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Abstract: A galvalume corrugated sheet was utilized as formwork for a reinforced concrete beam in 
flexure. A numerical model was validated to the experimentally obtained data, and further adopted 
to simulate the behavior of this composite structure under elevated temperatures. The properties 
and constitutive stress-strain data of the basic materials were obtained from experiments, and 
superimposed into the finite element model. The study concluded that the load carrying capacity of 
the member decreased as a direct function on temperature increase, and the cracking moment was 
very sensitive to the temperature fluctuation. The elevated temperatures also altered the failure 
mode. 

Keywords: concrete-galvalume composite; elevated temperature; flexure behavior; numerical 
model; constitutive stress-strain  

 
 

1. Introduction 

The use of floor decks as composite formwork on plate structures (Jiang et al. 2017) has often 
been done to shorten the completion time of a project. Floor deck, usually made from galvalume steel 
deck, will be integrated with the concrete plate structure without having to be dismantled and 
functions as a flexible reinforcement in the area of tensile stress. The beam as a supporting plate is 
usually cast first then followed by casting the plate on the top of the beam. On the other hand, 
concrete beam cast using conventional formwork requires dismantling the formwork after the 
concrete beams have become hard. 

The concrete, steel bar as reinforcement and galvalume possess dissimilar thermal conductivity 
characteristics. Concrete has a thermal conductivity of 0.8 W/mK, while steel has a value of 50.2 
W/mK, which is significantly higher than concrete. Aluminum, on the other hand, has a conductivity 
of 205 Wm/K. The concrete, steel bar as reinforcement and galvalume possess dissimilar thermal 
conductivity characteristics. Concrete has a thermal conductivity of 0.8 W/mK, while steel has a value 
of 50.2 W/mK, which is significantly higher than concrete. Aluminum, on the other hand, has a 
conductivity of 205 Wm/K. 

The study of Jiangtao et al., 2011 [1] evaluated the time depended load carrying capacity 
depreciation of 30 MPa concrete members under fire. The data were recorded for a burning period of 
60 and 75 minutes, which for the purpose of evaluation in this study were converted to a temperature 
of 349o and 405oC. Mundhada and Pofale, 2015 [2] experimentally evaluated 25 MPa reinforced 
concrete (RC) beams to an elevated temperature of 550o, 750o and 950oC, while Kiute et al., 2014 [3] 
executed tests on Class 20 and Class 25 beams for a period of one and two hours under a constant 
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temperature of 250o, 600o and 700oC. The data were normalized to the room temperature specimen’s 
values for comparison and the trends were established as a function of temperature. It is seen that 
the composite galvalume member has a more intensive reduction rate. 

The compressive strength of concrete reduced around 20% when the concrete exposed on 
temperature 300oC [4]. Unfortunately, the behavior of composite concrete beams with galvalume as 
formwork under elevated heat has not yet been rarely examined. Acknowledging the outstanding 
resilience towards heat, research was conducted to numerically picture the behavior of this section 
under elevated temperatures. The simulation compared the moment-deformation response and 
failure mode of the beams under a temperature of 25o (room temperature), 100o, 200o and 300oC. 
Therefore, this study aims to determine the behavior of galvalume composite concrete beams against 
bending loads at elevated temperatures using numerical simulation. 

2. Methods  

2.1. Specimens and type of testing 

A finite element model (FEM) of the specimen under consideration was constructed. All material 
properties obtained from the laboratory tests functioned as input to the model. The conventional 
reinforcing elements were assumed as fully bonded to the concrete. Analogously, the galvalume was 
designed to have a complete compatibility with the concrete as well. The non-linear software ATENA 
was utilized in extracting the data. The model was subjected to a monotonic displacement increment 
of 0.5 mm. 

