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Glass Fibre Reinforced Polymer (GFRP) 

Reinforced Concrete Slabs with Low  

Cover in Fire 
 

HAMZEH HAJILOO1, MARK F. GREEN1,  
NOUREDDINE BÉNICHOU1 and MOHAMED SULTAN2 

 
 

SUMMARY 

One of the main safety requirements in the design of buildings is ensuring safe and 

appropriate fire endurance of the structures. To fill the knowledge gap on the fire 

resistance of fibre reinforced polymer (FRP) reinforced concrete members, 

comprehensive experimental and analytical studies are underway at Queen’s 

University with collaboration from industry and the National Research Council of 

Canada (NRC). As a part of the program, two full-scale glass FRP (GFRP) reinforced 

concrete slabs were tested under exposure to the ASTM-E119 standard fire. The slabs 

were identical except that they were reinforced with different types of GFRP and 

tested to examine the adequacy of 40 mm of clear concrete cover. Currently, CSA-

S806 allows a simplified method to design concrete slabs with FRP reinforcement and 

this results in a requirement for clear concrete cover of approximately 60 mm to 

achieve a 2 hour fire resistance rating. The test results showed that the slabs endured 

beyond 3 hours of fire exposure while resisting a high level of sustained load that was 

higher than the expected service load. 

INTRODUCTION 

It is generally supposed that concrete elements with FRP reinforcing bars have 

lower fire resistance than equivalent conventionally reinforced concrete with steel. In 

fact, until last year, the ACI Guide for the Design and Construction of Concrete 

Reinforced with FRP Bars [1] did not recommend FRP reinforcement  for structures in 

which fire resistance was vital to maintain structural integrity. Design of FRP 

reinforced concrete members to resist fire incidents has been challenging since the 

available standards such as CSA-S806 [2] propose thicker concrete cover than the 

required cover for steel reinforced elements. Given the higher short-term construction 

cost of FRP reinforced structures than for steel reinforced ones, thicker concrete cover 

to ensure fire resistance, which leads to inefficient material use in FRP reinforced 

 _______________________ 

1NRC-construction, National Research Council Canada, Ottawa, ON, Canada 
2Civil Engineering, Queen’s University, 58 University Avenue, Kingston ON Canada  
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construction, has limited applications of FRP reinforcement in structures where fire is 

a concern. This uncertainty excludes FRP reinforcement from many applications such 

as parking garages where FRP reinforcement can ensure durability of the structures. 

FRP reinforcement is a competitive replacement for steel in bridge construction; 

however, recent fire incidents have also created needs to consider fire in bridge design.  

The authors, in collaboration with industry partners, have launched an extensive 

research program on the evaluation of FRP material behaviour at elevated 

temperatures and FRP reinforced concrete flexural elements to address these issues. 

As a part of this project, two full-scale slabs were tested in the floor furnace at the 

National Research Council (NRC) facilities. The slabs were designed and fabricated to 

represent common FRP reinforced concrete slabs such as those found in a typical 

parking garage but with only 40 mm of clear concrete cover.  

EXPERIMENTAL PROGRAM 

The intent of this experiment was to achieve two hours of fire endurance with 

40 mm cover for simply supported unrestrained slabs under standard fire exposure. 

The slabs were heavily instrumented to collect the thermal field data in exposed and 

unexposed areas of slabs. Strain gauges were installed on the longitudinal reinforcing 

bars to measure strain before fire test and during the early stages of the fire test.  

Two concrete slab specimens were fabricated for this experimental test; each was 

reinforced with reinforcing bars from a different manufacturer, which are designated 

as Slab-A and Slab-B hereafter. The slabs were conservatively tested without end 

restraints and were free to rotate and expand. Table I provides the details of the 

specimens. 

The slabs were 3900 mm long, 1200 mm wide, and 200 mm thick which is typical 

for slabs in parking garages. The clear concrete cover to the bottom of longitudinal 

reinforcing bars was 40 mm. The centre-to-centre clear spacing of the bottom and top 

longitudinal reinforcement was 150 and 220 mm, respectively. The transverse 

reinforcing bars were placed in 200 mm intervals at the bottom and top meshes to 

control shrinkage and thermal cracks. Concrete with carbonate aggregate was used in 

the fabrication of slabs with the average 28 day compressive strength of fc
'
 = 34 MPa.  

The GFRP reinforcing bars for the slabs had a nominal diameter of 16 mm. 

Rebar-A had sand coating on the surface which was applied on the hardened 

reinforcing bar following the pultrusion process. Rebar-B had a helical braid of fibres 

was in addition to a sand coating. This braid created surface deformations to enhance 

bond. Properties of the GFRP reinforcing bars are given in Table II. 

 

 

Table I. FABRICATION DETAILS FOR THE SLABS. 

Slab ID 
Thickness 

(mm) 
Cover (mm) Reinforcement Aggregate 

fc
'
 

(MPa) 

Slab-A 200 40 Rebar-A Carbonate 34 

Slab-B 200 40 Rebar-B Carbonate 34 
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Table II. MANUFACTURER SPECIFIED MATERIAL PROPERTIES.  

