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Abstract

The world is currently heading towards sustainability by reducing the amount of concrete, thus reducing the total unit
weight. Moreover, desigmronstruction requires materials with a higher stregtiveight ratio. Ribbed slabs and
lightweight concrete (LWC) are considered two leading sustainability facilities. This research developed an experimental
study to evaluate the effects of concrete fygteel reinforcement ratio, the geometry of ribs, voiding ratio, and slab type

on the structural behavior of omey ribbed slabs. Eight of the omeay slabs were constructed using pumice stone and
by-product material sugar molasses (SM), and one slalcarsgtructed using gravel and SM. These slabs were tested
under a static twgpoint load and simply supported until failure. The results showed that using SM with pumice stone
instead of gravel led to high strendifhtweight concrete (HSLWC), with a cytier compressive strength of 42.2 MPa

and a density of 1943 kgAnwhich meetshe requirements of HSLWC codes. Using HSLWC instead of-$tigingth
normatweight concrete (HSNWC) decreased the thermal conductivity by 43.55% and the unit weight by 19.31%.
Moreover, the ultimate strength of the HSLWC -aveey ribbed slab decreased by 17.70%. Overcoming this strength
reduction necessitated increasing the steel reinforcement ratio of the ribs from 0.28 to 0.44% in the HSLWC ribbed slab.
Changing the number ofas at the same amount of HSLWC showed a minor effect on the strength capacity of slabs but
showed an economic benefit. However, increasing the rib width to reduce the voiding ratio from 44 to 40% resulted in a
greater improvement in structural efficien&SH) of oneway ribbed slab than reducing it from 44 to 33%. Consequently,

the optimum rib width was 120 mm. Moreover, using a ribbed slab instead of a solid slab of HSLWC at the same amount
of concrete increased the ultimate strength by 130.37%, decréefection by 3.99%, and improved SE by 126.46%.
Furthermore, experimental results of ultimate load were compared witCth&18-19 code design equation

Keywords Ribbed SlabPumice StoneSugar Molassedligh StrengthLightweight ConcretgSolid Slab

1. Introduction

The selfweight of the slab is considered the most significant proportion of the superstructure weight-sfonulti
buildings. For this reason, the reduction of slab weight is an efficient issue, especially wigpéangiembers and
high-rise (multistory) buildings [1]. This reduction in weight contributes to sustainable construction by using less
concrete. Two approaches may be used to reduce slab weight: thetfisggeometriceffect), which is tackled using
different slabs such asoneway ribbed slab (joist slab) system. This system consists of regularly spaced concrete joists
or ribs spanning in one direction. A reinforced concrete slab was cast integrally with ribs and beam span between the
columns perpendicular to the ribs. elfwveight reduction is achieved by removing the part of the concrete volume
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underneath the neutral axis of the typical solid slab. Also.-$fighngth concrete (HSC) provides a better solution for
reducing the size and weight of concrete structural elenj2ht§he second igmaterial effect) using lightweight
concrete (LWC). Using waste material in concrete production, which has a detrimental effezteorwitbnment, is
considered another perspective on sustainably. As a result, sugar molasga®dadiyof sugar cane's viscous refining
processes in sugar factories, was used as an admixture in concrete because it acts as.a sugar [3]

The effect of lightweight aggregate (LWA) on the behavior of-@@s slabs has been studied by many authors;
AltunandH k't anir (2001) [4], Adil and Abdul Razzaq (2017)
and Babu and Rex (2019) [8]. However, these studies have often focusedwayosealid slabs and normatrength
concrete (NSC). Khdli(2018) [9] @nducted an experimental study that included testing eleven -taforced
concrete slabs with crushed brick as LWA. These slabs have a solid and styropor block slab (SBS) type with different
sizes of blocks (percentage of the reduction in weight) andhtbarspan to the effective depth ratio (a/d). The use of
minimum shear reinforcement and the reduction in the @essonal area of SBS resulted in an increase in strength
capacity compared to a lightweight solid slab. The wide ribs in SBS perform thettenarrow ribs at the same cross
sectional area, and the reduction in (a/d) for LWA solid and styropor block slabs increastaméte strength of these
slabs

