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Lightweight reinforced concrete (LWC) is widely used in various reinforced concrete (RC) applications, such as its use in diverse
types of reinforced concrete slabs. The aim of this study is to analyze the behavior of reinforced foam concrete slabs (flat slab type)
that are exposed to fire conditions under the influence of eccentric loads as well as concentric loads. This analysis has been done
using the finite element method by a (ANSYS) software program. The validity of the adopted models was verified through
comparison with a previous experimental study. The studied specimens were eleven reinforced concrete flat slabs with a thickness
of 150 mm. The lightweight polystyrene foam concrete was used in these specimens with a density of 1820 kg/m”. The results
showed that the fire effect lead to a decrease in the maximum carrying load of foam concrete slabs by 25%. Also, by comparing the
finite element results with the selected experimental study, the results showed a great agreement with the analytical study used in

this research.

1. Introduction

The use of lightweight concrete has been widespread since
the 18th century. There was a necessary need to use this type
of concrete to reduce the cost of reinforced concrete
structures. Looking at the main factors that have effects on
reducing the weight and density of concrete, the weight and
type of the aggregate used as well as the ratio between coarse
aggregate and fine aggregate are the main factors that can be
used for this purpose.

It is also possible to use foam in its various forms in
mixed concrete materials in order to produce the lightweight
concrete. Numerous and varied studies have dealt with the
use of foam in the production of lightweight concrete. Due
to the availability of manufacturing foam of different types in
many countries, it can be used in a simple way to produce
this type of concrete. In 2014, M. Tech Scholar [1] have made

an analytical study of two mixtures of foam concrete, the first
mixture of foam concrete with sand and the second mixture
without sand, and the study dealt with many experiments to
determine the proportions of the concrete mixture to reach
a density of 1900 kg/m>. This study concluded that the ratio
of the mixture which is used in the study is not suitable for
the production of foam concrete which can be used in
structural purposes because the compressive strength
resulting from the concrete was less than 17.0 MPa, after 28
days of casting.

Helal et al. [2] conducted a practical study for the
purpose of improving the preformed foam concrete, which
was produced with a density of 1300 to 1900kg/m>. This
study relied on the use of two types of materials that are
added to concrete (fly ash and silica fume) in addition to use
of a water reducing agent. The results of this study were
good, as these materials showed a clear improvement in the
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structure of concrete pores, as well as an increase in strength,
in addition to a reduction in concrete’s absorption of water.
The results also showed that these materials had slightly
increased the thermal conductivity of concrete.

According to the study conducted by Wan Ibrahim et al.
[3], the effect of polyolefin fibers on the properties of foam
concrete was studied (such as flexural strength and com-
pressive strength). The density of concrete that is used in this
study ranged from 1300 to 1600 kg/m”. The researchers used
in the study polyolefin sized fibers at relatively low volume
fraction with percentages ranging from 0.0%, 0.20%, 0.40%,
and 0.60%. The results of the study were that the compressive
strength and flexural strength of foam concrete were slightly
affected as a result of using the mentioned fibers by 4.3% and
9.3%, respectively.

Also, the researchers of Lee et al. (2017) [4] have
conducted their study on slabs and beams of foam concrete,
which was produced using a type of lightweight foam
mortar, and the density of concrete ranged from 1700 to
1800 kg/m>. Accordingly, the concrete’s compressive
strength was 20 MPa. The results of this study were that the
mortar used led to a decrease in the maximum load from
8.0% to 34.0%, when compared to that of reinforced
concrete with natural density using the same type of
mortar.

By reviewing the reviews and previous studies, it was
found that foam concrete can be used successfully in
reinforced concrete structures by using additives and dif-
ferent types of fibers. Concrete slabs made of structural
polystyrene foam can be used to replace hollow block panels
and thermally insulated layers.