Properties                                         Units 
Rebar-A Rebar-B 

#5 #5 

Nominal Diameter (mm) 16 16 

Nominal Cross Sectional Area (mm
2
) 198 199 

Nominal Tensile Strength (MPa) 1720 1290 

Nominal Modulus of Elasticity (MPa) 64100 62600 

Glass transition temperature °C 119 114 

Test Configuration and Procedure 

The NRC’s floor furnace can accommodate two centered slabs next to each other 

with the space between them filled by ceramic insulating blankets. The uniformly 

distributed load was applied by a loading system comprised of six jacks located on 

each slab. The superimposed load was constant during the fire test until failure 

occurred. The slabs were tested under a sustained distributed load of 19.1 (kN/m) 

which resulted in a bending moment equal to approximately 45 kN.m, which 

corresponded to 45 % of the ultimate flexural capacity of the slabs based on the tested 

28 day strength of the concrete. 

In most fire experiments, the ASTM E119 [3] or the ISO-834 [4]standard fire 

curves are used to evaluate the fire resistance of reinforced concrete members 

incorporating FRPs. Both curves are suitable for fire testing of structural elements. In 

this project, the ASTM E119 standard fire curve was used, and the temperatures inside 

of furnace were monitored using nine thermocouples located as close as possible to the 

bottom surface of the specimens.  Following closely the ASTM E119 fire curve, the 

temperature increases rapidly during their early stages and stabilizes at around 1000 

°C, reaching 1050 °C after three hours.  

TEST RESULTS 

Both concrete and reinforcing materials are influenced when subjected to fire. 

Although the degradation of concrete and steel reinforcement in conventional 

reinforced concrete elements is a matter of concern, concrete is not as much of a 

concern for FRP reinforced members since the degradation of the FRP material takes 

at lower temperatures than those that negatively affect concrete.  

The thermal distribution in the slabs was recorded using 29 thermocouples placed 

in each slab. The temperatures throughout the concrete depth at midspan of Slab-B are 

shown in Figure 2. 

Thermocouple T21 was located very close to the bottom surface of the slabs and 

hence the highest temperatures were recorded by T21. The recorded temperatures in 

the first five minutes of the fire were close to the internal furnace temperatures and 

reached 135 °C in 5 minutes. A notable spike in T21 at 75 minutes was due to local 

spalling of concrete leaving the thermocouple with less cover. The second 

thermocouple, T22, located 20 mm deep into the slab, reached 135 °C in 11 minutes. 

T23, located at the level of the reinforcing bars, showed that temperature on the bars 

was 365 °C after 2 hours of fire exposure. Material tests have shown that the FRP 

reinforcing bars retain approximately 40 % of their room temperature strength at a 

temperature of 365 °C [5]. 
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Figure 1. Testing furnace and setup  

 

  

Figure 2. Temperatures within the thickness of Slab-B. 

T23 and T24 were located at 40 and 60 mm from the exposed bottom surface of 

slab, respectively. Considering that the outer diameter of the reinforcing bars was 

approximately 20 mm, the readings of T23 and T24 were representative of 

temperatures at the bottom and top surfaces of the reinforcing bars. While the 

temperature increased in the bottom of the lower reinforcement layer to 365 °C after 

two hours of exposure, thermocouple T24 (close to the top surface of the reinforcing 

bars in the bottom of the slab) showed only 240 °C demonstrating a thermal gradient 

of approximately 125 °C across the reinforcing bars. Such differences between 

temperatures on the top and bottom surfaces of the reinforcing bars were observed 

during the entire fire exposure.  

In steel reinforced structures, the bond strength variation at elevated temperature is 

quite similar to the variation in the compressive strength of the concrete [6]. However, 
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the bond of FRP reinforcement to concrete deteriorates at lower temperatures and 

when the temperature at the FRP to concrete interface reaches about 170 °C, the 

remaining bond strength is approximately 10% of the bond strength at room 

temperature for both Rebar-A and Rebar-B [7]. Thus, the most informative thermal 

data were collected from the anchor zone where eight thermocouples were aligned 

along 200 mm of the anchor zone (Figure 3). These thermocouples recorded the 

thermal gradients along the reinforcing bars in the anchor zone. These areas of interest 

were heavily instrumented since the failure of the slabs was expected to initiate by 

bond degradation between the FRP and concrete based on a previous set of fire tests 

on GFRP reinforced slabs [8]. All of the thermocouples illustrated in Figure 3 were 

installed at a depth of 40 mm into the thickness of the slab at the bottom surface of the 

reinforcing bars. The first thermocouple was placed 25 mm from the end of slabs and 

the rest of thermocouples were located every 25 mm; the last sensor (T11) was located 

on the boundary of the exposed and protected area.  

The thermal field in the anchor zone at the ends of Slab-A and Slab-B is shown in 
Figure 4. The recorded results in Figure 4 show that the temperatures remained below 

100 °C at 75 mm (T16) from the ends of Slab-A during the test; the maximum 

temperature at the same location for Slab-B was 116 °C. At these temperatures, the 

bond strength between the concrete and the FRP was approximately 30 % of the room 

temperature strength. 

 

 

 

Figure 3. Thermocouples placed in the anchor zone of each slab.    
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Figure 4. Temperature variations in the anchor zone; (a) Slab-A; (b) Slab-B. 

 

 

 

 

Figure 5. Temperature gradients along the anchor zone; (a) Slab-A; (b) Slab-B. 

 

Figure 5 shows thermal gradients in the anchor zone. Temperatures drop 

significantly from the edge of the exposed zone towards the unexposed zone, 

especially between the 200 mm and 125 mm away from the end of the slabs. The 

thermal field becomes uniform in the last 100 mm strip of the slabs.   
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Failure modes  

According to ASTM E119-15 [3], the average temperature rise of the unexposed 

surface of the slab with respect to the room temperature has to remain below 139 °C. 

In addition, passage of flame through the slab is not permitted. None of these failure 

criteria associated with thermal behaviour occurred during the fire exposure.  

