
lated by thermal conductivity, and the influence of con-
vective boundary conditions is reflected. The heat load is 
calculated by heat source, heat flux, heat flow, etc., and the 
influence of convective boundary conditions is reflected.

Figure 21a, b shows the modeling of EB and NSM speci-
mens, respectively. The element types of FRP, concrete, 

(5)Rate of inrease of heat in V = ∫
V
ρc

∂T

∂t
dV ,

(6)

Rate of heat conduction across S = ∫
S
k(∇T ) · nds,

(7)ρc
∂T

∂t
= k∇2T + Q.

(8)CṪ+ KT = R,

Fig. 19  Temperature increase of epoxy at each location in NSMR 
specimens corresponding to heating temperature.
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and FP board are all solid elements, and the basic mesh 
size of concrete is a cube having a width of 10 mm. FRP 
was modeled with the same mesh size and thickness of 
only 1.2  mm and 5  mm, respectively. The FP board also 
has the same mesh size with a thickness of 10  mm or 
5 mm. Each contact surface of concrete, FRP, FP-mortar 
and FB boards  was all assumed to be complete adhe-
sion. The specific heat of concrete was considered to 
change with temperature as defined in Eurocode 2 (2004), 
Eq. (9). For the thermal conductivity of concrete, the aver-
age value of the upper and lower limits set in Eurocode 
2 was used as shown in Fig.  22. Equations  (10) and (11) 
represent the upper and lower limit curves of thermal 

conductivity of concrete specified in Eurocode 2, respec-
tively. The density and specific heat of FRP, FP mortar and 
board are shown in Table 7. Epoxy resin was not consid-
ered in the modeling because it has very thin thickness 
and their influence is negligible in the transition analysis.

   
where θ is concrete temperature.

(9)

cp = 900
(

J/kg K
)

, for 20◦C ≤ θ ≤ 100◦C

cp = 900+ (θ − 100)
(

J/kgK
)

, for100◦C ≤ θ ≤ 200◦C

cp = 1000+ (θ − 200)/2
(

J/kg K
)

, for 200◦C ≤ θ ≤ 400◦C

cp = 1100
(

J/kg K
)

, for400◦C ≤ θ ≤ 1200◦C

(10)�c = 2− 0.2451

(

θ

100

)

+ 0.0707

(

θ

100

)2

(W/mK), for20◦C ≤ θ ≤ 1200◦C

Fig. 20  Comparison of temperature profiles of epoxy between EB and NSM specimens.
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(11)�c = 1.36− 0.136

(

θ

100

)

+ 0.0057

(

θ

100

)2

W/mK, for 20◦C ≤ θ ≤ 1200◦C.

In predicting the temperature at the epoxy during 
high-temperature exposure through FE analysis, it is 
important to understand the thermal conductivity of 
fire-protection materials. For this purpose, the ther-
mal conductivity test results of Lim et  al. (2017) for 
FP mortar and board are identical to those used in this 
study. Figure  23 is pictures of FP mortar and board. 
In the thermal conductivity test, as shown in Fig.  24, 
after installing FP mortar or board at the entrance of 
the furnace, the temperature of the outer surface of 
the specimen was measured while increasing the inter-
nal temperature. Figure  25a, b shows the inside view 
of the furnace and the installed specimens, respec-
tively. The relationships between the inside and outside 

Fig. 21  FE modeling of specimens.

Fig. 22  Thermal conductivity variation of concrete (Eurocode 2).

Table 7  Thermal properties of  materials at  room 
temperature for FE analysis.

These values were provided by manufactures.
a  () is exposed temperature.

Material type Density
(kg/m3)

Specific Heat
(J/kg °C)

CFRP 1550 848 (270 K), 1485(500 K)a

Mortar 2360 837

Board 400 1000

Fig. 23  Mortar and board for thermal conductivity test (Lim et al. 
2017).
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temperature observed in the experiment are shown in 
Fig.  26. To find a proper relationship of the thermal 
conductivity of these materials with time through FE 
analysis, the repeated analysis was performed using 
MIDAS-FEA program. The used density and specific 
heat of FP mortar and board are as shown in Table  7 
which are from the manufacturers. From the repeated 
analysis under constant specific heat, the thermal con-
ductivity of each material corresponding to the tem-
perature can be expressed as Eqs. (12) and (13) for the 
FP mortar and board, respectively. As shown in Fig. 26, 
it is shown that the analysis results using the relation-
ships of the thermal conductivities of FP mortar and FP 
board are very close to the experimental results.

