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ABSTRACT
One of the most important parameters determining structural members' durability and strength is

the fire flame's influence and hazard. Some engineers have advocated using advanced analytical
models to predict fire spread impact within a compartment and considering finite element models
of structural components to estimate the temperatures within a component using heat transfer
analysis. This paper presented a numerical simulation for a reinforced concrete beam’s structural
response in a case containing Water Absorbing Polymer Spheres (WAPS) subjected to fire flame
effect. The commercial finite element package ABAQUS was considered. The relevant
geometrical and material parameters of the reinforced concrete beam model at elevated
temperature are first suggested as a numerical model. After that, the suggested numerical model
was validated against the experimental tests conducted in this study. The validated numerical
model was used to conduct a parametric study to investigate the effects of two important
parameters on the structural behavior after being exposed to fire flame. The effect of burning
temperatures (500, 600, and 700) °C, as well as the influence of fire duration (1 and 2) hours, were
included. The experimental program validation requirement comprised four self-compacted
reinforced concrete beams each of the same geometric layout (150x200x1500) mm, reinforcing
details, and compressive strength (fc'=50 MPa). Four percentages of (WAPS) were considered (0,
1, 2, and 3)%. The specimens were exposed to a fire flame with a steady-state temperature (500°C),
a rising rate compatible with ASTM-E119, a one-hour duration, and a sudden cooling procedure.
A static (two-point) load was applied to the burned beams.
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Through the assessed numerical model, the numerical analysis offered by the WAPS ratio effect
was carried out for the reinforced concrete beam under the effect of static load. The findings
revealed that the WAPS ratio substantially impacted structural behavior. The numerical model's
results were in reasonable agreement with the experimental results. Concerning the fire exposure
duration (two hours) at 500 °C, the specimens containing a ratio (3%) of WAPS improved the
ultimate load and the ultimate deflection by about (46.63 and 72.24)%, respectively. The highest
percentage variation of the absorbed energy at failure load was also detected in the ratio (3%) to
be (139.43) %. As for the hardening concrete properties (compressive strength, splitting tensile
strength, and modulus of elasticity), the residual strength was (61.06, 48.87, and 32.00)%,
respectively. Regarding the steady-state burning temperature (500, 600, and 700)°C for a one-hour
duration, the specimens with a ratio of (3%) WAPS improved the ultimate load by about (40.70,
62.00, and 40.76)%, respectively, corresponding to zero percentage of WAPS. The residual
compressive strength, splitting tensile strength, and modulus of elasticity were (72.40, 56.12, and
43.78)%, (74.36, 56.50, and 44.79)%, and (45.23, 36.57, and 28.94)%, respectively.

Keywords: WAPS, Finite Element Methods, R.C.B., Elevated Temperature, Fire Duration.

BS Ao goind Al daluall Llwdl) dajle ol o all dajag cgll) 5aa il
gaad) Gadadl) ¢ glall palaia¥ jadds

dana shud 3 20,) Opes B9 Gl i *
sty Arala — dussigh LK A pinall il an Sy el — Fotigl A il Aarigll s