Both slabs were able to carry a high level of superimposed load for more than 180 

minutes. It should be noted that the load applied on the slabs during fire exposure was 

well beyond the expected load on the slabs in a real fire incident. Since serviceability 

governed the design of the slabs, the corresponding expected service moment was 

23.4 kN.m. Despite this, the slabs endured more than three hours of fire exposure 

under a higher sustained moment of 45 kN.m that corresponded to 45 % of the 

ultimate flexural capacity of the slabs based on the tested 28 day strength of the 

concrete. 

The slabs were simply supported at the ends and unrestrained axially and 

rotationally before load application and during fire exposure. Figure 6 shows the time–

deflection behaviour of the slabs after the start of the fire. Uneven thermal fields in the 

lower and top layers of concrete caused the slabs to bow downward. The deflection 

shown in Figure 6 consisted of the heat-induced bowing deflections and deflections 

due to the fact that the concrete and FRP reinforcing bars were degrading as a result of 

elevated temperatures during fire exposure. The changes in temperatures at the lower 

layers of concrete too place quickly. As shown in Figure 6, thus, there was a rapid 

deformation in first 20 minutes of the onset of fire. Then, the time-deflection curve 

reached an almost stable region. After 60 minutes, the temperatures at the bottom of 

the reinforcing bars reached 180 °C, and as mentioned earlier from the material tests 

[7], the remaining bond strength of the reinforcing bars in the centre of the slabs was 

small. However, the relatively short embedment of the reinforcing bars into the anchor 

zone still provided sufficient bond strength between the reinforcing bars and concrete. 

In other words, the slabs were anchored from both ends acting like a tied arch. This 

change in structural behaviour from a bonded to an unbonded system caused rapid 

increase in the deflection.  

After two hours, the slabs deformed at a relatively higher rate, especially Slab-B. 

Right after three hours (at 188 minutes), Slab-B failed due to excessive deflection, and 

the test was stopped to prevent it from falling into the furnace. Figure 7 shows the 

excessive residual deflection of Slab-B after the fire test. 
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Figure 6. Deflection vs time; (a) Slab-A and (b) Slab-B.  

 

Figure 7. Excessive deflection of Slab-B. 

CONCLUSIONS  

By virtue of the results of these fire tests, another step was taken towards 

constructing FRP reinforced concrete structures with more certainty by demonstrating 

safe applications of FRP reinforcing bars with relatively low concrete cover. The tests 

investigated the fire safety of the very efficient practice of GFRP reinforcement in 

flexural elements with only 40 mm of clear concrete cover. The results proved that 

FRP flexural elements can endure more than three hours and that 200 mm embedment 

of the bars into the support is sufficient to prevent early failure due to bond loss.   
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ABSTRACT 

 

This paper highlights some preliminary results of a computational study 

investigating the effect of thermal creep of structural steel on the behavior of steel 

beam-column connections subjected to elevated temperatures due to fire. Through a 

series of finite element simulations that were partly verified against experimental 

data, a practical methodology was developed to investigate the time-dependent 

nature of the behavior of flush endplate beam-column connections at elevated 

temperatures. In this methodology, time effects on the strength and rotational 

capacity of flush endplate connections are explicitly presented in the form of 

isochronous force-rotation curves. The isochronous representation provides a 

possible framework for including creep effects in predicting the response of 

structural steel connections to fire. 

 

 

INTRODUCTION 

 

Flush endplate connections are one of the extensively used moment-resistant 

connections in steel buildings and steel portal frames due to economy and ease of 

construction. During a fire event, different components of the flush endplate 

connections can undergo significant loss of strength and stiffness. Large axial 

forces are also developed in these connections and the connecting beams as a result 

of restraints to thermal displacements [1]. These axial forces are initially 

compressive when beams expand during the initial heating stage of a fire. With 

increasing temperatures, these axial forces can become tensile as beams begin to 

sag and catenary action develops. Additional axial tensile forces are further 

developed as deflected beams contract during the cooling stage of a fire [2, 3]. 
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Moreover, steel flush endplate connections in fire are subjected to significant 

rotation demands. These large deformation and force demands combined with loss 

of strength can potentially result in the failure of flush endplate connections during 

and after a fire [1, 2, 3, 4]. 

There have been a number of attempts in the past to investigate the combined 

effects of shear and axial forces on the strength and rotational capacity of flush 

endplate connections subjected to fire [1, 2, 3, 4]. In these studies, both isolated 

connections under steady-state temperature conditions and connection sub-

assemblies under transient-state temperature conditions were examined. A major 

observation from these studies was that the strength, rotational capacity, and failure 

modes of the flush endplate connections were significantly affected by temperature-

dependent behavior of their components, mainly the endplate and the bolts [1, 2, 3, 

4]. It is clear from these past observations that good understanding of mechanical 

properties of steel plates and bolts at elevated temperatures is crucial in accurately 

predicting the response of the flush endplate connections to fire. 

The stress-strain behavior of structural steel at elevated temperatures has been 

shown to be highly time dependent for some ranges of stresses and temperatures 

expected during a building fire [5, 6]. Nonetheless, research on the effect of creep 

on the behavior of steel connections is quite meager [7]. 

In an effort to address this shortcoming, this paper proposes a methodology to 

characterize the time-dependent strength and deformation capacity of flush endplate 

connections when subjected to fire. It will be further shown how this methodology 

can be used in a performance-based framework to evaluate the performance of steel 

connections in fire. 

