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A B S T R A C T

Extensive research on fiber-reinforced polymer (FRP) composites has led to the presumption that
this material is an effective solution for repairing and strengthening the reinforced concrete (RC)
elements. The use of FRP significantly enhances the carrying capacity of elements under struc-
tural loads. However, the poor fire performance of this material poses a major concern, particu-
larly in buildings. High temperature exposure can damage the adhesive bonding of polymer ma-
trices and degrade their strength. Therefore, the use of thermal insulation is essential to ensure
the safety of FRP-strengthened buildings. This study experimentally investigated the effective-
ness of a recently developed thermal insulation system, “DYMAT® FIREWRAP”, in protecting the
carbon and glass FRP wrapped concrete specimens. The tested insulation system comprised two
different materials namely DYMAT® RS and Dymatherm. During the experiments, 50 concrete
specimens with different strengthening and insulation configurations were prepared and exposed
to high temperatures of 200 °C and 400 °C. The results highlight the importance of using thermal
insulation on FRP repaired concrete elements. After high temperature exposure of 200 °C, the
compressive strength losses of CFRP wrapped specimens were 12% lower than those of the non-
insulated specimens. For GFRP strengthened specimens, the strength loss was 17% less than that
for the non-insulated specimens. After high temperature exposure of 400 °C, the CFRP wrapped
specimens experienced 27% less reduction in their compressive strength, and the strength loss for
GFRP wrapped specimens was reduced by 32%. Among the considered configurations, the pres-
ence of the RS material as an inner layer played a major role in protecting the epoxy from deterio-
ration. Dymatherm provided adequate protection; however, the number of layers did not signifi-
cantly affect the high temperature endurance of the specimens.
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1. Introduction
Over the past two decades, extensive research on fiber-reinforced polymer (FRP) composites has led to the presumption of that

material is an effective solution for retrofitting and strengthening the reinforced concrete (RC) elements [1–3]. The high specific
strength, low weight, and high durability of FRP composites render them suitable for construction projects [4,5]. Factors such as
higher tensile strength and corrosion resistance make FRP advantageous over traditional reinforcing materials [6,7]. Although FRP
has a higher initial cost, its lower lifecycle cost makes it a more cost-efficient solution than other retrofitting materials such as steel
[8,9]. Due to conditions such as aging or lack of constant maintenance of structural elements, it is essential to upgrade these elements
and enhance their carrying capacities [10]. Extreme loading conditions, such as earthquakes and fires, may result in the removal of
some structural elements; therefore, other elements must act as substitutional elements with carrying capacities higher than their de-
sign values.

Numerous efforts have led to the development of different types of FRP composites with specific characteristics such as carbon
FRP (CFRP), glass FRP (GFRP), aramid FRP (AFRP), unidirectional or bidirectional FRPs, each possessing unique characteristics
suited for different purposes. Among the different types of FRP, CFRP provides higher tensile strength [11,12], whereas GFRP has
lower thermal conductivity and offers comparatively better insulation [13,14]. Despite their many advantages, FRP composites ex-
hibit poor fire performance, which poses a major concern from a fire safety perspective [15,16]. The matrix part, which is responsible
for stress distribution among the fibers, has the highest sensitivity to high temperatures. This is due the very low glass transition tem-
perature (Tg) between 65 °C and 120 °C [11,17,18]. Exposure to high temperatures leads to severe damage to the matrix and integrity
of the composite [19]. The bonding between FRP and strengthened elements is crucial for the structural behavior of the element. Fire
exposure deteriorates the mechanical properties of the FRP, which affects the bonding between the element and FRP [10,20]. There-
fore, to use FRP composites for structural strengthening purposes, it is important to satisfy the fire safety requirements. In this regard,
many research works have used analytical and numerical methods to determine the fire performance of FRP strengthened RC ele-
ments under different loading conditions [21–33].

Due to their time, cost, and energy efficiency, numerical analyses have been widely adopted in existing research on the fire perfor-
mance of FRP-strengthened RC elements. However, numerical analysis cannot fully model the real fire behavior of elements affected
by multiple environmental factors. In addition, the experimental evaluation offers a more realistic representation of fire effect over el-
ements. Thus, scholars have attempted to replicate the high temperature performance of FRP-strengthened members using experi-
mental methods. Yoo and Choo [34] have experimentally evaluated the properties of CFRP compression bars in RC columns and the
effects of high temperature exposure on their structural performance. They fabricated 24 short columns reinforced with CFRP or steel
bars and exposed the columns to different temperature levels (0, 150, 300 and 450 °C). After the high temperature exposures, using
concentric axial loading and standard-based analytical results, the structural performance of the columns was evaluated. The results
indicate that for temperatures less than 450 °C, the stress-strain curves of the CFRP bars exhibited nearly linear behavior. It was also
observed that until the temperature reached 150 °C, the compressive strength of CFRP reinforced columns was improved. However,
exposure to higher temperatures decreased this property, and temperature exposures of 450 °C reduced their compressive strength by
more than 50%. Al-Salloum et al. [35] presented the results of a two-phase experimental study on high temperature performance of
FRP strengthened concrete specimens. They used CFRP and GFRP fabrics to strengthen the cylinders that were exposed to two differ-
ent high temperatures of 100 °C and 200 °C for three different exposure durations of 1, 2, and 3 h. After high temperature tests, the
specimens were subjected to uniaxial compression tests to measure the high temperature performance of the strengthened specimens.
Their results demonstrated the high temperature vulnerability of externally bonded FRP specimens, and the experienced strength
losses were significantly affected by the rate of the temperature rise. Similarly, some experimental studies were focused on the behav-
ior of various FRP strengthened specimens under different high temperature exposure conditions [36–41].