The stress-strain relationship of concrete was based on the following (Fig. 1a). The concrete in 
tension is assumed to crack at a stress level of 𝑓𝑓𝑡𝑡

′𝑒𝑒𝑒𝑒. The initial crack propagates under the increasing 
load, widens and reaches an ultimate strain at εo. The crack propagation scheme is shown in Fig. 1b. 
The concrete in compression initially undergoes crushing at the nodes when stresses reach 𝑓𝑓𝑐𝑐

′𝑒𝑒𝑒𝑒 
corresponding to a strain of εc.  Failure takes place when strains reach the ultimate concrete strain εd. 
The decrease in material stiffness was incorporated based on the secant modulus of elasticity. To 
accommodate the confinement effect in bi-axial compression, the Kupfer-Hilsdorf-Rüsch failure 
criterion was employed. The steel and galvalume bi-axial responses were accommodated through 
the Von Misses failure envelope. The steel and galvalume constitutive model followed a bi-linier path. 
 

 
(a) 

 
(b) 

Figure 1. Constitutive model of concrete: (a) Compression and tension constituve model of concrete; (b) Crack 
propagation. 
 

To enable the simulation of the beam’s behavior under elevated temperatures, the properties of 
the basic materials – concrete, reinforcing steel and galvalume – were required. The temperature 
influence on the material properties of concrete has been studied to great length [5,6,7,8,9,10]. 
Generally, both the compression and the tensile strength decrease as temperature increases. The 
constitutive model and failure envelope were numerically modified based on these findings [11,12]. 

The loading in this research was generated by a two-point loading system, creating a pure 
bending state in between the loading points. The load was applied with a constant displacement 
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increment of 0.5 mm; this pattern was adopted in the FEM. The work resulted in, among others, the 
moment versus vertical displacement at midpoint of the member. From the test results, the initial 
cracking of concrete in tension, as well as the yielding of steel bars, were obtained. The results were 
counter checked with the data reading from the strain gauges situated at the maximum bending 
moment location. The two specimens showed a similar trajectory and were almost identical. This 
moment-displacement curve was used to validate the FEM. To ensure a good comparison, material 
properties and loading conditions were adopted precisely. 

A three-dimensional solid model was discreetly meshed using eight-node hexahedral elements 
(Fig. 2), with each node having 3 DOF. Boundary conditions were provided at the supports, 
restraining node movements in the Y and Z directions. The nodes that simulated the support were 
situated at a distance of 80 mm from the end of the beam, following the experimental specimens’ set-
up. The load was applied at a distance of 760 mm from the support, dividing the unsupported beam-
length into three equal segments. The load was acting on the top nodes, creating a constant 
displacement increment. All elements were transformed from the global coordinate system to natural 
coordinates, as can be seen in Fig. 2. 
 

 
 

 
 

Figure 2. Eight-node hexahedral meshing and element details of the beam. 
 
Due to the symmetric nature of the specimen, one-half of the beam was modeled to conserve running 
time. An h-refinement was applied to the area of interest enabling a more precise stress evaluation in 
these regions. 

There are four specimens in the numerical simulation which are BGFEM, BGFEM100, 
BGFEM200 and BGFEM300. In these syimbol BG is for Beam Galvalum, FEM is Finite Element 
Method, number behind the BGFEM is representation of temperature value which are 25oC, 100oC, 
200oC and 300oC. 

2.2. Experimental procedures 

The specimen of concrete galvalume-composite beam is investigated by applying bending load 
at room temperature around 25oC [13]. The result data were assessed to validate the numerical 
simulation result of the galvalume-composite beam at room temperature. The section of beam under 
consideration is a 200 by 300 mm member with a corrugated bottom formwork consisting of a 1 mm 
thick galvalume sheet. The member was a simply supported beam with a length of 2.44 meters. 
Galvalume is a steel sheet with a galvanized layer of zinc and aluminum. In terms of working speed 
and service time improvements, this method provides an excellent enhancement. Further, the 
presence of galvalume contributed to the member’s load carrying capacity, due to the additional 
tensile vector in the section’s tensile area. The zinc provides excellent corrosion and alkali resistance 
while the aluminum contributes to durability, acid and heat resistance. The positive contribution of 
these sheets was confirmed by Bailey et al., 2000 [14]. 

