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Abstract

Carbon fibre reinforced polymer (CFRP) is one of common solutions in repairing / reinforcing/ 
strengthening/ retrofitting structures in civil engineering due to its advantages in mechanical 
properties, durability and workability. However, recent issues have raised concerns for fire 
performance of CFRP and CFRP reinforced structures. Throughout the literature, there are several 
investigations on the evolution of mechanical performance of CFRP and CFRP reinforced structures 
during or after exposing to different levels of temperature which are close to temperatures obtained 
during a fire. However, the results are scatter due to the diversity of materials used, the difference in 
test protocols, and limitation in test facility for elevated temperature use. Analytical and numerical 
studies are also conducted with parametric investigation to observe, improve, and propose 
recommendations for design guideline. Additionally, missing gap in experimental data has a 
significant influence on the applicability of the available results. 

This research characterizes the behaviours of CFRPs and of concrete structure reinforced with CFRP 
material under three separated conditions concerning elevated temperature and mechanical loading 
that are close to different cases of fire application. The experimental and numerical methods used in 
this research are to further investigate the status of each material during the case studies. Particularly, 
residual test is used to study the mechanical performance of specimens cooled after exposing to 
elevated temperature respecting the evaluation of the remained behaviour of CFRP reinforced 
structures at post-fire situation for repairing/ retrofitting purpose. Two thermo-mechanical tests are 
used to study the mechanical performance of specimens at different elevated temperatures and their 
thermal performance at different mechanical statuses respecting the fire situation for predicting and 
designing purpose. The two final cases focus on the influence of loading order on the results to 
confirm the validity of experimental mechanical data obtained at different temperatures when 
applying for evaluating the fire performance of CFRP reinforced structure where mechanical effects 
and then temperature effects are combined. 

In the first experimental part, 86 tests on two types of CFRP (one pre-fabricated in factory and one 
manually fabricated in laboratory) were studied in the temperature range from 20°C to 712°C. The 
performance of CFRP material is generally reduced as the temperature increases. The thermo-
mechanical and residual ultimate strengths of P-CFRP gradually decrease from 20°C to 700°C, while 
its Young’s modulus varies less than 10% from 20°C to 400°C and then significantly decreases at 
600°C. The identified thermo-mechanical performance of CFRP was lower than its residual 
performance, especially at temperature beyond 400°C. Furthermore, the elevated temperature and 
mechanical load are experimentally shown to be relevant and thus the loading order has a small effect 
on the material performance under thermo-mechanical conditions. A new analytical model, proposed 
for the evolution of thermo-mechanical ultimate strength in function of temperature, has shown the 
ability to fit with two studied CFRPs and with those tested under similar thermo-mechanical condition 
in the literature. 

In the second experimental part, 39 tests on CFRP reinforced concrete structures were conducted 
following three procedures via 8 series. The study concerns three adhesives and two common 
reinforcement methods. The experimental results show that the near surface mounted reinforcement 
method can improve the thermo-mechanical performance of the tested specimen comparing to 
externally bonding reinforcement method. It also confirms that the mechanical performance of CFRP 
reinforced concrete structure under elevated temperature condition is much lower than its performance 
under residual condition. The mechanical status of CFRP reinforced concrete structure also has an 
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influence on its ability to resist elevated temperature rise, which is close to fire, with the reduction rate 
depending on the used adhesive and reinforcement method. The modification of adhesive used also 
affects to the thermo-mechanical performance of CFRP reinforced concrete structure.  Other 
experimental tests on insulated CFRP have shown ability to extend the thermal performance in terms 
of duration and failure temperature of this material. It is also shown that with the restriction from 
direct-contact with air, the studied CFRP material can resist to higher temperature level. 

In the final numerical part, the finite element method has been used to predict the thermo-mechanical 
performance of CFRP reinforced structure and also thermal performance of insulated CFRP. The first 
model has successfully predicted the displacement response of CFRP reinforced concrete structure 
under mechanical load as elevated-temperature rise. Three cases under different mechanical loads 
have been verified with experimental results with the appropriateness. The extended results for 
standard fire temperature cases regarding the variation of mechanical load have been presented. A 
proposed thermal-based method is potential for predicting the service duration of CFRP reinforced 
concrete structure under constant mechanical loads subjecting to elevated-temperature rise. The 
second model on insulated CFRP also successfully predicts the thermal performance of an insulation 
material in protecting the CFRP material. The thermal based method again shows the potentiality in 
predicting the ability of the studied insulation to protect CFRP regarding the influence of mechanical 
load. The numerical result is potentially in both predicting fire performance and designing the CFRP 
reinforced structure in according to the fire safety requirement. The numerical model can be further 
developed to be better explaining the damage mechanism and more efficient in fire-safety design 
application for CFRP reinforced concrete structure. 

 



 

v 

Résumé

Le polymère renforcé de fibres de carbone (CFRP) est l'une des solutions courantes pour réparer/ 
renforcer/ fortifier/ rétrofiter les structures en génie civil en raison de ses avantages dans les propriétés 
mécaniques, la durabilité et la maniabilité. Cependant, des problèmes d'incendie récents ont soulevé 
des inquiétudes quant à la performance au feu du CFRP et  des structures renforcées par CFRP. Dans 
la littérature, il existe plusieurs études sur l'évolution de la performance mécanique de CFRP et des 
structures renforcées par  CFRP pendant ou après l'exposition à différents niveaux de température qui 
sont proches des températures obtenus durant un feu. Cependant, les résultats sont dispersés en raison 
de la diversité des matériaux utilisés, de la différence dans les protocoles d'essai et de la limitation de 
l'installation d'essai pour une utilisation à température élevée. Des études analytiques et numériques 
sont également menées avec une étude paramétrique pour observer, améliorer et proposer des 
recommandations pour les directives de conception. Cependant, le manque de données expérimentales 
a une influence significative sur applicabilité des résultats disponibles. 

Cette recherche caractérise les comportements des CFRP et de la structure renforcée avec du matériau 
CFRP dans trois conditions distinctes concernant la température élevée et la charge mécanique qui 
sont proches des différents cas d'application au feu. Les méthodes expérimentales et numériques sont 
utilisées pour mener cette recherche afin d'étudier plus en détail l'état de chaque matériau au cours des 
études de cas. En particulier, l'essai résiduel est utilisé pour étudier la performance mécanique des 
spécimens refroidis après exposition à température élevée en respectant l'évaluation du comportement 
résiduel des structures renforcées en CFRP en situation post-incendie à des fins de réparation / 
renforcement. Deux essais thermomécaniques sont utilisés pour étudier la performance mécanique des 
échantillons à différentes températures élevées et leur performance thermique à différents états 
mécaniques en respectant la situation d'incendie pour la prédiction et la conception. Les deux derniers 
cas portent sur l'influence de l'ordre de chargement sur les résultats pour confirmer la validité des 
données mécaniques expérimentales obtenues à différentes températures lors de l'évaluation de la 
performance au feu de la structure renforcée par CFRP où les effets mécaniques et puis les effets 
thermiques sont combinés. 

Dans la première partie expérimentale, 86 essais sur deux types de CFRP (un préfabriqué en usine et 
un fabriqué manuellement en laboratoire) ont été étudiés dans la plage de température de 20°C à 
712°C. La performance du matériau CFRP est généralement réduite lorsque la température augmente. 
Les résistances thermomécaniques et résiduelles du P-CFRP diminuent graduellement de 20°C à 
700°C, tandis que le module de Young varie de moins de 10% de 20°C à 400°C et ensuite diminue 
significativement à 600°C. La performance thermomécanique identifiée de CFRP a été inférieure que 
sa performance résiduelle, en particulier à une température supérieure à 400°C. En outre, la 
température élevée et la charge mécanique sont expérimentalement pertinentes et l'ordre de 
chargement a donc un faible effet sur les performances du matériau dans des conditions 
thermomécaniques. Un nouveau modèle analytique, proposé pour l'évolution de la résistance ultime 
thermomécanique en fonction de la température, a montré sa capacité à s'adapter à deux CFRP étudiés 
et à ceux testés dans des conditions thermomécaniques similaires dans la littérature. 

Dans la seconde partie expérimentale, 39 essais sur les structures en béton renforcées par CFRP ont 
été réalisés selon trois procédures via 8 séries. L'étude concerne trois adhésifs et deux méthodes de 
renforcement courantes. Les résultats expérimentaux montrent que la méthode de renforcement monté 
en surface proche peut améliorer les performances thermomécaniques de l'échantillon testé par 
rapport à la méthode de renforcement par liaison externe. Il confirme également que la performance 
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mécanique du béton renforcée par CFRP à température élevée est beaucoup plus faible que sa 
performance dans des conditions résiduelles. L'état mécanique de la structure en béton renforcée par 
CFRP influe également sur sa capacité à résister à une élévation de température élevée, proche du feu, 
le taux de réduction dépend de la méthode de collage et du renforcement utilisée. La modification de 
l'adhésif utilisé affecte également la performance thermomécanique de la structure en béton renforcée 
par CFRP. D’autres essais supplémentaires sur les CFRP isolés ont montré une capacité à augmenter 
les performances thermiques en termes de durée et de température de rupture de ce matériau. Il est 
également montré qu'avec la restriction du contact direct avec l'air, le matériau CFRP étudié peut 
résister à un niveau de température plus élevé. 

Dans la partie numérique finale, la méthode des éléments finis a été utilisée pour prédire la 
performance thermomécanique de la structure renforcée par CFRP et également la performance 
thermique du CFRP isolé. Le premier modèle a prédit avec succès la réponse de déplacement de la 
structure en béton renforcée par CFRP sous charge mécanique en tant qu'élévation à température 
élevée. Trois cas sous différentes charges mécaniques ont été vérifiés avec les résultats expérimentaux 
avec la pertinence. Les résultats étendus pour les cas de température de feu standard concernant la 
variation de la charge mécanique ont été présentés. Une méthode thermique proposée est un moyen de 
prédire la durée de service de la structure en béton renforcée par CFRP soumise aux charges 
mécaniques constantes et à une élévation de température élevée. Le deuxième modèle sur CFRP isolé 
prédit également avec succès la performance thermique d'un matériau isolant dans la protection du 
matériau CFRP. La méthode thermique montre à nouveau la possibilité de prédire la capacité de 
l'isolant étudié à protéger les CFRP en ce qui concerne l'influence de la charge mécanique. Le résultat 
numérique est potentiellement à la fois la prévision de la performance au feu et la conception de la 
structure renforcée par CFRP conformément aux exigences de sécurité d’incendie. Le modèle 
numérique peut encore être développé pour mieux expliquer le mécanisme’ d’endommage et être plus 
efficace dans l'application de la conception de sécurité d’incendie pour la structure en béton renforcée 
par CFRP. 
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120°C (Firmo et al., 2015a). There is also investigation on the fire performance of EBR CFRP 1 
reinforced concrete beams under various load levels (Turkowski et al., 2017). For NSM reinforcement 2 
method, Al-Abdwais et al. observed the behaviour of the NSM CFRP reinforced concrete structures 3 
using cement-based adhesive at elevated temperature condition (Al-Abdwais et al., 2017).  Jadooe et al. 4 
investigated the residual performance of NSM CFRP reinforced concrete via single lap test using a 5 
cement-based adhesive and an epoxy adhesive  after 1 hour exposing to temperature from 200°C, 400°C 6 
and 600°C (Jadooe et al., 2017a, 2017b; Jadooe Awad et al., 2017).  7 

In comparison between two reinforcement methods, Firmo et al. experimentally studied the performance 8 
of CFRP reinforced concrete beam in both cases of reinforcement (EBR and NSM) and used these 9 
results to explain the fire performance of CFRP reinforced concrete structure (Firmo et al., 2014). The 10 
results also showed that at room temperature, the NSM reinforced beam has 21%-35% better 11 
performance compare to EBR reinforced one depending on the bond configuration. Kotynia et al. also 12 
experimentally studied the performance of CFRP reinforced concrete structure using NSM and EBR 13 
reinforcement methods at non-temperature condition and also verified with numerical solution (Kotynia, 14 
2012; Kotynia et al., 2008). The results showed that the NSM method allowed concrete beam higher 15 
failure strain, compared to EBR method. There are also other available studies for shear strengthening, 16 
compression strengthening of concrete structures or even CFRP pre-tensioned slabs at various 17 
temperature-mechanic testing conditions. For instant, Tan et al. investigated the residual performance of  18 
shear strengthening of glass FRP wrapped beams after being exposed to temperature-time history 19 
(Yuqian, 2010) following ASTM E-119 curve. These authors also reported on the performance of fibre-20 
reinforced cement composite, basalt FRP laminates and basalt FRP-strengthened beams subjected to 21 
elevated temperature (Tan and Zhou, 2007, 2008, 2009). Kim et al. studied the residual shear 22 
performance of CFRP shear strengthened short beams after being exposed to temperature up to 200°C 23 
(Kim et al., 2012; Namrou and Kim, 2016; Yail J. Kim, 2012). Considering combined temperature-24 
mechanic load, Cree et al. observed the shear performance of hand layup lap-splice test in two load cases 25 
with  elevated temperature up to 200 °C (Cree et al., 2015; Duncan Cree et al., 2017; Gales et al., 2016). 26 
Terrasi et al. and Maluk et al. reported the fire behaviour of CFRP pre-stressed high-performance self-27 
consolidating concrete slabs in  an experimental study on thin slabs exposed to a standard fire (Maluk et 28 
al., 2010; Terrasi et al., 2012). 29 

There are also several studies which focus on the fire behaviour of steel-reinforced concrete structures 30 
strengthened by CFRP (with or without fire protection systems) ,(Ahmed and Kodur, 2011; Chowdhury 31 
et al., 2012, 2007; Cree et al., 2012; Firmo and Correia, 2015; Firmo et al., 2012; Ji et al., 2013; Kodur 32 
et al., 2006; López et al., 2013; Maluk et al., 2015; Naser et al., 2012; Palmieri et al., 2013; Turkowski et 33 
al., 2017)  34 

1.3. Analytical material models 35 

Although several analytical models have been proposed for elevated temperature performance of 36 
material such as concrete, steel and FRP, but few models that perfectly address CFRP. 37 

Gibson et al. (Gibson, 2005) used a hyperbolic tangential function (Equation 2) based on composite 38 
theory to predict the evolution of a laminate polyester/ glass system as the temperature rose up to 200°C: 39 

 tanh '
2 2

n U R U RP P P PP T R k T T Equation 2 

Where P(T) is a particular property at temperature T, PU and PR are the un-relaxed and relaxed value of 40 
that property at low temperature and high temperature, respectively. K is a constant describing the 41 
breadth of distribution and T’ is the mechanically determined glass transition temperature. These two 42 
parameters were identified by fitting with the experimental results. R is the residual resin content 43 
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coefficient (between 1 and 0) and its value, depending on the stress state, was proposed as 1 for resin-1 
dominated properties and 0 for fibre-dominated properties (Gibson, 2005). The proposed model showed 2 
good agreement with the experimental compressive strength of the glass fibre system. 3 

Bisby suggested a sigmoid function (Equation 3) to simulate the reduction in strength, stiffness and bond 4 
for CFRP and GFRP materials (Bisby, 2003): 5 

 
1 1tanh

2 2o

f a ab T c
f Equation 3 

In this expression, f is a mechanical property at temperature T (strength, stiffness or bond strength), and 6 
fo is the room temperature value of that mechanical property. The coefficient a was assumed as the 7 
residual value for the mechanical property, and coefficients b and c were identified through calibration 8 
based on the experimental results collected from literature published before 2004. The values of a, b, 9 
and c are shown in Table 3. 10 

 11 

Table 3: Coefficients for tensile strength and Young’s modulus of CFRP and GFRP proposed by Bisby, 12 
Equation 3, (Bisby, 2003) 13 

Material Property 
Coefficients 

a b (x10e-3) c 

CFRP 
Tensile strength 0.10 5.83 339.54

Young’s modulus 0.05 8.68 367.41

GFRP 
Tensile strength 0.10 8.1 289.14

Young’s modulus 0.05 7.91 320.35

 14 

K. Wang et al. (Wang et al., 2011) calibrated the models of Bisby et al. (for FRP) (Bisby, 2003), Gibson 15 
et al. (for GFRP) (Gibson, 2005), and J. Chen et al. (for steel) (Chen and Young, 2006) to fit with his 16 
experimental results from 22°C to 706°C. The author confirmed that with Bisby’s model (Equation 3), 17 
there is a discrepancy due to the scattered data from various FRP. According to K. Wang et al. (Wang et 18 
al., 2011), Gibson’s model (Equation 2) better fitted with the experimental results for temperatures up to 19 
400°C. On the other hand, after being calibrated, the model of J. Chen et al. (Equation 4) agreed well 20 
with the experimental results for all ranges of temperature (Wang et al., 2011). K. Wang calibrated the 21 
coefficients A, B, C and n in Equation 4 to fit with his experimental results. These are shown in Table 4 22 
(Wang et al., 2011). 23 

 24 

 ,

,

n
u T

u normal

F T B
A

F C  
Equation 4 

 25 

Table 4: Prediction model by Wang et al. (Wang et al., 2011), Equation 4: Coefficients for the strength 26 
of pultruded CFRP at elevated temperature 27 