From a variety of studies, it is well established that the high-temperature performance of FRP-strengthened elements must be im-
proved. Therefore, several attempts have been made to identify appropriate materials for improving the high-temperature perfor-
mance of FRP-strengthened elements. In 2000, Blontrock et al. [42] conducted an experimental study on RC beams strengthened with
CFRP to evaluate the effect of fire on the bonding between FRP and concrete. They observed that applying thermal insulation to FRP-
strengthened elements is essential to decrease the fire-induced losses in the mechanical properties of FRP. Barnes and Fidell [43] also
focused on the effectiveness of insulation on the scaled RC beams strengthened with CFRP. They used 1 h of standard fire for tempera-
ture exposure and 4-point loading for the post fire bending load test. They observed that after exceeding Tg and deterioration of the
bond between FRP and RC element, CFRP loses its workability and cannot provide extra support for stress bearing of the element.
Their results indicated that thermal insulation with a thickness of 15–20 mm can only protect the element for approximately
30–45 min of fire. Ahmed and Kodur [44] have constructed four RC beams to evaluate the fire performance of CFRP strengthened
beams insulated with Tyfo® WR Advanced Fire Protection. Their results highlighted the effectiveness of the insulation system consid-
ered for fire failure prevention. It also highlighted the importance of employing proper insulation schemes to prevent the debonding
of the FRP. In 2012 Palmieri et al. [45] conducted an experimental study on FRP strengthened RC beams and employed 5 different fire
insulation schemes to obtain the performance of the strengthened beams under both fire and service loads. They observed that the in-
sulation could perfectly protect the beams for 2 h and none of the insulated beams experienced a failure. Their results point out that a
proper insulation scheme can significantly increase the fire performance of the FRP strengthened RC beams. Ji et al. [46] experimen-
tally evaluated the fire performance of nanocomposite coatings on FRP strengthening systems. They first subjected the constructed RC
beams to 3-point loadings and later used FRP and coating to repair the damaged beams. The repaired specimens were subjected to
10 min of fire load and the post fire residual strength of the specimens was obtained. Their results highlighted the effectiveness of the
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new repair system in increasing the bonding strength. They also observe that using fire retardant along with nanocomposites can im-
prove the strength and fire response of the repaired beams.

In 2014, Yu and Kodur [47] focused on the fire performance of the near-surface mounted (NSM) FRP reinforcing on RC T-beams.
They have constructed 4 CFRP strengthened RC beams and subjected them to fire and service loads. Their results show that using
NSM FRP without any external insulation can perfectly protect the specimens for up to 3 h of the fire. Seo et al. [48] have also evalu-
ated the high temperature performance of externally bonded and NSM-FRP concrete blocks that were fire insulated using calcium sili-
cate boards. They observed that despite using the same insulation, NSM blocks demonstrated better fire resistance than externally
bonded blocks. Their results indicated that to provide adequate fire protection, an insulation board must be applied on the sides and
face of the FRP. Moreover, they performed a finite element analysis to estimate the temperature variation in epoxy and observed that
side insulation along with face insulation can prevent the epoxy from reaching its critical temperature.

Guruprasad and Ramaswamy [49] used experimental and numerical methods to investigate the effectiveness of geopolymer mor-
tar and simwool ceramic fiber blankets as insulating materials on the high-temperature performance of CFRP-strengthened concrete
cylinders. In their parametric study, they evaluated the effects of two different exposure durations and four different insulation thick-
nesses. From the results it was observed that the utilized insulations could adequately protect the specimens from high temperature
exposure of 715 °C for 2 h. It was also observed that under considered exposure temperatures and durations, a 90 mm of the utilized
insulating material can provide the required protection and it is not recommended to further increase the insulation thickness. Imran
and Mahendran [50] performed a two-phase experimental analysis on FRP-strengthened short steel columns under fire and axial com-
pression loads and investigated the effectiveness of spray-applied thermal insulation. Initially, the CFRP strengthened short columns
were subjected to fire and axial compression loads and observed that after 225 °C CFRP completely lose its properties. In the second
stage, the CFRP-strengthened steel column was thermally insulated and subjected to the same loading conditions. It was observed that
the utilized insulating material could improve the performance of the strengthened columns for up to 60 min of standard fire expo-
sure. Recently in 2022, Sobia et al. [10] fabricated full scale RC columns and evaluated the effects of using insulation on the perfor-
mance of CFRP strengthened RC columns. They observed that employing ultra-high performance fiber reinforced cement composite
as insulation material can slow down the failure time of the specimens by 15 min.

