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ABSTRACT 

The use of carbon fiber sheets for the rehabilitation or reinforced concrete structures is 
a novel alternative that has been attracting great interest from the scientific and technical 
community, which justifies the present study. The proposed research aims to investigate the 
sanity of carbon-fiber reinforced elements when submitted to high temperatures, contributing 
to evaluate the risk of integrity loss during a fire, which constitutes one of the main concerns 
raised about this new technique. This results from the fact that the adherence of the carbon-
fiber sheets in the concrete is accomplished by means of an epoxy adhesive, substance highly 
vulnerable to the effect of heat. In this work the heat degradation of these composite 
materials, measured in terms of the loss of flexural resistance of reinforced beams, is 
evaluated for temperatures varying from 80 °C to 240 °C and times of exposure varying from 
30 to 120 min. Passive protections with cement mortar and gypsum plaster were also tested, 
aiming at reducing the degradation of the epoxy polymer. Specimens exposed to various 
combinations of these variables were tested and the results have shown that the epoxy 
adhesive presents an increasing tendency to volatilization with temperature, a phenomenon 
that can seriously affect the efficiency of the repair technique. However, the use of passive 
protection in the form of incombustible and thermo-insulating revetments has been able to 
retard the degradation process. The definition of an adequate technique for applying this kind 
of reinforcement is vital to avoid the collapse of structural elements during a fire. It is 
important to highlight that, in major conflagrations, the protection will not be able to prevent 
the heat from reaching the element. It might, at least, slow down degradation for a period of 
time sufficient to allow the evacuation of the occupants and the onset of firefighting 
operations. 
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1. INTRODUCTION 

Concrete is a very popular construction material. One of the main reasons for this 
preference emanates from the fact that, when it was first developed, this material was 
considered to have very good durability. However, during the last 20 years, many examples 
have demonstrated that concrete structures do not last indefinitely, as initially expected.  

Unfortunately, many concrete structures have shown serious and, frequently, 
unexpected problems from an early age [Triantafillou, 1997; Souza et al, 1998]. This was the 
result of a combination of lack of knowledge about material performance and of its relation to 
environmental conditions. Also, some structures were just not built with the required attention 
to detail during planning and construction. The case was aggravated because regular 
maintenance is not a common practice in many places.  

Today the construction industry recognizes that, if concrete structures are to perform 
adequately, during a reasonable period, it is necessary to ensure that they are properly planned 
and executed and well maintained. Moreover, it is necessary to understand deeply the nature 
of construction materials to be able to recognize possible durability problems and develop 
adequate solutions. 

This panorama justifies the increasing attention given to studies about how to make a 
proper diagnosis of structural condition; how to understand, identify and model durability 
problems; and, how to treat them. These concepts are the kernel of what has become known 
as the disciplines of Construction Pathology and Therapy. They focus, respectively, in the 
genesis and evolution of problems and in the maintenance, repair and reinforcement 
techniques. 

While it is clearly important to have good techniques for all levels of intervention, the 
development of adequate reinforcement techniques is vital because they are usually employed 
when the structure is in a dangerous condition or its usefulness is at risk. Many situations may 
arise when reinforcement is the only viable solution. These may include design or 
construction errors, refurbishments or changes of use that imply a need for a higher load 
capacity, accidents that compromise structural integrity, deterioration due to an aggressive 
environment and changes in the structural lay-out due to technical or aesthetical reasons.  

The present paper describes a research work carried out to analyze certain parameters 
related to the performance of concrete structures reinforced using carbon fiber sheets 
embedded on an epoxy matrix, forming a composite. The work was focused on the exposure 
to high temperature and its effect on the integrity of the composite. The importance of this 
theme is evident when it is considered that this is the single most important problem that 
compromises the performance of this promising technique [Meier, 1997; Abdalla et al, 1997; 
Crea et al, 1997, Blontrock et al, 2000]. The paper will briefly discuss the nature of 
reinforcement techniques, explain how fiber composites are being used to fulfill this need and 
present the experimental program carried out to collect data about the vulnerability to fire and 
the usefulness of passive protection. 