Temperature range ( C)
Coefficients 

A B C n 
22 T<150 1.00 22 200 0.9

150 T<420 0.59 150 490 0.7
420 T<706 0.48 420 76000 1.8

 28 
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Yu and Kodur (Yu and Kodur, 2014) calibrated Equation 3 proposed by Bisby (Bisby, 2003) using their 1 
experimental results with CFRP rods and strips, resulting in the following retention factors: 2 

 3 

CFRP strips    

   Strength: 0.56 0.44tanh 0.0052 305f T T
 

 Equation 5 

 Young’s modulus: 0.51 0.49tanh 0.0035 340E T T
 

Equation 6 

CFRP rods    

 Strength: 0.54 0.46tanh 0.0064 330f T T
 

Equation 7 

 Young’s modulus: 0.51 0.49tanh 0.0033 320E T T
 

Equation 8 

Where f T and E T are the reduction factors in the tensile strength and Young’s modulus of the 4 

studied material, respectively. The prediction model exhibited a close match with the obtained results. 5 
The model is recommended for evaluating the fire response of structures strengthened with near-surface 6 
mounted FRP reinforcement. 7 

Concerning the performance of FRP at severe temperature conditions, B. Ghadimi et al  had proposed a 8 
polynomial function to predict the residual compressive strength of pultruded glass fibre reinforced 9 
polymer regarding the temperature ranged from 20°C to  250°C (Ghadimi et al., 2017). The developed 10 
model can successfully predict the softening brittle response of the tested material that is subjected to 11 
cycles of thermal loading and compression. 12 

 13 

1.4. Conclusion14 

The literature review has highlighted the interest of the scientific community to the mechanical 15 
performance of concrete, polymer composites (FRP), structural adhesives, concrete/adhesive/FRP 16 
interface as well as FRP-concrete bond as they are exposed to elevated temperatures which are always 17 
the most important defining characteristic of a fire. This is because these materials are commonly used 18 
for reinforcing, rehabilitating and repairing of civil engineering works and the fire is still existing risk 19 
and can occur in these structures. 20 

In general, a fire in buildings is represented in the simplest way by nominal curves, ISO 834 or ASTM 21 
E119. However, the re-creation of these "temperature-time" curves is not always easy in experimental 22 
studies because of a very high speed of temperature increase during the first minutes. Therefore, in the 23 
civil engineering field, to study the effect of temperature on the mechanical behaviour of a material, 24 
steady state tests (where the temperature is constant with time) are commonly carried out instead of 25 
those in variable regime (where the temperature in the specimen body is a function of both time and the 26 
position). 27 

The synthesis study clearly shows that the effect of temperature on the thermo-mechanical behaviour of 28 
concrete is widely studied. However, information about the FRP composites (especially the 29 
carbon/epoxy composite) subjected to elevated temperatures is still rare. Numerous physical, chemical, 30 
thermal and mechanical complex processes occur in concrete material, FRP composite and polymer 31 
adhesive during when they are exposed to elevated temperatures. These processes are the evaporation of 32 
water, conduction or convection, the generation or absorption of heat, softening or the transition from a 33 
"glassy" state to a "rubbery" state, the thermal expansion/contraction, the increasing of internal pressure, 34 
the chemical processing steps, the dehydration, the de-carbonation of limestone or the decomposition of 35 
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the polymer matrix and organic fibres, the oxidation of carbon fibres, the thermal deformation and 1 
cracking of the matrix, the delamination of fibre/matrix interface ... Moreover, these changes do not 2 
occur separately, but they overlap and/or interact with each other. These processes strongly affect the 3 
mechanical properties and thermo-mechanical tensile behaviour of materials. In summary, the evolution 4 
of main properties in function of temperature can be noted as followings: 5 

a. For concrete: 6 
- Reduction of the thermal conductivity attributes to the drying of the material, the occurrence and 7 

development of cracks caused by the incompatibility of deformation of the components and by 8 
the pressure in the pores, voids. 9 

- The change in specific heat results from the drying effect of the material and endothermic 10 
reactions. 11 

- The reduction of density results from the thermal expansion and the weight loss. 12 
- The reductions in general of the compressive strength, the tensile strength, the Young’s modulus 13 

of the concrete are caused by the increase in micro-cracking and porosity and internal stress 14 
result from thermal damage. Nevertheless, there is also an increase in the tensile strength of the 15 
concrete and of the cement paste at certain temperatures. 16 

- Additionally, developments of phenomenon mentioned above are irreversible. Finally, it is also 17 
necessary to mark thermal expansion (up to about 150°C) followed by a large thermal shrinkage 18 
of the cement paste. 19 

b. For FRP in general and CFRP in particular: 20 
- There are reductions of the Young's modulus, tensile strength and change from linear behaviour 21 

to non-linear behaviour beyond the glass transition temperature. They relate to the softening, 22 
degradation of the mechanical performance of the components as well as the decomposition of 23 
the polymer matrix, to the oxidation of carbon fibres, to the micro-matrix cracking and to the 24 
delamination interfacial fibre/matrix. 25 

- The variations of the thermal conductivity and the specific heat are caused by micro-cracking, 26 
voids and endothermic/exothermic reactions. 27 

- The progressive mass loss (especially at temperatures above 300°C) of CFRP, GFRP closely 28 
relates to matrix decomposition. 29 

c. For polymer adhesives in general and epoxy adhesive in particular: 30 
- The weight loss (especially in the more than 300°C for the elevated temperature epoxy) 31 

attributes to thermal decomposition of the material. 32 
- The change in physical state (from a "glassy" state to a "rubbery" state) and physical properties 33 

(specific heat, coefficient of thermal expansion) and mechanical properties (Young’s modulus , 34 
resistance) happens in the region around the glass transition temperature 35 

- There are evolutions of shape and characteristic parameters of the "stress-strain" curves (from a 36 
quasi linear and fragile behaviour to plasticized behaviour for the epoxy). 37 

Nevertheless, the literature review also shows a significant dispersion of the experimental results 38 
concerning the tensile and thermal behaviour of the above mentioned materials. This is attributed to the 39 
diversity of the materials used (the nature, the volume fraction and the distribution of its constituents ...), 40 
to different test protocols [types of thermo-mechanical loadings: splitting, bending or direct traction, 41 
"direct high-temperature test" (thermo-mechanical test) or "ambient temperature test on hot-cooled 42 
specimens" (residual test)]. In addition, it is also necessary to mark the difficulties of measuring the 43 
specimen deformation using direct contact instruments under elevated temperatures condition (thermal 44 
influence on accuracy of instrumentation, sliding or detachment of the measurement sensors used on the 45 
substrate). Furthermore, the equipment used in most previous studies does not allow performing 46 
experiments with simultaneous effects from mechanical and elevated temperature loads. For this reason, 47 
residual tests carried on heated-cooled specimens are more common than thermo-mechanical tests 48 
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carried out on hot specimen for studying the influence of temperature the mechanical behaviour of 1 
materials. Finally, some models showing the evolution of mechanical properties of FRP have also been 2 
proposed but their appropriateness still needs to be assessed. 3 

1.5. Objectives of this Ph.D. thesis 4 

The application of FRP composites in the civil engineering sector is promising. However, the risks of 5 
fire accidence in civil engineering structure raise several concerns around its application. For the 6 
application of FRP in civil engineering, fire concerns are complicated due to the existences of several 7 
chemical, physical and structural phenomena. Until now, understandings on the thermo-mechanical 8 
behaviour of FRP composites, which are close to fire case, are still very limited; mainly because of a 9 
small quantity of studies. Thus, it is obvious to continuously advance on this research theme. 10 
Particularly, the knowledge of the tensile behaviour of FRP materials under the simultaneous effects of 11 
mechanical loading and elevated temperature need to be supplemented based on "high temperature 12 
direct testing". Also, the evolution of the thermo-mechanical characteristics of the materials, especially 13 
the CFRP depending on the temperature, should also be considered. This will enrich the literature 14 
database and provide necessary information for the analysis models of the thermo-mechanical response 15 
of these materials in the event of fire. From all above reviews, following questions arise: 16 

- What are the evolutions of the main characteristic parameters (ultimate stress and Young’s 17 
modulus) of the CFRP material as a function of temperature and mechanical loading paths? 18 

- Is there any difference between the thermo-mechanical behaviour (under “direct hot test”) and 19 
the residual behaviour (under ambient-temperature tensile-test after hot-cooled procedure) of 20 
CFRP material when it is simultaneously subjected to elevated temperatures and mechanical 21 
load? 22 

- Will the duration that CFRP material exposed to elevated temperature influence its properties 23 
(strength, modulus)? 24 

- Is there any correlation between elevated temperature and mechanical effects to CFRP material 25 
performance (including mechanical resistance and thermal resistance)? 26 

- Is there any difference between the performance of different types of CFRP, especially factory-27 
prefabricated CFRP (or pultruded CFRP) and manually fabricated CFRP (in-situ/ hand lay-up/ 28 
wet lay-up CFRP)? 29 

- In civil engineering applications, what implementation method can improve the performance of 30 
CFRP reinforced concrete structure under severe temperature and mechanical load especially 31 
regarding to condition close to standard fire cases? 32 

- How to numerically model the performance of CFRP reinforced concrete structures under 33 
elevated temperature and mechanical load condition? And how to apply the model to predict 34 
their performance under different thermo-mechanical conditions (including fire-temperature 35 
condition)? 36 

 For the reasons stated above, the objectives of this Ph.D. thesis are to: 37 

- Experimentally study performance of CFRPs and extend the properties data of the CFRPs when 38 
they are simultaneously subjected to thermal and mechanical loadings. The study expects to 39 
observe the evolution of thermo-mechanical properties of two types of CFRP (one was provided 40 
by laboratory’s partner and one was manually fabricated at laboratory condition) with the 41 
thermo-mechanical stress-strain relationship of CFRP provided by non-contact measurement 42 
(laser extensometer). The behaviours of CFRP at three different combined conditions of 43 
elevated temperature and mechanical load are also expected to be clarified, especially at 44 
expected temperature range beyond 300°C and up to 1000°C. The relevance between 45 
experimental results and proposed models in the literature is expected to be identified. 46 
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- Experimentally study the thermo-mechanical performance of interface regarding the 1 
concrete/adhesive/CFRP bond under simultaneous elevated temperature and mechanical load. It 2 
is expected to identify an optimal solution to improve the concrete/adhesive/CFRP bond under 3 
severe temperature-mechanical condition that is close to standard fire condition. 4 

- Numerically investigate the performance of CFRP in reinforcing the concrete structures by 5 
using finite element analysis based software (ANSYS) to apply the experimental test results of 6 
each component in assembly model. The successful model is then able to be applied in 7 
observing the behaviour of CFRP reinforced concrete structures under different combined 8 
elevated temperature and mechanical loading condition as well as optimizing, developing their 9 
performance in complicated temperature-mechanical condition. 10 

 11 

 12 
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2.3.1.1. Phase 1 - Thermal loading 

In this phase (Figure 58), the temperature surrounding the sample is steadily increased up to the target 
temperature, Tt (Figure 58) which is then maintained during the testing time. In this study, Tt ranges 
from 200°C to 700°C. The sample is first set up in the furnace. Then, a small initial control force 
(Fc~100N, Figure 58) is applied to the specimen to generate the tensile status. The tensile force is 
programmed to increase and decrease between an upper value of 300N and a lower value of 100N. 
This cycle repeats 5 times to assure the sample is stable and axial. Next, the furnace begins heating 
the environment until the temperature reaches the target temperature. To maintain good operation and 
a homogeneous temperature during the test, the ramp rate is set between 7°C /min and 22°C /min, 
depending on the target temperature (Table 5). Based on these rates, the furnace takes approximately 
30 minutes to reach its target temperature. The glass transition temperature (Tg) of the polymer matrix 
is between 100-125°C, and its combustion temperature (Tc) is approximately 350-400°C. Therefore, 
when the sample portion inside is heated to Tc, the polymer oxidation process starts and releases 
smoke while the carbon fibre remains intact. Therefore, in tests with Tt > Tc, when the temperature 
reaches Tc, smoke is emitted which may affect the laser extensometer. For that reason, an insulation 
barrier is used to block the side opening of the furnace. This helps reduce heat loss and diminishes 
thermal threats to the laser extensometer. 

 

Table 5: Heating rates and corresponding ramp rates 

Target temperature (°C) 100 200 300 400 500 600 700 800 900-1200 
Ramp rate (°C/minute) 3 6 10 13 16 20 23 26 30 

 

2.3.1.2. Phase 2 - Thermal exposure at target loading 

In this second phase, the temperature surrounding the sample will be maintained at the target 
temperature for a predetermined period of time. During this stage, the furnace will keep providing 
energy to compensate for natural heat loss in order to maintain a stable temperature. When the CFRP 
material experiences thermal expansion, the mechanical part is programmed to compensate for the 
tension release and maintain the applied force at the established level. During this phase, due to the 
polymer oxidation, the released smoke continues to diffuse and prevents the laser extensometer from 
effectively tracking the sample surface. To obtain reliable laser extensometer measurements, it is 
necessary to wait until the polymer matrix inside the heating chamber has completely burned. For the 
pultruded CFRP sample, the polymer oxidation process normally occurs within 30 minutes after the 
target temperature is reached. In this study, to ensure both a homogenous environment around the 
specimen and clear visibility for the strain measurement, the duration of the thermal exposure is set at 
60 minutes. 

2.3.1.3. Phase 3 - Thermal release 

In this phase (Figure 58), after being exposed to the target temperature for a predetermined period of 
time, the temperature surrounding the sample then naturally decreases until it reaches room 
temperature. The furnace is turned off to stop providing energy to the heating chamber while the heat 
continues to dissipate. As a result, the temperature surrounding the specimen naturally decreases until 
it reaches room temperature. Meanwhile, the applied tensile load is maintained until the cooling 
process has completely finished. 



2.3.1.4.

In this p
the app
beginnin
extensom
recordin
laser ex
mechani
cooled. T
the ruptu
Young’s

2.

This tes
temperat
research
phase an

 

Where: 

 

2.3.2.1.

In this p
temperat
from 20
initial co
tensile f
value of
begins h
operatio
22°C /m

. Pha

phase (Figure
lied uni-axi
ng of this ph
meter is atta
ng strain data
xtensometer. 
ical effect (te
The maximu
ure point at 
s modulus fo

Thermo.3.2.

st is to ident
ture. Figure 

h, including 
nd the thermo

Figu

Ta: ambient 

. Pha

phase (Figure
ture, Tt (Fig
0°C to 700°C
ontrol force (
force is prog
f 100N. This
heating the en
on and a hom
min, dependin

ase 4 - Residu

e 58), after t
ial tensile lo
hase, the insu
ached to the 
a. During th
It is identi

ensile load in
um strain val
the target te

or each prehe

o-mechanica

tify the mate
59 shows th
three phases
o-mechanica

re 59: Therm

temperature

ase 1- Therm

e 59), the tem
gure 59) whic
C. At the beg
(Fc~100N, F

grammed to 
s cycle repea
nvironment u

mogeneous te
ng on the ta

ual loading

the temperat
oad monoto
ulation barrie

sidewall op
he mechanica
fied as the 
ncrease) obt
lue is identif
emperature. T
eated tempera

al test 1: stat

erials mecha
e thermo-me
s: the therma
al loading ph

mo-mechanic

e; Tt: target t
Fc: control f

mal loading

mperature sur
ch is then m
ginning of th
igure 59) is a
increase and

ats 5 times to
until the temp
emperature d
arget temper

C

ture surround
onically incr
er on the side
pening of the
al loading p
residual axi

tained from t
fied as the ul
This residua
ature level (

tic thermal 

anical behavi
echanical loa
al loading p

hase. These th

cal test 1: the

temperature;
force; Fr: ru

rrounding th
maintained du
his phase, aft
applied to th

d decrease b
o assure the 

mperature reac
during the tes
rature (Table

Chapter 2: Ex

ding the sam
reases until 
ewall of the 
e furnace. It
rocess, the t
ial tensile s
the specimen
timate residu

al axial tensil
RRE ). 

test (TM1)

iour while th
ading path us
hase, the the
hree phases a

e constant th

 Fr: failure f
upture force.

he sample is s
uring the test
ter the sampl
he specimen t
etween an u
sample is st

ches the targ
st, the ramp 
e 5). Based 

xperimental ap

mple returns t
the specim
furnace is re

t is then act
tensile strain
train since 

n after being 
ual strain ( U

le strain is a

he material i
sed to test pu
ermal expos
are detailed a

 

ermal load (

force; tw: exp

steadily incre
ting time. In 
le is set up in
to generate t

upper value o
table and axi
et temperatu
rate is set be
on these rate

pproach - Mat

to room tem
men ruptures

emoved and 
tivated and r
n is measure
it is the res
 heated and 

.U RR) correspo
also used to 

is exposed t
ultruded CFR
sure at target
as follows. 