Several design models were developed for punching shear
strength; however, these models vary significantly in the
considered parameters and mechanisms in developing the
model [5-9]. For example, the European concrete design code
(EC2) [5] model is semiempirical. In contrast, the FIB model
design code (MC) [6] is physically based. Thus, there are many
reviews that have studied the performance of flat slabs when
exposed to fire. References [10-18]. Despite the diversity of
these studies, it was noted that the behavior of polystyrene foam
concrete when exposed to fire was not studied.

El-Fitiany and Youssef [13] in their study conducted
a simple method to predict the flexural and behavior of
reinforced concrete sections during exposure to high tem-
peratures. This proposed method was validated experi-
mentally by an analytical study. Wang [14] experimentally
studied the structural behavior of reinforced foam concrete
flat slab exposed to fire under diverse loading such as
concentric and eccentric. The eleven flat slab specimens with
square dimensions of 1750 mm length and 150 mm thick-
ness were tested. The central column with a square cross
section 200 x 200 mm was located at the center of each slab.
The results in that study showed that the maximum load of
the specimens with light weight foam concrete were reduced
compared to those of specimens with normal concrete.

The main purpose of this study is to identify the effi-
ciency of structural lightweight polystyrene foam concrete
flat slabs under varies parameters when these slabs are ex-
posed to fire.
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2. Materials and Methods

The validity of the adopted models was verified through
a comparison with a previous experimental study which was
conducted by Riad and Shoeib [18]. In their study, two concrete
mixes were used, one for the light weight concrete specimens
and another mix was for the normal concrete specimens.
Polystyrene foam, silica fume, and super plasticizer were used
in the mix in order to achieve the self-compacting lightweight
concrete; also, fine crushed stone of nominal maximum size of
10 mm was used as a coarse aggregate. Steel rebars with grades
(240/350) and (360/520) were used. The yield strength and
ultimate tensile strength for a mild steel (240/350) were
(240 MPa) and (350 MPa), respectively, and this steel was 8 mm
in diameter. The proof strength of high tensile steel deformed
rebars with grade (360/520) was 360 MPa and ultimate tensile
strength of these were 520 MPa. This rebars with bar sizes of
(12mm) and (16 mm).

3. Numerical Program

3.1. Numerical Specimens and Parameters. The numerical
specimens included eleven tested RC simply supported square
slabs with typical dimensions of 150mm thickness and
1750 mm length. The clear span was equal to 1650 mm. The RC
column is square with 200 mm in the case of the concentric
load. In the case of an eccentric load, the column was extended
above the slab compression face by 200mm for all tested
specimens. The typical concrete specimen’s dimensions and
reinforcement details are shown in Figure 1 as the experimental
specimens that are presented by Riad and Shoeib [18].

The main parameters in this work are the effect of the
percentage of tension steel reinforcement (0.40% and 0.70%)
and type of vertical loads (concentric or eccentric) on the
performance of flat slab when exposed to fire. Five speci-
mens with normal-weight concrete and six specimens with
polystyrene foam concrete slab have been tested.

The eleven tested specimens are divided into four groups
as shown in Figure 2 and as follows:

(i) The first group (3 control specimens) studies the
behavior of normal-weight concrete with different
load types and steel ratios.

(ii) The second group (2 specimens) studies the behavior
of normal-weight concrete exposed to fire from 0 to
500°C and is loaded by 30% of the ultimate with
gradual increasing to ultimate load after cooling by air.

(iii) The third group, (3 specimens), and considers the
effect of the load type and main steel ratios on the
behavior of lightweight concrete

(iv) The fourth group (3 specimens) is similar to the
second group but by using lightweight concrete
instead of the normal concrete.

3.2. Modeling Slabs by ANSYS. This section presents ele-
ments types, real constant, material properties, numerical
concepts, boundary conditions, and analysis types so as
process together with load stepping.
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Fi1GURE 1: Typical dimensions and RFT for tested specimens.