 

2. REINFORCEMENT TECHNIQUES: INNOVATION AND THE NEED FOR 
RESEARCH 

The choice of reinforcement technique depends primarily on the problem that is being 
dealt with. Durability problems normally present external symptoms that allow them to be 
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recognized and their origin to be identified. This anamnesis, coupled with the analysis of the 
functional characteristics of the structure, should provide enough information to make the 
decision about which technique is best suited for the occasion. 

Sometimes the problems diagnosed have just aesthetic importance. Many times, 
however, they result in a significant reduction of the structure’s load bearing capacity.  In the 
worst-case scenario, a major failure can occur, causing a partial or total collapse of the 
element/structure [Cánovas, 1988]. The need to prevent such occurrences is the impulse for 
much research being carried out on reinforcement materials and practices. It is necessary to 
develop adequate means for reinforcing problematic structures, re-establishing safety levels 
and ensuring functionality throughout a combination of repair and reinforcement operations. 

A major drawback is that many solutions are not well employed. Besides, some of the 
most innovative solutions, still poorly developed, are sometimes erroneously applied, causing 
the rehabilitation of the structure to be unsuccessful. Because of this risk, frequently the 
easiest way of demolition is chosen, to avoid the doubts about the efficiency of rehabilitation 
techniques. 

The adoption of such cautious strategy is unjustified in face of the wealth of 
knowledge produced over the previous decades. Good rehabilitation techniques are certainly 
available, but a rigorous examination of the utility and weaknesses of each one of them must 
be performed, in order to identify limits and prevent inadequate use.  

This has become increasingly important in the last few years, since a great quantity of 
new materials have been introduced in the construction industry and many of them have been 
fast-tracked to widespread utilization before a proper examination has been made of their 
performance in every aspect. 

It is understandable that the increasing competitiveness, the developments in the 
chemical industry and the drive for innovation of the nineties pushed the industry towards this 
situation. The demand for innovation fostered the development of new materials and the 
evolution of others [Beber, 1999], many of them very promising. However, for the sake of 
safety and responding to the demands of quality, it is the duty of researchers to help bridge the 
gap and examine, as soon as possible, the performance of these new materials, working to 
detect and surpass their weaknesses. It is necessary to explore and understand their 
constitution and properties, and to test their behavior in face of most varying conditions. 

One of the most promising reinforcement techniques that emerged in the nineties was 
the use of composites made of carbon fiber embedded in an epoxy adhesive matrix. The so-
called CFRP (carbon fiber reinforced polymers) offer a great potential for use in rehabilitation 
techniques, as discussed below. 

 

3. PRINCIPLES OF THE REINFORCEMENT TECHNIQUE USING CFRP 

Carbon fiber composites are a family of materials that have been widely used as high 
performance solutions, with great success, in a large number of industries, with application in 
car manufacturing, aeronautic, naval, and aero spatial. In the construction industry they made 
their debut more recently. They were first used in a large scale, after the Kobe earthquake, in 
1995, embedded in an epoxy matrix forming a laminate that could be applied as a 
reinforcement on damaged columns. They offered a great deal of interesting qualities: very 
high-tension strength, low specific weight and good durability. They were also easy to handle 
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and apply and did not take much space. They were also almost immune to the critical problem 
of corrosion that plagued the reinforced techniques using bonded steel plates.   

The technology spread through a combined effort of governmental bodies and industry 
in Japan, and soon has attracted worldwide attention. The first applications of CFRP were 
designed having in mind attaining an increase in tensile strength of the reinforced elements, 
which would allow them to resist greater bending moments. They were also investigated as 
constraints in confined columns. While strength is the prime goal, the increases in ductility 
and, to a lesser scale, in stiffness, are also interesting results that can be obtained with the 
incorporation of the composite. In some cases, the pursuit of these latter might even become 
the main reason for the rehabilitation schemes.  

