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2 Introduction

In the past decades, Textile Reinforced Concrete 
(TRC) has become increasingly popular in scien-
tific studies and in practice, because it offers the 
potential to create lightweight, strong, durable 
and easily tailored structural elements. The most 
commonly used textiles are made of AR-glass, ba-
salt or carbon fibers. One of the main advantages 
of carbon fibers with respect to glass is their re-
sistance to high temperatures. 

This temperature resistance at the level of the 
fiber however does not directly imply the good 
performance of a carbon-TRC (CTRC) element in 
case of a fire. Firstly, the damage of thin CTRC 
elements under fire might be severe due to spal-
ling. Additionally, the carbon fibers’ heat resistan-
ce is hindered when they are exposed to oxygen: 
carbon fibers’ strength degrades significantly after 

exposure to 500 °C or higher in an oxidizing en-
vironment [1, 2]. However, when heated at inert 
atmospheric conditions the carbon fibers do not 
degrade and might even present a strength in-
crease at 1000-1600 °C [3]. Nevertheless, in the 
case of a heated and cracked TRC element, part of 
the reinforcement might be exposed to oxygen, 
thus, the element degrades severely [2,4]. Finally, 
the performance of the composite can be hinde-
red by the degradation of the matrix-to-reinforce-
ment bond, especially in the case of textiles with 
coating which might be burnt off and, thus, de-
teriorate the bond. Consequently, early failure of 
CTRC specimens has been observed for tempe-
ratures below 500 °C [2], [4-7]. However, studies 
in this area are limited, and available experimental 
data is not adequate to quantify the effect of each 
parameter that affects this behavior.  To obtain 
general degradation laws and design guidelines, 
more research is required. 
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This paper discusses an experimental campaign 
investigating the effect of fire exposure on the re-
sidual capacity of CTRC. The effect of temperature 
is quantified by exposing the specimens to three 
fire tests with varying duration and, thus, varying 
target temperatures (approximately 200 °C, 300 °C
and 500 °C). Tensile tests on fully fire exposed 
specimens reinforced with coated or uncoated 
textiles, showed the effect of the coating. The ef-
fect of the concrete cover is studied by bending 
tests on specimens with uncoated textiles only. 
In this case the specimens are exposed only from 
one side, leading to non-uniform heating.

3 Materials and methods

3.1 Matrix and reinforcement

The textiles that were used for this study are the 
following:

(i) Uncoated (dry) carbon textile with a weight of  
170 g/m2 and 12 mm axial distance of the rovings. 

(ii) Epoxy coated carbon textile with the same  
geometry as the uncoated, manually imp- 
regnated with epoxy resin in the laboratory. 
The average resin content was 34% of the un-
coated weight (standard deviation 6%).

(iii) Styrene-Butadiene-Rubber (SBR) coated carbon 
textile with a weight of 516 g/m2 (before coating) 
and 12.5 mm axial distance of the rovings.

All textiles have equal distribution of their fibers in 
two perpendicular directions and a square mesh. 
Tensile tests on textile samples gave the following 
results of tensile strength and elastic modulus:

(i) Uncoated:  σmax = 2231 MPa, Ε = 212.5 GPa 
(ii) Epoxy coated: σmax = 4062 MPa, Ε = 203.5 GPa
(iii) SBR coated: σmax = 1444 MPa, Ε = 235.0 GPa

A commercial cementitious mortar with short poly-
mer fibers, quartz sand and other additives has been 
used in this study. The compressive and flexural
strength are equal to 68.2 MPa and 7.1 MPa re-
spectively, as obtained from tests on prisms of 
40x40x160 mm, according to EN12190 and EN196-1.

3.2 Layups definition: geometrical 
details and nomenclature

The following figure summarizes the geometry of 
specimens (Figure 1a) as well as the cross-sec-
tional details of the tension specimens (Figure 

1b) and of the flexure specimens (Figure 1c). The 
nomenclature of the layups is also shown in this 
figure.
 