il
Aasial ) cputigal) ans les Lol el Jhlaes i sa AiKgl jualiall 8585 Ailie 2aa3 Al Jalgall pal (e
Baganall yualiall zila & Sl ) ALaYL ¢ Bgeate Jaly el slin) il sl dedd) Al gl
Loae 5Slas il 138 a3 phall Ji Jias alasiul Ul asl Jal plall clayy il LKl clisKall
il dajeag (WAPS) clll dale jaddgs i€ o (ggins Alla 8 daliaad) dlal) dejall LISl 4landl]
zsad Alall 3 dplally duwnigh laleall #1581 23 ABAQUS. dpjlaill sasanall jualiall daja 3 Hhaid) o5 . cagll
Qlae el (g232l) 7 3gaill daia (o @Il 5 Gll) aan L (g200 #3001 dadiye s A e daluad) Dl Al dale
Gl Al Aadys eha ate 3aaill 5 (A (gaaell gl aladiad o5 L Audjall 02 8 cupal Sl A jal) cyLas]
600 ¢ 500) Glra¥) Hha cilays il aaa @ Ul Cigh layaill aey SLEY) bl o il tialen 555 (e
ol (g ¢ daiall (e i) cilllaia ¢ il galiall (oS Aol (2 5 1) Goall 5ae bl ¢ digia 353 (700
Jualiiy ¢ ala (1500 x 200 % 150) cwsigh araaill (i (o gt IS ¢ Gl dlagiiiaa dalie dulyd (ajlse
Gliall crzmpan (3¢ 2 ¢ 1« 0 )WAPS e ot das)l Sliiel &5 JISals bass (fC "= 50 ) Laxall 5585 ¢ el
shals ¢ Baals Aol 8aag ¢ ASTM-E11980 Gilsie g daxay ¢ (dasie dayn 500) 46 Bl Ay Gos el
il pe Jgtne (a0 Aalgia g23a]) 7 gaill il cuilS, Al piall e (Gokhi) cul dea Galii 5 g alie a0

68



Volume 28 Number 11 November 2022 Journal of Engineering

dalesal) Al i) dasad WAPS G 550 (g adall gaaedl Jibatll eha) 5 ¢ kel (a2l z3saill DA (e Ayl
Gyl s (et Lk Al bl e € 56 Ld IS WAPS duws o bl ciad L oSl dasd) il cass
Calai¥ly Sl Jeall civa WAPS (4 (73) dows o ginall cliaal) 0l ¢ digia 422 500 ie (Gliele) Guall
Jad) Jas vie daiadl) A8 3y das el e cas€l) 5 LS. gl e (72,24 5 46.63) e Sl
Jalaag ¢ ABENV) 281 daslia ¢ Jaliwadl) daslie) dabeaiall Ailessdll algad duclls Wl . 7(139.43) 05l (73) daeaiy
Al 3 Gl sha dapn Gl b . gl e 7(32.00 « 48.87 ¢ 61.06) duiial) daglaall cilss (dig sal
S Jaall s WAPS 7 (3) oy clisall Gla ¢ sasls Aol 520l digia 432 (700 5 600 5 500) 85zl
agaad) blicalVl Loslie cul€ WAPS e jia dawd A4ad) ¢ sl e ¢ 7 (40.76 562.00 540.70) s

sl e 7(28.94 536.57
coall 83, Axiiyall Blall clags R.C.B. , s3saaall aliall Gyl WAPS  :Loaniyl) cilalsl

1. INTRODUCTION

Concrete has intrinsic fire resistance, which is one of its advantages over other construction
materials; yet, concrete structures must still be constructed for fire impacts. Even if the strength
and modulus of elasticity of concrete and steel reinforcement diminish as the temperature rises,
structural components must still be able to bear dead and live loads without collapsing.
Furthermore, fully formed fires cause structural components to expand, resulting in loads and
strains that must be resisted. Building code standards for fire resistance are occasionally
disregarded in construction, which can lead to costly blunders.