These studies have significantly contributed to improving the fire performance of FRP strengthening systems by proposing new in-
sulating materials or advancing existing materials. Since the performance of the fire insulations is significantly affected by their com-
positions, altering their composition can result in a substantial change in their performance [51]. Moreover, existing insulation mate-
rials have drawbacks such as thickness, aesthetic appearance, and the additional dead load imposed on the structures, which hinder
their optimal performance [52]. Hence, further research on thermal insulation can lead to the development of a more comprehensive
solution for protecting FRPs from high temperatures and identifying the optimal configuration to improve their thermal protection
properties, thus ensuring the longevity of FRP strengthened concrete structures. In addition, the conducted experiments were mostly
focused on the fire performance of CFRP, and only a few studies have compared the effectiveness of insulation in enhancing the fire
performance of different types of FRP simultaneously.

Accordingly, this study aimed at evaluating the fire performance of CFRP and GFRP strengthening systems insulated with the re-
cently developed fire protection system DYMAT® FIREWRAP, which consists of DYMAT® RS and Dymatherm. The DYMAT® RS is a
thin reddish fabric made of silica composite with high strength and high resistance to elevated temperature. Dymatherm is a ceramic
blanket with a felt-like texture that comprises high temperature long fibers. The insulating materials of the system are durable solid
sheets that make them advantageous over spray applied gypsum and similar insulating materials that can deteriorate over time and
under extreme weather exposure. To investigate the effectiveness of the system on high temperature performance of CFRP and GFRP
strengthened concrete a total of 50 cylindrical RC specimens were fabricated. From these, 5 specimens were used as reference speci-
mens and 45 of them were strengthened with CFRP or GFRP composites. To provide thermal protection, different combinations of DY-
MAT® RS and Dymatherm were applied on FRP surfaces.

Since the insulation thickness is an important factor affecting the performance of thermally insulated FRP-strengthened specimens
[52], the specimens were insulated with different configurations and thicknesses to determine the optimum configuration that trades
off between performance and thickness. Thus, the specimens were insulated with four different combinations and exposed to temper-
atures of 200 °C and 400 °C. After the temperature tests, the specimens were subjected to uniaxial compression tests to determine
their residual compressive strengths and to evaluate the effectiveness of each insulation scheme.

2. Materials and methods
These tests aimed to determine the effectiveness of FIREWRAP insulation system comprising DYMAT® RS and Dymatherm with

different schemes on thermal resistance and strength loss of FRP materials exposed to high temperatures (200 °C and 400 °C). Based
on the results obtained from temperature measurements, the uniaxial compression test of samples, and the subsequent changes in
their performance, the effectiveness of 4 insulation schemes were evaluated.

To conduct these experiments, cylindrical concrete samples were fabricated in the laboratory. Some of these fabricated samples
were selected as reference samples, and the rest were divided into two equal parts; samples from the first part were wrapped using
CFRP, and specimens from the second part were wrapped with GFRP. All FRP composites and insulation materials were manufactured
by DYMAT® company. The CFRP and GFRP composites used in this experimental phase were DYMAT® DHC-190 carbon and DY-
MAT® DHE-272 glass fibers, as well as a two-part room temperature cure DYMAT® D epoxy resin. The naming convention for sam-
ples was done with respect to the parameters considered in this set of the experiment (temperature level, fiber polymer fabric type,
and insulation methods) which are presented in Table 1.
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Table 1
Overview of test samples and their naming.

Set-1 (CFRP) Set-2 (GFRP)

Test 1 Test 2 Test 3 Test 4

20 °C 400 °C 200 °C 20 °C 200 °C 400 °C

Ref. Set-1 (1) CFRP-400 (1) CFRP-200 (1) Ref. Set-2 (1) GFRP-200 (1) GFRP-400 (1)
Ref. Set-1 (2) CFRP-400 (2) CFRP-200 (2) Ref. Set-2 (2) GFRP-200 (2) GFRP-400 (2)
CFRP (1) CFRP-T1-400 (1) CFRP-T1-200 (1) GFRP (1) GFRP-T1-200 (1) GFRP-T1-400 (1)
CFRP (2) CFRP-T1-400 (2) CFRP-T1-200 (2) GFRP (2) GFRP-T1-200 (2) GFRP-T1-400 (2)

CFRP-T2-400 (1) CFRP-T2-200 (1) GFRP-T2-200 (1) GFRP-T2-400 (1)
CFRP-T2-400 (2) CFRP-T2-200 (2) GFRP-T2-200 (2) GFRP-T2-400 (2)
CFRP-T3-400 (1) CFRP-T3-200 (1) GFRP-T3-200 (1) GFRP-T3-400 (1)
CFRP-T3-400 (2) CFRP-T3-200 (2) GFRP-T3-200 (2) GFRP-T3-400 (2)
CFRP-T4-400 (1) CFRP-T4-200 (1) GFRP-T4-200 (1) GFRP-T4-400 (1)
CFRP-T4-400 (2) CFRP-T4-200 (2) GFRP-T4-200 (2) GFRP-T4-400 (2)

T: Insulation type.

As demonstrated in Table 1, a total of 4 temperature tests, comprised two different types of fiber polymer fabrics and two different
temperature ranges. To reduce the possibility of experimental errors, two samples were tested for each unique parametric configura-
tion [35,40,53,54]. So, each temperature test was conducted on 10 specimens separately. After temperature tests, all specimens were
subjected to compression tests. The details of the performed experiments are described in the following sections.