 
 

Figure 1: Geometrical properties and nomenclature of layups; 
(a) dimensions of specimens; (b) cross-sections of tension 
specimens; (c) cross-sections of flexure specimens | graphic: 
Panagiotis Kapsalis

a

b
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3.3 Specimens manufacturing and testing

All specimens were manufactured by hand layup 
and the curing was done by wrapping the speci-
mens with wet fabrics and plastic foil for 28 days. 
After the 28 days and before the fire test, all speci-
mens were dried in an electric furnace for 4 days.

The fire tests were conducted following the ISO834 
standard fire curve, using the Fire Testing Facility at 
the University of Patras (see Figure 2). As seen in 
Figure 2c, since the flexure specimens were expo-
sed only to one side, the other sides were insulated 
with mineral wool. The exposed side was the same 
that was subjected to tension during bending. The-
refore, the fibers that were closer to the exposed 
surface were the ones at the effective depth of the 
specimens during bending.

The temperature was monitored by thermocou-
ples that were embedded in the specimens during 
casting. Three thermocouples per specimen were 
placed: for the tension specimens one at each 
surface and one in the middle; and for the ben-

ding specimens one at the exposed surface, one 
at the level of the effective depth and one at the 
unexposed surface. However, as insufficient sen-
sors were available to monitor all specimens, the 
temperatures of some specimens are estimated 
based on the temperatures of their neighboring 
specimens.

The tension specimens were tested with the “cle-
vis type” set up (see Figure 3a) which has been 
well described in [8]. The deformation was measu-
red by video-extensometers monitoring the two 
borders of the specimen’s free length. Thus, the 
stress-strain curves were obtained. 

The flexure specimens were tested in 4-point 
bending as shown in Figure 3b. From the bending 
tests the load vs. mid-span displacement curves 
were obtained.

4 Results and Discussion

4.1 Fire tests results

Three fire tests have been conducted with dura-
tions of 7, 19 and 28 minutes. The times were not 
predefined; the fire tests stopped when the tar-
get temperature at the tension specimens were 
achieved. The temperature evolution during fire 
exposure is indicatively given in Figure 4 for a 
tension coupon and a flexure specimen of DRY_C 
layup during fire test 3. As observed in Figure 4a, 
the temperature of the coupon was practically 
uniform through its thickness. This was observed 
for all specimens (to be tested in tension), in all 

Figure 2: (a) positioning of tension specimens in the furnace; 
(b) positioning of flexure specimens in the furnace | photos: 
Panagiotis Kapsalis

Figure 3: Mechanical tests set-ups: (a) “clevis-type” set-up for 
tension; (b) 4-point bending set-up | photos: Panagiotis Kapsalis

Table 1: Differences in approaches of the American and Canadian standard for alkali resistance of FRP rebars

a

b

a

b
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fire tests. The maximum temperature in the speci-
mens (to be tested in bending), however, not only 
differs at each measuring position, but it is also 
reached at different time (Figure 4b). However, 
in this study the maximum temperatures are of 
interest since the residual properties of the speci-
mens are investigated (the degradation of the ma-
terials’ properties is assumed to be irreversible).
The temperatures of the tension specimens and 
the maximum temperatures of the flexure spe-
cimens are given in Table 1, where it can be ob-
served that due to the non-uniform distribution of 
the temperature in the furnace, the temperatures 
have sometimes significant differences in the 
same fire test. 

Note that the EPX_C specimens for tension were 
not tested in fire test 3 (28 minutes) since pre-
vious experience showed that severe damage is 
expected even at low temperature. The reason is 
that severe spalling occurs, caused by the evapo-
ration of the heated resin. The other specimens 
did not suffer any spalling in any test. Only min-
or cracks were formed at the exposed surfaces, 
which are attributed to the thermal stresses.

4.2 Tensile tests results: influence of 
textile surface treatment

As comparison of the tensile stress strain curves 
for DRY_C, EPX_C and SBR_C in Figure 5 shows, 
the different textile surface treatments, as well 
as the different amount and distribution of fibers 
have a significant influence on the residual me-
chanical behavior after exposure to fire. It is note-
worthy that in all cases failure occurred due to pull 
out as there was no fiber rupture observed. It is 
also reminded that the SBR_C layup did not only 
differ on the surface treatment with respect to the 

other layups but also to the amount and distributi-
on of the fibers. Hence, a direct comparison with 
the other layups should be done cautiously.