The most common commercial format of the fiber is the pre- impregnated (pre-preg) 
sheets. These are composed by carbon fiber strands oriented in a single direction and 
consolidated by a small quantity of epoxy adhesive. A support paper layer is used to allow 
better handling. The final width of the sheet is around 0.1 mm. 

The composite is created by applying the pre-preg sheet over a layer of epoxy 
adhesive previously deposited on the concrete. The sheet is then applied almost like wallpaper 
and pressed against the concrete to allow the epoxy adhesive to flow around the individual 
fiber strands. A new layer of adhesive is spread over the surface to envelop the fibers, 
protecting them. When the adhesive hardens a monolithic elements is formed with the carbon 
fiber forming a skeleton for the epoxy matrix. A low viscosity primer can be applied to the 
concrete to help provide better adherence. The flexibility of the sheet makes the reinforcement 
of curved surfaces a possibility. 

The epoxy adhesive used in the system should have adequate strength and hardness to 
allow the transfer of efforts between the concrete and the reinforcement. It should also have 
enough elasticity to prevent a fragile rupture on the interface.   

 

4. THE RESEARCH PROBLEM 

An important aspect to consider during the selection of a rehabilitation scheme for a 
particular structure is the choice of an adequate technique, together with the definition of the 
materials to be used, in order to achieve good results and prevent the onset of other 
pathological problems. 

In the case of CFRP, despite the various advantages discussed in the previous section, 
there are still doubts about the performance of the composite in certain situations. The most 
dangerous one, which might compromise the sanity of the reinforcement, is the exposure to 
high temperature. The epoxy matrix used to envelop the fibers is very sensitive to heat, which 
can cause the liberation of oxygen and the break-up of the polymer chain. This phenomenon 
starts to happen at a temperature of around 80oC for the most commonly used adhesives 
[Campagnolo et al, 1989]. 

This makes the reinforcement layer susceptible to great damages during fires. A small 
domestic fire can reach 250oC, while a common blaze can easily produce temperatures of 
around 800oC. In major conflagrations the temperature can even top 1100oC. At this level, the 
heat affects most materials, provoking the spontaneous combustion of some of them and 
affecting the resistance of others [Bayon, 1978]. 
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Experiments carried out by Campagno lo et al [1989], during a qualification of epoxy 
adhesives for use with bonded steel plates, have shown that complete degradation of some 
adhesives can occur when fires reach temperatures of around 300oC but that other 
formulations can still present some residual strength at this temperature level. 

It is important therefore to verify how the adhesive used in the creation of the 
composite is affected by temperature and determine what is the threshold where the 
volatilization of the resin is complete and the sanity of the material is compromised. The 
determination of these characteristics was one of the main objectives of the research 
undertaken. 

Analyzing the data already available, it can be surmised that CFRP reinforcement 
would have to be protected if it is supposed to withstand fires during a period of time 
sufficient to comply with current standards. The use of special protections can be an 
alternative to attend these requirements but they need to be studied and their performance 
measured.  

Active measures, including the installation of fire combat systems like sprinklers, 
depend on the design of the whole structure. Passive protections are generally based on the 
use of non-flammable materials as coatings or shields. The specific protection mechanism 
depends on the material used but all of them are supposed to contribute to slow the effects of 
heat on the structure and to maintain the integrity of these elements for a longer period of 
time. The fire resistance of a certain element can be significantly improved if a well-designed 
passive protection is in place [Blontrock et al, 2000]. This might save the structure from 
collapse or at least allow enough time for the evacuation of users and the arrival of fire 
combat units  

Given the importance of this topic, the research was also designed to collect data about 
the performance of passive protections using cement or gypsum mortars, since these are 
materials already widely used in the industry. 

 

5. RESEARCH METHOD 

The experiments carried out consisted in testing 224 mini-beams with 40x40x160 mm. 
These concrete elements were reinforced with a single layer of carbon fiber composite. Table 
1 shows the properties of the carbon fiber sheets and table 2 shows the properties of the epoxy 
adhesive. 