 

 

THERMAL CREEP OF STRUCTURAL STEEL 

 

Creep Phenomenon 

 

Creep is defined as the time-dependent plastic strain under constant stress and 

temperature conditions. It is often stated that steel creep occurs when temperature of 

steel exceeds one-third to half of the steel melting temperature. The creep of steel is 

a complex phenomenon that depends on steel material type, applied stress, 

temperature, time duration, and stress and temperature histories. Creep curves, 

defined as strain versus time curves, are typically divided into the three phases of 

primary, secondary, and tertiary. In the primary stage, the curve is non-linear and 

exhibits a decreasing creep strain rate. In the secondary stage, the creep strain is 

almost constant. In the tertiary stage, the creep strain rate increases with time. For 

steel, the shape of the creep curve, the magnitude of the creep strain and the time 

scale are highly dependent on both the temperature and the stress levels [5, 6]. 

 

Creep of ASTM A36 Steel at Elevated Temperatures 

 

Experimental and empirical models have been developed to predict creep strain 

of ASTM A36 steel at elevated temperatures [8, 9]. One of the widely used creep 

models in structural-fire engineering applications proposed by Fields and Fields [9] 
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incorporates a power law creep and represents creep strain, εc, in the form of a 

Norton-Bailey equation as follows: 

 

εc  =  a t
 b

 σ c                                                   (1) 

 

In this equation, t is time and σ is stress. The parameters a, b and c are temperature-

dependent material properties. Fields and Fields [9] derived equations for these 

temperature-dependent material properties for ASTM A36 steel. The model 

developed by Fields and Fields [9] is capable of predicting creep in the temperature 

range of 350 °C to 600 °C and for creep strains up to 6-percent. The creep model by 

Fields and Fields [9] was used in the studies presented in this paper on the time-

dependent response of steel flush endplate connections to fire. 

 

 

TIME-DEPENDENT BEHAVIOR OF FLUSH ENDPLATE CONNECTIONS 

IN FIRE – DEVELOPMENT OF METHODOLOGY 

 

In this section, a practical methodology developed to assess the time-dependent 

nature of the behavior of flush endplate beam-column connections in fire will be 

presented and explained. In this methodology, time effects on the strength and 

rotational capacity of flush endplate connections are explicitly presented in the form 

of isochronous force-rotation curves. 

 

Flush Endplate Connection Prototype 

 

The connection prototype selected for analysis followed the flush endplate 

connection details incorporated in the experiments conducted at University of 

Sheffield [10]. More specifically, as shown in Figure 1, the Flush endplate 

connection specimen used in the analysis consisted of a PL13×8×0.4 in. 

(PL332.4×200×10 mm) endplate, a W12×26 (UB305×165×40) beam, and a 

W10×60 (UC 254×254×89) column. Further, six grade 8.8 M20 bolts were used to 

connect the endplate to the column. Details of the connection configuration can be 

found in different publications from researchers at the University of Sheffield [1, 3, 

10]. 
 

 
 

Figure 1. Flush endplate connection configuration used in simulations in Abaqus. 

 

Important Modeling Considerations 

 

An idealized bilinear stress-strain relation with isotropic hardening was used to 

model the mechanical behavior of both structural bolts and structural steel. The 
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ambient temperature properties incorporated in connection simulations were based 

on the reported values in the experimental work at University of Sheffield [1, 3, 10]. 

Retention factors proposed by researchers from the University of Texas at Austin 

[11] and University of Sheffield [12] were used to respectively model stress-strain 

characteristics of structural steel and structural bolts at elevated temperatures. To 

account for the time-dependent behavior of structural steel at elevated temperatures, 

a power law creep model proposed by Fields and Fields [9] was included in 

mechanical properties of structural steel used to model both the beam and the 

endplate. Thermal creep of structural bolts was ignored in connection simulations. 

 

Development of Methodology 

 

To develop the methodology, two series of finite element analyses were 

performed. In the first series, steady-state temperature analyses were conducted to 

characterize the strength of flush endplate connections under combined shear and 

tension forces at elevated temperatures. At each specific temperature (450 °C, 550 

°C, and 650 °C), an inclined concentrated force (with the initial angle of 35°) was 

monotonically applied to the beam end with an angle varying throughout the 

loading step in accordance with the experimental protocol at University of Sheffield 

[10]. Figure 2 shows sample results of such analyses where experimental and finite 

element predictions of the strength of flush endplate connections are compared at 

various temperatures. As seen in Figure 2 and as shown in previous studies [1, 2, 3], 

finite element simulations are capable of predicting the experimental observations 

with reasonable accuracy. Note that due to the rapid loading protocol adopted in 

connection experiments at University of Sheffield [10], the strengths obtained in the 

first series of simulations were assumed to be time-independent and therefore 

thermal creep of steel was ignored in these simulations. 
 

 

 
 

Figure 2. Time-independent strength of flush endplate connections at ambient and elevated 

temperatures. 

In the second series, steady-state temperature creep tests were performed to 

investigate the creep response of flush endplate connections under combined shear 

and tension forces at elevated temperatures. More specifically, at each specific 
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temperature (450 °C, 550 °C, and 650 °C), an inclined force, equal to a fraction of 

the ultimate load predicted in the first series of analyses, was applied and kept 

constant throughout the test. Simulations were conducted for 240 minutes or until 

the connection failed. Representative results of creep tests at 550 °C and under 

various applied loads are depicted in Figure 3. As seen in Figure 3, connection 

rotations increased with time as a result of explicit consideration of thermal creep of 

structural steel in simulations. Further, the rate of increase in connection rotations 

was higher for larger applied loads. 