(12)km = 0.023e0.0033Ti ,

(13)kb = 0.0001Ti − 0.0096 > 0.002,

Fig. 24  Test concept for thermal conductivity of mortar and board (Lim et al. 2017).

Fig. 25  Thermal conductivity test set-up of mortar and board (Lim 
et al. 2017).

Fig. 26  Test and analytical results for temperature transfer of FP 
mortar and board.
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where km and kb are the thermal conductivity of FP 
mortar and board, respectively. Ti is input temperature.

Accordingly, the values obtained from Eqs.  (12) and 
(13) were used as conductivities of FP mortar and board, 
respectively, in FE modeling of the block specimens 
as shown in Fig.  27. Thermal loads were applied to the 
entire exposed surface in the same way as the actual 
experimental conditions. However, it was not applied to 
the unexposed part of the upper surface of the test speci-
mens as shown in Figs. 7 and 8. As described previously, 
since the time–heating temperature relationship is not 
the same for each specimen, the increment of the expo-
sure temperature for each specimen followed the time–
heating curve relationship considered in each experiment 
as shown in Fig. 9. In the FE analysis, the convection con-
dition of the surface of the specimen inside the furnace 
was considered as free convection. Regarding the coeffi-
cient value for the convective heat transfer coefficient in 
air, 2.5–25 W/m2  K is used in free condition (Kosky et al. 
2013). In this analysis, the temperature load was applied 
directly to the surface of the specimen using 25 W/m2 K 
as the convective heat transfer coefficient. There was no 
difference in the analysis result due to the change in the 
convective coefficient in the air. The reason for doing this 
is that even in actual experiments, the temperature inside 
the furnace was measured to be uniform throughout.

3.2 � Analysis Result and Comparison with Test Result
As a result of analysis, Fig. 28 shows the temperature dis-
tribution at 50 mm from the edge at the maximum expo-
sure temperature of each specimen. In all specimens, the 
location where FRP is located has the lowest temperature. 
In addition, the temperature increase is relatively high at 
the corners where heat is transferred in the vertical and 
horizontal directions. In the case of the surface with the 
fire protection, the temperature is low due to the effect 
of the insulation. The maximum exposure temperature 
considered in the analysis is the maximum temperature 
acted upon in the actual experiment, and the tempera-
ture of the epoxy at that time is shown in the figure. The 
temperature distributions at 75 mm and 100 mm showed 
almost similar distributions.

Figure 29 shows the temperature of epoxy at 100 mm 
from the edge of each specimen, compared with the 
experimental results; 100  mm is the position where the 
edge effect is the least. In the N-F25-S0 and N-F45-S0 
specimens without both side protections, the tempera-
ture obtained from the analysis is higher than the tem-
perature observed in the experiment as a whole. The 
reason for this is that there was an effect of delaying heat 

transfer from the side surfaces by the FP mortar in the 
experiment, but the effect was not properly reflected in 
the analysis. In the temperature distribution of Fig.  28, 
when the E-F25-S0 and E-F45-S0 specimens are failed 
in bond, the temperature of the side below is lower than 
that of the upper part. On the other hand, the tempera-
ture distributions at sides of N-F25-S0 and N-F45-S0 
specimens, which were bond-failed at relatively high 
temperatures, showed no such difference. In other words, 
the effect of FP mortar is reflected at a temperature 
of less than 300  °C but not properly reflected at higher 
temperatures. In other specimens, the analytically pre-
dicted temperatures were similar to those observed in the 
experiment.

In the fire-protection of the actual structure, it is desir-
able to protect the heat transfer from the face with FRP as 
well as from both sides. Therefore, if the fire-protection 
at sides is conducted in this way, it is considered that the 
expected temperature of epoxy after the fire-protection 
can be predicted properly when the FE analysis is per-
formed according to the method considered in this study.