(TM1)  

posure durat

eased up to t
n this study, T
n the furnace
the tensile sta
of 300N and
ial. Next, the

ure. To maint
etween 7°C 
tes, the furna

erial scale 

Page 53 

mperature, 
. At the 
the laser 

ready for 
ed by the 
sult of a 
naturally 

onding to 
calculate 

to a high 
RP in this 
t loading 

ion time; 

the target 
Tt ranges 
e, a small 
atus. The 

d a lower 
e furnace 
tain good 
/min and 
ace takes 



Chapter 2: Experimental approach - Material scale  

Page 54 

approximately 30 minutes to reach its target temperature. The glass transition temperature (Tg) of the 
polymer matrix is between 100-125°C, and its combustion temperature (Tc) is approximately 350-
400°C. Therefore, when the sample portion inside is heated to Tc, the polymer oxidation process starts 
and releases smoke while the carbon fibre remains intact. Therefore, in tests with Tt > Tc, when the 
temperature reaches Tc, smoke is emitted which may affect the laser extensometer. For that reason, an 
insulation barrier is used to block the side opening of the furnace. This helps reduce heat loss and 
diminishes thermal threats to the laser extensometer. 

2.3.2.2. Phase 2 - Thermal exposure at target loading 

In this second phase, the temperature surrounding the sample will be maintained at the target 
temperature for a predetermined period of time. During this stage, the furnace will keep providing 
energy to compensate for natural heat loss in order to maintain a stable temperature. When the CFRP 
material experiences thermal expansion, the mechanical part is programmed to compensate for the 
tension release and maintain the applied force at the established level. During this phase, due to the 
polymer oxidation, the released smoke continues to diffuse and prevents the laser extensometer from 
effectively tracking the sample surface. To obtain reliable laser extensometer measurements, it is 
necessary to wait until the polymer matrix inside the heating chamber has completely burned. For the 
pultruded CFRP sample, the polymer oxidation process normally occurs within 30 minutes after the 
target temperature is reached. In this study, to ensure both a homogenous environment around the 
specimen and clear visibility for the strain measurement, the duration of the thermal exposure is set at 
60 minutes. 

2.3.2.3. Phase 3 - Thermo-mechanical loading 

During this phase, the applied uniaxial tensile load acting on the specimen monotonically increases 
until the rupture of the sample, while the temperature is maintained at the target level. After the 
duration of thermal exposure, the insulation barrier on the sidewall of the furnace is removed and the 
laser extensometer is attached to the sidewall opening of the furnace. It is then activated and ready for 
recording strain data. During this phase, the temperature in the heating chamber is maintained at a 
constant level, and the visibility inside the heating chamber is clear to allow the laser extensometer to 
measure the correct strain data. At the beginning of this phase, a force is applied cyclically 5 times to 
assure the stability and axial position of the sample. Next, a quasi-static, monotonous force is applied 
and increases until the specimen ruptures. This increase is controlled by the transverse of the testing 
machine (Figure 55a) with a movement speed of 300 μm/min to prevent distortion effects to the laser 
extensometer image of the sample surface during the loading process at elevated temperature (this 
loading speed is selected based on the “ISO 527: Plastics — Determination of tensile properties”). 
When the applied force suddenly drops more than 50%, the loading process stops and the peak value 
is recorded as the rupture force. This rupture force is identified as the ultimate force that acts on the 
sample at the target temperature, which is then used to calculate the ultimate thermo-mechanical stress 
of the CFRP ( .U TM ). During the mechanical loading process, the tensile strain is measured by the laser 
extensometer. This strain is identified as the thermo-mechanical axial tensile strain, which is the result 
of both a mechanical effect (tensile loading increase) and a thermal effect (steady target temperature). 
The maximum value of this strain is identified as the ultimate thermo-mechanical strain ( .U TM ) 
corresponding to the rupture point at the target temperature. This strain is also used to calculate 
Young’s modulus for each temperature level ( TME ). 
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specimens measured in laboratory condition). The detailed properties of the carbon textile and 
polymer matrix are described in the following section. 

2.4.2.2. Carbon textile 

The carbon textile used includes non-twisted filaments. It is commonly used in high tensile 
applications such as pressure vessels, recreation, industry and engineering. According to datasheet 
from supplier, the tensile strength and modulus of this carbon fibre are 4900 MPa and 230 GPa, 
respectively, and its critical strain is 2.1%. The diameter of each filament is 7μm, and its density is 1.8 
g/cm3. The standard dimension of the carbon textile is 1 m in width and 0.32 mm in thickness (310 
g/m2), including approximately 3.7 carbon fibre yarns with a 1 cm long cross-section. Each yarn 
includes 12000 carbon filaments and its surface is pre-treated with resin compatibility epoxy. In civil 
engineering, this type of carbon fibre is used to repair/strengthen/retrofit structures with complicated 
shapes, such as confined-strengthening round columns, walls, shear strengthening in beams, or even 
bending-reinforcing for beams/slabs. To apply the M-CFRP on a structure, the carbon textile is 
wrapped or stretched along the structure surface, and the polymer is swept between the carbon textile 
and substrate surface or between the carbon layers. 

2.4.2.3. Polymer matrix 

The used polymer is a two-component epoxy with a mixed product density at 20°C and is 1.11 g/cm3. 
According to supplier’s data, the material properties are as in the Table 6 (according to ASTM 
method).  

Table 6: Epoxy material properties at 21 C (datasheet) 

Material property ASTM 
method

Test value 

Tg D4065 82°C 
Tensile Strength D638 72.4 MPa 
Tensile Modulus D638 3.18 GPa 

Elongation Percent D638 5.0% 
Compressive Strength D695 86.2 MPa 
Compressive Modulus D695 3.2 GPa 

Flexural Strength D790 123.4 MPa
Flexural Modulus D790 3.116 GPa 

 

2.4.2.4. Sample preparation 

In the laboratory, the carbon textile was prepared in a single layer and was 1 m in length and 0.5 m in 
width (according to the fibre direction, Figure 64). The textile was then stretched, fixed in the flat 
plate formwork and applied with a polymer matrix afterwards. A minimum curing duration at 72 
hours for polymer at 60°C is required. However, due to the application situation, which is unable to 
attain this temperature condition with real scale structures. Moreover, according to Cree et al., the 
tensile strength and Young’s modulus of M-CFRP at elevated temperature are little influenced by the 
curing temperature (Cree et al., 2015). For these reasons, the M-CFRP is produced and cured with 
room temperature condition in 7 days in a laboratory (Figure 65). The preparation of M-CFRP in this 
study was also made according to the preparation procedure established by the supplier of materials 
(carbon textile and polymer matrix). Based on the material consumption, the fibre volume ratio of this 
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2.6.1.2. Residual tests 

Table 10 summaries the residual properties in the temperature range between 200°C and 600°C. The 
residual ultimate stress ranges from approximately 1865-1912 MPa at 200°C to 1400-1492 MPa at 
400°C. At 500-550°C and 600°C, these values are approximately 1080-1140 MPa and 394-398 MPa, 
respectively. Among the 8 specimens heated between 200°C and 400°C, 3 samples failed at the 
aluminium position (AB), and thus the corresponding rupture stresses do not represent their residual 
ultimate stresses at these temperature levels. The results also show that the residual Young’s modulus 
at 200°C, 400°C and 500°C do not vary much, approximately 160-180 GPa, 159-165 GPa and 155 
GPa, respectively. At 600°C, the Young’s modulus value is much lower, 46 GPa. The axial strain of 
the samples heated at high temperature (from 400°C to 600°C) is difficult to obtain due to the 
instability of the retained near-surface fibres during the tensile loading step. 

 

Table 10: Details of residual tests (RR) from 200°C to 600°C; MB: failure at the centre position; AB: 
failure at the aluminium position; NA: not available 

Test 
No 

Sample Name Temperature Rupture 
type 

Ultimate 
stress 

Elastic 
modulus 

Waiting 
time 

(°C) (MB/AB) (MPa) (GPa) (minute) 
1 C.RR.200.01 200 AB NA 179.9 60 
2 C.RR.200.02 200 AB NA 164.6 60 
3 C.RR.200.03 200 MB 1865.1 172.9 60 
4 C.RR.200.04 200 MB 1913.1 160.2 60 
5 C.RR.400.01 400 MB 1378.7 NA 60 
6 C.RR.400.02 400 AB NA 165.1 60 
7 C.RR.400.03 400 MB 1491.9 NA 60 
8 C.RR.400.04 400 MB 1399.9 158.8 60 
9 C.RR.500.01 500 MB 1139.0 154.6 60 

10 C.RR.550.01 550 MB 1080.3 NA 60 
11 C.RR.600.01 600 MB 393.8 NA 60 
12 C.RR.600.02 600 MB 397.9 46.1 60 

 

2.6.1.3. Thermo-mechanical test 1 (TM1)  

Table 11 summaries the thermo-mechanical properties of P-CFRP for the temperature range between 
200°C to 700°C. According to Figure 59, the thermo-mechanical ultimate strength at 200°C is higher 
than 1630-1640 MPa, reducing to approximately 1000-1100 MPa at 400°C, at 60 minutes of waiting 
time. At 500°C, 550°C and 600°C, these values are approximately 610-840 MPa, 390 MPa and 80-
100 MPa, respectively. At 700°C, the material fails due to the oxidation of CFRP after the 
temperature in the heating room reaches 700°C for 8 minutes. At 200°C, 3 of 5 test samples failed at 
the aluminium position (AB). The collected stress-strain curves show linear behaviour (a typical curve 
is shown in Figure 67). Table 11 shows that Young’s modulus for P-CFRP at 200°C varies between 
137 GPa and 176 GPa. These values at 400°C vary between 152-165 GPa, 126-146 GPa, 144-156 
GPa and 143 GPa in tests with waiting times of 10, 30, 60 and 90 minutes, respectively. At a 
temperature level of 500°C, Young’s modulus for P-CFRP is reduced to approximately 117 GPa, and 
steadily falls to approximately 16 GPa at 600°C. After the polymer matrix has completely degraded 
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(normally above 400°C), the instability of the retained carbon fibres resulted in a failure of the laser 
extensometer to record the deformation in some tests. 
 

Table 11: Details of thermo-mechanical tests1 (TM1) from 200°C to 700°C; MB: failure at the centre 
position; AB: failure at the aluminium position; NA: not available 

Test 
No 

Sample Temperature Rupture 
type 

Ultimate 
stress 

Young’s 
modulus 

Exposure  
duration 

(°C) (MB/AB) (MPa) (GPa) (minute) 
1 C.TM1.200.01 200 AB NA 137.2 60 
2 C.TM1.200.02 200 AB NA 148.5 60 
3 C.TM1.200.03 200 MB 1642.2 152.3 60 
4 C.TM1.200.04 200 AB NA 155.3 60 
5 C.TM1.200.05 200 MB 1629.6 176.1 60 
6 C.TM1.400.01 400 MB 1031.3 151.5 10 
7 C.TM1.400.02 400 MB 902.8 164.6 10 
8 C.TM1.400.03 400 MB 883.5 145.6 30 
9 C.TM1.400.04 400 MB 1068.7 126.4 30 

10 C.TM1.400.05 400 MB 1098.6 143.8 60 
11 C.TM1.400.06 400 MB 1113.3 157.5 60 
12 C.TM1.400.07 400 MB 1042.0 NA 60 
13 C.TM1.400.08 400 MB 938.8 142.6 90 
14 C.TM1.400.09 400 MB 1010.0 NA 90 
15 C.TM1.500.01 500 MB 839.9 116.7 60 
16 C.TM1.500.02 500 MB 609.9 NA 60 
17 C.TM1.500.03 500 MB 643.8 NA 60 
18 C.TM1.550.01 550 MB 392.7 NA 60 
19 C.TM1.600.01 600 MB 73.5 16.7 60 
20 C.TM1.600.02 600 MB 99.9 15.9 60 
21 C.TM1.600.03 600 MB 79.5 NA 60 
22 C.TM1.700.01 700 MB 0.0 NA 8 

 

2.6.1.4. Thermo-mechanical test 2 (TM2) 

Table 12 summaries details of P-CFRP specimens and the thermal performance including the failure 
temperature, exposure duration and actual heating rate of each conducted test in TM2 condition. In 
each test, the failure temperature is determined when the mechanical load that is applied drops by 
approximately 50% (in all tests, this drop quickly occurs with a magnitude of more than 50%). The 
exposure duration in this test is determined as the duration between the point at which the temperature 
starts to increase and the failure temperature. For the TM2 regime, the test starts from the room 
conditions, where the temperature can vary between 15°C and 25°C in the daytime. Furthermore, the 
temperature inside the furnace rises slowly at the beginning of each test at a low heating rate. In 
experimental test, the rise then becomes stable after the temperature reaches 30°C and maintains its 
rate until failure. Therefore, in this study, the start point for tests in the TM2 regime is chosen at 35°C 
to guarantee that the furnace is stably and effectively operating, and the end point is when the 
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specimen fails. Based on this, the average heating rate in this table is then determined and presented in 
Table 12.  Because the high heating rate in the TM2 leads to smoke leakage, which can influence the 
precision of the laser extensometer, this device is deactivated, and there is no local deformation data 
except the global deformation obtained from two traverses.  

As can be seen in Table 12, both the failure temperature and the exposure duration reduce as the stress 
ratio increases. Particularly, at a low stress ratio of 0.1, the average failure temperature is 
approximately 699°C, and the average exposure duration is 44 minutes. This corresponds to actual 
heating rate from 13.3 to 16.6°C/minute. As this ratio increases to 0.25, the exposure duration is 
649°C, and exposure duration is approximately 34.7 minutes (at heating rate 16.7°C/minute). At a 
stress ratio of 0.5, these values are 436°C with a failure temperature at 32.3 minutes with the exposure 
duration. These values drop to 51.7°C and 1 minute at a stress ratio of 0.75 on average, respectively.  
 

Table 12: Details of thermo-mechanical tests2 (TM2) at different stress ratios;  

No Sample Thickness width Stress 
ratio

Failure 
temperature

Exposure 
duration

Actual 
HR 

mm mm °C min °C/minute 
1 C.TM2.10.1 1.22 8.26 0.10 712 39.7 16.6 
2 C.TM2.10.2 1.22 6.96 0.10 686 47.6 13.3 
3 C.TM2.25.1 1.22 6.64 0.25 669 27.3 26.4 
4 C.TM2.25.2 1.22 6.12 0.25 609 28.3 19.9 
5 C.TM2.25.3 1.22 6.07 0.25 601 47.1 12.3 
6 C.TM2.25.4 1.22 5.76 0.25 649 34.7 16.7 
7 C.TM2.25.5 1.22 8.45 0.25 664 25.2 25.6 
8 C.TM2.25.6 1.22 6.46 0.25 584 258.8 2.1 
9 C.TM2.50.1 1.22 9.3 0.50 489 50.3 10.5 
10 C.TM2.50.2 1.22 7.52 0.50 384 14.3 23.0 
11 C.TM2.68.1 1.22 6.83 0.68 41 1.0 15.0 

 

2.6.1.5. Failure modes 

The failure mode of the P-CFRP material depends on the temperature level between 20°C and 700°C. 
Table 13 presents the typical failure of the P-CFRP samples that were tested at different conditions: at 
20°C (Table 13a), with the RR procedure (Table 13b), the TM1 (Table 13c), and TM2 (Table 13d). 
According to Table 13a, at 20°C, P-CFRP exhibits a brittle failure tendency for both the matrix and 
the carbon fibre (failure mode A). The failure position of the carbon fibre is random along the length 
of specimen. At 200°C (Table 13b,c), in RR condition, P-CFRP specimens display a brittle-like 
failure that is similar to their failure mode at 20°C while in TM1 regime the P-CFRP display more 
soften failure. It is because at this point of temperature, the polymer matrix has not started to degrade 
but melting. Therefore, in TM1 regime, matrix is soften and its role is maintaining the cross-fibre 
direction skeleton for carbon fibres as well as minor tensile capacity. But in RR regime, the 
temperature in polymer matrix has returned room temperature and hardened, thus the failure of P-
CFRP is more likely to failure mode at 20°C comparing to TM1 regime. However, the failure mode at 
400°C (Table 13b,c) demonstrates that during the testing process, the polymer matrix has melted and 
partly degraded, maintaining only the fibre skeleton. At this temperature level, both regimes fail due 
to the fibre rupture with small amount of polymer left inside thread group (failure mode B). For tests 
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2.6.2.1. Tensile tests at 20°C 

Table 14 displays the detailed results of direct tensile tests at 20°C. In this test series, the material fails 
at stresses between 816 MPa and 1001.3 MPa and the Young’s modulus varied between 58.2 GPa and 
67.9 GPa. All the specimens are broken in the middle position. 

 

Table 14: Detailed result of M-CFRP at 20°C 

No Temp. Sample Thickness Width Failure 
force 

Ultimate
strength 

Young's 
modulus 

Retained 
stress 
ratio - °C - mm mm N MPa GPa 

1 20 M.20.01 0.72 10.87 7222 922.8 58.2 1.01 
2 20 M.20.02 0.79 10.73 6921 816.5 60.6 0.89 
3 20 M.20.03 0.72 10.78 7772 1001.3 67.9 1.10 

2.6.2.2. Residual tests 

Table 15 summaries the residual properties in the temperature range between 200°C and 600°C. The 
residual ultimate strength ranges from approximately 732-1044 MPa at 200°C to 535-662 MPa at 
400°C and 75-119 MPa at 600°C. Whereas, the Young’s modulus at 200°C is from 67.2 GPa to 74.7 
GPa, at 400°C is from 37.2GPa to 54.7 GPa at 600°C is 17.5 GPa. Similar to tests on P-CFRP, the 
failure strain of M.CFRP is unable to be obtained. 