 

 

     
 

Figure 3. Effect of creep on the connection rotation at 550 °C. 

 

 

Results obtained from steady-state temperature creep tests in the form of 

rotation versus time, like those shown in Figure 3, can alternatively be presented in 

the form of isochronous force-rotation curves. Figure 4 shows a sample of 

isochronous force-rotation curves corresponding to the creep test results shown in 

Figure 3. As can be seen in Figure 4, for any specific temperature like 550 °C, 

isochronous force-rotation curves are force-rotation curves at different time. In 

other words, they represent the time-dependent force-rotation response of the 

connection at any specific temperature. As further observed in Figure 4, compared 

to a single curve from connection experiments, isochronous force-rotation curves 

provide much richer insight into the connection behavior at elevated temperatures. 

It can be seen that at a specific time, larger connection rotation can be obtained for 

larger applied load. 
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Figure 4. Isochronous force-rotation curves for the flush endplate connection in consideration  

at 550 °C. 

 

 

TIME-DEPENDENT BEHAVIOR OF FLUSH ENDPLATE CONNECTIONS 

IN FIRE – APPLICATION OF METHODOLOGY 

 

The methodology presented in the previous section to assess the time-dependent 

behavior of flush endplate connections subjected to fire temperatures can be used to 

study the behavior of flush endplate connections under more general conditions 

characteristics of the building fires such as variable temperatures. 

Steady-state temperature creep tests, as explained previously, can be performed 

on the isolated flush endplate connection model in Abaqus under a constant applied 

load at different temperatures. If the results from these connection creep tests are 

combined in such a way that rotation-temperature points relating to the same time 

are connected to each other, the isochronous rotation-temperature curves will be 

constructed. A representative of these isochronous rotation-temperature curves for a 

constant load of 76 kN is depicted in Figure 5. Isochronous rotation-temperature 

curves such as the ones shown in Figure 5 simply indicate the time-dependent 

behavior of the flush endplate connections under transient-state temperature 

conditions characteristics of structural fires. 
 

 

 
 

Figure 5. Isochronous rotation-temperature curves corresponding to the constant load of 76 kN. 
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The graphs shown in Figure 5 can further be represented in more general forms 

where the time-dependent behavior of flush endplate connections is presented under 

the conditions of variable loads and temperatures. Samples of such general 

isochronous rotation-temperature curves are shown in Figure 6. Note that 

eventhough curves in Figures 6(a) and 6(b) correspond to the ultimate loads and 

half of ultimate loads at each temperature, respectively, the actual loads are diferent 

from one temperature to the other (ultimate loads are the peak loads predicted in the 

first series of analyses where the creep effects are ignored). 
 

 

     
 

Figure 6. Isochronous rotation-temperature curves under variable loads. 

 

 

An important observation from Figures 5 and 6 is that, according to the adopted 

creep model by Fields and Fields [9], the behvior of the selected flush endplate 

connection becomes highly time dependent for temperatures above about 500 °C. 

Figure 6 further shows that creep effect on the connection response to fire becomes 

more significant at higher applied loads. 

Any time and temperature point on the isochronous rotation-temperature curves 

in Figures 5 and 6 can be related to a corresponding point on the design fire curve. 

This correspondence allows a designer to define the desirable performance levels 

for steel connections in terms of specific times or temperatures. In other words, the 

isochronous representations shown in Figures 5 and 6 can be utilized to define 

critical times and temperatures for designing connections in fire. This utilization 

can further provide a smooth transition from the current prescriptive-based 

approaches to the performance-based ones. 

 

 

CONCLUDING REMARKS 

 

Through a series of finite element simulations that were partly verified against 

experimental data, a practical methodology was developed to investigate the time-

dependent nature of the behavior of flush endplate beam-column connections at 

elevated temperatures due to fire. In this methodology, time effects on the strength 

and rotational capacity of flush endplate connections are explicitly presented in the 

form of isochronous force-rotation curves. An example was provided of how the 

isochronous representation can be used to aid in the design of steel connections in 
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fire. The accuracy of the suggested methodology can be enhanced by considering 

more reliable creep models for structural steel at elevated temperatures, by 

including the thermal creep models for structural bolts, and by considering the 

constraints to thermal expansion and resulting stress relaxations. 
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measurement at the grating location. In contrast, fully-distributed fiber optic sensors 
provide a more detailed picture of the structural thermal field. Based on Brillouin 
scatterings in optical fiber, Brillouin Optical Time Domain Analysis and Brillouin 
Optical Time Domain Reflectometry technologies have been developed to measure 
strain and temperature distributions [3]. However, their spatial resolutions were 
typically limited to half a meter or larger, which is not precise enough in many 
applications. Recently, a pulse pre-pump Brillouin Optical Time Domain Analysis 
(PPP-BODTA) technology was developed with a 2 cm spatial resolution [4]. 

In this study, distributed fiber optic sensors with PPP-BODTA [5] and extrinsic 
Fabry-Perot interferometric (EFPI) sensors [6] are employed to measure 
temperatures and strains in steel beams exposed to fire. The sensors’ accuracies and 
precisions for temperature and strain measurements are compared and evaluated.  
 