Al-Nasra et al. (2019) [10] studied the effect of the rib spacing on the performatheereinforced concrete one
way ribbed slabs. The overall thickness, the design of the concrete mix, and the embedded steel reinforcement were kept
constant. Five slabs were prepared and tested by flexural bending stress. The test outcomes showedrézeset e
the rib spacing led to a decrease in the slab's strength and a slight decrease in the strength to weight ratio. VVaivade et al
(2019) [11] presented a comparison between-pigtfiormance concrete (HPC) and higérformance fiber reinforced
conagete (HPFRC) at the ultimate and serviceability limit states of ribbed slabs by using numerical analysis. The
variables inhis study were the slab heid®@0 to 340 mm and spa@rigth6 to 12 m The numerical results showed that
using HPFRC instead of HRi@creased the intensity of uniformly distributed load by 42 to 46% for ribbed slabs with
identical crosssections and allowable deflections. Also, HPFRC provided a 20% reduction in additional longitudinal
reinforcement and crosection dimensions of thébed slab. Huang et al. (2019) [12] conducted experimental work
to study the flexural behavior of a largpan multiribbed composite slab (RS) with filled LWC blocks (autoclaved
aerated concrete blocks). The fowdS specimens and one conventionalarete casin-place slab were subjected to
static bending testing. According to this study, thR€Rspecimens' bending failure process was similar to that of-a cast
in-place slab. The deflection, crack development, and ductility were generally goodltifitate bearing capacity of
four R-CS specimens increased by 36.4 to 47.5%, and their unit weight decreased by 17.0 to B(h&Pédcwith a
castin-place one

Liu et al. (2020) [13] An experimental study was carried out to investigate the influertoe thiree different rib
shapes (rectangle, inverted T, and dumbbell) on the flexural behavior of the prestressed concrete composite slab with
precast inverted -Bhaped ribbed panels (CSPRPs). The test findings showed that the static behaviors of CSPRPs with
varied rib shapes, such as cracking load, ultimate bearing capacity, and deflection, were similar. The concrete layers
(precast and ca#t-place) can operate together. Abdulhussein and Alfeehan (2020) [14] studied the behavior ef normal
strength lightweght reinforced concrete ribbed slabs. The variable in this study was the ratio of the rib depth to the total
beam depth. The results revealed that increasing the rib depth to total beam depth ratio enhanced structural behavior by
improving loadcarrying cgacity and lowering deflection. Vaivade et al. (2021) [15] focused on determining the impact
of using HPFRC for timbeconcrete composite (TCC) ribbed slabs with adhesive connections between layers as the
most effective connection type for composite actimmughout developing numerical models. Experiment data was
used to validate thregimensional finite element models of timber and ordinary concrete composite ribbed slabs and
HPFRC with additional longitudinal reinforcement ribbed slabs. The obtainalisrdemonstrated that replacing the
ordinary concrete layer with HPFRC in TTC ribbed slabs with adhesive connection decreased verig@nmid
displacements up to 1.68 times andreased the energy absorption

There is a lack of available information tme structural behavior of higétrength reinforced concrete enay
ribbed slabs made from normakight aggregate (NWA) or LWA together with Jpyoduct material such as sugar
molasses. This study aims to close the gap in limited information relatbd &irtictural behavior of HSC omeay
ribbed slabs with Ishape ends and benefit from the characteristics of LWA in improving the unit weight, theenchal
sound insulation of slabs

2. Experimental Program
Figure 1 shows the experimental program methodadlbgtwas adopted in this study
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<ExperimentaPrograD

T

Preparing and testing raw materials

Conducting many trail mixes of higtrength concrete to adopt the optimu
mix proportion for both normal and ligheight concrete

Preparing the molds for both control and slab specimer

Control specimens [cubes (10
and 150) mm, cylinders (100
200 and 150 x 300) mm, an

prisms (100x100%400) mm

Casting of
specimens

Slab specimens (8 ribbed
and 1 solid)

Curing he specimens for 28 days
1
Testing all the specimens

Figure 1. Experimental program methodology

2.1 Details of Specimensand Materials
Details ofSpecimens

The experimental program included studying the effects of the concrete type, istieeteenent ratio, geometry
section of ribs, voiding ratio, and slab type by testing nine slab specimens as illustrated in Table 1. The program consisted
of casting and testing eight reinforced concretewag ribbed slabs with dimensions 2000 mm len§€69 mm width,
and 150 mm depth. One of these slab specimens was casted with HSNWC, and the others with HSLWC. The last
specimen was HSLWC onway solid slab with a depth of 83mm (to give an equivalent concrete volume-afayne
ribbed slab). According to @I-318-19 [12], the onewvay reinforced concrete slab was designed using the ultimate
method to fail by flexure mode under the tpoint load. All minimum steel reinforcement in the flange and minimum
shear reinforcement was the same amount in alhwag ribbed slab specimens. Square mesh reinforcement of
(96@150mm c/c in both directions) was used in the flange to meet the shrinkage and temperature reinforcement
requirements. To avoid the occurrence of shear failure@@&0mm diameter stirrups were progitlin each rib. The
clear cover at the bottom was 20mm for all slabs. The geometry and steel reinforcement details eivthe shale
sections are shown in Figure 2.