 

Table 15: Detailed result of the RR regime at different temperatures 

No Temp. Sample Thickness Width Failure 
force 

Ultimate
strength 

Young's 
modulus 

Retained 
 stress  
ratio - °C - mm mm N MPa GPa 

1 200 M.RR.200.01 0.69 10.9 7849.8 1043.7 67.2 1.14 
2 200 M.RR.200.02 0.73 11.67 6237. 732.1 74.7 0.80 
3 400 M.RR.400.01 0.69 10.9 4021.6 534.7 37.2 0.59 
4 400 M.RR.400.02 0.51 10.96 3700.6 662.1 54.7 0.72 
5 600 M.RR.600.01 0.59 10.89 767.6 119.5 17.5 0.13 
6 600 M.RR.600.02 0.49 10.49 385.7 75.0 - 0.08 

 

2.6.2.3. Thermo-mechanical testing regime 1 

In the following, Table 16 summarizes the results obtained from the TM1 regimes. In Table 16, the 
dimension of sample and the failure force obtained from each TM1 test are presented. They are then 
used to identify the ultimate strength corresponding to the exposed temperature based on the initial 
section. During the TM1 test, from the deformation data (obtained by the laser extensometer 
mentioned in 2.1.2) and loading data (from force sensor), the stress-strain curve at each temperature 
level is identified (Figure 78). Young’s modulus at each temperature level is then identified from the 
curve slope and presented in Table 16 (based on “ISO 527”). 

As in Table 16, the retained stress ratio is identified as the ratio between the ultimate strength 
obtained at the tested temperature and the average ultimate strength obtained at 20°C (as estimated: 
914 MPa, from Table 14). In test 9 of the TM1 regime, due to the technical incident, the laser 
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extensometer failed to record deformation of M-CFRP at 600°C; thus, Young’s modulus is 
unavailable.  According to Table 6, the ultimate strength of M-CFRP at 20°C varies between 816.5 
MPa and 1001.3 MPa, and its Young’s modulus varies between 58.2 GPa and 67.9GPa. At 200°C, the 
variation of ultimate strength is smaller from 525.1 MPa to 660.9 MPa while with Young’s modulus, 
the variation is greater, from 52.5 GPa to 77.3 GPa. At 400°C, the ultimate strength varies from 448.8 
MPa to 479.3 MPa, and Young’s modulus varies from 53.2 GPa to 68.3 GPa. At 600°C, these 
variations are from 107.8 MPa to 176.9 MPa with ultimate strength and from 34.2 GPa to 51.1 GPa 
with Young’s modulus. 

 

Table 16: Detailed result of the TM1 regime at different temperatures 

No Temp. Sample Thickness Width Failure 
force 

Ultimate
strength 

Young's 
modulus 

Retained  
stress ratio

- °C - mm mm N MPa GPa 
1 200 M.TM1.200.01 0.79 10.83 5185 606.0 77.3 0.66 
2 200 M.TM1.200.02 0.73 10.99 4213 525.1 67.4 0.57 
3 200 M.TM1.200.03 0.66 11.13 4855 660.9 52.5 0.72 
4 400 M.TM1.400.01 0.65 10.85 3165 448.8 66.9 0.49 
5 400 M.TM1.400.02 0.73 10.95 3831 479.3 53.2 0.52 
6 400 M.TM1.400.03 0.67 10.6 3361 473.3 68.3 0.52 
7 600 M.TM1.600.01 0.7 10.43 984 134.8 34.2 0.15 
8 600 M.TM1.600.02 0.66 10.85 1267 176.9 51.1 0.19 
9 600 M.TM1.600.03 0.63 11.74 797 107.8  NA 0.12 

 

2.6.2.4. Thermo-mechanical testing regime 2 

In the following, Table 17 summarizes the results obtained from the TM1 regime. In Table 17, the 
dimension of each sample, the failure temperature and exposure duration obtained from each TM2 test 
are presented. In this series, the failure point, the failure temperature, exposure temperature and actual 
heating rate are identified in the same method in P-CFRP series. 

According to Table 17, the failure temperature and exposure duration are reduced as the stress ratio 
increases. Particularly, at a low stress ratio of 0.1, the average failure temperature is approximately 
634°C, and the average exposure duration is 33.5 minutes. As this ratio increases to 0.25, the exposure 
duration is 596°C, and exposure duration is approximately 23 minutes on average. At a stress ratio of 
0.5, these values are 492°C with a failure temperature and 17.7 minutes with the exposure duration. 
These values decrease to 350°C and 11.7 minutes at a stress ratio of 0.6, dropping to 51.7°C and 1 
minute at a stress ratio of 0.75 on average, respectively. 
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Table 17: Detailed result of TM2 regime at different stress ratios 

No Stress 
ratio 

Sample Thickness Width Failure 
temperature

Exposure 
duration 

Actual 
heating 

 rate 
mm mm °C minutes °C/minute

1 0.1 M.TM2.10.01 0.63 11.05 630.0 31.2 19.1 
2 0.1 M.TM2.10.02 0.63 11 629.3 32.7 18.2 
3 0.1 M.TM2.10.03 0.63 11.18 650.0 36.8 16.7 
4 0.25 M.TM2.25.01 0.67 10.8 578.0 23.7 22.9 
5 0.25 M.TM2.25.02 0.6 10.94 598.4 25.7 21.9 
6 0.25 M.TM2.25.03 0.67 10.84 612.5 20.1 28.7 
7 0.5 M.TM2.50.01 0.64 11.2 543.0 52.1 9.75 
8 0.5 M.TM2.50.02 0.6 10.91 539.5 22.5 22.4 
9 0.5 M.TM2.50.03 0.67 11.3 393.0 12.8 28.0 

10 0.6 M.TM2.60.01 0.62 10.82 372.0 12.4 27.3 
11 0.6 M.TM2.60.02 0.56 11.01 364.0 12.1 27.3 
12 0.6 M.TM2.60.03 0.62 11.29 313.0 10.5 26.4 
13 0.75 M.TM2.75.01 0.71 10.94 46.0 0.4 26.4 
14 0.75 M.TM2.75.02 0.68 11.03 45.0 0.4 28.6 
15 0.75 M.TM2.75.03 0.6 10.88 64.0 2.2 13.3 

 

2.6.2.5. Failure modes 

Table 18 through Table 21 display the type of failure found in all test conditions. Similar to the failure 
mode of P-CFRP, at 20°C, the specimen fails in middle position between two aluminium ends in 
which both the carbon fibres and polymer matrix are broken (mode A, Table 18). At 200°C, the 
specimen also fails in the middle. However, at a temperature that is much higher than the glass 
transition temperature of polymer, the matrix melts and plays a minor role in the tensile resistance of 
M-CFRP except for the horizontally bonding effect to fibres. Therefore, the shape of the specimen 
after testing at room temperature is random and varies depending on its position after failure (mode 
B). At 400°C, the matrix totally melts and starts decomposing and reduces its viscosity. Thus, only 
carbon fibres contribute to the tensile performance of M-CFRP, and each carbon fibre works 
individually. For that reason, at the failure region of M-CFRP (normally in the middle), each carbon 
fibre is broken at different section (mode C). At the failure point of M-CFRP, the broken carbon fibres 
remain together due to the friction effect of the remaining epoxy on the neighbouring fibres. At a 
room temperature after the test, the specimen can easily be split off by hand . In these temperature 
levels, the failure mode in RR condition tends to be closer to brittle mode because of the recovery-to-
ambient-temperature condition after cooling phase while TM1 has softer mode due to the active of 
temperature maintains the viscosity of polymer matrix (Table 19 and Table 20). At 600°C, the 
polymer matrix is completely burnt, and the carbon fibres are partly oxidized. The M-CFRP is broken 
as the loading stress exceeds the resistance of the remaining carbon fibres because there is no resin 
left in the broken specimen (mode D). These failure modes show the similarity to the failure modes 
observed over pultruded CFRP (Feih and Mouritz, 2012; Gibson, 2005). 

About failure mode of TM2 testing condition, according to Table 21, when the stress ratio increases 
from 0.1 to 0.6, the failure mode of M-CFRP conforms to the mode D as described in the TM1 
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2.7.2.3. Evolution of thermal resistance at difference mechanical statuses 

In this section, Table 29 shows the analysed results obtained in Table 17, while Figure 81 and Figure 
83 display the evolution of thermal resistance of M-CFRP as the stress ratio increases from 0.1 to 0.75 
in terms of failure temperature and exposure duration. As seen from Table 29 and Figure 81, when the 
stress ratio increases from 0.1 to 0.5, the failure temperature gradually reduces from 636°C to 491°C 
(or for each percentage of stress increases, the failure temperature decreases by approximately 3.6°C). 
This failure temperature decreases to approximately 350°C at a stress ratio of 0.6 (14.2°C/percentage 
of stress) and quickly decreases to 52°C at a stress ratio of 0.75 (19.9°C/percentage of stress). The 
reduction rate of the failure temperature for each percentage increment of stress is illustrated in Figure 
82. This reduction rate, obtained as the slope of failure-temperature reduction curve in Figure 81, 
reflects that the influence of the mechanical status to the thermal performance (in term of failure 
temperature) is different depending on the range of stress ratio. As this figure shows, with a stress 
ratio range of less than 0.5, for each percentage increase of stress ratio, the failure temperature reduces 
less than 4°C. Beyond this stress ratio range, the failure temperature can reduce up to 14°C-20°C for 
each percentage increase of stress ratio depending on the imposed load range. 

 

Table 29: Analysed TM2 results. 

Stress 
ratio 

Failure 
temperature 

Exposure 
duration 

Actual 
heating rate 

Average Deviation Average Deviation Average Deviation 
°C °C minutes minutes °C/minute °C/minute 

0.1 636.4 11.8 33.5 2.9 18.0 1.2 
0.25 596.3 17.3 23.2 2.8 24.5 3.7 
0.5 491.8 85.6 17.7 6.9 25.2 4.0 
0.6 349.7 32.0 11.7 1.0 27.0 0.5 

0.75 51.7 10.7 1.0 1.0 22.8 8.3 

 

Figure 83 displays the evolution of the exposure duration of M-CFRP as the stress ratio increases 
from 0.1 to 0.75, obtained under the TM2 testing condition. At a stress ratio of 0.1, the exposure 
duration is approximately 33.5 minutes. This duration quickly decreases to 23.2 minutes at a stress 
ratio of 0.25 and then gradually reduces to 17.7 minutes at s stress ratio of 0.5. With the stress ratio 
increase from 0.5 to 0.6 and then to 0.75, the exposure duration quickly reduces to 11.7 minutes and 1 
minute, respectively. The evolution of exposure duration at different stress ratio presented in Figure 
83 exhibits a reduction trend that is similar to that of evolution of failure temperature at different 
stress ratio presented in Figure 82 for the stress ratio between 0.25 and 0.75. It is because tests 
conducted at these stress ratio cases are obtained under similar heating rate. Figure 84 shows the 
average actual heating rate obtained from tests at different stress ratios. According to the Figure 84, 
the average actual heating rates in tests at stress ratio between 0.25 and 0.75 are about 25°C/minute; 
while in the tests at stress ratio of 0.1, the average actual heating rate is much lower at about 
18°C/minute. This explains the reason for higher the exposure duration at stress ratio of 0.1 shown in 
Figure 83. As also displayed in Figure 84, although the actual heating rate is lower than the 
programmed heating rate at 30°C/minute, this rate is stable in almost all tests of the TM2 regime and 
thus guarantees the consolidated results. It should be noted that the actual heating rate is identified 
based on the whole test time, while the programmed heating rate at 30°C/minute is the maximum 
heating rate provided by the furnace. 
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2.9.  Conclusion 

The evolutions of the ultimate tensile stress and the Young’s modulus of two types of CFRP (P-CFRP 
and M-CFRP) material as a function of the temperature between 20°C to 700°C have been 
experimentally identified. Some findings of this study are mentioned below: 

The performance of the CFRP material is generally reduced as the temperature increases. The thermo-
mechanical and residual ultimate strengths of P-CFRP gradually decrease from 20°C to 700°C, while 
its Young’s modulus varies less than 10% from 20°C-400°C and then significantly decreases at 
600°C. The thermo-mechanical and residual ultimate strengths of P-CFRP decrease by 50% at 
approximately 300°C and 500°C. The thermo-mechanical and residual Young’s modulus of P-CFRP 
decreases by 50% at approximately 540°C in the thermo-mechanical procedure and at 570°C in the 
residual procedure. The evolution curves of the thermo-mechanical properties (both ultimate strength 
and Young’s modulus) of P-CFRP are lower than the curves of residual properties for temperatures 
varying from 20°C to 600°C. The differences are minor from 20°C to 400°C but become remarkable 
from 500°C to 600°C. Similarly, the performances of M-CFRP material generally decrease when the 
material is exposed to increasing temperatures. The thermo-mechanical and residual strength 
gradually decreases when the temperature increases from 20°C to 700°C. The M-CFRP loses 50% of 
its strength at 400°C in thermo-mechanical condition and 45% in residual condition. Meanwhile, 
Young’s modulus varies little in temperature, ranging from 20°C to 400°C and only decreases 30% at 
600°C in thermo-mechanical condition but up to 72% with residual condition . 

The correlation between thermal and mechanical loads has been experimentally confirmed. The 
evolution of the failure temperature and exposure duration of a CFRP in the function of mechanical 
loading (in terms of the stress ratio from 0.1 to 0.75) has been investigated. For both P-CFRP and M-
CFRP, when the stress ratio increase from 0.1 to 0.5 (P-CFRP) and 0.6 (M-CFRP), the failure 
temperature and exposure duration gradually reduces and then significantly scales down when the 
stress ratio exceeds these values. This result contributes to the confirmation of the combined effect of 
thermal and mechanical impacts on the performance of CFRP at the same time. 

The experimental result of P-CFRP at 400°C in two thermo-mechanical conditions confirm that 
thermo-mechanical ultimate strength and Young’s modulus of P-CFRP experience little change with 
thermal exposure durations between 10 minutes and 90 minutes; In addition, the heating rate of 
exterior condition has small influence on the thermal resistance of P-CFRP at the stress ratio 0.25. . It 
is because that the PAN carbon fibres are little affected by temperature which is under its degradation 
temperature.  

The failure mode of CFRP depends on both the exposure temperature and applied mechanical load. 
As the temperature increases or the mechanical load decreases, the failure of CFRP changes from 
brittle to a more softened shape. This proves the mutual correlation between thermal and mechanical 
loads to the performance of CFRP material under thermo-mechanical condition. In a practical 
application of CFRP, the evolution of the failure temperature as a variation of mechanical load can be 
inferred from the evolution of strength as an increasing temperature and vice versa. In other words, 
the order of loading among the thermal and mechanical effects on CFRP has little influence on the 
obtained result. 

At temperatures higher than the degradation temperature of the CFRP polymer matrix, the CFRP 
material starts releasing smoke, which can disturb the measurement of the material axial strain by the 
laser sensor.  
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The adjusted prediction models (by Gibson and Bisby) with the calibrated coefficients can predict the 
properties of P-CFRP under thermo-mechanical and residual conditions. From the authors’ point of 
view, these results can be used for numerical modelling of behaviour of P-CFRP at the two studied 
elevated-temperature and mechanical conditions. 

A three-degree polynomial analytical model has been proposed to apply with ultimate strength of 
CFRP in thermo-mechanical working conditions. The proposed model better fits with two studied 
CFRPs and other types of CFRP that have been reported with thermo-mechanical testing 
condition.This model can be used in numerically modelling of behaviour of CFRP, in which an 
elevated temperature and mechanical load are simultaneously applied. 

From an application standpoint, there is little guideline for evaluating the fire performance of general 
structures (beams, slabs, columns) due to the missing gaps of available material data and calculation 
method. Even in research, the status of structure in a real fire is too complex and thus difficult to 
thoroughly understand. Among the factor that influence to the structure during fire, mechanical and 
thermal factors are mainly and simultaneously accounted for the structure failure, so they are the 
objects of our research. The used materials in this research are laminate pultruded CFRP (which is 
commonly used to externally reinforce structures) and M-CFRP (which is mainly used to 
strengthening structure in shear, flexural and confined performance). Therefore, the experimental data 
can be exploited in structure profiles such as concrete structures (beams, slabs,...), steel (beam,..) 
reinforced with CFRP. With data from three testing conditions, the case study could be evaluating the 
performance of structure during-fire with combined impacts of mechanical and thermal effects or 
post- fire condition. 

In design application, regarding the working condition of CFRP in real fire, there may be more effects 
that can influence to the performance of CFRP for example: the direct contacting to fire or not, 
duration of exposing to temperature and the history of thermal interaction (such as peak temperature) 
or cyclic thermal action (Ghadimi et al., 2017; Russo et al., 2015)… So far in this research, the 
thermo-mechanical result is lower than residual one about 15% to 20% depending on the temperature 
level and the type of material. However, using the experimental data from thermo-mechanical test will 
provide closer condition to what can be happen during a real fire: that is the co-existence of both 
thermal and mechanical loads at the same time. The residual result, in another way, can be exploited 
in the evaluating the post-fire behaviour of structure reinforced with CFRP. 