2.1. Fabrication of test specimens
Two different sets of specimens were fabricated for FRP strengthening with carbon and glass fibers (Fig. 1). All cylindrical speci-

mens were constructed with a height of 450 mm and diameter of 20 mm. Concrete was produced according to the procedure specified
in BS EN 206 [55]. The concrete mix utilized for fabrication comprised type CEM I 42.5 R cement with the specifications listed in
Table 2, 45% coarse aggregate and 55% fine aggregate by weight, and the specific gravities of the fine and coarse aggregates used in
the concrete mixture were 2.62 and 2.70, respectively. The mix proportions of the concrete are listed in Table 3. The concrete was
compacted using a vertical immersion vibrator fitted with a high-frequency electric motor, based on a two-stage compaction method.
After 24 h of casting, the concrete specimens were demolded and placed in a curing tank at 20 ± 2 °C for 28 days.

While pouring concrete for each set, 6 standard cube samples were also cast. After removing concrete specimens from the curing
tank, all samples were subjected to uniaxial compression tests. The average compressive strength of samples from Set-1 and Set-2
were determined as 24.64 MPa and 22.94 MPa, respectively.

2.2. Strengthening procedure
Before applying FRP, the surfaces of the specimens were fully dried. All constructed specimens, except the reference samples, were

wrapped using fiber polymer composites. The age of the concrete at the time of CFRP and GFRP wrapping was 32 days. Set-1 speci-
mens were wrapped using CFRP and Set-2 specimens were GFRP wrapped. In both sets, 2 plies of FRP were wrapped and an overlap
length of 200 mm has been considered. The epoxy matrix is comprised of epoxy resin and hardener. In all mixes, the weight of resin
and fabric were equal while for resin and hardener, a mixing ratio of 1:3 has been used. After applying the FRPs, all specimens had 7
days of waiting time in the laboratory environment as the curing time for the epoxy. The strengthening procedures are depicted in
Figs. 2–5. The summary of the properties of the utilized fibers and epoxy is presented in Table 4.

2.3. Insulation types and their application
The FIREWRAP is a composite fire protection system that is designed to withstand various harsh environmental conditions and

can be tailored to different geometries. So, it can provide long-term protection for the structures that are subjected to cyclic tempera-
ture loadings and elements with irregular shapes. The system comprises two different materials namely DYMAT® RS and Dymath-
erm. DYMAT® RS is a 1.0 mm thick high-temperature resistance cloth. Dymatherm is a textured blanket insulator with a nominal
thickness of 1.5 cm. Both materials are good insulators, and their negligible thickness makes the system a suitable candidate for a fire
protection system. To precisely evaluate the effectiveness of the FIREWRAP insulation system, 4 different combinations of these mate-
rials (T1, T2, T3, and T4) were considered. The insulation materials were just wrapped around the specimens and no adhesive was
used. After applying insulations, an iron wire was used to hold the layers together. Details of the layer configuration for different insu-
lation types are depicted in Table 5 and the stages of insulating the specimens are shown in Figs. 6 and 7.

2.4. Temperature tests and measurements
The test specimens were placed on the car-bottom of the furnace and were prepared for temperature test and, ceramic thermal in-

sulation caps were used to cover the top surface of the insulated specimens. This was done to prevent direct temperature exposure to
the non-insulated top surface of the specimens and increase the precision of the performed evaluations. In each test, thermocouples
were attached to the FRP surface of the insulated specimens to monitor the temperature development at these points. Arrangements
of the specimens in the furnace and thermocouple measurement points on the insulated specimens are demonstrated in Fig. 8.
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Fig. 1. Constructed specimens.

For the temperature tests, two different time-temperature protocols have been used (Fig. 9). In these protocols, the temperature is
rising with a heating rate of 2.5 °C/min until the interior temperature of the furnace reaches 200 °C, for the first protocol, and reaches
400 °C for the second protocol. Then remains constant and continues with these values for 1 h. For Protocol-1 it took 134 min, and for
Protocol-2 it took 214 min, to reach their maximum temperature. Selection of the heating rate and duration of the constant tempera-
ture exposure was selected with respect to the existing literature [56–61].

Upon completion of the temperature test, the furnace door was opened, and using a pyrometer, the surface temperature of each
layer of the specimens was measured. After temperature measurements, the samples were placed outside the furnace and cooled
down to room temperature. The mentioned procedures are illustrated in Figs. 10 and 11.

2.5. Uniaxial compression tests
After the cooling down period, a servo-hydraulic compression testing machine with 3000 kN capacity was used to perform the

uniaxial compression test on the specimens. All samples were tested with the same loading rate of 0.6 MPa/s [62,63]. Uniaxial com-
pression tests for these specimens were started after 60 days of pouring the concrete.
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Table 2
Chemical, physical and mechanical properties of cement.