Table 1. Designation and details of the tested slabs

Study Effect of Slab Symbol Type of Concrete Variable
All Effects S1 HSLWC Reference
Concrete Type S2 HSNWC Coarse Aggregate Type
S3 26 mm
Steel Reinforcement Rati HSLWC Diameterof Bar
S4 @10 mm
S5
Geometry of Ribs s6 HSLWC Number of Rib
S7 120 mm
Voiding Ratio HSLWC Width of Rib
S8 150 mm
Slab Type S9 HSLWC Solid Slab
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Figure 2. Geometry and reinforcement details of specimens
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Propertiesof Materials

Limestone Portland cement (CEM IHA 42.5R) meets with the limitations of EN1192011 [16]. Silica fume,
known commercially as MgaAdd MS(D), was used in this study and conformed to ASTM C 1240 [RKgidur fine
aggregate (sand) was used in all mixes; the grading curve of this sand conformed to the limitations of Iraqi specification
N0.45/1984 [18], zone 2sahown in Figure 3a. Normaleight coarse aggregate (crushed gravel) with dry density 1570
kg/m?® was used in the HSNWC mix; the grading curve of this gravel is showigime 3b and conformed to Iraqi
specification N0.45/1984 [18]. LWA volcanic type (pio@ stone) with dry density 708 kglrwas used to produce
HSLWC. Figure 3c illustrates the pumice stone grading, which conforms to the ASTM C 330 [19fahkiigtvater
reducing admixture, known as ViscoCrete 5930meets the requirement of ASTM C494 [20j; addition, sugar
molasses with a pH 5.37 and Brix 8 [3] added to mixtures to enhance the workability. Finally, tap water was used in all
mixes. Table 2 shows the mechanical properties of all deformed steel bars used to reinforce all si@nspeat

conform to the ASTM A 50 [ 21] . Pl ywood sheets with 20mm thicknes

formworks, as shown in Figure 4.
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Figure 3. Grading curves for fine and coarse aggregate

Table 2. Mechanical properties of steel reinforcing bars

Bar gri]?nn;eter Yie(ll\c/iI Ii:lr)ess Ultimate Stress (MPa) ElonO%ation
6 495 541 2
8 509 656 11
10 555 636 8

—

(©1 Rib—=3 00mm

(d) 3 Ribs-bx=120mm (e) 3 Ribs-by=150mm

Figure 4. Plywood formworks

Many trail mixes were conducted to choose the optimum concrete mix proportions that meet the required
requirements of the ACI 2134 [22] for HSLWC and the ACI 363R0 for HSNWC P3]. Same mix proportions were
used in both HSLWC and HSNWC mixes except coarse aggregate type (pumice stone in HSLWC and gravel in HSNWC
at same volumetric ratio), as shown in Table 3.
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Table 3. Concrete mixes

Concrete Mixes Quantity Kg/m°)

Materials
HSLWC HSNWC
Cement 525 525
Silica Fume 75 75

Sand 590 590
Gravel 1100

Pumice Stone 495
Water 142 142
Superplasticizer 7.85 7.85
Sugar Molasses 1.05 1.05

2.2 Testing Setup

Tests of concrete properties were compressreagth (£, and £°), splitting tensile strengthiff modulus of rupture
(fr), ultrasonic pulse velocity (UPV), drydensityjw, and t her mal conductivity- (A) t
116 [24], ASTM C39 [25]), ASTM C496 [26], ASTM C78 [27], ABTC597 [28], (ASTM C567 [29] and ASTM C642
[30]), and ASTM C1113 [31], respectively. All slab specimens were tested by a hydraulic jack testing machine of (60
Ton) capacity in the construction laboratory of Civil Engineering College, Babylon Universéycoritrol panel of the
testing machine contains the hydraulic power unit, the load measuring unit, and the control devices. The load was applied
to slabs through a spreader steel beam, which was applied in load control mode.