Table 1. Mechanical properties of carbon fiber sheets. 

Elasticity (Young´s) Modulus 230.000 Mpa 
Tensile Strength 3.400 Mpa 

 

Table 2. Properties of epoxy adhesive. 

Type of Adhesive Composition 

EPOTHERM L700S liquid BPA epoxy resin plus a modified 
aliphatic polyamine  hardener 
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The composite was positioned on the inferior face, with the fiber oriented according to 
the main dimension of the specimen, as can be seen in figure 1. Some of the beams were then 
protected with gypsum plaster (molded with a water:binder relationship of 0.5) or with a 
pozzolanic cement mortar (molded with a proportion cement:lime:sand of 1:2:9), as shown in 
figure 2. The width of these protection layers was fixed in 15 mm. Some beams were left 
unprotected to serve as comparison. 

Non-reinforced beams were used as control specimens, and some of these were also 
protected with the mortars. Due to unavailability of a fire chamber, the alternative was to 
expose the models to high temperatures inside a high capacity computer-controlled oven, as 
can be seen in figure 3. In the absence of flames, the parameter used in this case was the 
amount of heat that the element was exposed to. An advantage of the choice of ovens as 
exposure chambers was the fact that this kind of equipment allows the definition of more 
controlled heating curves and more stable maximum temperature plateaus. The maximum 
temperature of the oven is 1050°C and the heating rate was set at 8°C/min.  

 

Figure 1. Mini-beams reinforced with carbon fiber composite.  

 

Figure 2. Mini-beams with protection layer of gypsum plaster and cement mortar. 

 

Gesso Argamassa 
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Figure 3. Detail of the Oven used on the research. 

It is important to highlight the fact that the development of a real fire is very difficult 
to predict and model, since the number of variables involved is very great and their behavior 
is not easily determined. The simulation of the effects of a real fire in structural elements 
through the use of high capacity ovens was therefore considered as a reasonable strategy for 
research purposes.  

In the generation of the experimental program, four experimental variables were 
defined as important: level of reinforcement, temperature, exposure time and type of 
protection layer. For each one, the levels indicated in Table 3 were adopted. The test matrix 
was created by combining these variables on their various levels. The objective was to 
determine how different temperatures would affect the composite and check if the exposure 
time would have a significant influence on the deterioration. Data on the efficiency of 
different types of passive protection was also to be collected. 

  
Table 3. Experimental Matrix. 

  Non Reinforced Reinforced 
[single layer of CFRP] 

Temperature 
[oC] 

Exposure Time 
[min] 

No 
Protection 

Cement 
Mortar 

Gypsum 
Plaster 

No 
Protection 

Cement 
Mortar 

Gypsum 
Plaster 

23 0 4 4 4 4 4 4 
30 4 4 4 4 4 4 
60 4 4 4 4 4 4 

 
80 

120 4 4 4 4 4 4 
30 4 4 4 4 4 4 
60 4 4 4 4 4 4 

 
160 

120 4 4 4 4 4 4 
30 4 4 4 4 4 4 
60 4 4 4 4 4 4 

 
240 

120 4 4 4 4 4 4 
 

To define the temperature levels, the results of a previous experiment, which had 
shown that the adhesive would be totally deteriorated at a temperature of 410oC, were used. 
Figure 4 shows the aspect of the specimens tested in this previous experiment. Due to these 
results, temperatures were limited to 240oC. Further studies at higher temperatures are 
currently being carried out. 
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Figure 4. Specimens exposed to high temperatures (LIMA, 2001). 

For both the control specimens and the exposed ones, the performance was controlled 
by means of 3-point bending tests, performed on the beams using a computerized universal 
loading machine from Shimadzu, as can be seen in figure 5. The test was carried out 
according to the Brazilian standard NBR 12142 (ABNT, 1991). The maximum load was used 
as the control parameter.  

 

Figure 5. Computerized universal loading machine. 