Chemical Composition Physical and Mechanical Properties

Components (%) Retained on Sieve 45 μm (%) 9.80
SiO2 19.46 Retained on Sieve 90 μm (%) 1.00
Al2O3 5.11 Specific Surface (Blaine) (m2/kg) 412.60
Fe2O3 3.31 Specific Gravity 3.12
CaO 60.23 Setting Times (Vicat) (min) Initial 140
MgO 2.08 Final 200
SO3 3.05 Water Demand (%) 29.20
Na2O 0.27 Soundness (mm) 1.00
K2O 0.69 Compressive Strength (MPa) 2-day 28.00
Cl− 0.02 7-day 40.40
Loss on Ignition (LOI) 3.00 28-day 51.50

Table 3
Mix proportions of concrete.

w/c Ratio Unit Weight (kg/m3)

Cement Water Coarse Aggregate Fine Aggregate

0.60 300 180 823.50 1006.50

Fig. 2. Preparation of FRP

3. Results and discussions
3.1. Temperature tests

Consistent with the literature [64], during the 400 °C temperature tests, the non-insulated FRP specimens generated significant
smoke; therefore, the ventilation system of the furnace was activated (Fig. 12). During the temperature tests, the data collected using
the data logger were processed and transformed into graphs. Using these data, the effectiveness of each insulation method is evalu-
ated. The obtained temperature data are shown in Figs. 13 and 14.

Temperature evaluation has been conducted based on the maximum temperature values. The key findings of the performed tem-
perature measurements from each test are detailed below.
⁃ After temperature exposure of 400 °C it was observed that the epoxy of the specimens without an inner layer of RS deteriorated

and the Dymatherm layer adhered to the surface of the FRP layer. In 200 °C temperature tests, insulation materials could protect
the layers and the epoxy resin was not deteriorated (Fig. 15).
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Fig. 3. Preparation of epoxy matrix (epoxy resin and its hardener).

Fig. 4. Stages of wrapping applications.

⁃ After 400 °C temperature exposure, the outermost RS material layer of the samples deteriorated, and its surface was exfoliated
(Fig. 16).

3.1.1. Test 1: Set-1 CFRP 400 °C
⁃ As it was expected, within insulated samples, the lowest CFRP surface temperature after 214 min of temperature test was

obtained from the T4 insulation method (50 °C). Also, the maximum CFRP surface temperature of the insulated samples was
125 °C (Fig. 14-a).
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Fig. 5. FRP wrapped specimens.

Table 4
Characteristics of the employed strengthening materials.

Fibers

DYMAT® Carbon Fiber System DHC-190 DYMAT® Glass Fiber System DHE-272

Tensile Strength (GPa) 4.83 3.73
Tensile Modulus (GPa) 280.0 83.3
Ultimate Elongation (%) 1.65 4.50
Density (g/cm3) 1.74 2.55
Weight (g/m2) 644 922
Fiber Thickness (mm) 0.37 0.36

2-Part Epoxy

Tensile Strength (MPa) 90.0
Shear Modulus (GPa) 5.0

⁃ It was observed that using RS material in the inner layer of insulation plays an important role in the thermal protection of CFRP
materials. From Table 6, it can be seen that the absence of this layer, either 2 or 4 layers of Dymatherm (T1 and T2) did not make
significant differences in the surface temperature values of FRP at the end of the temperature test (3–6 °C).

⁃ When RS material was used in the inner layer (T3 and T4), in the samples with more layers of Dymatherm, the CFRP surface
temperature was lowered by 53 °C at the end of the test. Besides, this layer prevented Dymatherm from sticking to the CFRP
surface at the end of the heating process (Table 6).

⁃ In samples with 2 layers of Dymatherm, utilizing RS material in the inner layer (T1 and T3) resulted in an average difference of
28 °C in the measured CFRP surface temperature. In the samples with 4 layers of Dymatherm (T2 and T4), this difference is around
43 °C (Table 6).

3.1.2. Test 2: Set-1 CFRP 200 °C
⁃ Contrary to expectation, within insulated samples, the lowest CFRP surface temperature after 134 min of temperature test was

obtained from the T3 model (32 °C), not from the T4. However, the observed differences between T3 and two measured values
from T4 models (34 °C and 35 °C) were not significant. The maximum CFRP surface temperature measured from insulated
samples was 55 °C (Fig. 14-b).

⁃ For cases with no inner layer of RS material, either 2 or 4 layers of Dymatherm (T1 and T2) did not make significant differences
in the surface temperature values of CFRP at the end of the test (1–16 °C). When RS material was used in the inner layer (T3 and
T4), in cases with more layers of Dymatherm, the CFRP surface temperature was lowered by 16 °C (Table 6).

⁃ In samples with 2 layers of Dymatherm, the use of RS material in the inner layer (T1 and T3) resulted in an average difference of
5 °C in the measured CFRP surface temperature at the end of the temperature test. In cases with 4 layers of Dymatherm (T2 and T4),
this difference is around 4 °C (Table 6).



Journal of Building Engineering 73 (2023) 106444

9

A.C. Altunişik et al.

Table 5
Insulation configurations.

Insulation Type ID Configuration Information Schematization Insulated Specimens

DYMAT® RS (inner) DYMAT® Dymatherm DYMAT® RS (outer)

T1 ✗ 2 plies ✓

T2 ✗ 4 plies ✓

T3 ✓ 2 plies ✓

T4 ✓ 4 plies ✓

⁃ Evaluating the results obtained from the 200 °C temperature test, demonstrate that the existence of RS material in the inner layer
caused no difference in the surface temperature of CFRP. It was also observed that more layers of Dymatherm had a negligible effect
on this surface temperature value.

3.1.3. Test 3: Set-2 GFRP 200 °C
⁃ As it was expected, within insulated samples, the lowest GFRP surface temperature after 214 min of temperature test was

obtained from the T4 insulation method (41 °C). Moreover, the maximum GFRP surface temperature of the insulated samples
was 65 °C (Fig. 14-c).