The material has a yield stress of 300 MPa, a yield strain of 0.0015 and a Young’s modulus of 100 
GPa. Galvalume has a remarkably ductile nature, with an ultimate yield strain reaching 0.17. The 
stress-strain relationship follows a bi-linear pattern. The concrete has a 28-day cylindrical 
compression strength of 20 MPa. The material properties and the cross-section of the specimens are 
shown in Fig. 3a and Fig. 3b. The test results demonstrated that a significant increase in load carrying 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2019                   doi:10.20944/preprints201912.0297.v1

https://doi.org/10.20944/preprints201912.0297.v1


 4 of 10 

 

capacity was obtained through the use of the corrugated formwork. The yield moment ratio between 
the composite and conventional section was measured to be 2.45, while the ductility factor increased 
from 3.9 to 5.3. 

 
(a) 

 
 

(b) 

Figure 3. Galvalume properties and dimension: (a) Galvalume stress-strain properties; (b) Galvalume cross 
section and dimension. 
 

In order to obtain the physical properties, galvalum was tested under elevated temperature 
which was applied in the numerical simulation. The effect of temperature elevations to galvalume 
corrugated sheets were scarcely investigated since this material has a broad range of variations 
galvanizing material properties. The material properties of the galvalume material used in this study 
thus had to be obtained through experimental tests. Assuming a linear stress-strain response, the 
sheets were subjected to a temperature of 100o, 200o and 300oC over a period of one hour. The 
temperature was carefully monitored using an infrared sensor gun and the specimens were tested 
under elevated temperature. Additionally, the conductivity of the composite material was monitored 
to obtain data on the temperature incongruence prior to heat exposure. The embedded tensile 
reinforcement was assumed to have equivalent temperatures to the surrounding concrete. An analog 
method was used for the reinforcing steel bars, based on the research work [15,16,17,18,19]. Another 
experimental test, Scanning Electron Microscope (SEM), was also carried out to correlate the physical 
and mineralogic change of the galvalume and mechanical properties. 
 
3. Results and Discussion 

3.1. Material properties under elevated temperature 

The tensile strength and modulus of elasticity of galvalume, steel bar as reinforcement, and 
concrete is shown in the Table 1. Based on the data, it can be seen that when the temperature increase, 
both the tensile strength and modulus of elasticity decrease significantly. These data were used as 
physical and mechanical properties input in the numerical simulation. 
 

Table 1. Material properties under various temperatures. 

Temperature Galvalume Temperature Reinforcement Concrete 
(oC) fy (MPa) Es (GPa) (oC) fy (MPa) Es (GPa) fy (MPa) Es (GPa) 
25 305 19.70 22 400 19.17 19.7 21.63 

100 225 64.16 55 340 16.29 19.4 21.52 
200 140 15.82 80 252 12.08 19.2 21.45 
300 55 3.90 170 200 9.58 18.3 21.10 

 

 

3.2. Flexure strength 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2019                   doi:10.20944/preprints201912.0297.v1

https://doi.org/10.20944/preprints201912.0297.v1


 5 of 10 

 

The FEM model was validated to the experimental data. The moment-displacement curves 
measured at the section’s bottom fibers at mid-point were compared, and important information such 
as first cracking of concrete in tension and steel yielding were detected and assessed against the 
laboratory results. In achieving the most appropriate meshing configuration, a sensitivity analysis 
was performed on the cracking, as well as yielding moment and its corresponding displacement. The 
optimum meshing formation was decided upon the reaching of a convergence state. Finer meshing 
beyond this number would barely improve the outcome but significantly enhance running time. 
Since the model was replicating the experimentally tested beam, the displacement increment was 
synchronized to the actual behavior. The resulting moment-displacement curve is shown in Fig. 4a. 
The two experimental databases were denoted BGex1 and BGex2, while the FEM model was 
designated as BGFEM. 