The supporting condition for laslab specimens was simply supported by using a roller and hinge support. Both
hinge and roller support consists of a steel plate with a 20mm thickness and a 10mm steel circular shaft that was welded
with I-section. The hinge support was manufacturedma horizontal displacement while still allowing for rotation,
while roller support was manufactured to allow both rotation and horizontal displacement. Steel bearing plates with a
20mm thickness are laid at points of supports and loading to preveat#herushing. The slab specimen was precisely
aligned in the testing machine with locations of loading and support. The effective span for all tested slabs was 1800mm,
with a distance between twmint loading (600) mm, as shown in Figure 5. The optidatometer with 0.02 mm
accuracy was used to measure the cracks widths of all slab specimens. The deflection of slab specimens was measured
at the midspan of the slab using LVDT with a maximum capacity of 2100 mm @#T&nm) with a 0.01mm accuracy.

The loadcell with (200 Ton) capacity and with precision {8#-analog to digital converter (ADC)) was used to measure

the applied load. Hx 711 Datalogger amplifier withcd#annel was used to collect the data. It was connected to the Dell
Precision M 4800 laptqyhis laptop supplied by a particular program was done in LabView 2020 to receive all data and
save it as an Excel file. The load was applied in stages at a loading rate of 0.05kN/s. The observations and measurements
data of applied load, midspan deflectj crack propagation, and development on the faces and surface of the slab were
recorded at each loading interval

(a) Experimental model (b) Sketchup model

Figure 5. Experimental testing of slab specimen

3. Results and Discussin
3.1 Concrete Properties Results

Tables 4 summarizes the results of mechanical properties for both HSLWC and HSNWC mixes. From these results
can be seen that using HSLWC instead of HSNWC decreaséd, fi;, f, and UPV by abou23.61, 27.24, 34.04, 37.5
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and 19.066, respectively, because of the porous nature of LWA that weakens the aggregate. Masogdr\WA

decreased the valuesof W, a nd Al9.31 43.55 &nd 34185 respectively.

Table 4. Mechanical properties of concrete mixes*

Concrete Mix  fe,(MPa) f. (MPa) f,(MPa) f,(MPa) UPV (km/s) wc(kg/m® A ** W/ A Rayl

HSLWC 52.1 42.2 3.1 35 4.441 1943 0.81 8.6 10°
HSNWC 68.2 58 4.7 5.6 5.487 2408 1.435 13.2 10°

* For each mix, an average of three specimens was taken.

* * Thermalconductivity, this test was carried out at the national center for construction labordtabiesatory Bapdad.

*** Al: Acoustic Impedance = we* UPV

3.2 General Cracking Behavior

Vol. 8, No. 02 February 2022

The cracking performance of the tested slabs is evaluated and discussed as hereto: all tested slab specimens subjected
to the effects of static twpoint loading revealed three distindages of deformation. The deformations could be

categorized as elastic deformations in the early stages of testing before the first crack was initiated. The crack appeared
in the tension face of the tested slabs when the applied load reached the kisgdoza, which ranged from 0.134 to

0.284 of the ultimate loads, as shown in Table 5. As the load increased, more flexural cracks started to appear at the

tension face of the tested slab specimens and spread horizontally from tgamit the supporthis stage represents

the elastieplastic stage. Then, cracks number along with cracks width increased and moved upwards to compression

zone in oneway solid slab specimen and to the flange of the-wag ribbed slab specimens. Finally, a further increase

in the load magnitude led to more reduction in the stiffness of the slab specimens (plastic stage) and then followed by

failure. The failure of the slab specimen could be characterized as a flexural failure.

Figure 6.summarizes the cracking outlinesatifspecimens. From this figure, using HSLWC in producingwag
ribbed slab S1 instead of HSNWC in slab S2 decreased the number of cracks and increased their width due to the lower
flexural rigidity of slab S1, which was due to the lower modulus of ielgstof HSLWC. Changing the steel

reinforcement ratio (p) from 0.28% in slab

reinforcement ratio led to an increase in the number of cracks with the narrower widths. This behdwéta an
increase in the flexure rigidity of the ribbed slab. Changing the number of ribs fritss1i®8 HSLWC ribbed slab S1 to

S 1

to

0.

16

2-ribs in slab S5 and-ib in slab S6 to study the effect of ribs geometry on cracking behavior indicated that the geometry
of ribs had no significant effects on the cracking number and their widths at the same loading levels. This behavior may

belong to the same amount of ribs reinforcement and concrete. Reducing the voiding ratio of HSEW&Y dbeed

slabs (S7 and S8) cqrared with slab S1 led to an increase in the number of narrower cracks width. This behavior was
because of the enhancement in the moment of inertia and flexural rigidity of slabs. Producing a solid slab with the same

HSLWC amount for ribbed slab negativéigpacted the cracking behavior at the same load level due to a decrease in

the thickness of the slab, which led to a decrease in the flexural rigidity of this slab. Moreover, the outcomes of the

maximum crack widths from slab S1 to slab S9 at serviceOQdétlof R [32] were (0.22, 4.1, 0.25, 0.18, 0.13, 0.10,

0.21, 0.17, and 0.12) mm, respectively, these results revealed that all slabs meet the crack widths limitation ef ACI 318

19[33] at service state which is 0.4 mm.