⁃ For cases with no inner layer of RS material, either 2 or 4 layers of Dymatherm (T1 and T2) did not make significant differences in
the surface temperature values of FRP at the end of the temperature test (2–17 °C). When RS material was used in the inner layer
(T3 and T4), more Dymatherm layers, caused an average decrease of 12 °C in the measured surface temperature of GFRP (Table 6).

⁃ In the T1 and T3 model, which are wrapped with and without RS material in their inner layer, an average difference of 7 °C was
observed in the surface temperature of GFRP. It was also observed that using 4 layers of Dymatherm (T2 and T4) does not affect this
temperature value (Table 6).

⁃ Evaluating the results obtained from the 200 °C temperature test, demonstrate that the existence of RS material in the inner
layer, and having more layers of Dymatherm does not affect the surface temperature of GFRP.

3.1.4. Test 4: Set-2 GFRP 400 °C
⁃ Contrary to expectation, within insulated samples, the lowest GFRP surface temperature after 214 min of temperature test was

obtained from the T2 within insulated samples (64 °C), not from T4. The temperature values measured from the models with
the T4 insulation method were 80 °C and 98 °C. A possible explanation for this might be that in the T2 insulation method



Journal of Building Engineering 73 (2023) 106444

10

A.C. Altunişik et al.

Fig. 6. Preparation stages of the insulation materials.

thermocouples were placed in a comparatively deeper location. The maximum surface temperature of GFRP for insulated
samples was 174 °C (Fig. 14-d).

⁃ It was observed that in the tests with maximum temperature of 400 °C, the use of RS material in the inner layer plays an
important role in the thermal protection of GFRP materials. For cases with no RS layer, and 2 or 4 layers of Dymatherm (T1 and
T2), there was an average difference of 63 °C in the surface temperature of FRP at the end of the temperature test. When RS
material was used in the inner layer (T3 and T4), along with more layers of Dymatherm, the GFRP surface temperature was
decreased by 27 °C (Table 6). Also, this layer prevented the sticking of Dymatherm to the GFRP surface at the end of the test.

⁃ In samples with 2 layers of Dymatherm, utilizing RS material in the inner layer (T1 and T3), made an average difference of 35 °C in
the measured GFRP surface temperature at the end of the temperature test. In the samples with 4 layers of Dymatherm (T2 and T4),
this difference is around 24 °C (Table 6).

3.2. Compression tests
To evaluate the performance of each configuration, the strength values obtained after the temperature tests were compared with

those of the reference samples. The strength values, maximum temperatures obtained from the FRP/insulation interface, and compar-
ison between strength losses are presented in Tables 7–9. The typical failure modes obtained from the pre- and post-compression tests
of the specimens are shown in Figs. 17 and 18, and the residual strengths of the specimens are compared in Fig. 19.

3.2.1. Set-1 (CFRP/200 °C (test 2) and 400 °C (test 1))
− In this set of experiments, all FRP wrapped models as well as reference models were subjected to uniaxial compression tests. In

the tests conducted for Set-1, the average compressive strength of the reference specimens was measured as 21.42 MPa, while this
value reached 55.58 MPa after applying CFRP to the specimens.

− Exposing the models of Set-1 to high temperatures decreased their compressive strengths. After exposing Test 2 specimens to
Protocol-1 (200 °C), the compressive strength of the samples with no insulation reached 43.68 MPa and experienced the most
strength loss. Exposing Test 1 specimens to Protocol-2 (400 °C) caused more decreases in their compressive strength. The strength
of the model with no insulation decreased significantly and reached 27.85 MPa.

− In the T1 and T2 models, the number of Dymatherm layers did not affect the changes in the compressive strength at both 200 °C
and 400 °C. Similar results were obtained for the T3 and T4 models.

− After 400 °C exposures, the decrease in compressive strength of the insulated specimens with an inner layer of RS material was
7–10% less than the specimens without an inner layer of RS material.
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Fig. 7. Wrapping applications of the insulation layers.

Fig. 8. Placement of samples in the furnace and location of measurement points.
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Fig. 9. Furnace interior temperatures during the tests.

3.2.2. Set-2 (GFRP/200 °C (test 3) and 400 °C (test 4))
− In uniaxial compression tests conducted for Set-1, the average compressive strength of the reference specimens was measured as

21.85 MPa, while this value reached 63.78 MPa after applying GFRP to the specimens.
− Exposing the models of Set-2 to high temperatures has decreased their compressive strength. After exposing Test 3 specimens

to Protocol-1 (200 °C), the compressive strength of the samples with no insulation reached 50.09 MPa and experienced the
most strength loss. Exposing Test 4 specimens to Protocol-2 (400 °C) caused more decreases in their compressive strength. The
strength of the model with no insulation had dropped significantly and reached 30.91 MPa.

− Similar to Set-1, the number of Dymatherm layers did not have a major effect on compressive strength of the insulated specimens.
− For the 400 °C exposure tests, the existence of RS material as an inner layer could decrease the compressive strength losses in the

insulted specimens by 5%.