Moreover, in experimental study, the used of experimental performance of CFRP material under on 
the steady state temperature test can be used to imply its performance under transient temperature 
condition. 
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3.1.1.4. Adhesive 

In this thesis, three adhesives have been used to bond CFRP on to concrete blocks including: two 
epoxies and one cement-based adhesive. The details of these three adhesives are shown below: 

The first type of epoxy (labelled Epoxy 1, commercial name: Duralco 4703) is a two-
component adhesive with Al2O3 and metal particles. Its service temperature is introduced up 
to 350°C for short term applications and 320°C for long term applications. According to 
supplier’s datasheet, the tensile strength and lap shear strength of this epoxy are respectively 
81.4 MPa and 76.5 MPa (at 20°C). The resin’s hardness is classified as shore D95 as ASTM 
D2240. Using this adhesive, it is expected to extend the service duration and also the 
performance of CFRP reinforced concrete under thermo-mechanical condition concerning fire 
case. 
The second type of epoxy (labelled epoxy 2, commercial name: Eponal 380) is a two-
component product which is common use with concrete bonding. The service temperature 
range of this epoxy has not been mention in technical data as well as in the literature. The 
shear strength, tensile strength and compression strength of this epoxy at 20°C are 
respectively 15 MPa, 29.5 MPa and 83 MPa. As commonly used material in civil engineering, 
in this research, this adhesive is used as a referenced data for the service duration and the 
performance of CFRP reinforced concrete under thermo-mechanical condition concerning fire 
case. 
The cement-based adhesive (labelled cement-based adhesive) involves calcium aluminate 
cement (SECAR51, 81.37% by weight), polycarboxylate based superplasticizer (Peramin® 
CONPAC 700, 0.53% by weight), viscosity modifier agent (Master Matrix UW 400, 0.06% 
by weight) and water (18.04% by weight). This adhesive is used to study the efficiency of a 
cement-based adhesive in improving the service duration and the performance of CFRP 
reinforced concrete under thermo-mechanical condition concerning fire case. 

3.1.1.5. Preparation procedure of CFRP reinforced concrete specimens 

The concrete blocks were casted in mould with dimensions: 60x60x100 (dimension in mm, Figure 96 
and Figure 97) and then prepared according to two configurations: the first type is prepared for EBR 
method and the second is prepared for NSM method (Figure 98, Figure 100). In the first type, the 
CFRP will be bonded directly on the grinded surface of concrete blocks using adhesive (only the two 
bonded surfaces need to be slight grinded, Figure 98-EBR). The CFRP plate is then bonded to 
concrete surface and held in position by two grips until the adhesive harden. In the second type, there 
are two cuts on two opposite sides of the concrete blocks with the depth at about 11 mm and the width 
at about 4 mm (Figure 97 and Figure 98-NSM). The adhesive is then prepared and mixed according to 
technical instruction before being used to bond CFRP on to two opposite slots in two blocks of 
concrete (Figure 99). After curing duration in laboratory temperature condition, the specimens are 
ready for tests (Figure 100). 
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tested series of small scale CFRP reinforced concrete structure conducted in this research with the 
details in configuration, method of reinforcement, adhesive and tested program. 

 

Table 35: Summary of tested series 

Abbreviations used: EBR: external bonding reinforcement; NSM: near surface mounted 
reinforcement; WSP: specimen with steel plate; WOSP: specimen without steel plate; RR: residual 
regime test; TM1: thermomechanical test at constant temperature; TM2: thermomechanical test at 

constant load. 

Series Reinforcement 
method 

Configuration Adhesive Test program 

EBR NSM WSP WOSP Epoxy 
1 

Epoxy 
2 

Cement-
based 

adhesive 

20 C RR TM1 TM2

1  X X X X   X    
2  X X  X    X   
3  X X  X     X  
4  X  X X      X 
5 X  X  X      X 
6  X X  X      X 
7  X X   X     X 
8  X X    X    X 

 

The explanations for each series are as following details: 

Series 1: referenced series at 20 C. In this series, four specimens reinforced by NSM method 
have been tested following direct tensile procedure including two configurations: with steel 
plate (WSP) and without steel plate (WOSP) at the bottom of concrete blocks. The purpose is 
to experimentally evaluate the efficiency of steel plate in improving structure performance by 
better exploiting compressive capacity of concrete material. 
Series 2: RR test of CFRP reinforced concrete using NSM method. In this series, the 
specimens are tested at three levels of temperature: 75 C, 150 C and 300 C. 
Series 3: TM1 test of CFRP reinforced concrete using NSM method. The specimens are tested 
at three levels of temperature: 75 C, 150 C and 300 C. 
Series 4: TM2 test of CFRP reinforced concrete using NSM method. The specimens, prepared 
without steel plate at the bottom, are tested at two mechanical levels: 400N, 2800N. 
Series 5: TM2 test of CFRP reinforced concrete using EBR method. Specimens are tested at 
two levels of mechanical load: 400N and 1400N.  
Series 6, 7, 8: TM2 test of CFRP reinforced concrete using NSM method. The specimens, 
bonded by three different adhesives: epoxy 1, epoxy 2, cement-based, are test at different 
mechanical levels: 400N, 840N, 1400N and 2800N (series 6 only) 

It should be noted that in this chapter, the temperature on RR and TM1 program is not homogeneous 
within the structure as test descriptions in the chapter 2. The conducted series are summarized in 
Table 35 and each result is presented in the following section. 
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3.1.4.7. Series 7: Thermo-mechanical performance of CFRP reinforced concrete using 
NSM method- epoxy 2 (TM2 program) 

Table 42 summarizes the thermal performance of CFRP reinforced concrete specimens at different 
mechanical load cases in series 7. In this series, the actual mechanical load and heating rate are well 
controlled. Therefore, the variations of mechanical loads and actual heating rates in this series are 
small. Both failure temperature and exposure duration reduce as mechanical load increases from 400N 
to 1400N: failure temperature slightly reduces from 550°C to 470°C and exposure duration reduces 
from 20.3 minutes to 16.6 minutes respectively. 

 

Table 42: Summary of series 7: thermal performance of CFRP reinforced concrete specimens at 
different mechanical load cases 

Test 
No 

Mechanical 
load Fw, N 

Specimen
No 

Failure 
 temperature 

(°C) 

Exposure 
duration, 
(minute) 

Actual 
heating rate,  
(°C/minute) 

Programmed 
Fw 

Actual Fw  Average  Average  Average 

1 400 411 1 530 549.9 20.20 20.3 24.51 25.4 
2 400 412 2 570 20.33 26.31 
3 840 848 1 554 494.5 19.99 18.0 25.96 25.5 
4 840 848 2 435 15.95 25.09 
5 1400 1405 1 528 469.8 18.78 16.6 26.24 26.2 
6 1400 1403 2 412 14.39 26.19 

 

Figure 123 and Figure 124  display temperature-time, force-time, total displacement-time curves and 
Figure 125 displays force-total displacement curves at different mechanical load cases  of series 7. As 
can be seen from the temperature-time curves (Figure 123) and also from Table 42, the temperature 
monotonically increases from ambient temperature until specimen failure. Heating rate and 
mechanical load slightly vary between tested cases due to well programmed testing system. Similar to 
result of series 6 (adhesive used: epoxy 1), the results of series 7 (adhesive used: epoxy 2) show that 
the failure temperature and exposure duration reduce as mechanical load increases. According to 
Figure 123, at the low mechanical load cases (from thetest 1 to the test 4), the applied force has 
dropped several times before specimens completely collapse. This can be verified as in Figure 124, 
where the curves 1, 2 and 3 show small slips (<1mm) corresponding to each drop of mechanical load. 
The mechanical load is then recovered although the total displacement keeps expanding before totally 
collapsing (Figure 125). 
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3.1.4.8. Series 8: Thermo-mechanical performance of CFRP reinforced concrete using 
NSM method- cement-based adhesive (TM2 program) 

Table 43 summarizes the results obtained from series 8. According to the test, the result at 1400N is 
unavailable because that the resistance of specimen with cement-based adhesive has low mechanical 
capacity. Several methods to improve the contact surface such as sanded CFRP surface, replace CFRP 
with same material type of CFRP plate prepared with rough surface, but none can reach up to 1400N. 
According to these results, the differences in two mechanical cases (in failure temperature and 
exposure duration) are not significant. The failure temperature from the test 1 to the test 4 is slightly 
different between 617°C to 639°C (except that of test 2 which is much lower failure temperature at 
443°C). The exposure-durations at two test cases are not much different despite of the variation in 
mechanical load (except that of the test 2). 

 

Table 43: Summary of series 8: thermo-mechanical performance of CFRP reinforced concrete using 
NSM method- cement-based adhesive (TM2 program) 

Test 
No  

Mechanical 
load Fw, N 

Specimen
No  

Failure 
 temperature, 

(°C) 

Exposure 
duration, 
(minute) 

Actual 
heating rate, 
(°C/minute) 

Programmed 
Fw 

Actual Fw   Average   Average   Average

1 400 406 1 617 530 25.17 20.22 23.14 24.93 
2 400 402 2 443 15.27 26.72 
3 840 845 1 627 632.6 22.82 23.3 25.92 25.6 
4 840 841 2 639 23.84 25.31 

 

Figure 127 and Figure 128 present the development of temperature, force as time and Figure 129 
presents the expanding of total displacement as time obtained in series 8. As can be seen from Figure 
128, the total displacement-time curves at each mechanical load cases are close together; and curves 
between cases are separate from the other. As shown in Figure 128 and Figure 129, there is a small 
slip before the final collapse of specimen in the test 2. This may derive from defects during bonding 
process of cement-based adhesive, which has high viscosity which then is problematic to be filled in 
concrete slots. 
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Bisby, 2008) and thus starts reducing its bonding capacity. When the exterior temperature reaches 
90 C to 100 C, the C-A-C interface temperature reaches about 50 C -55 C (TC4, Figure 131, Figure 
133) at which most of commercial thermo-setting epoxy resin starts its transition procedure from 
glassy state to viscous state and significantly reduces its performance (Foster and Bisby, 2008). 
Therefore, the normalized mechanical failure of specimen dramatically drops to 12% when applied 
temperature level is 90 C (TM1 curve, Figure 137). At target temperature from 90 C to 300 C, the 
mechanical performance of CFRP reinforced specimen slightly varies: at the target temperature of 
150 C, the normalized mechanical failure slightly increases to 16% and then reduces to 8.5% at target 
temperature of 300 C (TM1 curve, Figure 137). 

Accordingly, the residual performance of CFRP reinforced concrete specimens that were exposed to 
elevated temperature significantly fluctuates at temperature levels from 75 C to 300 C (Figure 137). 
At 75 C, the normalized mechanical performance reduces to 74%, but is still double than results of 
TM1 program. It is because during the heating, there is a small controlling mechanical load; therefore 
the bond effects at CFRP-adhesive interface as well as adhesive-concrete interface are well-
maintained. Moreover, the expansion of concrete in this range of temperature (Hager, 2004) reduces 
the bonding effects and also the reduction in strength of epoxy adhesive thus the specimen 
performance reduces. From temperature level from 150 C to 300 C, the mechanical failure of RR 
program is higher than that at 20 C: at 150 C the normalized mechanical performance significantly 
increases up to 162% (10 times higher than corresponding TM1 result) and then reduces to 107% at 
300 C (6.7 times higher than corresponding TM1 result). It is because that at the temperature about 
150 C to 250 C, the cement paste in concrete starts it shrinkage with increasing magnitudes 
(depending on the mechanical and material cases, (Bazant and Kaplan, 1996)). This shrinkage also 
attributes by the dehydration of hydrates in concrete material (Hager, 2004). This shrinkage 
contributes to the confined effect to the adhesive and subsidiary to CFRP (Kotynia, 2012). In RR 
procedure, when the exterior temperature reaches 150 C, the minimum temperature in adhesive 
reaches about 90 C (TC4, Figure 133) which is slightly beyond the glass transition of common high-
temperature performance epoxy. Therefore, the residual properties of the adhesive used may slightly 
improve when cooled from the temperature range between 60 C and 95 C (thermal curing on 
common epoxies, (Moussa et al., 2012b; Sinclair, 1992)). The combination of confined effect from 
concrete material and slight reduction in residual strength of epoxy enhances the residual mechanical 
performance of the concrete specimen. However, as the applied temperature reaches 300 C, the 
minimum temperature in adhesive may reach up to more than 100 C, whereas the reduction in 
residual strength becomes significant (Moussa et al., 2012b), the confined effects from concrete 
shrinkage may be greater than this reduction. As the result, although the mechanical performance at 
300 C of the specimen reduces in comparison to that at 150 C, this performance is still greater than 
that at ambient temperature condition. These experimental results show that the RR procedure results 
in higher mechanical performance of CFRP reinforced structure in comparison to TM1 procedure. 
This result can potentially be implemented in several applications of temperature treatment to improve 
the mechanical performance of CFRP reinforced structures. 

 



Chapter 3

Page 12

 

3.1.5.2.

Table 45
the evol
nominal

 

In which
bonded 

 

T

Mech

Load 

N 

400 
840 

1400 
2800 

 

As can b
resistanc
MPa, the
550°C, 6

3: Experiment

8 

Figur

. The

5 summarize
lution of fai
l adhesive sh

wF
S

h: wF is appli
CFRP plates

Table 45: Su

hanical load 

Nominal 
adhesive she
stress (NAS

MPa 

0.143 
0.3 
0.5 
1.0 

(

be seen from
ce of CFRP r
e thermal res
617°C and th

tal approach: 

re 137: Evolu

ermal perform

es results of 
lure tempera

hear stress (N

 

ed tensile fo
s via adhesiv

mmary of fai

ear 
S) 

Reinfo

Ad
Sp

(*) E1: Epox

m Figure 138
reinforced co
sistance of se
hat of series 

Structure scal

ution of failu

mance at diff

series from 
ature of each

NAS) in the fo

orce and S is
e. 

ilure tempera

Series 

forcement me

dhesive type
ecimen desig

- 
- 
- 
- 

xy 1; E2: Epo

8, as the nom
oncrete spec
eries 6 is at 8
5 is 230°C. 

les  

ure load at dif

fferent mech

4 to 8 obtai
h series at d

following sec

s the contact 

ature at diffe

Seri
ethod NS

e* E
gn WO

67
-
-

25

oxy 2; and C

minal adhesi
cimen genera
838°C while 
As NAS inc

ifferent temp

hanical load 

ined in TM2
different nom
ctions is iden

region betw

ferent mechan

Fai
es 4 Series

SM EBR

1 E1
OSP WSP
73 230.
- - 
- 134.6
52 - 

C: cement-ba

ive shear stre
ally reduces. 
those of seri

creases from

perature cond

status

program; an
minal adhesi
ntified as foll

ween observe

nical loads of

lure tempera
s 5 Series 6
R NSM 

E1 
P WSP 
1 837.8 

543.7 
6 295.8 

224 

sed adhesive

ess (NAS) in
It is shown 

ies 4, 7, 8 are
m 0.143 MPa 

 

ditions 

nd Figure 13
ive shear str
lowing:

 
 

Equa

ed concrete b

of series 4 to 

ature, °C 
6 Series 7 

NSM 

E2 
WSP 
549.9 
494.5 
469.8 

- 

e. 

ncreases, the
that at NAS 
e respectivel
to 0.3 MPa 

38 shows 
ress. The 

ation 11 

block and 

8 

Series 8
NSM 

C 
WSP 
617 

632.6 
- 
- 

e thermal 
of 0.143 

ly 673°C, 
and then 



0.5 MPa
series 5 
slightly 
MPa, th
series 4 
configur
reductio
the serie
of series

 

Figu

 N: N

 

3.1.5.3.

Figure 
different
specime
3.65 tim
specime
that EBR
improve

 

a, the therma
and series 7

increases bet
he thermal re

at 252°C. F
ration of ser

on is more gr
es 4, 6, 7, an
s 5 (EBR rein

ure 138: Evol

NSM method;
p

. Effi

139 shows 
t tested mec

ens can resis
mes higher t
en reduces to
R-specimen.
e the thermal

al resistance
7, these redu
tween NAS 
esistance of 
From above m
ries 6 experi
radual and se
nd 8 (NSM r
nforcement m

lution of ther

 E: EBR met
plate configu

iciency of rei

the compari
chanical load
st up to 230°
than EBR-sp
 135°C and N
 This means
-performanc

e of series 6 
uctions are m
of 0.143 MP
series 6 gra
mentioned re
iences a sign
eries 8 exper
reinforcemen
method). 

rmal resistan

thod; E1: Ep
uration; WO

inforcement

ison between
ds. Accordin
°C while NS
pecimen). A
NSM-specim
s that at both
e of CFRP re

C

experiences
more gradua
Pa and of 0.3 
adually reduc
esult, as NA

gnificant redu
riences a slig
nt method) re

nce at differe

poxy 1; E2: E
OSP: without

t method 

n two reinf
ng to this fig
SM-specimen
At NAS of 
men reduces 
h tested NAS
einforced co

Chapter 3: Exp

s a significan
al and with s

MPa. As NA
ces to 224°C

AS increases
uction while
ght increase.
esult in high

ent norminal 

Epoxy 2; C: c
steel plate c

forcement m
gure, at low
n can resist 
0.5 MPa, th
to 296°C but
S cases, the 

oncrete specim

perimental app

nt reduction 
series 8 the 
AS increases
C which is a

from 0.143 
e with series
 However, in
er thermal p

adhesive she

cement-based
onfiguration

methods: EBR
w NAS of 0.

up to tempe
he failure te
t this is still 2
NSM reinfo

men followin

proach: Struct

P

while with 
thermal resi

s from 0.5 M
approximatel
MPa to 0.5 

s 5 and seri
n this range 

performance 

 

ear stress, (T

d; WSP: with
n. 

