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ABSTRACT. A new technique of Layered Hollow Core Slab (LHCS) has been 
used to obtain a slab with an optimum weight-to-strength ratio. Specimens 
with a 90 mm top layer of High Strength Concrete (HSC) and a 90 mm bottom 
layer of Lightweight Aggregate Concrete (LWAC) were examined. Nine full-
scale slabs with dimensions of 1600* 450* 180 mm were tested under a 4-
point loading test. The %core, a/d, RFT ratio, and connection method were 
the different studied parameters. A push-out test was conducted on triplet 
specimens to study the bond strength at the interface between HSC jacket and 
LWAC cubes using bond agent material or shear dowels, or without 
treatment, to determine which method of them is suitable for connecting the 
two layers of the tested slabs. Load, deflection, ductility, strain, crack pattern, 
and mode of failure were studied. The results indicate that ultimate strength 
is enhanced with decreasing a/d and %core and with an increasing RFT ratio 
of the LHCS specimens. Using shear dowels ensures an efficient bond 
between the two layers of the tested slabs. ANSYS program used for 
modelling the slab. The numerical study accepted the experimental data with 
a variation of less than 10% for all slabs.  
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INTRODUCTION  
 

 hollow core slab (HCS) is defined as a simply supported concrete slab with about (40%–50%) voids in the center 
of the slab cross section through its length in one direction with a typical diameter of (.667-.75) of the slab thickness, 
a typical width of 120 cm, a typical thickness of about (15–50) cm, and the clear span reaches up to 18m [1–4]. There 

are many advantages of using HCS, like reducing overall weight, saving cost and time of construction, providing long spans, 
and increasing fire resistance [5–8]. The shear span to effective depth (a/d) ratio affects the mode of failure of the HCS and 
changes it from a flexural to a shear mode [9]. The ultimate load decreases with increasing the deflection when increasing the 
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ratio of (a/d) [10]. Increasing the core diameter of HCS caused a decrease in the ultimate load and an increase in the deflection 
[4]. Couplet and triplet specimens were used to study the shear and tensile bond strengths of specimens with different 
treatment methods, and it could be concluded that the composite action could be attained with a shear bond strength of 1 
MPa at least in the semi-precast HCS and overtopping layer. The ultimate load and deflection for HCS treated with bond 
agent materials and shear kays increased compared to slabs without treatment [11]. Push-off tests were carried out on (40 x 
40) cm of topping slab with a typical value of the shear strength at the interface of about 0.19 MPa [12]. Juozas Masenas et 
al. [13] investigated an experimental and numerical study on the deflection of the layered concrete slab with plastic inserts. It 
was found that the slab performance is highly affected by the shear stiffness of the bond between the two concrete layers, 
and the slab collapses when the bond is damaged and the layers slip in the support region. Increasing the a/d ratio leads to 
decreasing the peak load of the uncracked HCS and decreasing its peak displacement. Also, using shear keys to connect a 
bonded overlay concrete layer to a pre-cracked HCS leads to increasing peak load and decreasing peak displacement [14]. 
Using steel anchors for connecting the topping concrete layer to precast prestressed HCS decreased the deflection and 
increased moment capacities and stiffness as it avoids slippage. Also, using full-span steel anchors caused a full composite 
action better than shear span [15]. 
Layered elements can be cast in two ways: fresh-on-fresh and fresh-on-hardened casting methods. The fresh-on-fresh casting 
method is classified into two groups: horizontal and vertical layers [16]. Layered concrete has many advantages, such as: 
saving construction time; saving overall cost; reducing cement consumption; having a high strength to overall weight ratio; 
and having good impact; thermal, and durability properties [17–21]. Utilizing alternative binders to replace cement in graded 
concrete with using lightweight concrete to reduce the overall weight can preserve the cement consumption and reduce the 
construction cost up to 50% [22–26]. Using normal strength concrete for satisfying required ductility in the compression 
zone and lightweight concrete for reducing overall weight in the tensile zone of the layered element shows good results, and 
no bond problems between concrete layers have been investigated [27]. Bonding strength between concrete layers is 
influenced by three issues: the use of reinforcements, friction between layers, and natural adhesion [28]. The interface between 
concrete layers can be displayed with 3 layers: the contact layer, the overlay, and the substrate [29]. Concrete-to-concrete 
bonding strength is affected by different factors such as: compaction technique, substrate surface state, curing procedure, 
usage of bonding agents, age of chemical bonds, and mechanical characteristics of concrete [29]. Roughening the interface 
between concrete layers increases its bond strength [30]. The use of shear connectors to connect the normal strength concrete 
layer with the high strength concrete layer improved the flexural and bond strength [31]. The two-layered beam showed 
excellent flexural strength with a strong bond at the interface [32]. The two-layered slabs have advantages regarding the rigidity 
or bending of the slab, as they display 10% fewer deflections than the one-layered slab. Using the two-layered slabs gives a 
higher level of crack resistance [33]. The flexural strength, deflection, and failure mode of the layered section are enhanced 
compared with the single-layered LWAC beam and slightly affected compared with the single-layered NC beam [21]. The 
deflection and compressive strain have been decreased for two-layered beams compared to single-layered [34]. Ductility and 
load-bearing capacity of layered beams have been improved compared with single-layered beams [35].  
High strength concrete (HSC) with high compressive strength, high density, and low permeability can be produced by 
replacing cement with binder admixture such as silica fume [36–38]. The water to binder ratio of the HSC should be kept 
low [38]. Using super-plasticizers for HSC mixes reduced its needed water. The optimal quantity of whole binder materials 
in HSC is within the range of (450 to 550) Kg/m3 [38]. Applying HSC in the compression zone of a layered element is 
required to resist higher bending moments while taking into account the economic benefits of higher strength[39]. 
Lightweight concrete (LWC) with a cylinder compressive strength of more than 41 MP is considered a HSC [2]. 
Expanded Perlite Aggregate (EPA) is a manufactured Lightweight Aggregate (LWA) used for producing Lightweight 
Aggregate Concrete (LWAC) [40]. A concrete with a density of not more than 2000 kg/m3 and a compressive strength of 
more than 18 MPa is considered a LWAC [41]. Applying LWAC to produce HCS elements contributes to enhancing thermal 
insulation, preserving natural lightweight aggregates, saving construction costs, and decreasing environmental pollution [41]. 
When compared to a single-layered beam, a lightweight concrete two-layered beam reduced its own weight by 34%[42]. 
In this study, Layered Hollow Core Slab system has been used to obtain a slab with an optimum weight-to-strength ratio. 
 