The trajectory result of the FEM presents a remarkably close representation to the actual 
behavior (Fig. 4a). The specimen’s response was initially linear until concrete cracking in the tension 
zone. The FEM had an initial stiffness of 12.5 kNm/mm, while the initial stiffness of BGex was 11.5 
kN/mm. The model detected the first crack at a moment of 25 kN-m, while the GBex first crack was 
found at 23 kN-m, based on the strain gauge readings. The FEM resulted in a slightly higher moment 
value and a marginally greater initial stiffness. Yield of the BGFEM was recorded at 46.4 kN-m, 
corresponding to a displacement of 12.0 mm. The experimental specimen BGex yielded at 45.8 kN-m 
with a deflection of 16.1 mm. 

The main origin of these deviations originates from the assumption that in the FEM a full bond 
exists between the galvalume sheets and the concrete, whereas the test results illustrated debonding 
between the concrete and the sheet at some point during loading. However, with a difference of not 
more than 13%, the model was established to be sophisticated enough to be further used as a tool in 
evaluating the elevated temperature effects. 

The bending moment of concrete-galvalume composite under elevated temperature are 
presented in Fig. 4b. It can be seen that the temperature rise influences the performance of the 
member negatively. Numerous research results on slabs with corrugated sheets have confirmed this 
outcome [20,21,22,23]. The cracking and yielding moments and displacements are listed in Table 2. 
 

 
(a) 

 
(b) 

Figure 4. FEM validation and elevated temperature effects on the momen-displacement: (a) Model 
validation; (b) Momen-displacement response. 
 

The data demonstrated that the elevation in temperature accelerates the cracking and the yield 
moment. These events also occurred at a much lower displacement degree. The beams subjected to 
2000C and 3000C, however, expressed a different pattern. No distinguished yielding point was 
detected, and the beams continued to deform with a mild rising, almost flat branch. All four 
specimens’ failure modes were characterized by crushing of concrete in the compression zone. The 
galvalume, due to its very high ductility, could sustain very large deflections and postponed the 
collapse of the element. This outcome is underlined by the test results on slabs with corrugated steel 
decks [24,25,1]. Experimental test results on prestressed composite beam showed similar deformation 
responses [25]. The fact that all strength parameters of concrete, steel bar, and galvalume decreased 
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as a function of increasing temperature, explained the acceleration of the cracking as well as yielding 
moments as well as the reduction of initial stiffness. 
 

Table 2. Momen-displacement data. 

Temperature 
exposure 

Cracking 
moment Mcr 

(kN-m) 

Displacement 
(mm) 

Yield 
moment My 

(kN-m) 

Displacement 
(mm) 

Initial 
Stiffness 

(kNm/mm) 
BGFEM 25.46 2.5 46.38 12.0 12.5 

BGFEM100 11.84 1.5 40.29 16.0 11.5 
BGFEM200 10.64 1.5 34.42 - 9.8 
BGFEM300 8.91 1.5 21.14 - 7.6 

 

The capacity depreciation response as a function of temperature intensification is presented in Fig. 
5a, while Fig. 5b represents a comparison to reinforced concrete conventional members. 

 

 
(a) 

 
(b) 

Figure 5. Temperature response to the moment capacity: (a) Concrete-Galvalume moment response; 
(b) Comparison to RC beams. 

 

The influence of elevated temperatures to the moment capacity follows a linear relationship. The rate of 
decrease of the cracking moment, is more pronounced than the rate of decrease for the yielding moment. The 
reason for this behavior originates from the fact that the increase in temperature has stronger effects on concrete 
than steel. The yield data for the room temperature specimen detected as an outlier was taken out of the 
equation (Fig. 5a). 