Fire-induced temperature is one of the most extreme stress circumstances that any concrete
structure may face over its service life. The higher the temperature, the more likely the concrete's
mechanical characteristics will deteriorate, leading to progressive collapse and disintegration of
the entire building. For example, the fall of the World Trade Center (WTC) in 2002 was mostly
caused by the elevated temperature created by the fire that followed the explosions. Since then,
the engineering community has become more conscious of the need to include elevated
temperature's influence in structural member design techniques. As a result, over the last two
decades, many experimental research investigations on the influence of high temperature on the
behavior of concrete members have been done. However, due to the complexity of the problem,
numerical studies on RC beam members in the fire have been published. (Yue et al., 2008) used
the finite element software ABAQUS to conduct numerical simulations to investigate the fireproof
behavior of simply supported RC beams enhanced with stranded mesh and polymer mortar
(SMPM). The thermal and mechanical properties of concrete are adopted according to (Eurocode
4, 2005) and others derived from earlier research investigations, and temperature and displacement
analysis are thoroughly considered. The numerical findings show that ABAQUS can reasonably
simulate the coupling of displacement and temperature fields. (Gao et al., 2013) provided a three-
dimensional FE model for predicting RC beams' thermal and mechanical behavior at high
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temperatures. The mechanical behavior of concrete was modeled using a concrete damage
plasticity constitutive model (Karlsson and Sorensen, 2008). (Eurocode 2, 2004 and Eurocode
3, 2011) were used to determine the stress-strain relationship and the thermal characteristics of
steel and concrete at extreme temperatures. Furthermore, the concrete reduction factors at elevated
temperatures were calculated using experimental data from earlier research investigations, and the
steel reduction factors were calculated using Eurocode 3, 2011). The results suggest that including
steel to concrete interfacial behavior improves the accuracy of deflection predictions for RC beams
exposed to fire. In their numerical investigation, (Ozbolt et al., 2013) built a three-dimensional
finite element model to evaluate the response of simply supported RC beams made of crushed
stone aggregate. Under increased temperatures up to 300°C, the (ISO 834., 1999) standard fire
curve was applied, followed by mechanical loading. The analysis was carried out using the
ABAQUS thermal and mechanical procedures. (Eurocode 2, 2004 and Eurocode 3, 2011) were
used to determine the thermal characteristics of steel and concrete. The results showed that the
numerical modeling technique used to anticipate the behavior of the RC beam under fire and the
mechanical strain was successful. Furthermore, the 3D thermo-mechanical model used is a useful
numerical tool for predicting the behavior of RC structures subjected to high temperatures in a
realistic manner. (lzzat et al., 2012) conducted an experimental test to investigate the behaviour
of a one-way reinforced self-compacted concrete (SCC) slab under the fire flame effect. It was
found that the residual flexural strength of the gradually cooled tested slabs is (81.5, 75, and 62.3)
% for fire temperatures of (300, 500, and 700) °C, respectively. (lzzat, 2015) conducted an
experimental test to investigate the behaviour of CFRP wrapping jackets used for retrofitting
twelve square reinforced concrete column specimens damaged by exposure to fire flame at
different temperatures of (300, 500, and 700) °C, except for two specimens that were not burned.
The ultimate load capacity of each retrofitted specimen was increased by about 16, 34, and 44
percent compared to non-retrofitting burned specimens at (300, 500, and 700)°C, respectively, and
cooled gradually. In contrast, this increase was (44 and 111)% for specimens burned at (500 and
700)°C, respectively, but cooled suddenly. (EI-Tayeb et al., 2017) used the FE software ABAQUS
to conduct a numerical analysis of the reaction of RC beams and frames under the effect of thermal
loads in the same environment. The material nonlinearity, including cracking behavior, was
considered while modeling the beams and frames, and temperature gradients were considered
linear, nonlinear, and uniform. The findings show that the behavior of beams and frames is mainly
influenced by the temperature gradient's trend (i.e., linear or nonlinear). As a result, it was
suggested that the nonlinear temperature gradient be used in the analysis.

2. NUMERICAL ANALYSIS

Numerical analysis considering the finite element method was adopted. The finite element method
involves a series of processes that begin with the definition of defined elements, the addition of
actual constants to each element, the materials model, key points, lines, areas, and then volume to
create the whole geometry of the model. Nodal, element solutions are accessible in most (FEA)
software to provide the entire solution of the problem, making it easy to calculate any unknown
parameter and display it graphically (D. L. Logan., 2012).

FEM requires little training and versatile computer programs; therefore, it has become more
popular for tackling various practical issues (N.-H. Kim., 2014).
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Over the last three decades, substantial advancements in computer-aided and finite element
techniques provided an economical solution have made many common 3D structural studies. FEM
is used in ABAQUS, a set of engineering simulation programs (User’s Guide., 2014).

The finite element software ABAQUS/CAE 6.14.1/2019 was used to explore the overall behavior
and analysis of reinforced concrete beams containing WAPS and subjected to fire flame. It can
address a wide range of problems, from simple linear analysis to the most difficult nonlinear
simulations (Abacus 6.10., 2020).