6. RESULTS 

The evaluation of the results obtained in this research was made in two phases. In the 
first phase, an exploratory statistical analysis using the Statística software was performed, 
which pointed out the more significant trends of the test data. In the second phase, a model for 
the behavior of the specimens was built using multiple regression analysis (MRA). The 
variables tested in the model were those that the first phase had shown to be more influent. 
Later, a discussion of the results of both phases was undertaken.  

The results obtained in the first phase ascertain the efficacy of the CFRP composite as 
reinforcement. The load bearing capacity of the mini beams was increased by an average of 
138% with the application of the composite. It was also demonstrated that the reinforcement 
procedure is quite simple. On the other hand, it becomes evident from the study that the 
structural safety of unprotected reinforced elements using CFRP might be in risk when they 
are exposed to fires. The tests indicated that the performance loss of the composite grows with 
temperature, mainly due to the volatilization of the epoxy resin. A gradual decrease on the 
maximum load supported in bending was observed, compared with the control specimens. A 

T = 23°C 

T = 180°C 

T = 410°C 
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sharp drop of 17% was noticed on the 80oC threshold. The specimens exposed at 240oC 
showed an average reduction of 33%, as shown in figure 6. Regarding the passive protection, 
it was verified that its presence could hold back the heat degradation. Both mortars have 
shown similar performance, with a small advantage towards the gypsum one, as shown in 
figure 7.  

 

 

 

 

 

 

 

 Figure 6. Variation of load with temperature.       Figure 7. Effects of temperature and type of 
                                                                                                              protection. 

Figure 8 shows the appearance of specimens with and without protection after exposure to 
240oC during 120 min. The specimen that was covered with gypsum mortar seems to be more 
intact, followed by the one protected with cement mortar. The unprotected beam presents a 
very blackened surface, with the deterioration of the adhesive. 

 

 

 

 

 

Figure 8. View of three model beams after exposure (120 min at 240oC). 

After the exploratory statistical analysis of the first phase was concluded, the authors 
begun to construct a model of the theoretical behavior of the specimens based on the data 
available and using multiple regression analysis. The best mathematical model obtained is 
shown below and includes the variables level of reinforcement, exposure time and 
temperature.  

The generic configuration adopted for the models was: 

C = [bo + (b1. RL) + (b2 / Tn) + (b3. ET) + (b4. RL / T)] 

where, 

T = 240°C 
 t = 120 min 
No Coating 

T = 240°C 
 t = 120 min 
Cement mortar 

T = 240°C 
 t = 120 min 
Gypsum Plaster 

EFFECT: TEMPERATURE

TEMPERATURE [°C]

LO
A

D
 [

kN
]

  2.00

  2.50

  3.00

  3.50

  4.00

  4.50

  5.00

  5.50

  6.00

23 80 160 240

 EFFECT: TEMPERATURE X PASSIVE 
PROTECTION  

PASSIVE  PROTECTION 

D 

  2 .50 
  3 .00 
  3 .50 
  4 .00 
  4 .50 
  5 .00 
  5 .50 
  6 .00 
  6 .50 

NO COATING CEMENT MORTAR GYPSUM PLASTER
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C is the load capacity in the bending test, expressed in MPa; 
RL, 1 / Tn, ET, RL / T are the test parameters, which act as independent variables, and 
b0, b1, b2, b3, b4 are linear coefficients 

 

The test parameters were defined as follows:  

RL  = Reinforcement Level – the presence of the reinforcement causes an increase 
in the load capacity that can be modeled as a linear influence for the data collected; 

1 / Tn  = 1/(Temperature)n – the temperature parameter, which represents the 
maximum temperature of exposure, has a reverse influence on the load capacity (i.e., load 
capacity decreases with the increase of temperature). The effect is non-linear and therefore the 
variable was considered in the form above, elevated to a number n that was calculated from 
the data; 

ET  = Exposure Time – the exposure time variable can be considered to maintain a 
linear relationship with the load capacity. Moreover, it suggests that the load capacity 
increases with time. This was an unexpected effect that was attributed to a late hydration of 
the concrete. More research is being carried out to clarify this behavior. It is important to 
notice, nonetheless, that this effect is very small; 

RL / T  = (Reinforcement level / Temperature)  – the ratio between the variables level 
of reinforcement and temperature is significant and must also be considered. It suggests that 
reinforced specimens are more sensitive to temperature that non-reinforced ones. The level of 
reinforcement is taken and directly related to the load capacity while the temperature is 
inversely related to the specimen resistance. 