The uncoated carbon layup presents a typical 
3-stage behavior as defined from the ACK theo-
ry [9] for TRC. The fibers have suffered almost no 
degradation at all, for temperatures up to 300 °C, 
thus, the post-cracking stiffness of the composite 
is the same as for ambient temperatures. The ulti-

Figure 4: Temperature evolution during fire test 3 (28min.) of an 
indicative: (a) tension specimen; (b) flexure specimen | graphic: 
Panagiotis Kapsalis

Table 1: Measured and estimated(*) maximum exposure temperatures of all specimens during the fire tests

Tension specimens (°C) Flexure specimens (°C)

DRY_C EPX_C SBR_C DRY_C-4mm DRY_C-8mm

Fire test 1 (7 min) 238 179 179 exposed surface
eff ective depth
unexposed surface

264
168
137

226
151
96

Fire test 2 (19 min) 302 314 305 exposed surface
eff ective depth
unexposed surface

291*
–
–

291
–

134

Fire test 3 (28 min) 496 – 514 exposed surface
eff ective depth
unexposed surface

587
494
303

587
444
313

a

b
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mate stress has a minor decay, caused by the drop 
of the first cracking stress, thus, it is attributed to 
the degradation of the mortar. It is also observed 
that the transition between the three stages beco-
mes smoother with increasing temperature. This 
is the result of the pre-cracked mortar due to fire 
exposure before the tensile testing. The crack pat-
tern was the same in all cases, with the number 
of cracks varying between 9-12. A significant loss 
of ultimate stress (≈43%) was observed for expo-
sure at 500 °C while the stiffness was still intact. 
This is mainly attributed at the oxidation reaction 
of the carbon fibers which initiates at this tempe-
rature. However, it could also be attributed to the 
degradation of the textile-to-matrix bond, caused 
by the mortar degradation and the developed 
cracks due to the fire exposure (see Figure 6a).

The epoxy coated carbon layup presents a similar 
tensile behavior to the DRY_C layup up to 300 °C. 
At ambient conditions, the load-bearing and defor-
mation capacity of this layup was superior to the 
DRY_C, since the epoxy resin enforces the activa-
tion of more filaments. The degradation due to ex-
posure at 179 °C seems to be minor and the drop 
of the tensile strength is mainly caused by the 
drop of the first cracking stress. The specimens 
exposed at 314 °C present a small decay in the 
post cracking stiffness, which is attributed not only 
to the resin burn off but also to the development 
of cracks that resembled a form of delamination at 
the level of the reinforcement layers (see Figure 
6b). This was the result of the epoxy resin burn 
off, which as a thermoset material, evaporates wi-
thout going through a melting phase, which, cau-
ses severe spalling. This effect was less pronoun-
ced near the edges of the specimens which were 
partially protected between mineral wool that was 
used to keep the specimens in a vertical position 
(see Figure 2a). Thus, it was possible to clamp the 
specimens and perform the tensile tests.

The SBR_C layup presented a much weaker beha-
vior with respect to the other layups, even though 
the fiber volume fraction was higher. These spe-
cimens hardly showed a 3-stage behavior. They 
failed at much lower stresses and higher strains 
and they had only 2-3, very wide cracks (see Fi-
gure 6c). This means that the bond between the 
reinforcement and the matrix was weak and the 
rovings were being pulled out, thus, the inner fila-
ments were less activated. As a result, the shape 
of the SBR_C curves at 20 °C, indicates a short 
“stage 2” behavior and then a “stage 3” which 
is mainly controlled by the pull-out properties. 

However, the curves at 179 °C and 300 °C, apart 
from the earlier cracking of the mortar and more 
severe load drops, also indicate a “Stage 3” which 
is characterized by continuous load drops without 
forming more cracks, meaning that the pull-out 
properties are different. The difference probably 
lies on (i) the partial evaporation of the coating, 
which weakens the bond even more, and (ii) the 
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partial melting of the coating and absorption by 
the inner filaments or the surrounding mortar. The 
second phenomenon enhances the tensile beha-
vior which might explain why the maximum stress 
level did not drop significantly and might also be 
a reason why spalling due to evaporation was not 
observed to this layup. Finally, the specimens ex-
posed to 514 °C were severely damaged and they 
had practically no residual strength. As observed 
by visual inspection after the tensile tests, the 
coating was completely burnt off and the bond 
between the textile and the mortar was practically 
lost (the rovings could be pulled out by hand).