R and NSM
.143 MPa, th
erature 838°
emperature 
2.2 times hig

orcement me
ng TM2 prog

ture scales 

Page 129 

series 4, 
istance is 

MPa to 1.0 
ly that of 
MPa the 
es 6, the 
of NAS, 
than that 

TM2 ) 

h steel 

M at two 
he EBR-
C (about 
of EBR-
gher than 
ethod can 
gram. 



Chapter 3

Page 130

Figure

 

3.1.5.4.

Figure 1
cases fo
specime
(C-speci
MPa, the
reduces 
slightly 
296°C w
mechani
the mech

 

 

3: Experiment

0 

e 139: Compa

. Effi

140 presents
llowing TM

en (E1-specim
imen) at 617
e thermal pe
to 544°C an
increases to 
which is low
ical level is u
hanical loadi

Figure 140

tal approach: 

arision of eff

iciency of ad

 the average
2 program. A
men) can res
7°C and the
rformance o
nd E2-specim
633°C. At N

wer than tha
unavailable 
ing phase of 

0: Comparisio

Structure scal

fficiency betw

dhesives used

e failure tem
As can be se
sist up to 83

en epoxy 2-u
f two epoxy-
men perform

NAS of 0.5 M
at of E2-spe
because the 
TM2 progra

on of efficien

les  

ween two met
program

d in thermo-

mperature of 
een from this
38°C, which
used-specime
-specimens r

mance reduce
MPa, the ther
ecimen at ab
C-specimen

am.  

ncy between 

thod of reinfo

-mechanical

three adhesi
s figure, at N
h is higher th
en (E2-speci
reduces, E1-s
es to 495°C,
rmal-perform
bout 470°C. 
n fails at NA

three adhesi

forcement (EB

performanc

ives used at 
NAS of 0.143
han cement-b
imen) at 550
specimen per
, while C-sp

mance of E1-
The test of

S of 0.38 M

ive types, TM

 

BR and NSM

ce. 

three differ
3 MPa, epox
based-used-s
0°C. At NA
rformance si

pecimen perf
-speciment re
f C-specime

MPa in averag

 

M2 program. 

M), TM2 

rent NAS 
xy1-used-
specimen 

AS of 0.3 
ignificant 
formance 
educes to 

en at this 
ge during 



Chapter 3: Experimental approach: Structure scales 

Page 131 

From the obtained results, regarding the bonding efficiency in CFRP reinforced concrete specimen, 
the epoxy 1 has higher thermal performance at low mechanical load level and this performance 
significantly reduces as the NAS increases. In contradiction, the epoxy 2 has lower thermal 
performance at low mechanical load, when the NAS increases, its thermal performance slightly 
reduces and maintains its higher thermal performance at NAS of 0.5 MPa, compared to epoxy 1. The 
cement-based has a middle low range of thermal performance at NAS of 0.143 MPa; however, the 
NAS has a small influence to its thermal performance in ranges between 0.143 MPa and 0.3 MPa. 

3.1.5.5. Comparision of failure mode 

Table 46 summarizes the status of structural element after tests of series 1, 2 and 3.  According to this 
table, WOSP-specimen collapses due to the shear failure of concrete material while WSP-specimen 
collapses due to the failure of concrete material at compressive zone at the corner on one side and then 
subsequent shear failure at adhesive-CFRP interface on the other side. This demonstrates the 
effectiveness of the system used that has exploited the advantage of concrete material in compression. 
The result of series 2 (RR case) shows that with residual programme, the specimen firstly collapses 
due to the compressive failure of concrete on one side and then subsequent shear failure at CFRP- 
adhesive interface on the other side (Figure 106 and Figure 107). For the thermo-mechanical 
condition (TM1, series 3), the specimens gradually collapse (Figure 108) due to the shear failure at 
CFRP-adhesive interface (Figure 109). The failure of residual test on specimens that have collapsed 
after TM1 regime (RR* case) shows that the specimen continues to maintained certain mechanical 
capacity. They experience a quick collapsing (Figure 106) due to the shear failure of CFRP-adhesive 
interface (Figure 109). 

Table 47 summarizes the status of structural element after test from series 4 to 8 following TM2 
testing program. The result from series 4 shows that at low mechanical level NAS of 0.143 MPa, the 
WOSP-specimen collapses due to the CFRP-adhesive interface resulted from partly burnt of adhesive 
and separation crack of the concrete. At failure temperature, both CFRP adhesive and concrete 
material have been thermally affected. Beside the main rupture crack, there are several small cracks 
on concrete block surface (Figure 113a). At NAS  of 1.0 MPa, the WOSP specimen collapses due to 
the shear failure of CFRP-adhesive interface while all others are undamaged (Figure 113b). Result 
from series 5 shows that with the EBR method and WSP configuration, the specimen collapses due to 
the shear failure at CFRP-adhesive interface at all other tested NAS levels (Figure 117). Result at 
NAS of 0.143 MPa of series 6 shows that the specimen collapses due to the tensile failure of CFRP at 
elevated temperature (Figure 121a). As can be seen from the summary shown on Table 47, at the 
failure temperature, all other structural elements have been partly thermally-affected. Different from 
series 4, the efficiency of steel-plate-design has been experimentally demonstrated that the shear 
failure of concrete has not contributed to the specimen failure (Figure 121a). As NAS increases from 
0.3 MPa to 1.0 MPa, the shear failure of CFRP-adhesive interface dominates the cause of specimen 
collapse, with the tendency to be affected by temperature declines (Figure 121b and Figure 122). The 
series 7, in comparison with series 6, has the similar configuration but different adhesive. The result 
of series 7 shows that at NAS from 0.143 MPa to 0.3 MPa, the specimens collapse due to the shear 
failure of CFRP-adhesive interface and CFRP and adhesive have partly burnt and concrete has 
displayed micro cracks (Figure 126a, Figure 126b). At NAS of 0.5 MPa, the specimen also collapses 
because of shear failure of CFRP-adhesive interface, while the influence of elevated temperature to 
CFRP, adhesive and concrete is minor (Figure 126c). With the modification of adhesive to cement-
based in series 8, the specimen collapses mainly because of shear failure at CFRP-adhesive interface. 
The adhesive, concrete material and adhesive-concrete interface are undamaged at the failure 
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temperature while with CFRP the polymer matrix has completely burnt at NAS of 0.143 MPa and 
partly burnt at NAS of 0.3 MPa. 

Table 46: Summary status of structure components after tests in RR and TM1 programs 

Series Note Temperature 
at failure, 

 
 

°C 

Structure components Cause of specimen 
collapses 

** 
CFRP 
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Adhesive
/CFRP 

interface 
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Adhesive
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Adhesive 
/concrete 
interface 
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Concrete 
 
 

(CO) 
1 WOSP, 

NSM, 
E1 

20 U U U U 1.SF) Shear failure  
of concrete 

WSP, 
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E1 

20 U 2.F U U 1.CF) Compressive 
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of concrete and 
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CFRP-adhesive 
interface 

2 RR 
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75-300 U 2.F U U 1.CF Compressive 
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interface 
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CFRP-adhesive 

interface 

3 TM1 
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E1 

75-300 U 1.F U U U Shear failure at  
CFRP-adhesive 

interface 

Note: U: undamaged; F: failure; SF: shear failure; CF: compressive failure; X.*: X is order of 
failure 

 

Table 47: Summary status of structure components after tests in TM2 program 
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TM2, 
WOSP, 
NSM, 
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Note: U: undamaged; F: failure; PBM: Partly burnt matrix (for CFRP); B: burnt; PB: partly burnt; 
Cr: Crack (for concrete); mCr: micro-cracks (for concrete); X.*: X is order of failure 

 

 



Chapter 3

Page 134

3.

With the

-

-

-

-

-

-

Discussi

-

3: Experiment

4 

Conclus.1.6.

e results from

The residua
thermo-mech
300 C. 
The thermal
level increas
the specimen
The compre
comparison 
of concrete 
been increas
from shear f
The NSM r
reinforced c
environment
failure temp
mechanical 
higher than E
The use of b
concrete. Th
temperature 
introduces b
to be better c
The test con
of elevated t
engineering 
application, 
can improve

ion on the ap

With the ste
mechanical 
compression
where the 
reinforcemen

tal approach: 

sions

m CFRP rein

al performan
hanical perfo

l performanc
ses, respectin
n configurati
ssive state o
with its shea
material. Th

sed 37% wit
failure to com
reinforcemen
oncrete than
t to the bond

perature of N
state (NAS=
EBR specim
bonding adh
he use of ep
at low mech

better perform
choice.  
ndition of TM
temperature a

structure c
the suitable

e the fire perf

pplication of 

eel plate desi
performance

n is better ex
concrete p

nt, strut-and-

Structure scal

nforced concr

nce of CFRP
ormance: 2 ti

ce of CFRP 
ng the therm
ion, the reinf
f concrete en
ar state and t
he mechanic
th steel plate
mpressive fai
nt method h
n EBR metho
ded interface

NSM specime
=0.5 MPa) t

men. 
esive takes a
oxy with Al

hanical level
mance while

M2 program 
and imposed
can be cont

design of lo
formance of 

test design:

ign at the bo
e at different
xploited. In c
performs it 
-tie designed

les  

rete specimen

P reinforced 
times higher 

reinforced c
mo-mechanic
forcement m
nhances the 
the design of

cal performan
e configurati
ilure.  
has better im
od by extend
es. At low m
en is 3.6 time
the failure t

an important
l2O3 + metal
, at medium 

e at substanti

is close to f
d mechanical
tributed fro
oad status, r
CFRP reinfo

ottom of two
t temperatur

concrete struc
compressiv

d model.  

n, following 

concrete sp
at 75 C and 

concrete red
cal condition
ethod, and a
performance
f specimen h
nce at ambie
on and the f

mproved the
ding the dura

mechanical lo
es higher tha
temperature 

t role in the p
l particle can
mechanical 

ial mechanic

fire condition
l load. There
m this resu

reinforcemen
orced structu

o concrete blo
res because t
cture, there a

ve strength 

conclusions

pecimen is m
10-12.6 time

duces as the 
n. The reduc
lso the use ad
e of CFRP re
has better exp
ent temperat
failure mode

thermal pe
ation of therm
ad state (NA
an EBR spec
of NSM sp

performance
n significant
level, the ce

cal level, the

n regarding t
fore, the fire
ult. In actua
nt method, an
ure. 

ocks, the ste
that the adva
are several p

such as a

s have been i

much higher
mes higher at 

imposed me
ction rate dep
adhesive.  
einforced str
ploited the a
ture of speci
e of concrete

erformance o
mal penetrat

AS = 0.143 M
cimen while 
pecimen is 2

e of CFRP re
tly extend th
ement-based 
e normal epo

the simultan
e performanc
ual civil eng
and bonding 

eel plate show
antage of co
positions in s
anchorage z

nferred: 

r than its 
150 C to 

echanical 
pends on 

ructure in 
advantage 
imen has 

e changes 

of CFRP 
tion from 
MPa), the 
at higher 

2.2 times 

einforced 
he failure 
adhesive 

oxy seem 

neousness 
ce of civil 
gineering 
adhesive 

ws better 
ncrete in 

structures 
zone for 



3.2.

This sec
thermal 
testing c
has then
efficienc
conditio

3.

The insu
data, its
0.893×1

3.

In this su

3.2.2.1.

The ther
cylinder
arranged
test. 

 

Figure

 

3.2.2.2.

Figure 1
after bei
During t
followed

 

Insulation

ction investi
effect and th

condition. An
n been appli
cy of the ins

on 

Present.2.1.

ulation that 
s density is 
0-3 MPa and

Design o.2.2.

ubsection, th

. Insu

rmal resistan
r sample (as 
d inside and 

e 141: Cylind
H=200m

. Insu

142 shows th
ing tested fo
the test, the 
d by two ther

material 

gates the us
hus can contr
n insulate ma
ied for the t
sulation mate

tation of the 

is used to pr
0.458 g/cm

d 8.012×10-5

of specimen

he insulation 

ulation speci

nce capacity 
described in
outside of t

der sample t
mm with 5 po

ulated CFRP

he detailed di
or thermal re

temperature
rmo-couples

se of insulat
ribute to the 
aterial has be
thermal prot
erial is then 

used insula

rotect the M
m3; its com
5 MPa. Acco

ns

specimen an

imen

of the used i
n Figure 141
the sample t

o test therma
sitions (TC1

P

imension of t
sistance in h

e evolution a
 (TC1, TC2;

C

tion material
extending of
een experime
tection of th

analysed an

ation materi

M-CFRP is a 
mpressive str
ording to this

nd the insulat

insulation is 
). There are 

to follow the

al resistance
1, TC2, TC3, 

the insulated
heat transfer 
at the interfa
; Figure 142)

Chapter 3: Exp

l to protect 
f their therm
entally tested
e M-CFRP 
nd numerical

al

non-combu
rength  and 
s data, its com

ted CFRP ar

first studied
5 thermo-co

e heat transf

e of insulation
TC4, and TC

d M-CFRP sp
test, is then

ace between 
). 

perimental app

the material 
al performan
d for its therm
material in 
lly extended

stible materi
bond stren

mbustibility 

e respectivel

d through a h
ouples (TC1 
fer inside the

n material, R
C5) of thermo

pecimen. Th
n applied to p

CFRP and i

proach: Struct

P

l and structu
nce regarding
mal perform
TM2 condit

d for fire-tem

ial. As the s
ngth are resp
passes ASTM

ly described.

heat transfer 
to TC5, Fig

e material du

 
R=38mm, r=
o-couple. 

he insulation 
protect the M
insulation m

ture scales 

Page 135 

ure under 
g to TM2 

mance and 
tion. The 

mperature 

supplier’s 
pectively 
M E136 

.  

test via a 
gure 141) 
uring the 

20mm, 

material, 
M-CFRP. 

material is 



Chapter 3

Page 13

Fig

 

3.

The cap
transfer 
surround
measure
Figure 1
material

 

In the se
(Figure 
perform
followin

3.

This sec
with insu

3: Experiment

6 

gure 142: De

Test pro.2.3.

pacity to resi
test (an add

ding the sam
ement of tem
141) will the
l under eleva

econd step, 
60) to in

ance of ins
ng sections. 

Test res.2.4.

ction present
ulation mate

tal approach: 

etail of Ins-M

ogram 

ist the elevat
ditional test 

mple will be 
mperature ins
en be analys

ated temperat

Figure

the insulated
nvestigate th
sulation mat

sults and dis

ts the results
erial and insu

Structure scal

M-CFRP sam

ted temperat
program as 
increased wi
side cylinder
sed to prelim
ture effect. 

e 143: Therm

d-M-CFRP s
he thermo-m
terial and in

scussion 

s of experim
ulated CFRP 

les  

mple with two

ture of the u
illustrated i

ith the heat r
r insulation (
minarily det

 

mal test with 

specimens ar
mechanical 
nsulated M-

mental tests a
. 

o positions (T

used insulatio
in Figure 14
rate 30°C/mi
(throughout 
ermine its e

insulation m

re tested foll
performance

-CFRP are p

and the discu

TC1, TC2) of

on is first stu
43). In this t
inute until re
2 thermocou

efficiency in 

 

material 

lowing the T
e of insula
presented an

ussion about

 

f thermo-cou

tudied throug
test, the tem
eaching 1100
uples: TC4 a

protecting M

TM2 testing 
ated M-CFR
nd discusse

t the obtaine

uple 

gh a heat 
mperature 
0°C. The 
and TC5, 
M-CFRP 

program 
RP. The 
d in the 

ed results 



3.2.4.1.

Figure 1
interior 
temperat
and reac
about 1
T_in_1 
increase
8.9°C/m
100°C, 
°C/minu
TC4 ste
Subsequ
terminat
shows th
depends
the insul

 

Figure 1
mater

(T_

 

3.2.4.2.

The obta
mechani
temperat
material
and 0.3)
duration

. Hea

144 shows th
of the cylin
ture increase

ches 900°C. A
100°C in 50
in Figure 1

e about 7 min
minute respec

there are pl
ute in about 1
eeply increas
uently, these 
ted due to sa
hat along th

s on the thick
lation materi

144: Evoluti
rial during he
_ex); TC4 (T

. Insu

ained results
ical testing 
ture of the i
l can mainta
). The ruptu

ns are 48 min

at transfer te

he evolution
nder insulatio
es from initi
Afterwards, 
0 minutes. T
44) and the
nutes to 14 m
ctively in th
lateau phase
13 minutes a
ses with ram
two tempera
afety conditi

he radius dire
kness of insu
ial clearly sep

on of exterio
eat transfer t

T_in_1); TC5

ulated M-CF

s with the M
regime are 
insulation la
in its perform

ure temperat
nutes and 37 

est

n of tempera
on material 
al condition 
this tempera

The interior 
ermo-couple 
minutes later
e first phase
in which th

and 30 minut
mp rate of 2
atures reach 
ion when th
ection, the e

ulation layer 
parates into t

or (T_ex) and
test; tempera
5 (T_in_2) (th

FRP under th

M-CFRP samp
presented in
yer at the ru
mance. The 
ures in two 
minutes resp

C

ature at three
(Figure 141

n with the ram
ature keeps in

temperature
5 (TC5 in 

r than the ex
e. When the
the temperat
tes correspon
23 °C/minut
800°C in ab

hese tempera
evolution of 
(Figure 144)
three identif

d interior (T_
atures obtain
he thermoco

hermo-mech

ples protecte
n Table 48.
upture point 
obtained res
loading cas

pectively. 