Three parts have to be generated for the modeling to be completed. The tetrahedral element was
used to model the beam in the first part. The steel reinforcement modeling, which was modeled in
a 3D process, was the second part. The third part presented steel support generation, modeled as a
3D-solid object. Fig. (1) to (3) show the details of these components.

Figure 1. Volume Part of the Concrete Beam. Figure 2. (3D) Parts of the Steel Reinforcement.

Figure 3. (3D) Parts of the Steel Rod.

The material properties were determined once the specimen parts were created, and appropriate
interaction ways between all of the specimen’s components were chosen. As indicated in Fig. (4),
an assembly module method was suggested to perform the acquired model geometry by creating
part instances.
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Figure 4. Model Assembly in ABAQUS.

Models were subjected to a two-phase loading technique. The specimen was subjected to a fire
concurrently with the effect of a uniform constant equivalent dead load in the first mode. Thus, a
uniform pressure load was supplied to the specimen's top surface at about (10.5 kN/m?) to imitate
the equivalent dead load during the fire exposure duration, Fig. (5). The models were next tested
using (the flexural load test), which is the second phase of the test procedure. As a result, applied
displacement was all specimens shown in Fig. (6).
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Figure 5. Service Load Application at Burning Stage. Figure 6. Displacement control application.

Utilized embedded region limitations to combine two surfaces during a simulation for the burned
specimens, every node on the surface is compelled to have the same motion as the point on the
master surface to which it is closest with a frictionless contact property. The formulation of
connecting interaction-states in the model is shown in Fig. (7). As illustrated in Fig. (8), the surface
film constraint in ABAQUS/Explicit was utilized to simulate the fire effect on beam surfaces.
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Figure7. Formulation of connecting Figure 8. Interaction for the Elevated Temperature.

interaction -states in the model.

The chosen elements in the ABAQUS software contain appropriate integration rules based on the
model's experimental response. To evaluate the mesh sensitivity of the FEA model, four different
mesh sizes (20 mm, 25 mm, 30 mm, and 35 mm) were used in the study of the specimen. The
difference between the experimental ultimate load results and the numerical ultimate load values
derived from each of the four mesh sizes was calculated. The mesh size of (25 mm) was determined
to provide relatively reliable findings; hence it was used in this study, as indicated in Fig. (9) to
(12).
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Figure 10. Meshing of Modeled Steel Main
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Figure 11. Meshing of the Model Steel Stirrup Reinforcing Parts.
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3. NUMERICAL APPLICATIONS AND DISCUSSIONS
3.1 Numerical Module Validation

This part thoroughly investigates the suitability and significance of the considered numerical
model. A numerical analysis model was adopted to simulate the behavior of burned beams. The
outcomes of the numerical analysis comprising; ultimate load, load-deflection behavior, load-
strain response, and crack pattern layout were all compared with those of the experimental data.

3.1.1 Ultimate Deflection and Ultimate Load Capacity.

The experimental results comprising the ultimate load and deflection are compared to that
provided by the nonlinear finite element analysis (FEA) of all tested beams. The results of the
ultimate load and deflection are summarized in Table (1). The experimental and FEA outcomes
were in good agreement, as can be shown in Table (1). Regarding the ultimate load, the percentage
of error didn't exceed (3.44) % for specimens. Moreover, the comparison shows a good agreement
concerning the ultimate deflection. The percentage of error didn’t exceed (6.57) % for specimens.
All the percentage differences between the experimental and the numerical are acceptable. This is
usually caused by the numerical analysis assumptions, in which the adopted solving process in
ABAQUS software assumes full interaction between the concrete and steel rebar elements,
whereas this assumption is not valid in the experimental work. Fig. (12) to (15), on the other hand,
provide a comparison of the experimental and numerical load-deflection curves at the specimen
center.