3.2.1. Elements Types. There are mainly four elements  3.2.2. Loads and Boundary Conditions. Similarly, for the
used at the analysis; the names, shapes, number of degree ~ experimental slabs, all joints at the border of the slab are
of freedom, and some properties are shown below in  modeled as a simply supported, which was constrained in

the UY. Two nodes in the X direction are constrained in the

Table 1.
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FIGURE 2: Main groups of specimens. N* normal-weight concrete NWC), L * lightweight concrete (LWC), A * without fire, F * exposed to
fire, C * under concentric load, E * under eccentric load, U * 0.4% Rft (Reinforced steel ratio) from gross area of slab, and H * 0.7% Rft from

gross area of slab.

TaBLE 1: Summary for the elements needed at modeling.

Properties\element Concentric element

Steel reinforcement Lead Plate and Supports

element
Name Solid65 .(structural Sohd75. (thermal Link180 Solid185
concentric element) concentric element)
Shape
No. of nodes 8 8 3 8
1-capable of plastic- 1-having thermal 1-Proficient in plastic- . .
deformation degree-of-freedom deforcement 1-Plastic and hyper-elastic
Properties 2-cracking in 3- 2-using at heat condition 2-connected between nodes  2-allows for stress-stiffening

orthogonal direction

3-crushing

3-2 materials share the 3-creep so as large deflection

same nodes together with large strain
UX and another two nodes, in the Y direction UY. The dis-
placement is applied at the column head based on its position. N AEIS;{ (S)
The displacement is applied at a single node on upper plate APR292018
using the incremental displacement method. The support and 123143
the displacement applied are presented in Figure 3.
Applied disp.

4. Verification of the Analytical Model

Table 2 shows the verification of the analytical model and
experimental slabs which was tested by Riad and Shoeib [18];
the table divided into two main categories related to the
output of the analysis. The first category shows the failure
loads for each specimen at experimental and analytical models
and the percentage of difference between both. The second
category is the same but for the deflection at edge of column.

4.1. Crack Patterns and Load-Deflection Curves. Table 3
shows the propagation of cracks of the slabs specimen 1,
3, 6, and 8 just before failure using the finite element model
and actual failure shape and load-deflection curves.

4.2. Parametric Study and Effect of Eccentricity on the Behavior
of a Flat Slab. To study the effect of eccentricity on the
behavior of lightweight concrete, the specimens are divided
to four groups, each group includes eight specimens related
to the ratios of steel (0.4 and 0.7 which are called U and H,

FIGURE 3: Support condition and applied displacement.

respectively), the eccentricity which varies from 0.5 to 1 with
a 25% increasing fixed percentage, type of concrete, and
heating intensity or temperature are as shown in the table
below. Table 4 has been expressed as a database at the
nonlinear finite element analysis for the same slab cross
section and steel grade as the experimental program.

4.3. Parametric Study Database Analysis and Results. A
nonlinear finite analysis is conducted using ANSYS software, to
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TaBLE 2: Verification of the analytical model and tested specimens of Riad and Shoeib [18].

) ) Failure load (kN) Deflection at edge of column (mm)
Group Specimen Specimens code . . . . . .
Experimental Analytical % diff. Experimental Analytical % diff.
S1 NACH 462 483.7 4.7 13.92 134 -3.74
Gl S2 NAEH 382 417.6 9.3 12.3 11.65 -5.28
S5 NACU 383 396.95 3.64 15.1 14.67 -2.85
G2 S3 NFCH 444 451.23 1.65 15.15 17.43 15.0
S4 NFEH 298.7 311.73 4.36 15 14.85 -1.0
S6 LACH 430 459.7 6.9 17.72 16.04 -9.48
G3 S7 LAEH 367 406.4 10.73 11.4 12.28 7.71
S11 LACU 343 376.6 9.8 15.5 14.55 -6.13
S8 LFCH 332 341.33 3 19.75 19.44 -1.57
G4 S9 LFEH 238 272.24 14.38 14.33 13.23 -7.68
S10 LFCU 278 286.7 3.13 15.9 15.95 0.5

2. N * normal-weight concrete, L * lightweight concrete, A * without fire, F * exposed to fire, C * under concentric load, E * under eccentric load, U * 0.4% rft
from gross area of slab, H * 0.7% rft from gross area of slab.