4. Conclusions
The performed experimental study has evaluated the performance of the recently developed fire protection system FIREWRAP for

protecting the CFRP and GFRP wrapped concrete specimens. The effectiveness of the system was evaluated at different exposure tem-
peratures of 200 °C and 400 °C. In addition, using different thicknesses in each configuration, the impacts of the thickness on high
temperature performance of the system were evaluated. From the experiments performed, the following conclusions were drawn.
• The carbon fiber and glass fiber composites increased the compressive strength of the concrete specimens by 2.6 and 2.9 times,

respectively.
• Exposing the non-insulated strengthened specimens to high temperatures of 200 °C and 400 °C decreased their compressive

strength by 21% and 51%, respectively.
• The application of insulation could effectively decrease compressive strength losses. For CFRP strengthened specimens, thermal

insulation has reduced the strength losses to 9% (for 200 °C tests) and 24% (for 400 °C tests). For GFRP strengthened specimens,
after high temperature tests of 200 °C and 400 °C, the strength losses were reduced to 4% and 19%, respectively.

• Thermocouple readings demonstrated that during the high-temperature exposures of 200 °C and 400 °C, the utilized insulation
could maintain the temperature of the FRPs between 30-55 °C and 50–125 °C, respectively.

• After 400 °C high-temperature tests, the residual strengths of the insulated specimens were similar to those of the non-insulated
strengthened specimens after the 200 °C tests.

• From the visual observations after high temperature and compressive strength tests, it was observed that all the considered
configurations could maintain the temperature of epoxy below its glass transition temperature and prevent its deterioration. For
the specimens exposed to 200 °C, this effect was more prominent.

• Under a temperature exposure of 400 °C, all insulation configurations demonstrated satisfactory performance. However,
reaching a final temperature of 50–125 °C at the end of the tests transformed the epoxy from a glassy to a rubbery state. This
was more significant in the T1 and T2 specimens, which did not have an inner layer of RS material.

• The effectiveness of the insulation configurations was more evident for the CFRP-strengthened specimens. This confirms the
higher sensitivity of CFRP to high temperatures than GFRP.

• Applying more layers of Dymatherm (4 layers) could decrease the temperature rises but did not have a significant effect on the
compressive strength. Applying an inner layer of RS material can further improve this effect and reduce the strength losses.

• Although the inner layer of the RS material did not lead to a major improvement in the compressive strength losses (between 5
and 8%), it could effectively prevent the deterioration of the epoxy matrix and improve the thermal performance of the specimens.

• The results show that up to temperature exposure of 400 °C only 2 layers of Dymatherm can provide adequate thermal protection.
• Among the tested configurations, the specimens with an inner layer of RS outperformed the other specimens in terms of high

temperature performance. The inner layer of RS material has importance due to the provided protection for the epoxy layer.
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Fig. 10. Arrangement of the specimens and thermocouples.

However, considering the low impact of this layer on the compressive strength of the specimens, it can be substituted with a more
cost-effective material with similar thermal properties.

• Considering the better high-temperature performance of the GFRP, the effectiveness of the insulation configurations within
the considered temperature range could not be determined. Under a higher-temperature exposure, this thermal protection can
be more pronounced, and results similar to those of CFRP-strengthened specimens can be obtained.
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Fig. 11. Opening the furnace door and measuring the surface temperatures.

Fig. 12. Emission of smoke plume 400 °C tests.

Overall, this study strengthens the widespread acceptance of FRP wrapping methods for enhancing the performance of structural
elements and confirms the vulnerability of their physical and mechanical properties to high temperatures. The results of present study
demonstrated that high temperatures can significantly degrade the structural performance of FRP-strengthened elements and it can
take a role in initiating and spreading the fire. The test results highlighted the importance of implementing thermal insulation on FRP-
wrapped concrete elements to decrease the possible structural and environmental damage caused by high-temperature exposure to
FRP. The experimental results of this study demonstrated that the proposed insulation system reduced the strength losses of FRP to
less than 25% under high temperatures, which is a significant improvement over non-insulated FRP specimens. However, broader re-
search is required to evaluate the performance of the proposed insulation system on different structural elements and under the differ-
ent fire conditions employed in previous studies. Additionally, the evaluations in this study were based on a limited number of speci-
mens. Hence, to obtain a more comprehensive understanding of the performance of the system and draw a definitive conclusion, it is
required to conduct additional analyses on a larger number of specimens.
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Fig. 13. Post-test condition of the specimens.

The tested fire protection comprised two durable sheets that are designed to withstand extreme weather conditions as well as high
temperatures and fire. This makes it advantageous over paint and sprayed applied materials that are less durable. However, the major
drawback of this system is its thickness. So, investigating the combination of DYMAT® RS, a very thin insulating material, with the
other existing fire protection materials might lead to a more optimum solution. This system has good compatibility with steel struc-
tural members. So, it is suggested to perform a similar evaluation on high temperature performance of this system on steel members.
Besides, to have a more comprehensive evaluation of the performance of this system, the performed investigation needs to be ex-
tended by evaluating the effects of different time-temperature curves with different heating rates and for different exposure dura-
tions.
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Fig. 14. Temperature variations of the FRPs during the temperature tests.
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Fig. 15. Post temperature test condition of the insulated FRPs.

Fig. 16. Temperature exposure effect on RS material.

Table 6
Effectiveness of insulation types.