 
WORKING PRINCIPLES 
 

The working principles of the distributed fiber optic sensor and extrinsic Fabry-
Perot interferometric sensor are briefly introduced in this section. In this study, all 
fiber optic sensors were fabricated using telecommunication-grade fused silica 
single-mode fibers. The fiber cross section consisted of an 8.2 μm glass core and a 
125 μm glass cladding [7]. Typically, optical fibers are coated with protective 
polymer coatings outside of cladding to enhance the mechanical performance [8]. In 
this study, for strain measurement, the coatings were removed before the fibers 
were installed on the test specimens. However, for temperature measurement, the 
coatings could be left and burned off at about 300 °C to 400 °C [9].b 
 
Distributed Fiber Optic Sensor 
 

In this study, PPP-BOTDA based on stimulated Brillouin scatterings in optical 
fiber was employed. Stimulated Brillouin scatterings result from the interactions 
between light waves and acoustic waves in optical fiber [2]. PPP-BOTDA measures 
the Brillouin frequency shift along the optical fiber, which is related to the strain 
and temperature changes of the optical fiber. For light signals with wavelengths of 
1.3 μm to 1.6 μm in single mode fibers, the Brillouin frequency shift is about 9 GHz 
to 13 GHz. The Brillouin frequency shift increases approximately linearly with 
increasing tensile strain or temperature when the temperature is not very high (< 
400 °C). However, after the optical fiber is exposed to high temperatures, the linear 
relationships are not satisfied and must be modified [7]. 
 
Extrinsic Fabry-Perot Interferometric Sensor 
 

An EFPI sensor typically consists of two parallel reflecting surfaces, which are 
separated by a cavity, as illustrated in Figure 1. Interference occurs between the 
multiple reflections of light between the two reflecting surfaces. The reflection 
spectrum of an EFPI can be described as the wavelength dependent intensity 
modulation of the input light spectrum [6], which is mainly caused by the optical 
phase difference between two reflected light beams. Constructive interference 
occurs if the reflected beams are in phase, and this corresponds to a high-
transmission peak. If the reflected beams are out-of-phase, destructive interference 
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occurs and this corresponds to a reflection minimum. Whether the multiply 
reflected beams are in phase or not depends on the wavelength (λ) of the incident 
light (in vacuum), the angle with which the incident light travels through the 
reflecting surfaces (θ), the physical length of the cavity (L) and the refractive index 
of the material between the reflecting surfaces (n). 
 

 
Figure 1. Illustration of a typical EFPI.  

 
The phase difference between each reflected pair of the EFPI is given as: 

 

c
2

)2 os(nL
 



      (1) 

 
When perturbation is introduced to the EFPI, the phase difference is influenced 

with the variation in the optical path length difference of the interferometer. 
Applying longitudinal strain to the EFPI sensor, for instance, changes the physical 
length of the cavity, which results in phase variation. By measuring the shift of the 
wavelength spectrum, the applied strain can be quantified.  
 
 
EXPERIMENTAL PROGRAM 
 
Test Specimens and Setup 
 

Three S3×5.7 “I-shaped” steel beams were tested with a three-point bending 
setup in a compartment fire (‘flame channel’) as shown in Figure 2. Combined 
temperature and mechanical loading was applied. The three test beams were 
designated Beam #1, Beam #2, and Beam #3. Each of the beams had a 76 mm 
depth, 59 mm width, and 1420 mm length. The cross sectional area was 1077 mm2. 

A flame channel, which consisted of a burner rack, an enclosure, and a 
specimen loading system, was located under a 6 m × 6 m (plan) exhaust hood. The 
burner rack had four natural gas diffusion burners made of sheet metal, and each of 
the burners was 300 mm × 300 mm × 140 mm (length × width × height) in 
dimension. Natural gas entered a burner from the bottom, filled the burner cavity, 
and then, passed through a ceramic fiber blanket to distribute the gas. The burners 
were manually regulated by the energy content of the supplied gas, which was 
measured with an expanded uncertainty of less than 2.4 % [10]. An enclosure 
constructed of square tube steel, cold-formed steel C-profiles and gypsum board 
lined with thermal ceramic fiber enclosed the space above the burner rack. The 
enclosure was open at three faces: the bottom and the two ends in longitudinal 
direction of the beam, creating the compartment flame dynamics. The heated 
“compartment” created by the enclosure was approximately 380 mm × 400 mm × 
1830 mm (height × width × length) in dimension. Each test beam was simply 
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supported on two supports constructed of 1-1/2” Schedule 40 pipe, at a 1250 mm 
clear span. The specimen was loaded by a U-shape 1/2” Schedule 40 pipe (outer 
diameter: 21 mm) “loading yoke” at the mid-span. The supporting pipes and 
loading yoke were cooled with the exiting water temperature controlled to less than 
50 °C. Load was transferred to the loading yoke with a pulley system. 
 

 
Figure 2. Experimental setup. 

 
Instrumentation of Test Beams 
 

Each beam was instrumented with four glass-sheathed, K-type, bare-bead 
thermocouples peened into small (diameter < 2 mm) holes, which were drilled into 
the bottom and top flanges as indicated in Figure 3: TC1 and TC3 at mid-span, and 
TC2 and TC4 at quarter-span. The thermocouples had a manufacturer-specified 
temperature standard limit of error of 2.2 °C or 0.75 % (whichever value is greater) 
over a measurement range of 0 °C to 1250 °C. A calibrated load transducer by 
Omegadyn was installed on a spanning bar at the bottom of the loading yoke and 
used to measure the applied load. The linearity and repeatability of the load 
transducer were ±0.03 % and ±0.01 %, respectively. Each beam was instrumented 
with one distributed fiber optic sensor (DFO-T) to measure temperature 
distributions, three distributed fiber optic sensors (DFO-ST1, DFO-ST2, and DFO-
ST3) and three EFPI sensors (EFPI1, EFPI2, and EFPI3) to measure strains. The 
sensors EFPI1, EFPI2, and EFPI3 were closely deployed to DFO-ST1, DFO-ST2, 
and DFO-ST3, respectively. 