Table 5. Ultimate and cracking capacity for test specimens

éﬂ._

1.28
1.55
1.44
1.19
1.29
1.28
1.39
1.47
1.16
1.34
0.13
9.70

Slab Symbol P (kN) % Diff. inPe Py (kN)  %Diff.inP, 4. LgkNm) L. _ #kNm) L,
S1 12.51 77.15 23.15 18.05
S2 22.50 79.86 93.74 21.50 28.12 18.15
S3 11.54 -7.75 48.13 -37.62 14.44 10.05
S4 15.91 27.18 118.80 53.99 35.64 30.06
S5 12.86 2.80 77.45 0.39 23.24 18.05
S6 13.00 3.92 76.79 -0.47 23.04 18.05
S7 14.5 15.91 83.58 8.33 25.07 18.05
S8 16.78 34.13 88.70 14.97 26.61 18.05
S9 9.51 -23.98 33.49 -56.59 10.05 8.69

Mean
standard deviation (SD)
The coefficient of variation (COV) %
b g —zm
**{ "R T H—
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N v

Figure 6. Cracking patterns for all tested slab specimens

The recorded test results of ultimate loads are given in Table 5, together with comparisons with values estimated
with ACI code [33]. The coefficient of variation (COV), the standard deviation divided by the mean value of results,
was 9.70%. The difference in estimated values of the ACI code may be because the ACI code assumed a uniaxial state
of stressesinaoneay slab and neglected the effect of Poisson’s
code eliminated the effects of concrete at the tension zone and friction between the (steel plate of supports and concrete),
which leads to increasing the slab moment capacity.

3.3. Load-Deflection Curve

Load-deflection curves for all tested slab specimens, as shown in Figure 7.
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Figure 7. Load—deflection curve for tested slab specimens

From this figure could be found that ledéflection response in all slabs appeared in three stages: elastic stage,
elastieplastic stage, and plastic stage behavior. Also, it was found that:

Using HSNWC in slab S2 instead of HSLWC increased the ultimate load capatitjtinate deflection by 21.50
and 20.97%, respectively. In other words, using HSNWC in slab S2 gatiffer behavior than slab S1, as shown in
Figure 7a. The main reason for this behavior was the use of LWA, thus leading to the weakening of the concrete. The
same result was proved by [9).e ¢ r ¢ a s i n .28t ®186¢n slalr S reduced the ultimate load alltimate
deflection by 37.62nd 19.04%, resge i vel y. I n ¢ r0e28to 0.48gn slathSA ingreaded tberltimate load
by 53.99% and decreased the ultimate dtifd@ by 26.74%. Figure 7b indicates that the HSLWGwag ribbed slabs
with more p have a stiffer response. This tendency wa s
the slab. The slabs S5 and S6 approximately gave similar valudsnate strength capacity with a difference not
exceeding 0.47%. While the ultimate deflection inbslé&e5 and S6 increased by 2.&dd 17.9%6, respectively,
compared to slab S1. This behavior may belong to the stress distribution through thefwidttslab (shear lag
phenomena) due to the change of ribs number at the same concrete volume.

Reducing the voiding ratio from 4t 40% in slab S7 and 33% in slab S8 gave increased the ultimatedogihg
capacity of slabs S7 and S8 by 8.33 % and 7.4 respectively. Furthermore, the ultimateflection increased by
13.12and 21.82%, respectively, the same deflection behavior result found in the previous study [1]. The reduction in
the voiding ratio caused an improvement in the stiffness of slaba®%$8 compared to slab S1 at the same load level.
This behavior appeared the significant role of the width of ribs in increasing the moment of inertia of slabs, thus the
flexural rigidity improvementUsing HSLWC ribbed slab S1 instead of solid slab $9dased the loachrrying
capacity by 130.37 % and decreased the ultimate deflection by 3.99%. Figure 7e revealed a stiffer behavior of ribbed
slab S1 compared to solid slab S9. This behavior belonged to the thickness of ribbed slab was highergtzdmtisatid
led to increase in the section properties, thus the stiffness improvement.