Chapter 3: Exp

e different p
). At the be
mp rate of 3
ncreasing wi
es at thermo
Figure 141,

xterior with r
e temperature
ure slightly 
ndingly. In th
te while thi
out 30 minu

atures reach 
temperature

). The evolut
fied phases. 

_in_1; T_in_
ned with ther
uple position

hanical cond

ed with insul
. The table 

of M-CFRP
sults include
ses are 780°

perimental app

ositions from
eginning of 
30°C/minute 
ith ramp rate
o-couple 4 (

T_in_2 in 
ramp rate of 
es at TC4 a
increases 1

he final phas
s rate at TC
tes and 20 m
1029 °C and
 is delayed 
tion of the in

_2) temperatu
rmocouples T
ns are shown

dition (TM2) 

lation materi
shows the e

P and the ex
e two cases o
°C and 880°

proach: Struct

P

m the exteri
the test, the
in about 30

e 4°C/minute
(TC4 in Fig
Figure 144)

f 6.3°C/minu
and TC5 rea
.3°C/minute
se, the tempe
C5 is 38 °C

minutes and t
d 1007 °C. 
and this imp

nterior tempe

 

ures of the in
TC1, TC2, an
n in Figure 1

ial under the
exterior and

xposure time
of imposed 
°C and the 

ture scales 

Page 137 

or to the 
e exterior 
0 minutes 
e to reach 
gure 141, 
) start to 
te and of 

ach about 
 and 0.4 
erature at 
C/minute. 
the test is 
This test 
pediment 
erature of 

nsulation 
nd TC3 
41) 

e thermo- 
d interior 
e that the 
load (0.2 
exposure 



Chapter 3

Page 13

 

Figure 1
insulatio
load rati
from roo
20 minu
evolutio
temperat
This pha
ramp rat
with the
(corresp
24.5°C/m
temperat
minutes 
increase
rises at t

 

Figure 

 

3: Experiment

8 

Table 48

Sample ID 

C.T.020.Ins 
C.T.030.Ins 

145 and Fig
on material l
io is 0.2 (the
om temperat
utes (Figure 
on of the in
ture gradual
ase takes abo
te of 0.65°C

e ramp rate i
pond to impo
minute reach
ture also ide
to gradually

es with the ra
the ramp rate

145: Evoluti

tal approach: 

: Thermal-m

gure 146 sho
layer during 
e correspondi
ture (about 2
145). Afterw
nterior temp
ly increases 
out 5 minus 

C/minute in m
is about 40°C
osed load at
hing 600°C in
entified as th
y increase fr
amp rate of 0
e of 58°C/mi

ion of extern

Structure scal

mechanical pe

Applied load
ratio, fw 

0.2 
0.3 

ow the evol
the thermo-

ing imposed 
20°C) with th
wards, the ra
perature also

from initial 
to complete.
more than 1
C/minute in 
t 3476N), th
n approxima

hree separate
rom initial te
0.95°C/minut
inute until ru

al and intern
at 20% of

les  

erformance o

d 
T

7
8

lutions of te
-mechanical 

d load is 2317
he ramp rate

amp rate dec
o separates 

temperature
. The interio
0 minutes in
the third ph

he exterior t
ately 20 minu
e phases. In t
emperature t

ute in about 1
uptures. 

nal temperat
f applied load

of M-CFRP w

T_rup
T_ex 
°C 
780 
880 

emperature th
test in two 

7N), the actu
e is 28°C/mi
reases until 
into three 

e to 95°C wi
r temperatur
n the second
ase. In the te
temperature 
utes (Figure 
the first phas
to about 94°
15 minutes in

tures of M-CF
d ratio (fw) 

with insulatio

T_in 
°C 
867 
688 

hat are exte
loading case

ual exterior t
nute and rea
the rupture o
phases: in 

ith the ramp 
re then slight
d phase befo
est with app
increases w
146). The in
se, the tempe
C. The temp
n the second 

FRP with the

ion results 

Expos
durati
minu
47.9
36.5

erior and int
es. When the
temperature i
aches 600°C 
of the M-CF
the first ph
rate is 11°C

tly increases
ore rapidly in
plied load rat
with the ramp
ncrease of th
erature takes
perature then

d phase befor

 

e insulation m

sure 
ion 
ute 
93 
8 

terior the 
e applied 
increases 
in about 

FRP. The 
hase, the 
C/minute. 
 with the 
ncreasing 
tio of 0.3 
p rate of 
e interior 
s about 5 
n slightly 
re steeply 

material 



Figure 

 

The res
insulatio
and Figu
fw = 0.2
than 20 
(Figure 
temperat
temperat
of appli
(Figure 
30% of 
higher th
insulated
40°C/mi
exterior 
consist 
40°C/mi
case wit
temperat
oxygen 
2012). 

 

146: Evoluti

ult also sho
on material v
ure 148). Par
) and about 
minutes (fw

145 and Fig
tures of the 
ture at the su
ed load ratio
145) compa
applied load
han about 57
d material, 
inute and 57
temperature

to the lowe
inute (Qingf
th insulation
ture is very 
in the heatin

ion of extern

ows that the
varies accord
rticularly, th
300°C (at fw

w=0.2) and 1
gure 146) sho

non-insulate
urface of M-
o, the exteri

are to about 6
d ratio, the i
70°C of non
the ramp r

7.8°C/minute
e which are 
er mass loss
feng and We
n, the direct
limited; wh

ng chamber 

al and intern
at 30% of

e thermo-me
ding to differ
he exposed te
w= 0.3) (Figu
15 minutes 
ow that the e
ed results (F
-CFRP mater
ior temperatu
610°C of no
nterior temp

n-insulated sp
rates of tem
e (Figure 14

respectively
s rate of ep
enfang, 2006
t contact be

hile in the ca
which can a

C

nal temperat
f applied load

echanical pe
rent mechani
emperature o
ure 147). Sim
(fw=0.3). Th

exterior temp
Figure 147). 
rial, are high
ure at failur

on-insulated 
peratures at f
pecimen (int

mperature on
45 and Figu
y about 28°

poxy resin a
6; Urso Mian
etween oxyg
ase without 
accelerate the

Chapter 3: Exp

tures of M-CF
d ratio (fw) 

erformance 
ical loading 
of the M-CF
milarly, the e
he results w
peratures at f
The interior

her than thos
re of the ins
specimen (in
failure is abo
terpolated fr

n the surfac
re 146) whi

°C/minute an
at higher he
no, 2011). It 
gen, epoxy m
insulation m
e ignition of

perimental app

FRP with the

of M-CFRP
conditions (C
RP can incre

exposure dur
within two in

failure are hi
temperature

e of non-insu
ulated speci
nterpolated f
out 687°C (F
rom Figure 1
e of CFRP

ich are highe
nd 25.4°C/m
ating rate fr
should be a

matrix and c
material, ther
f carbon fibr

proach: Struct

P

 

e insulation m

P protected 
C.T2-Ins, Fi

rease about 1
ration increa
nsulated CFR
igher than th
es at failure,
ulated cases
imen is abou
from Figure 
Figure 146) 
147). In both

P material a
her the ramp
minute. Thes
from 10°C/m
also noted th
carbon fibre
re is the exis
re (Feih and 

ture scales 

Page 139 

material 

with the 
igure 147 
150°C (at 
ases more 
RP cases 
he failure 
, also the 
. At 20% 
ut 750°C 
147). At 
which is 

h tests of 
are about 
 rates of 

se results 
minute to 
at, in the 

e at high 
stence of 
Mouritz, 



Chapter 3

Page 140

 

 

3.

The aim
also the 
material
insulatio
manufac
the man
With of 
CFRP su
CFRP p
to both i

 

 

3: Experiment

0 

Figure 14

Figure 14

Conclus.2.5.

m of this secti
performanc

l can improv
on is a com
cturer. The p
nufacturer, th
f 2 cm thickn
urface retard
rotected with
its insulation

tal approach: 

47: Failure t

48: Exposure

sions

ion is to inve
ce of insulate
e the thermo
mmercial pr
production pr
he thermal-re
ness of the in
ds about 10 m
h insulation 

n capacity an

Structure scal

temperature 

temperature

estigate the a
ed M-CFRP

o-mechanical
roduct with 
rocedure con
esistance cap
nsulation, the
minutes (with
material can
d ability in li

les  

of M-CFRP 

e of M-CFRP

ability to del
P in TM2 co
l performanc

the materi
nfers to the i
pacity depen
e heat penetr
thin the teste
n expose to h
imiting the d

at different a

P at different

lay heat cond
ondition. It is
ce of M-CFR
ial propertie
instruction o
nds on the t
ration is imp

ed condition)
higher tempe
direct-contac

applied load

t applied load

duction of in
s clear that t

RP in the testi
es which is
f the manufa
thickness of 
peded and th
). In the testi
rature and in
t of CFRP an

 

d ratio (fw) 

 

d ratio (fw) 

nsulation mat
the use of in

ting regime. 
s introduced
acturer. Acco
the insulati

he temperatu
ing condition
n longer dura
nd with oxyg

terial and 
nsulation 
The used 

d by the 
ording to 
on layer. 
re on M-
n, the M-
ation due 
gen. 



Chapter 3: Experimental approach: Structure scales 

Page 141 

 

. 



 

 

 

 

Chapter 4: 

Numerical modelling 
 

 



 

 

 

 



Chapter 4

Page 144

This cha
mechani
in four f
insulated

4.1.

This cha
perform
insulatio
experim
thermo-m
software

-

-

-

Due to c
to devel
conditio
perform

4.2.

In this 
propertie
discusse

4.

In this n
with the
is to rep
and mec
the inter
study. P
stress an
concrete
or time-p
the stres
more tim

4: Numerical 

4 

apter shows 
ical performa
following su
d CFRP and 

Introductio

apter present
ance of CFR

on material i
mental result 

mechanical 
e, are perform

Numerically
room temper
Study the th
at elevated t
Investigate t
different co
simultaneou

complexity a
lop numerica

ons including
ance of the s

Model 1-C

subsection, 
es at elevate

ed. This ends

Numeri.2.1.

numerical stu
e mechanical 
plicate the co
chanical load
raction (cou

Particularly, 
nalysis, is u

e specimens 
point in the t
ss analysis i
me efficient a

modelling 

developmen
ance of CFR

ubsections: in
conclusion. 

on

ts and discus
RP reinforced
n protecting
obtained in 
analyses, u

med on the si

y model the 
rature. 

hermal perfor
emperature c
the thermo-m
ombined ele
usness of the 

and also expe
al model to 
g fire case. I
specimen und

CFRP reinfo

the numeric
ed temperatur
s by conclusi

ical model 

udy, the NSM
and thermal

ondition that 
d. Therefore,
upling) betwe

the sequenti
used to stud
(Figure 149)
thermal anal
s the combin
and flexible b

CH

nt of numeric
RP reinforced
ntroduction, 
 

sses numeric
d concrete sp
CFRP mate
the chapters
sing finite 
imulation to:

mechanical

rmance of CF
condition thr
mechanical p
evated-tempe
effect using 

ensive cost a
better under
In the latter 
der standard 

orced concr

cal model, h
re, boundary
ons.  

M configurat
l conditions t
is close to fi
 a coupled-f
een two or m
ial coupled t
dy the therm
). In this ana
ysis are cons
ned result o
because two 

 

HAPTER

cal modelling
d concrete sp
model 1-CF

cal simulatio
pecimens an
erial under el
s 2 and 3, an
element (FE
: 

l performanc

FRP reinforc
roughout 3D 
performance 
erature and 
sequential-c

as well as tim
rstand the ef
of each par
fire-tempera

rete specim

heat transfer
y conditions 

ation of CFR
that are in ac

fire regarding
field analysis
more discip
thermal and 
mo-mechani
alysis metho
sidered as no
f both therm
analyses can

R 4 Nu

g in order to
pecimens and
FRP reinforc

ns firstly foc
d secondly o
levated temp
nd also relia
E) code, the

ce of CFRP

ced concrete
heat analysi
of CFRP-rei
mechanical 

couple fields.

me consumin
ffects of sev
rt, the simul
ature conditio

mens 

r model, stru
are displaye

RP reinforced
ccordance to
g the simulta
s, which is an
lines (fields)
mechanical

cal perform
d, the nodal 

odal loads for
mal and mec
n be perform

umerica

o numerically
d insulated C
ed concrete 

cusing on th
on the therm
perature cond
able informat
e licensed A

-reinforced c

 structure an
is. 
inforced con

load condi
. 

ng of experim
eral tempera
ation is then
on. 

uctural analy
d. The nume

d concrete sp
 the TM2 co

aneousness o
n analysis th
) of enginee
analysis, or

ance of NS
temperature

r the stress a
hanical anal

med independ

al mode

y predict the
CFRP. It is p
specimens, m

he thermo-me
mal performan

ditions. Base
ation in the l
ANSYS AP

concrete stru

nd insulation

ncrete structu
itions regar

ments, it is n
ature and me
n used to pr

ysis model, 
erical results

pecimens is m
ondition. The
of loads: ther
hat takes into
ering, is use
r sequential 

SM CFRP-re
es from any 
analysis. The
lysis. This m
dently of each

elling

e thermo-
presented 
model 2- 

echanical 
nce of an 
ed on the 
literature, 
DL V15 

ucture at 

n material 

ure under 
ding the 

necessary 
echanical 
redict the 

material 
s are then 

modelled 
e purpose 
rmal load 
o account 
ed in this 

thermal-
einforced 
load step 

e result of 
method is 
h other. 



 

Based o
been use
In this 
generate
thermal 
evolutio
perform
compare
thermal 
stress an
temperat
boundar
result in
load. Th
time step
reported
end time

 

 

F

n the sequen
ed to study th
transient the

ed with the 
boundary co

ons obtained 
ed on FE m
ed with the e
analysis is v

nalysis in th
ture distribu

ry conditions
n this step is 
he procedure
p is complete

d as the struc
e point of the

F

Figure 149  Se

ntial coupled
he transient t
ermal-stress 
geometry an
ondition is t
in the expe

model with se
experiment ba
validated, the
e next step. 

ution, is cons
s are then a
considered 

es from 5 to 
ed with stres
ctural perfor
e transient th

Figure 150:  

equential cou

d field analys
thermal-stres
analysis, fir

nd material 
then applied 
eriments. Aft
everal time 
ased on the i
e model is th
In this step,

sidered as te
pplied on th
as the result 
7 are then re

ss analysis. T
rmance durin
hermal proces

Analysis pro

upled therma

sis mentione
ss analysis c
rstly, a 3 d
information
on FE mod

fter that, the 
step increme
interior temp
hen converse
, the therma
emperature l
he FE struct
t of combine
repeated for 
The structura
ng the increa
ss. 

ocedure deve

al and mecha

ed above, a d
corresponding
dimensions-fi
n according 
del correspon

nonlinear tr
ents. The nu

perature at se
ed into struct
al result from
load in the s
tural model 
ed thermal lo
several time

al result at ea
ase of tempe

eloped for TM

Chapter 4

 

anical analys

developed an
g to TM2 co
inite-element
to the exper

nding to the 
ransient ther
umerical mod
everal predefi
tural model t

m thermal an
second analy
for stress an

oad at time st
s until the th

ach time step 
erature from 

M2 condition

4: Numerical m

P

sis 

nalysis proce
ondition (Fig
nt (3D FE) m
rimental mo
exterior tem

rmal analysi
delling resul

fined points. 
to be ready 

nalysis at tim
ysis. The me
nalysis. The 
step i and me
hermal resul

p is then colle
the beginnin

 

n. 

modelling 

Page 145 

edure has 
ure 150). 
model is 

odel. The 
mperature 
s is then 
lt is then 
Once the 
for static 

me step i, 
echanical 

analysis 
echanical 
t of final 
ected and 
ng to the 



Chapter 4

Page 14

During t
Figure 1
solid, Fi

 

Figure 

 

Due to t
model w
by redu
analysis
as param
followin

At the i
(Figure 
and stres

 

 

4: Numerical 

6 

the analysis, 
151) for the 
igure 152) is 

151: SOLID

the symmetry
was generate
ucing elemen
, numerical r

metric study 
ng:  

The CFRP is
The steel cor
The steel pla
The cohesiv
dimension. 
The concret
dimension. 

interface bet
155). Accor
ss analysis. 

modelling 

the element
transient th
chosen for s

70 3-D therm

y of loading,
d (Figure 15
nts while m
results at dif
(Figure 154)

s meshed wit
re is meshed
ate is meshed
ve zone is m

te block is 

tween differe
ding to this 

type chosen
ermal analys
steel, CFRP, 

mal solid elem

, boundary c
53). Building
aintain the r
fferent positi
). To obtain 

th hexahedra
d with hexahe
d with tetrah
meshed with

meshed wit

ent materials
mesh option

Figure 

 

n is thermal e
sis. For stres
adhesive and

ment F

condition, ma
g one fourth 
reliability o
ions inside th
converged s

al shape with
edral shape w

hedral shape w
h quadrilater

th tetrahedra

s, the mesh 
n, there are t

e 153:  3D FE

element SOL
ss analysis S
d concrete m

Figure 152: S

aterial and te
model can s
f analysis w
he model are

solution in th

h dimension 
with dimensi
with dimensi
ral shape wi

al shape wit

is refined to
otal 76455 e

E model 

LID70 (3D 8
SOLID45 (3

material. 