TaBLE 3: Summary of finite element models, cracks, and load-deflection curves.

Sample Finite element model Crack Load-deflection

500
450 B S
400 . 3
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300 .. s
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200 . £,
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z
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Deflection (mm)

Experimental

— — — Theoretical
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b
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500
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A = 250
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500
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Load (kN)

S8 (LFCH)
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50
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Deflection (mm)
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predict the ultimate loads and deflection for the constructed In case of the study of the behavior of lightweight RC, flat
parametric study database. The finite element predicted failure ~ slabs with RFT percentages equal to 0.7% and 0.4% when
loads and deflection at edge of column. Figure 4 presents the  applying the concentric and changing eccentric vertical load
crack propagation before ultimate from the finite element model. ~ e/t=0.5, 0.75 and 1.0.
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TABLE 4: Parametric study database of slabs.

Group Specimens Specimens code Type of concrete

Heating temp (C").

Eccentricity ratio (e\tf) Main RFT% Flexure RFT

1 NACH No 17 0 16
2 NAE,H 0.5 u 17 0 16
3 NAE,H 0.75 17 0 16
4 NAE;H 1.0 17 0 16
Gl 5 NACU Nwc Non No 10 @ 16
6 NAE,U 0.5 U 10 0 16
7 NAE,U 0.75 10 0 16
8 NAE,U 1.0 10 0 16
9 NFCH No 17 0 16
10 NFE,H 0.5 - 17 0 16
11 NFE,H 0.75 17 0 16
12 NFE,H . 1.0 17 0 16
G2 13 NECU Nwe 500 No 10 0 16
14 NEE,U 0.5 U 10 0 16
15 NFE,U 0.75 10 0 16
16 NFE,U 1.0 10 0 16
17 LACH No 17 0 16
18 LAE,H 0.5 - 17 0 16
19 LAE,H 0.75 17 0 16
20 LAE.H 1.0 17 0 16
G3 21 LACU Lwe Non No 10 @ 16
2 LAE,U 0.5 U 10 0 16
23 LAE,U 0.75 10 0 16
24 LAE,U 1.0 10 0 16
25 LECH No 17 0 16
26 LFE,H 0.5 - 17 0 16
27 LFE,H 0.75 17 0 16
28 LFE.H . 1.0 17 0 16
G4 29 LECU Lwe >00 No 10 0 16
30 LFE,U 0.5 U 10 0 16
31 LFE,U 0.75 10 0 16
32 LFE,U 1.0 10 0 16

N * normal-weight concrete, L * lightweight concrete, A * without fire, F * exposed to fire, C * under concentric load, E; *, E, * and E; * under eccentric load
(e/t)=0.5, 0.75 and 1.0 respectively, U * 0.4% rft from gross area of slab, H * 0.7% rft from gross area of slab.

(a) (b)
FIGURE 4: Crack propagation before failure from the finite element model. (a) e/t=0. (b) e/t=0.5. (c) e/t=0.75. (d) e/t=1.0.

In case of high RFT percentage equal to 0.7%, the effect of
applying the concentric and the changing eccentric vertical
load LAE,H, LAE,H and LAE;H with e/t =0.5, 0.75, and 1.0,
respectively, on the behavior of lightweight RC flat slabs was
noted as the following.

It is clear from Figures 5 and 6, when applying the
eccentric vertical load LAE,H, LAE,H, and LAEs;H with e/
t=0.5, 0.75, and 1.0, respectively, on the tested specimens
with high RFT% that the ultimate load decreased compared
to a concentric control specimen (LACH) by percentage
11.59%, 30.19%, and 44.15%, respectively, and the deflection

(0) (d)

corresponding to the ultimate load decreased with per-
centage 23.44%, 28.43% and 34.16%, respectively. It is also
noted that the stiffness of these tested specimens increased
by increasing the eccentric vertical load, although the
stiffness of the eccentric specimen with e/t=1.0 becomes
similar to concentric control specimen, as shown in Figure 5.