Generally, when the numerical, analytical results are compared to the experimental work, there is
a good agreement in the deflection response. The computed load-deflection curves were also found
to be more uniform than the experimental load-deflection curves. This is one of the finite element
analysis’s considered assumptions, which assumes that the materials are homogeneous and that
the concrete and steel reinforcement is completely bounded. The FEA curves showing the load-
deflection response through the elastic zone are slightly stiffer than the experimental curves, as
can be seen. It’s worth noting that the stiffness of the tested beams is slightly lower than that of
the FE models after initiating the first flexural cracks for burned specimens because the finite
element modeling of the supporting lines prevented the beams from moving in both upward and
downward directions, but only in the experimental set-up. In addition, handling and drying
shrinkage causes micro-cracks in the concrete, lowering the stiffness of the actual beam.
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Table 1. Comparison Between Experimental and FEA for Ultimate Load and Deflection.

Experimental | Finite Element Ratio
Result Analysis
P, Exp — P, FE A, Exp — A, FE
Beam Pu (kN) Au Pu (kN) Au u p u I% I u p u |%

Spe(:|mens (mm) (mm) Pu EXp Au EXp

F-0% |100.89| 22.05 | 97.41 | 23.50 3.44 6.57

F-19 |108.95| 24.67 | 106.89 | 25.20 1.89 2.14

F-20, |113.90| 28.31 | 110.83 | 28.78 2.69 1.66

F-3% |135.51| 36.46 | 137.06 | 36.00 1.14 1.26
120 120
100 100
80 80
;z: 60 \;Z_i 60
‘g 40 -‘E 40
= 20 20
0 0

0 5 10 15 20 25 0 10 20 30

Deflection(mm)

Experiment F-0%

Figure 12. Experiment and Analytical
Load Deflection F-0%.
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Figure 14. Experiment and Analytical
Load Deflection F-2%.
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Figure 13. Experiment and Analytical
Load Deflection F-1%.
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Figure 15. Experiment and Analytical
Load Deflection F-3%.
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3.1.2 Strain in Concrete.

Strain gauges were installed at predefined sites to measure the load-concrete strain for specimens,
as shown in Fig. (16). Table (2) provides the experimental results as well as the ultimate numerical
strain in concrete for all the tested specimens burned. The numerical results show that the
experimental and the numerical results are in good agreement, the maximum difference percent
reaching (1.03) % for burned specimens. The computational and experimental load-concrete strain
curves are compared in Fig. (17) to (20). The load-strain charts from the finite element studies
match well with the experimental data for all specimens, as can be shown.

SG5
200mm

SG.6

| } 1200mm I

1500mm

mmm Concrete Strain Gauge

Figure 16. Locations of the Concrete Strain Gauge.

Table 2. Experimental and Numerical Ultimate Strain in the Concrete Unburned and Burned Specimens.

: o Experimental Strai Finite EI t Strai
Specimens Designation xperimen i rain nite eme_er: rain (FEA./ EXP.)
x 10 x 10
F-0% 3575 3239 0.90
F-1% 3459 3184 0.92
F-2% 3023 2993 0.99
F-3% 2797 2881 1.03
120 120
100 100
80 80
Z 60 __ 60
=1 <
g 40 T 40
- S
20 ~ 20
0 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Strain*10® Strain*10®
———F-0%(EXP.) =———F-0%(NUM.) ———F-1%(EXP.) == F-1%(NUM.)
Figure 17. Load-Concrete strain curve Figure 18. Load-Concrete strain curve
for specimen F-0%. for specimen F-1%.
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Figure 19. Load-Concrete strain curve Figure 20. Load- Concrete strain curve
for specimen F-2%. for specimen F-3%.

3.2 Numerical Parametric Study

The influence of three steady-state burning temperatures (500, 600, and 700)°C and burning
duration (one and two) hours on the ultimate load and load-deflection response was investigated
using the ABAQUS software's Finite Element Modeling. The experimental mechanical properties
(compressive strength, tensile strength, and elasticity modules) of the control specimens for the
concrete mixes at the adopted burning temperature (500, 600, and 700) °C are shown in Table (3).

Table 3. Experimental Mechanical Properties for Concrete Mixes.