The stresses were evaluated at a deflection of 10 mm, in correlation with the maximum allowable 
deflection of 1

240
𝐿𝐿 in accordance with ACI standards [26]. The stress concentrations and cracks as predicted by 

the FEM are shown in Fig. 6a and 6b. 

The specimen BGFEM has intense stress and concentrations localized at the maximum flexure zone. Shear-
flexure cracks developed in the maximum shear zone and were confirmed by visual observation on the 
laboratory tested beams. The BGFEM3000 had a much broader stress-strain distribution, with lower overall 
stress levels, due to the degradation in strength and stiffness of the materials. The tensile stresses proliferated 
to the areas within the maximum flexure zone due to the premature yielding of galvalume and steel. Extensive 
cracking was present, and in the vicinity of the load, flexure-shear cracks began to form. 
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(a) 

 
 

 
 
 
 
 
 
 
 

(b) 
Figure 6. Stress concentrations and cracking: (a) Stress concentrations at 30oC (BGFEM32); (b) Stress 
concentrations at 300oC (BGFEM32300). 

3.3. Galvalume scanning electron microscope (SEM) 

The SEM analyses on the physical appearance of galvalume sheets prior and after tensile testing at room 
temperature and 100oC are displayed in Fig. 7a and 7b, respectively. The micrographs demonstrate that the 
elevated temperatures and tensile stresses altered the molecular configuration. Large gaps between the 
materials were detected, measuring up to 4 µm for the room temperature specimens after tensile failure (Fig. 
7a). Heating of the galvalume also modified the physical structure. The chemical analyses on the surfaces 
showed that the zinc coating was significantly diminished, leaving the steel exposed. In Fig. 7b, a smooth 
facetted surface measuring up to 5 by 2 µm is seen. The heating process also reduces the carbon content on the 
surface. Upon testing, the process yielded a homogeneous mass. 

 

 

 

 
(a) 
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(b) 

Figure 7. SEM reading on Galvalume material: (a) Room temperature Galvalume prior to (left) and 
after (right) tensile testing; (b) Galvalume exposed to 100oC prior to (left) and after (right) testing 

4. Conclusions 

The composite concrete-galvalume beam has excellent performance, both in load carrying 
capacity aspects, as well as in its ductility behavior. A FEM was constructed to model the beam based 
on the eight-node hexahedral element. The model’s output showed a remarkable resemblance to the 
behavior of the actual laboratory tested specimen. The FEM had a slightly higher stiffness throughout 
its loading sequence. The origin of this divergence was the incorrect assumption of a full-bonded 
condition between the galvalume and the concrete. The degree of compatibility should therefore be 
determined more precisely, based on experimentally tested shear connectors exposed to elevated 
temperatures [27].  

The SEM readings clearly showed the change in the chemical as well as physical conditions of 
the galvalume surface. The unheated sheets were characterized by the presence of small fractures 
within the material, while the heated elements had a more homogeneous surface. 

The model was expanded to simulate the moment-displacement behavior of this beam under 
elevated temperatures. It was found that the diminution in load carrying capacity was a direct, linear 
function to the temperature fluctuation. The cracking moment was more susceptible to temperature 
rise, due to the sensitive nature of the tensile strength of concrete. The research outcome is also a 
factor of the original material properties and the dimension of the cross-section [28]; the model could 
hence be expanded to accommodate the variables within this corridor. 

The flexure stress concentrations of the un-elevated specimen BGFEM were condensed at the 
center of the beam. Shear-flexure cracks formed in the maximum shear area. The heating process 
shifted the stress concentrations of the heated beam BGFEM300, extending outside the maximum 
flexure zone. No shear or shear-flexure cracks were detected in the maximum shear area. The stresses 
in this element were relatively lower than the BGFEM, as a result the specimens stiffness decreased. 
The alteration in failure mode was the result of disproportional material behavior change due to 
elevated temperatures. 
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