In case of usual RFT percentage equals to 0.4%, the effect
of applying the concentric and the changing eccentric
vertical load LAE,U, LAE,U, and LAE;U with e/t = 0.5, 0.75,
and 1.0, respectively, on the behavior of a lightweight RC flat
slab was noted as shown in figures 5 to 8.
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FiGure 5: Effect of e/t ratio on the load-deflection curves for LWC
with high RFT%.

LWG, air, usual rft%
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FiGure 6: Effect of e/t ratio on the load-deflection curves for LWC
with usual RFT%.

It is clear from Figures 7 and 8, when applying the
eccentric vertical load LAE U, LAE,U, and LAE;U with e/
t=0.5, 0.75, and 1.0, respectively, on the tested specimens
with usual RFT% that the ultimate load decreased compared
to concentric control specimen (LACU) by percentage
15.10%, 31.40%, and 47.27%, respectively, and the deflection
corresponding to the ultimate load decreased with per-
centage 10.65%, 17.73%, and 24.74%, respectively. It is also
noted that the stiffness of these tested specimens increased
by increasing the eccentric vertical load, although the ec-
centric specimen with e/t=0.5 have the same stiffness of
concentric control specimen as shown in Figure 7.

On studying the behavior of lightweight RC, flat slabs
which had been exposed to fire with RFT percentages equal

LWC, No Fire
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e/t Ratio

—— 0.7 RFT % Analytical
-#- 0.4 RFT % Analytical
B 0.7 RFT % Experimental
A 0.4 RFT % Experimental

Ficure 7: Effect of e/t ratio on load for LWC the ultimate.
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FiGure 8: Effect of e/t ratio on the maximum deflection for LWC.

to 0.7% and 0.4% when applying the concentric and
changing eccentric vertical load e/t=0.5, 0.75 and 1.0.

4.3.1. Discussion for Specimens with High RFT Percentage
Equal to 0.7%, e/t (0 tol) and Exposed to Fire. Figures 9 and
10 illustrate that when applying the eccentric vertical load
LFE\H, LFE,H, and LFE;H with e/t=0.5, 0.75, and 1.0,
respectively, on the tested specimens were exposed to fire
with high RFT% that the ultimate load decreased comparing
to concentric control specimen (LFCH) by percentage
20.24%, 44.10%, and 61.58%, respectively. The corre-
sponding deflection to the ultimate load decreases with
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FiGure 10: Effect of e/t ratio on the load-deflection curves for LWC
with usual RFT% when exposed to fire.

percentage 31.94%, 33.28%, and 38.58%, respectively. The
stiffness of those tested specimens increased by increasing
the eccentricity, although the stiffness of the eccentric
specimen with e/t=1.0 becomes similar to concentric
control specimen as shown in Figure 9.

4.3.2. Discussion for Specimens with Usual RFT Percentage
Equal to 0.4%, e/t (0 tol) and Exposed to Fire. Figures 9 and
10 illustrate that the applying eccentric vertical load LFE; U,
LFE,U, and LFE;U with e/t =0.5, 0.75, and 1.0, respectively,
on the tested specimens which exposed to fire with usual
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FiGure 11: Effect of e/t ratio on the ultimate load for LWC when
exposed to fire.

RFT% that will cause a decreasing in the ultimate load
when comparing it to the concentric control specimen
(LECU) by percentage 27.76%, 55.94%, and 63.20%, re-
spectively. Also, the corresponding deflection to the ulti-
mate load decreases with percentage 26.96%, 32.79%, and
34.29%, respectively.

The stiffness of these tested specimens will be increased
by increasing the eccentric vertical load, although the ec-
centric specimen with e/t=0.5 have the same stiffness of
concentric control specimen as shown in Figures 11 and 12.

For more clarification, Figure 13 presents the relation
between variation of eccentricity(e/t) and deflection during
the fire process with a constant load for LWC specimens at
high and usual RFT% (0.7% and 0.4%, respectively). Related
to the control specimen (LFCH), the deflection of high RFT
% decreased by approximately 16.5%. Similarly for control
specimen (LFCU), the deflection of usual RFT% decreased
by approximately 13.3%.