Data from the fuel delivery system, thermocouples, displacement sensors and a 
load transducer were measured continuously using a National Instruments data 
acquisition system (NI PXIe-1082). Thermocouple data were recorded using 24-bit 
Thermocouple Input Modules (NI PXIe-4353), and load and displacement data 
were recorded using a high-speed, 16-bit multifunction module (NI PXIe-6363). 
Data were sampled at 90 Hz with average values and standard deviations recorded 
in the output file at a rate of 1 Hz. 

A Neubrescope data acquisition system (NBX-7020) for the distributed fiber 
optic sensors was used to perform PPP-BOTDA measurements with 2 cm spatial 
resolution and accuracies of 0.75 °C and 15 με for temperature and strain, 
respectively. In this test, the spatial resolution was 2 cm, meaning that the Brillouin 
frequency shifts of two points spaced at no less than 2 cm could be distinguished. 
An optical spectrum analyzer (Yokogawa AQ6370C) was used to acquire data from 
the extrinsic Fabry-Perot interferometers with a broadband (1470 nm to 1630 nm) 
light source (Keysight 83437A). The operation wavelength ranged from 1500 nm to 
1600 nm. The sampling frequency ranged from 0.2 Hz to 1 Hz. 
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Figure 3. Instrumentation of test beams. 

 
Test Protocol 
 

Each beam was subjected to both fire and mechanical loading. Figure 4 
illustrates the fire test protocol. 
 

 
Figure 4. Test protocol. 

 
The heat release rate (HRR) was held approximately constant at five target 

levels: 25 kW, 65 kW, 120 kW, 195 kW, and 350 kW, which corresponded to beam 
temperatures at TC1 of approximately 200 °C, 400 °C, 600 °C, 850 °C, and 
1050 °C, respectively. During the test of Beam #2, the gas was turned off for about 
20 seconds before the HRR was increased to 120 kW and 195 kW, respectively, to 
allow for visual observation. When the HRR was increased to a higher level, the 
target value was overshot and then quickly regulated down to the expected value. 
At each HRR level, in addition to the self-weight, the beam was subjected to three 
levels of loads at the mid-span. For Beam #1, the three loads were approximately 68 
N, 98 N, and 126 N, and sustained for 7 minutes, 4 minutes, and 4 minutes, 
respectively. For Beams #2 and #3, the three loads were approximately 68 N, 176 N, 
and 285 N, each sustained for 6 minutes. 
 
 
EXPERIMENTAL RESULTS AND DISCUSSION 
 
Temperature Measurements 
 

At each sustained HRR level, the beam temperature gradually stabilized to a 
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temperature with some variation. To quantify the temperature variations, the mean 
values and standard deviations were calculated over 15 minutes for Beam #1, and 
18 minutes for Beams #2 and #3 when the mechanical loads were applied at each 
temperature level. The coefficient of variation for all the thermocouple readings is 
less than 4 %. Similarly, to average out the effects of temperature fluctuation, five 
measurements were made using the DFO-T at each sustained temperature level. 
Each measurement was an implicit average over a time between 15 seconds and 40 
seconds. The DFO-T readings have a maximum coefficient of variation of 4 %, 
which was similar to that of the thermocouples. The relative difference between the 
mean temperatures from the DFO-T and the thermocouple ranges from -10 % to 
8 %. To understand the statistical significance of the measurement differences, the 
average of mean temperature differences (four for Beam #1, three for Beam #2, 
four for Beam #3) was calculated at each HRR level and presented in Figure 5 as an 
average temperature difference. In addition, the range of mean differences at 95 % 
confidence level is represented by the error bar. 
 

 
Figure 5. Difference between the fiber optic sensor and thermocouple temperature readings (error 

bars at 95% confidence). 
 

It can be observed from Figure 5 that the mean difference at 95 % confidence 
level is less than 5 %, which is acceptable in many engineering applications. The 
discrepancies may be attributed to several factors. First, the DFO-T sensor was 
installed in a slightly different location than the thermocouples. Second, the 
thermocouple beads were located slightly below the surface of the beam and the 
DFO-T slightly above the surface, and thus, the influence of gas temperature 
variation on the measurements varied. Additionally, the thermocouples were not 
corrected for radiation losses. 
 
Strain Measurements 
 

The strain results measured from the EFPI sensors are plotted in Figure 6. As 
the HRR increases, the strain values approximately linearly increase. When the 
HRR was no more than 120 kW, the strain results from different sensors attached 
on different test beams agreed well. At the HRR equal to 120 kW, the strain values 
were approximately 8000 με to 9000 με. When the HRR became larger than 120 
kW, greater variation of the strain results was observed from different sensors 
deployed at different locations. At the HRR equal to 350 kW, up to 35,300 με 
(3.53 %) strain was measured by the EFPI sensors. 

Similar to the temperature measurements, multiple strain measurements were 
made from the distributed fiber optic sensors and EFPI sensors at each HRR level. 
The mean values for the two measurement methods were compared statistically for 
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the conditions when the HRR was no larger than 120 kW, as shown in Figure 7. 
The mean strain difference at 95 % confidence level is less than 10 %. There are 
several reasons for the discrepancy between strain measurements from different 
sensors. First, the two sensors were deployed at slightly different locations that 
were subjected to different strains. Second, the data used to calculate the mean 
values of the two independent sensing systems were not selected at exactly the 
same moment. Although the two data acquisition systems were synchronized, they 
had different measurement (reading) durations, and thus, the measurement results 
were not achieved simultaneously. Third, each instrument has its own accuracy and 
repeatability at a level, and the measurement results contain error. 
 