SOLID45 3-D
element 

emperature lo
simplify the 
with time ef
e exploited f
his thesis, vo

of 1 mm in e
ion of 3 mm 
ion of 3 mm 
ith dimensio

th dimension

o adapt to th
elements in b

-nodes therm
3D 8-nodes s

D structural 
t 

oading, an on
computation

fficiency. Du
for validation
olumes are m

each dimensi
in each dime
in each dim

on of 3 mm

n of 5 mm

he smaller m
both thermal

 

mal solid, 
structural 

solid 

ne fourth 
n process 
uring the 
n as well 

meshed as 

ion.  
ension. 
ension. 

m in each 

in each 

mesh size 
l analysis 



 

Figure 

 

4.

The fini
reinforce
studied 
experim
evolutio

 

In wh

 

4.

In this t
requires 
solve eq
for the e

155:  3D FE

Heat tra.2.2.

ite element m
ed concrete 
FE model o

ment (Figure 
on in the 3D s

Tc
t

hich: T is tem

Structu.2.3.

thesis, the s
a series of 

quations num
existence of n

Figure 15

E model with

ansfer mode

model has b
specimen p

of the specim
153). The d

specimen, is 

. k T

mperature, t i

ral analysis 

static analysi
trial solution

merically, the
non-linearity

54: Bonded r

h meshed elem
d) steel syste

el

been generat
resented in 
men has the
developed he
based on the

x
Tk

x x

is time, ki is t

model

is is done u
ns (iterations
e automatic s
y. Large-defle

region betwe

ments: a) CF
tem; e) 3D m

ted to study 
the experim

e same geom
eat transfer m
e partial diffe

y
Tk

y y

thermal cond

using an imp
s) to establis
solution con
ection effect

en concrete a

FRP; b) cohe
meshed model

the heat tra
ment at differ
metry configu
model, whic

ferential equa

z
Tk

z z

ductivity,  is

plicit solver 
sh equilibriu

ntrol can use 
ts are also co

Chapter 4

 

and CFRP 

esive zone int
l 

ansfer proble
rent tempera
uration and 
ch is able to
ation of heat:

T
z

s density and

in which s
um within a 

the full New
nsidered in t

4: Numerical m

P

 

 

terface; c) co

em within th
ature conditi

dimension a
o predict tem
: 

Equa

d c is heat cap

solution of e
certain toler

wton-Raphso
this simulatio

modelling 

Page 147 

oncrete; 

he CFRP 
ons. The 
as in the 

mperature 

ation 12 

apacity 

each step 
rance. To 
on option 
on. 



Chapter 4

Page 14

4.

In the l
propertie
main ma
Eurocod
not men

4.2.4.1.

To obta
concrete
et al., 20

 

Table 4

(K20: 

 

 

 

4.2.4.2.

In stress
Eurocod

4.2.4.2.1

The evo
accordin

4: Numerical 

8 

Materia.2.4.

literature as 
es of concre
aterial prope
des. The othe
ntioned in Eu

. The

in numerical
e, adhesive a
016; Bisby, 2

9  Thermal p

thermal con

a) Normalize

Figure 156

. Mec

s analysis, th
des and in lite

1. Concret

olution of m
ng to Euroco

modelling 

al properties

well as des
te, steel and
rties of conc

er parameters
urocodes, are 

ermal proper

l prediction 
and also stee
2003; Firmo 

properties of 

Materia
Concrete

Steel 
P-CFRP

nductivity (W

ed thermal c

6 Normalized

chanical prop

he mechanic
erature as fo

te and steel m

echanical pr
de 2 (for con

s at elevated

sign standar
laminate CF

crete and stee
s for CFRP, 
referred to p

rties

for thermal 
l material ha
J. P. et al., 2

f material at 

l K20, W/m
e 2.70E-

5.20E-
P 1.30E-

W/mm.K); C20

onductivity

d thermal pro

operties at ele

cal propertie
llowings: 

materials

roperties of 
ncrete, Figure

 

d temperatu

rds, there is 
FRP at eleva
el at ambien
adhesive, as

previous stud

analysis, th
ave been ado
2015; Hawile

room temper

mm.K C20, 
-03 72
-03 45
-03 12

0: specific he

           b

operties with

evated tempe

es at elevate

concrete and
e 157) and E

re 

available d
ated tempera
t and elevate
 well as thos

dies in the lit

e evolutions
opted from E
eh et al., 2009

rature (Haw

J/kg.K 20,
22.8 2.
52.2 7.
210 1.

eat (J/kg.K); 

b) Normalize

h temperature

eratures 

d temperatu

d steel in th
Eurocode 3 (f

data for ther
ature. In this 
ed temperatu
se of concret
terature.  

s of thermal 
Eurocode 2 a
9) (Table 49 

ileh et al., 20

, kg/mm3

40E-06 
86E-06 
60E-06 

20: density (

d specific he

e (Hawileh e

re of concre

is stress ana
for steel, Figu

rmal and me
numerical s

ures are adop
te and steel w

properties o
and literature

and Figure 1

009) and Eur

(kg/mm3) at 

eat  

et al., 2009). 

ete are adop

alysis are de
gure 158). 

echanical 
tudy, the 

pted from 
which are 

of CFRP, 
e (Arruda 
156). 

rocode 2 

20 C) 

 

ted from 

etermined 



 

 

Figur

 

Figure 157:

Figure 15

re 159: Stress

: Strength red

58: Strength 

ss-train curv

duction of co

reduction of

ves of reinfor

oncrete  at el

f steel  at ele

rcing steel ba

levated temp

evated temper

ars at elevate

Chapter 4

eratures  (EN

 
ratures (EN 

ed temperatu

4: Numerical m

P

 

N 1992-1-2)

1993-1-2) 

 

ures (EN 199

modelling 

Page 149 

. 

93-1-2) 



Chapter 4

Page 150

4.2.4.2.2

Based o
elevated

 

Fig

 

4.2.4.2.3

Regardin
bilinear 
This ma
interface
assumes
to the in
tangenti

 

Figur

 

4: Numerical 

0 

2. CFRP 

on the experi
d temperature

gure 160: Li

3. Adhesiv

ng to the el
zone materi

aterial model
e between tw
s that the sep
nterface as sh
al displacem

re 161: Cohe

modelling 

imental resul
es, which is u

inear stress-s

ve

lement of th
ial model (C
l was develo
wo materials
paration of th
hown in the 

ment jump t c

esive bilinear

lt obtained in
used in this r

strain curves

he interface 
ZM, (Alfano
oped in the 
s. The interfa
he material i
Figure 161. 
can be expre

r zone mater

 

n the chapte
research, are 

s of P-CFRP 
experiments

between P-
o and Crisfie
ANSYS sof

face element 
interfaces is 
The relation

essed as 

rial model for

er 2, the mec
as following

at elevated t
s 

-CFRP and 
eld, 2001)) w
ftware for fr
provides bi

dominated b
n between ta

r the interfac

chanical prop
gs (Figure 16

temperatures

concrete sub
was used in t
racture or de
linear behav

by the displac
ngential coh

 

ce (Alfano an

perties of P-
60). 

 

s obtained fr

bstrate, the 
this numeric
elamination 
viour, and th
acement jump
hesive tractio

nd Crisfield, 

-CFRP at 

rom 

cohesive 
cal study. 
along an 

his model 
p tangent 
on Tt and 

2001) 



Chapter 4: Numerical modelling 

Page 151 

  (1 )t t t tT K D  Equation 13 

Where : Kt is the tangential cohesive stiffness ; t
max is the maximum tangential  cohesive traction; *

t is 
the tangential displacement jump at  maximum tangential  cohesive traction; t

c is the tangential 
displacement jump at the completion of debonding; Dt is the damage parameter associated with mode 
of dominated bilinear cohesive law, defined as Equation 14: 

 

max *

max *
* max

max *

max *

0

 

1

t t

c
ct t t

t t t tc
t t t

t t

D Equation 14 

The bond strength of single lap of Duralco 4703 (Epoxy 1) at three levels of temperature is reported 
by Victrex Europa GmbH ((Horst, 2000), Table 50). According to Firmo et al., the parameters of 
bond-slip model for EBR and NSM reinforcement methods can vary among wide range depending on 
the material ((Firmo et al., 2015a; Firmo J. P. et al., 2015), Table 51). Figure 162 displays the 
calibrated parameters for numerical modelling of the bond at different temperatures reported by 
Arruda et al. (Arruda et al., 2016). The calibrated parameters demonstrate that the mechanical 
performance of NSM method is almost double than that of EBR method. The calibrated properties 
were compared with analytical model for bond strength performance at elevated temperature with 
good consistence (Figure 163).  Based on these results, the bond-slip parameters are calibrated for the 
P-CFRP-concrete bond in this numerical simulation for NSM reinforcement method (Figure 164). 

 

Table 50: Duralco 4703 adhesives and test temperatures for single overlap shear experiments (Horst, 
2000) 

Properties 23°C 150°C 200°C 
Lap strength  [MPa] 3 3.4 1 

W(95,n) 0.7 0.4 0.1 
Number of samples, n 4 5 5 

fracture mode interfacial + cohesion failure cohesion failure cohesion failure 

 

Table 51: Range of values for interface parameters for EBR and NSM (Firmo et al., 2015a; Firmo J. 
P. et al., 2015) . 

Parameter EBR NSM 
Minimum Maximum Minimum Maximum 

K (MPa/mm) 1 1500 2 1000 
LM (MPa) 0.5 25 1.5 20 
SLo (mm) 0.2 1.0 0.4 1.5 
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Table 54: Thermal resistance of M-CFRP at different applied load ratio 

Applied load ratio, fw 0.1 0.25 0.5 
Average rupture temperature, °C 636.4 596.3 491.8 

 

Although the results of insulated M-CFRP tests show that at the time of failure, the temperature on M-
CFRP in the case with insulation is higher than that of the case without insulation, further experiments 
and analysis need to be undertaken in order to confirm this tendency. In civil engineering, when a fire 
happens, there are several phenomena: structures are subjected with service load, elevated temperature 
condition, chemical reactions or degradation of material, the existence of toxic smokes. In this 
research, the authors aim to study the performance of M-CFRP and insulated M-CFRP under 
condition with combined elevated temperature and mechanical load at the same time without 
consideration on the other phenomena such as material degradation due to elevated temperature. 
According to current guideline for fire-design, the main role of insulation material is to protect the 
structure under the elevated temperature. Furthermore, the mechanical properties of several available 
insulation materials in commercial market are not significant in comparison to the structure and 
materials. The result on the performance of M-CFRP under combined mechanical load and 
temperature load can be applied for evaluation its performance in fire-concerned cases. With the 
experimental and numerical results on insulation material, the evolution of temperature behind the 
insulation layer with an identified thickness at different elevated temperature cases can be estimated. 
The experimental test with insulated M-CFRP shows that the real temperature at M-CFRP surface 
(under insulation layer) at failure is higher than that of the cases without insulation material. However, 
if the failure temperature in the case without insulation material is referred as a failure criterion for M-
CFRP, then it is possible to apply this criterion to predict the failure of insulated M-CFRP specimens 
which are simultaneously subjected to both mechanical load and elevated temperature. Therefore, 
within the objective of this research, it is assumed that the surface temperatures of M-CFRP at the 
failure in two tested cases (with and without insulation material) are not much different, disregarding 
the mechanical status. Then, combining with the numerical result in fire-temperature loading case 
(Figure 192), a proposal thickness of insulation material to protect the M-CFRP under fire-
temperature load regarding the mechanical loading status and the requirement to extend the fire-
resisted duration as displayed in Figure 193. 
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- Based on two prediction results on CFRP reinforced concrete specimen and insulated CFRP 
under standard fire-temperature case, it is possible to improve the fire performance of CFRP 
reinforced concrete by using appropriate reinforcement method and also protect the bond with 
suitable insulation layer with consideration to the mechanical state of the structure in order to 
meet with the fire-resistance design standards. 

- Of course, there are still differences between the temperature profiles which are 
experimentally and numerically measured. These differences are attributed to several factors 
from the numerical model simplifications, the nature of the material heterogeneity and the 
possible effects of environmental factors and experimental conditions during testing. 
However, to these numerical values obtained in this study, it clearly requires further test to 
confirm. 

- The combination of two numerical models can be developed for predicting the fire-
temperature performance of CFRP reinforced concrete structures that are under mechanical 
load as well as protecting them to meet the fire-safety requirements according to design 
guidelines. 
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better method to exploit the strong point of concrete. This allows better characterizing the 
interface or bond behaviour of near surface mounted method under different complicated 
condition. 

5.3. Recommendation for civil engineering design 

The used materials in this research are laminate pultruded CFRP (which is commonly used to 
externally reinforce structures) and M-CFRP (which is commonly used to strengthening structure in 
shear, flexural and confined performance). Therefore, the experimental data can be exploited in 
structure profiles such as concrete structures (beams, slabs,...) and steel structures (beams,..) that are 
reinforced with CFRP. From an application standpoint, we would like to impress that in the fire 
engineering domain, there is little guideline for designing, evaluating the fire performance of general 
structures (beams, slabs, columns) due to dispersed experimental data, especially on material, 
reinforcement method as well as testing protocol. From the above mentioned conclusions, the author 
proposes following recommendations for civil engineering design: 

1. It is necessary to evaluate the fire performance of CFRP and CFRP reinforced structures 
based on thermo-mechanical behaviour. The properties obtained from closer-to-fire condition 
increase the reliability in fire design for civil engineering structure. 

2. The residual behaviour of CFRP and CFRP reinforced structures can be applied in fire 
concerns: evaluating the residual performance of CFRP and CFRP reinforced structure at 
post-fire situation, for repairing / strengthening / retrofitting or even destructing decision if 
needed. 

3. The experimental residual behaviour of CFRP and CFRP reinforced structures can be applied 
for fire-performance in design stage if the correlation between two conditions for each 
material is taken into account. 

4. The proposed analytical model is able to predict the reduction of ultimate strength of two 
studied CFRPs at elevated temperature condition for fire design application. The model can 
be applied for other type of CFRP in the literature with limited experimental data under 
thermo-mechanical condition. 

5. The analytical models proposed in the literature can be better applied to predict the reduction 
of Young’s modulus of two studied CFRPs at elevated temperature condition for fire design 
application. 

6. For the use of CFRP and FRP in reinforcing concrete structures, it is better to use near-surface 
mounted method for better fire performance of structures. The geometry of reinforcement 
method may vary due to the availability of structure dimension with the efficiency can be 
confirmed with numerical verification. 

7. For the use of CFRP and FRP in general, conducting thermal curing can improve the 
mechanical performance of reinforced structure under ambient temperature situation. 

8. The use of Duralco 4703 epoxy can improve the thermo-mechanical performance of CFRP 
reinforced structures under elevated temperature rise that is close to fire case, respecting the 
appropriate mechanical load during the elevated temperature rise. 

9. For further extending the service duration of CFRP reinforced structures to meet the fire-
design regulations, it is better to use the insulation material to protect structure with the 
consideration on the mechanical status of structures. 

5.4. Research perspectives 
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The study has experimentally characterized the performance of CFRP and small concrete structure 
reinforced with CFRP under three conditions that simultaneously combine temperature and 
mechanical loads. 

Based on these results on CFRP material, further comparative and analytic study can be conducted for 
synthesizing and generalizing the performance of FRP and CFRP in particular for different 
applications concerning fire case. 

The new proposed analytical model is based on three-degree polynomial function, which is different 
from sigmoid function proposed in the literature. The new proposed model is better suit with thermo-
mechanical ultimate strength of two studied CFRPs while previous models are more suitable to 
thermo-mechanical Young’s modulus. Therefore, it is also necessary to clarify the suitability of the 
new proposed analytical model and others proposed in the literature for predicting the reduction of 
material properties under elevated temperature condition. 

Based on the experimental results on CFRP reinforced concrete specimens, further studies can focus 
on: 

1. Influence of thermal effect on performance of CFRP or FRP reinforced concrete structures at 
ambient temperature condition. This can result in the standard treatment procedure improving 
the mechanical performance of CFRP reinforced concrete structures. 

2. The residual test on CFRP reinforced concrete structure is obtained from cooled specimen 
after exposing to constant temperature condition, which is not the same as fire-temperature 
condition. To be applied to estimate the residual performance of CFRP reinforced concrete 
structures at post-fire situation, it is also necessary to study the residual performance of the 
near surface mounted CFRP reinforced concrete under mechanical load after exposing to 
standard-fire history within different durations. 

3. Because the experimental tests were conducted with a small scale structure, further 
confirmations on full scale structure should be studied with comparative analysis. Base on 
that result, the experiment on small scale, which is easier and cheaper to conduct, can be 
applied for full scale situation. 

Base on numerical results, further developments can be considered: 

1. Influence of thermal effect on performance of CFRP or FRP reinforced concrete structures at 
ambient temperature condition. 

2. The concrete model at different temperature conditions should be considered in the continue 
research for better suiting the different working situations of concrete such as shear and 
flexural strengthening case.  
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