Temperature

WAPS ) Duration | (fcu) | (f2) E

% (Hour) | (MPa) | (MPa) | (MPa)
500 1 27.79 | 2.50 | 16970.29

0% 600 1 20.72 | 1.63 | 15614.58
700 1 1250 | 1.03 | 13928.55
500 1 31.70 | 2.73 | 19195.68

1% 600 1 23.71 | 1.89 | 16832.62
700 1 15.23 | 1.21 | 14221.04
500 1 4056 | 2.92 | 20520.53

2% 600 1 28.79 | 2.16 | 18647.41
700 1 2242 | 1.63 | 15645.94
500 1 47.06 | 3.31 | 24646.08

3% 600 1 36.48 | 2.49 | 21326.30
700 1 28.46 | 1.98 | 17959.47
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Concrete compressive strength for the tested cubes after burning for one hour and sudden cooling
conditions showed that the compressive strength is significantly affected compared to the
corresponding references (unburned). The residual compressive strength was (46.33, 50.01, 63.15,
and 72.40)% at steady-state burning temperature (500°C), and (34.53, 37.40, 44.81, and 56.12)%
concerning the temperature (600°C), while they were (20.83, 24.02, 34.90, and 43.78)% at
temperature (700°C) for the WAPS volume ratio (0, 1, 2, and 3)%, respectively. Also, the residual
splitting tensile strength for the testing cylinder of the considered WAPS volume ratio (0, 1, 2, and
3)% after a one-hour burning duration and sudden cooling process was (61.30, 65.02, 69.10, and
74.36)% for the temperature (500°C), and (39.86, 45.00, 51.31, and 56.50)% corresponding to the
temperature (600°C), and (25.30, 28.91, 38.78, and 44.79)% regarding the temperature (700°C).
An identical behavior was detected regarding the modulus of elasticity; the residual percentage
was (66.40, 73.00, 70.00, and 75.00)% at temperature (500°C) and (61.00, 64.00, 63.00, and
65.00)% at temperature (600°C), and (54.50, 54.00, 53.00, and 55.00)% at temperature (700°C).
All the outcomes of these control specimens under the considered conditions proved the enhancing
effect of using WAPS on the concrete strength affected by fire flame. Table (4) proved the burning
duration effect (one and two) hours on the concrete hardened characteristic comprising
(compressive strength, splitting tensile strength, and modulus of elasticity) after using WAPS as a
volume percentage. The residual compressive strength was (34.14, 22.17, 19.08, and 15.66)%. The
residual splitting tensile strength for the tested cylinders after burning and cooling was (41.20,
44.32, 39.04, and 34.74)%, while the residual modules of elasticity were (12.93, 18.81, 16.59, and
20.86)% for the WAPS percentage (0, 1, 2, and 3)%, respectively, at temperature 500°C for two
hours as compared to one hour burned specimens (F-0%, F-1%, F-2%, and F-3%), respectively.

Table 4. Experimental Mechanical Properties for Concrete Mixes.

WAPS | Temperature | Duration | (f cu) % (fo % E %
% (°O) (Hour) | (MPa) | Variation | (MPa) | Variation | (MPa) | Variation
500 1 27.79 2.50 16970.29
0% 500 2 18.30 34.14 1.47 41.20 14775.40 12.93
500 1 31.70 2.73 19195.68
1% 500 2 24.67 22.17 1.52 44.32 15583.61 18.81
500 1 40.56 2.92 20520.53
2% 500 2 32.82 | 19.08 1.78 39.04 |17114.34| 16.59
500 1 47.06 3.31 24646.08
3% 500 2 39.69 | 15.66 2.16 34.74 |19503.52 | 20.86