3.4. Ductility Index

The displacement ductility index () is defined as the ratio between the deflection at the maximum load and the
deflection at the yielding loaf84]. Yield load can be found in the (loaflection curve) of the slab when the curve
moves from the elasticity stage to the plasticity phasgure 8 shows theuctility index of tested slab specimens.
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S9

Figure 8. Ductility index of tested slab specimens

FromFigure 8can be foundhat:
Using HSNWC in slab S2 instead of HSLWC gave increasing ih th®y 39.90%, due to the nature of NWA having

less brittleness than the LWA, the same response was foypreviious studie§6,9]. De c r e a s i n g
0.16% in slab S3 led to an increase in theby 53.22%,

decrease inthe by

whil e

27.32%. Thi s behavior wa s

of p fr

increasin¥ginsbhS4ledtohr om 0

b e c aushecaused the ¢ a s i n

yielding to be too far away to occur. Using different ribs geometry by changing the number of ribs from three to two
ribs in S5 and onély in S6 gave increasing in the by 2.61 % and 8.79 %, respectively. This behavior was due to the
increase in the ultimate deformatiddecreasing the voiding ratio by increasing the width of rib from 120 mm in slab
S7 and 150 mm in slab S8 in comparison to 100 mm in refetabeS1 gave increasing in the by 14.96 % and

15.91 %, respectively.his behavior was because of the effect of yield and ultimate deformations.

Converting the slab type from solid slab S9 to ribbed 81 led to an increase in theby 73.25 %. Th¢ of the
solid slab was under lower limits of ductility requiremanseismic zones, which ranged frord 835]. This behavior
was due to an increment in the yielding deformation.

3.5. Structural Efficiency

The strength/ensity ratio defines the structural efficiency (SE) [22]. In this study, the SE was calculated by dividing
the ultimate strength by the total weight of the slab, as schematically depicted in Figure 9.
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Figure 9. Structural efficiency of tested slab specimens
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From Figure 9, the results of all the tested sledn be illustrated as follows

The SE of slab S1 has superiority over slab S2 despite slab S2 having higher strength. This behavior was due to the
weight reductionofslabSChangi ng p f % in slab®3 dzBeasedthe BE By 87.2 % and to 0.44% in slab
S4 increased the SE by 52.72 %, respectively. This behavior was due to the strength of slabs Shamd)iag.the
number of ribs from three to two in slab S5 and anslab S6 increased the SE by 0.67% and 0.12%, respectively. The
SE of slabs S5 and S6 were nearly the same as slab S1. This behavior was due to the same weight of slab specimens,
and the strength was very close to its values

The SE in slab S7 increasby 0.6P6, whileit decreased in slab S8 by 3%Xompared to reference slab S1. This
behavior was due to the strength and weight of these slabs; from these outcomes could be concluded that the slab S7
had an optimum voiding ratid:he SE of slab S1 hasgeriority on slab S9 by 125.%2 This behavior was due to the
reduction of the strength of slab.S9

4. Conclusions

Through the experimental results of this study, it can be concluded that:

9 Using pumice stone as coarse aggregate instead of gravel in thetimodf HSLWC led to an improvement in
sustainability by decreasing the physical properties such as unit weight, thermal conductivity (i.e., an increase in
thermal insulation), and sound impedance. However, this enhancement in physical properties waaréedo
by a reduction in mechanical properties such as compressive and tensile strength.

9 Using HSLWC in a ribbed slab instead of HSNWC led to a decrease in the ultimate load capacity by 17.70%.
Overcoming the strength reduction was accomplished by inoget®e steel reinforcement ratio from 0.28 to
0.44%.In addition, it has resulted in higher ultimate strength. However, this enhancement in strength was
accompanied by a reduction in the ductility index.

9 Changing the geometry sections of the HSLWC-woag ribbed slabs led to a significant improvement from an
economic point of view, more than strength, due to reducing the number of fabrication shear reinforcements.

9 Using HSLWC in the construction of solid slabs instead of ribbed slabs with the same anmmmtdrefe gave
a ductility index of less than 3.0. Hence, the solid slab needs more precautions, especially in seismic zones.

9 Reducing the voiding ratio up to a certain limit improved the SE of the HSLWC ribbed slab.

9 Using a onewvay ribbed HSLWC slab instel of a onavay solid slab at the same concrete volume resulted in a
130.37% increase in ultimate load capacity and a 3.99% decrease in ultimate deflection.