5. Comparison of Parametric Study Database-
Ultimate Loads and Loads from Different
Codes Using the Proposal Factors for ACI 318
and BS 8110

Related to the experimental tests, reduction factors of
concrete compressive strength in foam concrete depending
on the reduction factors in lightweight concrete strength
have been proposed by Riad and Shoeib [18]. In addition to,
reduction factors in compressive strength of lightweight
concrete exposed to 500°C fire for ACI-318 and BS-8110
codes were also proposed. This part discusses the compar-
ison between the results of the finite element analysis, ex-
perimental tests, and different codes (ACI 318 and BS 8110)
related to the mentioned reduction factors.
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F1GURE 13: Effect of e/t ratio on the deflection during fire process at
constant load for LWC.

Figure 14 appears in case LWC specimens were not
exposed to fire by using the proposal reduction factors for
ACI-318 and BS-8110 codes, the prediction load closes to
database-ultimate loads by average percentage 24.0% and
16.25%, respectively, compared to the load using the re-
duction factors of these codes when increased e/t ratio to 0.5,
0.75, and 1.0. Figure 15 shows the comparison between the
fired LWC database-ultimate loads and different codes
which using the proposal factors.

Moreover, in case of LWC specimens that were ex-
posed to fire, by using the proposal reduction factors for
ACI-318 and BS-8110 codes, the prediction load closed to
database-ultimate loads by an average percentage of
18.6% and 12.4%, respectively, compared to the load
using the reduction factors of these codes when increased
e/t ratio to 0.5, 0.75, and 1.0 as shown before in
Figures 5-8.

LWC, No Fire, High RFT%
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—o— Database Results

-a- ACI318
-4- BS8110
- Porposal ACI318

%~ Porposal BS8110
—o— Experimental Results

Figure 14: Comparison of LWC database-ultimate loads and
different codes using the proposal factors.
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FIGURE 15: Comparison of fired LWC database-ultimate loads and
different codes using the proposal factors.

6. Conclusion

The main purpose of this study is to identify the efficiency of
structural lightweight polystyrene foam concrete flat slabs
when these slabs are exposed to fire by the finite element
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method. In this study, reinforced foam concrete flat slabs
were exposed to fire under eccentric and concentric loads.
The validity of the adopted models was verified through
comparison with a previous experimental study which has
been conducted by Riad and Shoeib [18]. By using the
software analysis (ANSYS), crack patterns, load-deflection
curves, steel strains, and deflection during the fire were
analyzed in this study. The following are concluded in this
work:

(1) The density of lightweight structural concrete that
was produced using fibers and additives was 1820 kg/
m’, and the compressive strength of concrete
reached 30.0 MPa.

(2) When comparing the behavior of lightweight
structural flat slabs which manufactured using
polystyrene foam with that of normal-weight con-
crete flat slabs, we found the following:

(i) The maximum load was low in the lightweight
foam concrete slab with rates ranging from 7.0%
to 4% for concentric load and eccentric load,
respectively; this is compared to the maximum
load of normal-weight concrete.

(ii) A decrease in the number of cracks in light-
weight foam concrete as well as an increase in
the width of cracks was observed.

(iii) When calculating the theoretical punching
shear force in ACI-318 and BS-8110 codes, the
proposed modification factors of foam concrete
can be equal to 1.24 and 1.163, respectively.

(3) By comparing the behavior of the structural light-
weight polystyrene foam concrete flat slab and
normal-weight concrete flat slab exposed to fire, we
find that:

(i) A decrease in the maximum load of foam con-
crete and normal-weight concrete was observed
by 25% and 13%, respectively.

(ii) The recommended reduction factors in com-
pressive strength according to ACI-318 and BS-
8110 codes are 0.68 and 0.56 instead to 0.82 and
0.70, respectively.

(4) It is highly recommended to study more specimens
with different types of foams and fibers.
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