4. RESULTS and DISCUSSIONS

For the burned specimens, the influence of fire flame time exposure on the ultimate load capacity
and load-deflection behavior was investigated. The analysis parameters' findings showed a
considerable difference in the specimens’ load-carrying capability at the same burning temperature
level of (500°C) when the duration of fire exposure is increased. Table (5) shows the percentage
variation in the ultimate load and the maximum deflection for two hours duration (31.52, 34.54,
30.31, and 28.64)% and (7.32, 13.80, 16.01, and 21.00), respectively, for specimens (F-0%, F-1%,
F-2%, and F-3%), respectively, with regard to the corresponding one-hour-burned specimens. The
numerical findings of the ultimate load (Py) and the maximum deflection (Ay) for the specimen
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models at the considered burning temperatures are shown in Table (6). The results showed that
adding WAPS as a volume ratio to the concrete mix resulted in a considerable increase in the
ultimate load as well as an increase in the peak deflection as compared with the reference specimen
(no WAPS contained) was achieved. Fig. (21) to (24) show the effect of fire exposure duration on
the ultimate load, and Fig. (25) to (28) show the effect of steady-state temperature of the fire
exposure (500, 600, and 700)°C on the ultimate load.

Table 5. Numerical Ultimate Load and Ultimate Deflection at 500°C (two hours).

Specimen Pu %Va_r Gl Ay %Variation in Stlifness
Designation | (kN) In (mm) Au% K=P/A

Pu% ikN/mmi
F-0% 97.41 23.50 48.45
F-1% 106.89 25.20 62.00
F-2% 110.83 28.78 77.20
F-3% 137.06 36.00 96.38
F-0% 66.70 31.52 25.22 7.32 20.23
F-1% 69.96 34.54 28.67 13.80 25.17
F-2% 77.24 30.31 33.39 16.01 66.70
F-3% 97.80 28.64 43.44 21.00 80.25

Table 6. Numerical Ultimate Load and Ultimate Deflection for the Considered Temperatures.

. Stiffness
Specimen Pu Increasing Ay Incr(_aasmg K=P/A
Designation (kN) in Py % (mm) A"L ’ (kN/mm)
u 70
- sc
F-0% 97.41 S 23.50 ---- 48.45
F-1% 106.89 9.73 25.20 7.23 62.00
F-2% 110.83 13.77 28.78 22.46 77.20
F-3% 137.06 40.70 36.00 53.19 96.38
. e0c
F-0% 69.45 23.67 13.34
F-1% 74.20 6.84 27.70 17.02 16.70
F-2% 99.80 43.70 32.13 35.74 34.75
F-3% 112.53 62.00 41.69 76.13 48.24
- ec
F-0% 48.55 26.95 3.12
F-1% 50.50 4.00 28.57 6.01 4.17
F-2% 55.21 13.72 33.89 25.75 4.40
F-3% 68.34 40.76 45.00 66.97 6.57
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Regarding the adopted parameter (steady-state burning temperature), Table (6) shows that the
specimen with (3%) WAPS volume fraction improved the ultimate load and the ultimate deflection
by about (40.70 and 53.19)%, respectively, for (500°C) and (62.00 and 76.13)%, respectively, for
(600°C), and by about (40.76 and 66.97)%, respectively, for (700°C).
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140 140
120 120
100 __100
= 80 _i 80
< 60 T 60
g 40 S 10
- 20 20
0 0
0 10 20 30 0 10 20 30 40
Deflection(mm) Deflection(mm)
F-0%(500)1hr. F-0%(500)2hr.  ———NF-0% —— F-1%(500)1hr. F-1%(500)2hr. ——NF-1%
Figure 21. Effect of Fire Exposure Duration Figure 22. Effect of Fire Exposure Duration
on the Ultimate Load. on the Ultimate Load.
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— 40 40
20 20
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0 10 20 30 40 0 10 20 30 40 50
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——F-2%(500)1hr. F-2%(500)2hr. ———NF-2% ——— F-3%(500)1hr. F-3%(500)2hr. == NF-3%
Figure 23. Effect of Fire Exposure Duration Figure 24. Effect of Fire Exposure Duration
on the Ultimate Load. on the Ultimate Load.
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Figure 25. Effect of Fire Exposure Different
Temperatures on the Ultimate Load (WAPS-0%).
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Figure 26. Effect of Fire Exposure Different
Temperatures on the Ultimate Load (WAPS-1%).
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Figure 27. Effect of Fire Exposure Different Figure 28. Effect of Fire Exposure Different
Temperatures on the Ultimate Load (WAPS-2%). Temperatures on the Ultimate Load (WAPS-3%).