 
Figure 6. Average strain results measured from EFPI sensors. 

 
 

 
Figure 7. Difference between the distributed fiber optic sensor and EFPI sensor strain readings (error 

bars at 95% confidence). 
 
 
CONCLUSIONS 
 

Pulse pre-pump Brillouin Optical Time Domain Analysis distributed fiber optic 
temperature sensors have been demonstrated at temperatures up to 1050 °C in fire 
with adequate sensitivity and accuracy for typical structural engineering 
applications. These measurements add significant value over traditional 
thermocouples by providing distributed measurements over the length of the optical 
fiber with a spatial resolution of 2 cm. The measured temperatures were validated 
by thermocouples resulting in an average relative difference of less than 5 % at 95 % 
confidence level. 

Extrinsic Fabry-Perot interferometric strain sensors have been demonstrated to 
operate up to 1050 °C in fire and measure at least 35,300 με (3.53 %) strains. The 
thermal strain predicted from the distributed fiber optic sensor and the extrinsic 
Farby-Perot interferometric sensor strain results were compared. The mean strain 
difference at 95 % confidence level was less than 10 %. 
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These results demonstrate the potential application of fiber optic temperature 
and strain sensors in structural fire testing. The investigated sensors provide 
increased temperature resistance, strain capacity, and spatial resolution when 
compared to traditional methods. Further development of the sensors is required to 
improve the robustness of the sensors and the speed of installation and 
measurement.  
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118 ,714 ,.C ,eppiR

638 ,.F ,treboR
 448 ,C .E .E ,seugirdoR

065 ,804 ,.C .P .J ,seugirdoR
 255 ,535 ,.L .M ,oremoR

4201 ,.Q ,gnoR
011 ,.D ,hsuR

487 ,.P ,kecajyR

294 ,.F ,kedaS
766 ,.K ,otiaS
3701 ,.M ,ejaS

 867 ,.A ,danaS
296 ,.A ,osamotnaS

533 ,.A ,leznaS
638 ,.A ,acuaS

392 ,.C ,allednacS
 445 ,.P ,nnamuahcS

296 ,.J ,dimhcS
918 ,.P ,ssehtluhcS
 82 ,.M .A ,aykahS

 583 ,.Y-.Z ,nehS
 197 ,.M ,nomeiS
308 ,.M .C ,htimS

21 ,.H ,htimS
 968 ,.D ,kcnoS
674 ,.Y-.T ,gnoS

007 ,.M ,tniopraepS
5501 ,728 ,.B ,civonidajotS

201 ,21 ,.T ,droftartS
3 ,.M ,natluS

 105 ,.R .R ,nuS

725 ,.S ,yllapnahddaT
249 ,562 ,991 ,.L ,ewreaT
2301 ,282 ,541 ,.H .K ,naT

674 ,.Z ,oaT
73 ,.S ,inottaT

522 ,.P .G ,isarreT
 389 ,.C ,eovuahT

02 ,.K ,naiT
 056 ,.M ,osiT

389 ,638 ,728 ,343 ,.N ,inidnoT
8301 ,21 ,.G ,illeroT

346 ,752 ,902 ,.L .J ,oreroT
8001 ,.N ,ciroT

8301 ,.X-.V ,narT
3701 ,.A ,neverT

8001 ,.G ,jlakruT
448 ,.F .B ,naikituT

0901 ,.S .A ,inamsU
7401 ,959 ,867 ,.A ,inamsU

8001 ,.I ,calezU

 249 ,398 ,.R ,elioC naV
 562 ,.T ,neetS neD naV

985 ,343 ,.O ,trassaV
 487 ,.J ,hcetjuV

007 ,.C ,edaW
487 ,.F ,dlaW

957 ,.G ,reklaW
249 ,.L ,gnaW

0901 ,.J .Y ,gnaW
675 ,21 ,.Y ,gnaW
583 ,.H-.Y ,gnaW

54 ,.Y ,ieW
 294 ,.M .J ,dnagieW

 959 ,.S ,hcleW
056 ,.N ,rehtreW

5501 ,.A .C ,etyhW
 296 ,.U ,mortskciW

426 ,.A .D ,lufniW
406 ,.P ,ekleoW

105 ,.Y .V .B ,gnoW
484 ,.C .L ,sdooW

372 ,.M ,gnoiX
675 ,.D ,uX
004 ,.L ,uX

2311 ,.Q ,uX

064 ,.M ,iayhaY
 613 ,.H ,atihsamaY

 865 ,.H ,gnaY
911 ,.M ,gnaY
 004 ,.S ,gnaY

 613 ,.T ,adihsoY
 766 ,.S ,asuY

484 ,.P ,dleveeZ
197 ,.J ,ßufheZ
4201 ,.Y ,nahZ

299 ,616 ,293 ,.C ,gnahZ
471 ,.Y .H ,gnahZ

903 ,.H ,gnahZ
54 ,.L ,gnahZ
865 ,.S ,gnahZ

4411 xednI rohtuA



389 ,533 ,.B ,oahZ
 524 ,.X ,oahZ

773 ,423 ,.L-.X ,oahZ

4201 ,.W ,gnehZ
677 ,.Z ,uhZ

xednI rohtuA 5411