The final model obtained for the data collected in this research, was:  

( ) ( )[ ] ( ) ( )[ ]{ }T/RL*10,26ET*0023,0104,0eT/50,4RL*63,313,0Load ++++−=
  

The coefficients of the equation above are in agreement with the expected behavior for 
the presence of the reinforcement. They also confirm the hypothesis considered during the 
formulation of the model regarding the negative effect of the temperature on the breaking 
load. The signals of the coefficients are in accordance with common sense. The coefficient of 
the variable reinforcement level is the biggest, indicating that this is the most influent factor. 
Meanwhile, the coefficient of the variable time of exposure points out that this is the least 
important factor. 

The relationship between load capacity and temperature is shown in figure 9, where 
the real data and the data produced using the model above are plotted. Examining the graph it 
can be seen that both curves are very close, indicating the good adherence of the model to the 
empiric data. 



Número 17, 2003 Engenharia Civil • UM  79 

4.0

4.5

5.0

5.5

6.0

0 50 100 150 200 250
Temperature [°C]

Lo
ad

 [k
N

]

Theoretical Real

 
Figure 9. Plotting of empirical and modeled data. 

It can be concluded therefore that the model is accurate. This is further demonstrated 
by the fact that the regression presented an R-value of 0,9591. It is important to point out 
however that this model was not validated using other sets of data and therefore must be used 
with caution. In principle, the model is just able to explain the trends of the sample tested. 
However, while the values can change from sample to sample, the general behavior of the 
degradation phenomenon expressed in the graph could be considered as generic. 

Parallel to the main tests, a thermo-gravimetric analysis was also carried out to verify 
the weight loss of the hardened adhesive with heating. A small layer of adhesive was 
submitted to a rapid heating while its weight was monitored. The resulting data, shown in 
figure 10, indicates that the adhesive starts to deteriorate around 100oC and that the major 
damage is provoked in the 230oC - 495oC interval, where the deterioration speed is 
maximized. This interval corresponds to the temperature of breaking-up of the carbonic chain 
of the polymer. These results comply with the observations from the main experiments. 

Figure 10. Thermo-gravimetric analysis of the epoxy adhesive. 

To supplement this data, a microscopic analysis of the composite, after exposure to 
high temperature, was also undertaken, using a backscattered electron microscope. It was 
observed that with the increase on temperature the epoxy matrix begun to loose integrity, as 
shown in figure 11. The analysis has shown that the unprotected adhesive is totally destroyed 
if the temperature reaches 400 oC, while the fiber is not affected, as indicated in figure 12.  
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Figure 11. View of the epoxy matrix after exposure. 

 

 

 

 

 

Figure 12. View of the carbon fiber after exposure. 

 

7. CONCLUSIONS 

Analyzing the data obtained in this research it is possible to define the temperature 
threshold for the deterioration of the composite. The tests carried out made clear that 
protection is necessary if the reinforcement is expected to fulfill demands posed by standards 
related to fire resistance. Passive protection has shown promise, even if traditional mortars are 
used. Further research is necessary to determine the performance of protections at higher 
temperatures and to provide data to develop adequate criteria for designing the protection 
system. Other types of protection, like special paints and active systems, should also be 
investigated. This information is seen as vital if the promising techno logy of CFRP 
reinforcement is meant to present an adequate performance during its projected lifetime, 
guaranteeing the safety and comfort of users. 
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