The flexural toughness of reinforced concrete specimens containing various amounts of WAPS is
compared in Table (7). Heating reduces beam stiffness, mostly due to a reduction in concrete’s
mechanical characteristics.

Regarding the considered parameters that included fire exposure duration (one and two hours) at
(500 °C), the specimen containing a ratio (3%) of WAPS was of the best structural behavior. The
percentages variation of the absorbed energy reduction at failure load were (21.39 and 37.01)%
for the WAPS ratio (3 and 0)%, respectively. This proved the enhancing influence of the WAPS
ratio, as shown in Table (7).

For the adopted parameters regarding the steady-state burning temperature (500, 600, and 700)°C
for a one-hour duration, the percentages variation of the absorbed energy reduction at failure load
were (91.87, 150.67, and 106.07), respectively, for specimens with a ratio of (3%) WAPS as
compared with zero percentage of WAPS, as shown in Table (8).
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Table 7. Absorbed Energy for the Burned Specimens at Temperature (500°C) for Two-Hour Duration.

Number 11

November 2022 Journal of Engineering

Specimen Absorbed Energy at Failure | % Variation of Absorbed
Designation Load Energy at Failure Load
(KN.mm)

- seC(he) [ ]

F-0% 1862.95

F-1% 1984.40

F-2% 2400.14

F-3% 3574.51
- seeCc@hey [ ]

F-0% 1173.42 37.01

F-1% 1470.20 25.91

F-2% 1853.54 22.77

F-3% 2809.57 21.39

Table 8. Absorbed Energy for the Burned Specimens at Temperature (500, 600, and 700)°C for One-

Hour Duration.

Specimen Absorbed Energy at Failure | % Variation of Absorbed
Designation Load Energy at Failure Load
(KN.mm)

- s0C(he)y ]

F-0% 1862.95

F-1% 1984.40 6.52

F-2% 2400.14 28.83

F-3% 3574.51 91.87
- ewc(h)y ]

F-0% 1242.85

F-1% 1508.67 21.38

F-2% 2163.22 74.05

F-3% 3115.51 150.67
- gc(he) ]

F-0% 788.30

F-1% 864.85 9.71

F-2% 1121.65 42.28

F-3% 1624.52 106.07

5. CONCLUSIONS

1. Regarding the considered parameters that included fire exposure duration (one and two hours)
at (500 °C), the specimen containing a ratio (3%) of WAPS was of the best structural behavior as

listed in items (a - d):
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a. The ultimate load was reduced by about (28.64)% due to the time duration effect while the
reduction was (31.53) % for the specimen of zero WAPS.

b. The percentages variation of the absorbed energy reduction at failure load were (21.39 and
37.01) % for the WAPS ratio (3 and 0)%, respectively. This proved the enhancing influence
of the WAPS ratio.

c. Regarding the burned specimen stiffness, similar outcomes were found. The reduction
percentages were (16.74 and 58.25) for the WAPS ratio (3 and 0)%, respectively.

d. As for the hardening concrete properties consisting of (compressive strength, splitting
tensile strength, and modulus of elasticity), the residual strengths were (15.66, 34.74, and
20.86)%, respectively, in the case of (3%) WAPS contained. In contrast, they were (34.14,
41.20, and 12.93)% in the case of (0%) WAPS.

2. For the adopted parameters regarding the steady-state burning temperature (500, 600, and
700)°C for a one-hour duration, the specimens with a ratio of (3%) WAPS improved the following,
corresponding to zero percentage of WAPS:

a. Has the highest ultimate load and the ultimate deflection by about (40.70 and 53.19)%, and
(62.00 and 76.13)%, and by about (40.76 and 66.97)%, respectively.

b. The absorbed energy at failure load by about (3574.51, 3115.51, and 1624.52) KN.mm.
c. The stiffness by about (96.38, 48.24, and 6.57) kN/mm

d. The residual compressive strength, splitting tensile strength, and modulus of elasticity were
(72.40, 56.12, and 43.78)%, (74.36, 56.50, and 44.79)%, and (45.23, 36.57, and 28.94)%,
respectively.
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