Comparing Measurement Stations Temperature differences between selected measurement stations at the end of the tests (°C)

Test 1 Test 2 Test 3 Test 4

T1-T3 1–5 44 7 11 9
2–6 13 4 3 61

T2-T4 3–7 23 2 7 14
4–8 62 6 7 34

T1-T2 1–3 3 16 17 16
2–4 6 1 2 110

T3-T4 5–7 64 21 12 40
6–8 43 11 13 14

Table 7
Comparison of compression test results for Set-1.

Specimen ID No. Height (mm) Max. Load (N) Max. Stress (N/mm2)

Ref. Set-1 1 500 668591.38 21.28
Ref. Set-1 2 495 649674.38 20.68
Ref. Set-1 3 450 700831.81 22.31
CFRP 1 450 1756729.38 55.92
CFRP 2 450 1735335.88 55.24
CFRP-200 1 450 1289973.88 41.06
CFRP-200 2 450 1454258.50 46.29
CFRP-400 1 450 833603.38 26.53
CFRP-400 2 450 916042.94 29.16
CFRP-T1-200 1 450 – -------
CFRP-T1-200 2 450 1557017.88 49.56
CFRP-T1-400 1 450 1369665.63 43.60
CFRP-T1-400 2 450 1287087.50 40.97
CFRP-T2-200 1 450 1414657.88 45.03
CFRP-T2-200 2 450 1543619.50 49.13
CFRP-T2-400 1 450 1268892.00 40.39
CFRP-T2-400 2 450 1257975.88 40.04
CFRP-T3-200 1 450 1601409.75 50.97
CFRP-T3-200 2 450 1486868.38 47.33
CFRP-T3-400 1 450 1366398.38 43.49
CFRP-T3-400 2 450 1387070.25 44.15
CFRP-T4-200 1 450 1509295.13 48.04
CFRP-T4-200 2 450 1621360.13 51.61
CFRP-T4-400 1 450 – -------
CFRP-T4-400 2 450 1394817.25 44.40
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Table 8
Comparison of compression test results for Set-2.

Specimen ID No. Height (mm) Max. Load (N) Max. Stress (N/mm2)

Ref. Set-2 1 450 687895.25 21.90
Ref. Set-2 2 450 684841.50 21.80
GFRP 1 450 2005733.75 63.84
GFRP 2 450 2001496.63 63.71
GFRP 3 450 1671547.75 53.21
GFRP-200 1 450 1570035.25 49.98
GFRP-200 2 450 1577176.13 50.20
GFRP-400 1 450 971694.61 30.93
GFRP-400 2 450 970123.81 30.88
GFRP-T1-200 1 450 1862531.00 59.29
GFRP-T1-200 2 450 1963454.75 62.50
GFRP-T1-400 1 450 1605668.01 51.11
GFRP-T1-400 2 450 1668456.00 53.11
GFRP-T2-200 1 450 1855110.46 59.05
GFRP-T2-200 2 450 1906632.58 60.69
GFRP-T2-400 1 450 1620038.00 51.57
GFRP-T2-400 2 450 1690797.00 53.82
GFRP-T3-200 1 450 – –
GFRP-T3-200 2 450 1942309.38 61.83
GFRP-T3-400 1 450 1540871.00 49.05
GFRP-T3-400 2 450 1594078.00 50.74
GFRP-T4-200 1 450 1946177.13 61.95
GFRP-T4-200 2 450 1997536.63 63.58
GFRP-T4-400 1 450 1592911.00 50.70
GFRP-T4-400 2 450 1693166.00 53.90

Table 9
Comparison of maximum temperatures and mechanical performance of specimens.
Test 1 CFRP 400 °C Insulation Type T1 T2 T3 T4

Measurement Stations 1 2 3 4 5 6 7 8
Max. Interface Temp. (°C) 70.32 119.06 73.74 124.88 113.92 105.80 50.39 62.81
Strength Final (MPa) 40.97 40.22 43.82 44.40

Loss (%) 26.29 27.64 21.16 20.12
Test 2

CFRP 200 °C
Insulation Type T1 T2 T3 T4
Measurement Stations 1 2 3 4 5 6 7 8
Max. Interface Temp. (°C) 48.23 42.29 31.89 41.79 55.18 46.21 33.84 35.53
Strength Final (MPa) 49.56 49.13 50.97 51.61

Loss (%) 10.83 11.60 8.29 7.14
Test 3

GFRP 200 °C
Insulation Type T1 T2 T3 T4
Measurement Stations 1 2 3 4 5 6 7 8
Max. Interface Temp. (°C) 65.53 45.38 48.45 42.89 53.79 48.57 41.47 35.74
Strength Final (MPa) 60.90 60.69 61.83 62.77

Loss (%) 4.52 4.84 3.06 1.58
Test 4

GFRP 400 °C
Insulation Type T1 T2 T3 T4
Measurement Stations 1 2 3 4 5 6 7 8
Max. Interface Temp. (°C) 110.17 174.50 94.07 63.98 119.47 112.88 79.80 98.46
Strength Final (MPa) 51.11 51.57 50.74 53.90

Loss (%) 19.87 19.14 20.45 15.49
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Fig. 17. Compression test of the Set-1 specimens.
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Fig. 18. Compression test of the Set-2 specimens.
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Fig. 19. Compressive strength of the tested specimens.
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