9 On the one hand, the ACI expression for the moment capacity of HSNWC becomes more conservatige than
HSLWOC ribbed slab; on the other hand, the ACI expression becomes less conservative as the steel ratio increases.
4.1 Recommendations and Future Direction

The authors recommend adding different types of fibers to the HSLWC mix to reinforce it and rechriti¢hess
of LWA to obtain better benefits from using HSLWC in the production of-wag ribbed slabs. Furthermore,
conducting a sustainability analysis concerning the impact of using HSLWC in producimggmibbed slabs. In the
future, the authorsuggest studying the same variables were adopted in this study under different ranges of high
temperature to benefit from the volcanic nature of pumice stone and under different loading types such as dynamic
loading
5. Declarations
5.1 Author Contributions

Conceptualization, T.A.M.and H.M.K.; methodology, T.A.M.; Investigation, T.A.M.; Writinrgoriginal draft
preparation, T.A.M.; Writing-review andediting T.A.M.; Supervision, H.M.K. All authors have read and agreed to
the published version of the manuscript.

5.2 Data Availability Statement

The data presented in this study are available on request from the corresponding author.

5.3 Funding

The authors received no financial support for the research, authorship, and/or publication of this article

345



Civil Engineering Journal Vol. 8, No. 02 February 2022

5.4. Conflicts of Interest

The authors declare no conflict of interest

6. References

[1] Al-Azzawi, A. A., Abbas, J., & AlAsdia. (2017). Behavior of one way reinforced concrete slabs with styropor blocks. Advances
in Concrete Construction, 5(5), 45468. doi:10.12989/acc.2017.5.5.451.

[2] Ashaur, S. A. (2000). Effect of compressive strength and tensile reinforcement ratio on flexural behaviostEnigtn concrete
beamsEngineering structure22(5), 413423 https:/Hoi.org/10.1016/S0140296(98)0013%.

[3] Hameed Naser AMlamoori, F., & Hameed Naser Mamoori, A. (2018). Reduce the Influence of Horizontal and Vertical Cold
Joints on the Behavior of High Strength Concrete Beam Casting in Hot Weather by Using Sugae$/dtgernational Journal
of Engineering & Technology, 7(4.19), 794. doi:10.14419/ijet.v7i4.19.27999.

[4] Altun, F., & Haktanir, T. (2001). Flexural Behavior of Composite Reinforced Concrete Elements. Journal of Materials in Civil
Engineering, 13(4), 25259 doi:10.1061/(asce)0898661(2001)13:4(255).

[5] Adil, M., & Abdulrazzaqg, O. A. (2017). Flexural Behavior of Composite Reinforced Concrete BtatisJournal of Civil
Engineering11(2), 55-65.

[6]J omaa’h, M. M., Ahmed, S., ISavioAdfRenfonced Condiete Ohay SlaBsovithifferentF 1 ¢ x u r
Ratios of Lightweight Coarse Aggregate. Tikrit Journal of Engineering Sciences, 25{44, 86i:10.25130/tjes.25.4.07.

[7] Adheem, A. H., Rasheed, L., & Ali, . M. (2018). Flexural behavior of ligh¢jlut aggregate concrete eway slabs. International
Journal of Civil Engineering and Technology, 9(13),-2289.

[8] Selwyn Babu, J., & Rex, J. (2019). Experimental investigation on lightweight concrete slabs. International Journal of Recent
Technology and Egineering, 7(5), 50506.

[9] Khalil, Ali Omer. (2018). Behavior of Light Weight Aggregate Concrete Slabs with Styropor Blocks. MSc. Thesahrain
University, Baghdad

[10] Al-Nasra, M., Abdulraziq, R., Abouelnaga, Y., AIMofleh, A., Ayub, O., Abdelsadig&\lphammed, O. (2019). Investigating
the Effect of the Ribs Spacing on the One Way Reinforced Concrete Ribbed Slab Strength. Journal of Engineering and Applied
Sciences, 14(15), 5138142. doi:10.36478/jeasci.2019.5138.5142.

[11] BukaVaivade, K., Sliseris, JSerdjuks, D., Sahmenko, G., & Pakrastins, L. (2019). Numerical Comparison of HPFRC and HPC
Ribbed Slabs. I0P Conference Series: Materials Science and Engineering, 660(1), 12054. do0i:10.1088/1757
899X/660/1/012054.

[12] Huang, W., Ma, X., Luo, B., Li, Z., & SyrY. (2019). Experimental Study on Flexural Behaviour of Lightweight Mrilibed
Composite Slabs. Advances in Civil Engineering, 201911d0i:10.1155/2019/1093074.