4 � Conclusions
In this study, the fire-resistance performances of the EB 
and NSM-FRP systems with the insulation of board and 
mortar were evaluated by high-temperature exposure 
tests. In particular, by gradually increasing the exposure 
temperature in a state where a constant tensile stress 
is applied to the FRP reinforced to concrete, the tem-
perature at which the bond strength of the FRP is lost 
is determined according to the fire-insulation detail. 
In addition, a finite element analysis was performed to 
predict the temperature of the epoxy by increasing the 

Fig. 27  Assumed thermal conductivity of FP mortar and board from 
the repeated analysis.



Page 20 of 24Seo et al. Int J Concr Struct Mater            (2021) 15:9 

Fig. 28  Temperature distribution plot at 50mm from the edge when bond failure occurs.
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external exposure temperature after fire-insulation and 
the results were compared with the experimental results. 
The following conclusions were drawn from the study.

1.	 As a result of the tensile tests of E-F0-S0 specimen 
reinforced with EB-FRP and N-F0-S0 specimen 
reinforced with NSM-FRP at room temperature, 
the bond strength of NSM specimen was 1.49 times 
higher than that of EB specimen even with the same 
adhesion area. In addition, as a result of evaluating 
the shear bond strength of those using the equations 
proposed by Seo et  al. (2011, 2013), the maximum 
strength of EB specimens was determined by epoxy 
bond shear failure, and NSM specimens were deter-
mined by concrete-splitting-failure. The predicted 
maximum strengths of EB and NSM specimens were 
good response as 1.1 and 1.04 times of actual experi-
mental results, respectively. From this, it is shown 
that the bond strength of EB and NSM system with 
strip can be properly estimated using the existing 
equations.

2.	 Double shear specimens were made and tested to 
check the critical temperature of epoxy at which the 
bond strength of epoxy used for the bonding of FRP 
disappears. It will ascertain the critical temperature at 
which the bond strength of the epoxy is lost by caus-
ing certain level of shear stress to the epoxy and then 
exposing it to gradually increasing temperatures. The 
shear stress acting on the bonded surface of epoxy 
was lost when the epoxy temperature reaches about 
60 °C (54.4–60.5 °C) which is similar to glass transi-
tion temperature (Tg), 54.5  °C obtained from DSC 
test. From this, Tg is close to the critical temperature 
loosing bond strength and it can be obtained by the 
double shear experiment.

3.	 To understand the exposure temperature when the 
adhesion failure occurs according to the method 
for FRP reinforcing to concrete and fire-protection, 
a load corresponding to about 40% of its maximum 
bond strength is maintained at normal temperature 
(22–24 °C) and then exposed to high temperature. As 

a result of the test, despite the same fire-protection, 
NSM specimens were able to resist 1.54–2.08 times 
higher temperature than EB specimens.

4.	 Increasing the thickness of the FP board lowers the 
temperature increase of the epoxy, but when the heat 
transfer to the sides is not blocked, the effect is not 
increased proportionally. In EB specimens which 
are bond-failed at relatively low temperatures, it 
was found that there was an increased heat block-
ing effect as the thickness of the FP board on the 
face with FRP increased from 25 to 45 mm. On the 
other hand, NSM specimens exposed to relatively 
high temperatures did not show an effect of increas-
ing the thickness of FP board from 25 to 45 mm. In 
the case of fire-protection on both sides as well as the 
face with FRP, the effect of fire protection increased 
in both EB and NSM specimens as the thickness 
of the FP board on the surface with FRP increased. 
From this, it is necessary to consider the heat transfer 
from the sides according to the edge distance as well 
as the heat transferred to the face with FRP for effec-
tive fire-protection.

5.	 Thermal conductance tests and the FE analyses 
of FP mortar and board were performed to find 
proper models for thermal conductivity of the 
materials that varied with temperature. And using 
the models, the thermal conduction analyses of EB 
and NSM-FRP with the fire-protection were car-
ried out. As a result of the analysis, the case of the 
fire protection of both sides as well as the face with 
FRP showed good correlation between the analysis 
and test results. However, if there is no fire pro-
tection on the sides, it is possible that the analysis 
temperature is rather high than actual at high tem-
perature, so further research is needed about this 
matter.

6.	 For the design purpose of fire-protection about FRP 
system using FP mortar and board, further analyses 
considering various conditions are necessary and will 
be continued in subsequent research.

(See figure on next page.)
Fig. 29  Comparison of temperatures at 100mm from the edge between test and analytical result.
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