It is noted that the total mass of the SBR poly-
mer in a specimen was almost half than the total 
mass of epoxy resin at the EPX_C specimens. This 
fact, as well as the melting of the SBR polymer (in 
contradiction to the epoxy resin) before evaporati-
on, pose a possible explanation why there was no 
spalling in this layup. 

4.3 Bending tests results: influence of   concrete cover

The DRY_C layups were also tested in flexure with 
4 mm or 8 mm of concrete cover (see Figure 7). 
The flexural behavior is similar to the tensile beha-
vior since they both present three stages, while 
the transition between them becomes smoother 
with increasing temperature. Both cases suffered 
increasing decay of maximum force and stiffness 
with increasing exposure time. In the 7-minute ex-
posure (fire test 1), no degradation was noticed 
since the achieved temperatures were rather low. 
The temperature at the most stressed fibers (ef-
fective depth) is less than 170 °C and as it can be 

deduced from the tensile stress-strain behavior at 
that temperature in Figure 5a, their degradation is 
minimal. At the same time, the temperature at the 
non-exposed surface (mortar in the compressive 
area during bending) is less than 140 °C. For com-
mon cementitious mortars no severe degradation 
is yet observed at such temperatures. 

Fire exposure for 19 minutes (fire test 2) degra-
ded only the DRY_C-4mm layup (maximum load 
decayed by 13% and post-cracking stiffness 
decayed by 17%) while the DRY_C-8mm did not 
suffer any load or stiffness loss, indicating the pro-
tection that a thicker concrete cover can offer, by 
reducing the temperature at the effective depth. 
Both layups degraded considerably after the 
28-minute fire exposure (fire test 3). Specifi-
cally, the maximum load   dropped by 28% for 
both layups while the post-cracking stiffness of 
DRY_C-4mm dropped by 30% and the stiffness 
of DRY_C-8mm dropped by 25%.

5 Conclusions

In this study, the results of an experimental cam-
paign investigating the effect of the textile coa-
ting (by tensile tests) and the concrete cover (by 
bending tests) of fire exposed CTRC layups have 
been presented and discussed. The tests were 
conducted on layups with uncoated (dry) or coa-
ted (epoxy or SBR) carbon textiles and the target 
temperatures were approximately 200 °C, 300 °C 
and 500 °C.

The conclusions are summarized here:

(i) The uncoated carbon fiber layups maintained 
their stiffness for temperatures up to 500 °C. 
They suffered minimal decay of strength for 
temperatures up to 300 °C while at 500 °C the 
strength dropped by 43%.

(ii) The epoxy impregnation of the fibers signifi-
cantly improves the performance of the spe-
cimens in ambient conditions but causes ad-
ditional degradation of the properties of the 
heated specimens due to spalling caused by 
the resin’s evaporation.

(iii) The SBR coating does not lead to severe de-
gradation for temperatures up to 300 °C when 
exposed to fast heating rates (as in this study). 
However, the residual performance is almost 
negligible when exposed to 500 °C.

Figure 6: (a) Specimen of DRY_C layup after tensile testing with 
visibly cracked mortar due to tension and due to fire exposure at 
496oC; (b) Specimen of EPX_C layup after exposure to 314oC, 
before tensile testing, with visible longitudinal delamination at 
the level of the reinforcement; (c) Specimen of SBR_C layup, not 
exposed to fire, with visible wide cracks while tested in tension | 
photos:  Panagiotis Kapsalis

a

b

c
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(iv) The flexural behavior of uncoated carbon TRC 
after fire exposure can be related to its 3-stage 
tensile performance, remaining unaffected for 
surface temperatures of the exposed side up 
to 260 °C. For exposed surface temperatures 
up to 590 °C, degradation in the order of 25-
30% is expected for the load bearing capacity 
and the stiffness.

(v) Increasing the concrete cover by 4 mm delays 
the temperature increase at the reinforcement 
by 50 °C after 28 minutes of fire exposure.
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