[13] Liu, J., Hu, H., Li, J., Chen, Y. F., & Zhang, L. (2020). Flexural behavior of presttezsicrete composite slab with precast
inverted Fshaped ribbed panels. Engineering Structures, 215(110687). doi:10.1016/j.engstruct.2020.110687.

[14] S. Abdulhussein, S., & A. Alfeehan, A. (2020). Experimental Study of Depth Variation in Flanged Ribbecighht@oncrete
Slabs. Journal of Engineering and Sustainable Development, 24(SpeciaB68580i:10.31272/jeasd.conf.1.38.

[15] BukaVaivade, K., Serdjuks, D., Sliseris, J., Podkoritovs, A., & Ozolins, R. (2021). Tiodverete composite ribbed slabs
with high-performance fibr&oncrete. Vide. Tehnologija. Resursi Environment, Technology, Resources, 3,44
doi:10.17770/etr2021vol3.6551.

[16] European Committee for Standardizatior0)2). Cement: Composition, Specifications and Conformity Criteria for Common
Cements. British Standards Institut®ndon, UK

[17] ASTM C124015. (2020). C1240 Standard Specification for Silica Fume Used in Cementitious Mixtures. In Annual Book of
ASTM Standagls. American Society for Testing and Materj#sA., United States

[18] Iragi Specification Standard No0.45/1984. (1984). Aggregate of natural sources using in concrete and building. Central
Organization for Standardization and Quality ContBaghdad, Iraq

[19) ASTM C330/C330M17a. (2017). Standard Specification for Lightweight Aggregates for Structural Concrete. American Society
for Testing and Material$.A., United States

[20] ASTM C 49419. (2019). Standard Specification for Chemical Admixtures for ConcreteridaneSociety for Testing and
Materials P.A., United States

[21] ASTM A615 Specification for Deformed and Plain Carkgteel Bars for Concrete Reinforcement. (2020). Americamegoc
for Testing and Materials, P.A., United States

346


https://doi.org/10.1016/S0141-0296(98)00135-7

Civil Engineering Journal Vol. 8, No. 02 February 2022

[22] ACI 213R14. (2014). Guidedr Structural Lightweight Concrete. American Conciastitute Indiana,United States
[23] ACI 363R10.(2010).Report on HigkStrength Conctte. American Concrete Institutediana,United States

[24] BS 1881Part 116. (2000Method for Determination of Comessve Strength of Concrete Cubdritish Standards Institute
London UK.

[25ASTM C3 9/ C3Z0M).Standarsl Test Method for Compressive Strengthytih@rical Concrete Specimendmerican
Society br Testing and Material®.A., United States

[26) ASTM C4 9 6/ C4 9 6 M— Standard(Teso Methyd. for Splitting Tensile StrengttCglindrical ConcreteSpecimens.
AmericanScciety for Testing and Material®,.A., United States

[27ASTM C78/ C78M-18. (2018). Standard Test Method foRoinFlexur a
Loading). American Society for TestingdMaterials P.A., United States

[28] ASTM C597. (2016). Standard Test Method for Pulse VeldoiyughConcrete. In American Society for Testing and Materials,
West Conshohocken, PA, USA. American Society for TestimfyMaterials, P.A., United States

[29 ASTMC 5 6 7/ C5 6(20M).Standard Test Method for Determining Density wti§tural Lightweight Concretémerican
Society for Testingrad Materials P.A., United States

[30] ASTM C64213. (2013). Standard Test Method for Specific Gravity, Absorption, and Vfoidardened Concrete. KSTM
International, West Conshohockekmerican Society for Testing and Matds, P.A., United States

[31] ASTM C-1113(2009) Standard Test Method for Thermal Conductivity of Refractories by Hot Wire (Platinsistitee
Thermometeiechnique) American Society for Testing and Materidkeapproved 201%.A., United States

[32] Jeffrey, S. R. (2003). Prestrectives in civil engineering. Commemorating the 150th anniversary of thanA&uaiety of Civil
EngineeringUnited States

[33] ACI Commentary 31819. (2019).Building Code Requirements for Structural Concréteerican Concrete Institutédiana,
United States

[34] Hao, Y., Hao, H., & Chen, G. (2014). Experimental investigation of the behaviour of spiral steel fibre reinforced cammeete be
subjected to dropveight impact loads. Materials and Structures, 49(1353-370. doi:10.1617/s1152014-05025.

[35] Ahmad, S. H., & Barker, R. (1991). Flexural behavior of reinforced-biggngth lightweight concrete beams. ACI Structural
Journal, 88(1)69-77. doi:10.14359/2753.

347