 
EXPERIMENTAL PROGRAM AND SETUP 
 

he experimental study has been done in two steps: firstly, the mechanical properties of the used two concrete 
mixtures have been studied; secondly, the structural behavior of the layered hollow core slabs has been investigated. 
 

 
T 



 

L. A. Aboul-Nour et alii, Frattura ed Integrità Strutturale, 63 (2023) 134-152; DOI: 10.3221/IGF-ESIS.63.13                                                      
 

136 
 

Test specimens 
Compressive strength [fcu] at age of curing of 28-days on cubes (100) mm3, splitting-tensile strength [fsp] on cylinders (100 
* 200) mm, flexural strength [fr] on prisms (100*100*500) mm have been carried out to determine the mechanical properties 
of concrete mixes. A push-out test on triplet specimens has been done to study the shear bond strength [fb] between the 
two concrete layers (LWAC and HSC) with different connection methods (Fig. 1). Nine LHCS specimens were examined 
by considering four different variables (Tab. 1). Fig. 2 shows the slab dimensions and cross section. 
 

 
                   

                                                       

Figure 1: Triplet specimen for push-out test for bond strength. 
 

Slab no. LHCS 1 LHCS 2 LHCS 3 LHCS 4 LHCS 5 LHCS 6 LHCS 7 LHCS 8 LHCS 9 

% Core 21.5 35.2 9.785 21.5 21.5 21.5 21.5 21.5 21.5 

a/d 4 4 4 4 4 1 2.5 1 4 
As 3Φ12 3Φ12 3Φ12 3Φ10 3Φ16 3Φ12 3Φ12 3Φ12 3Φ12 

Conn. 
method 

Bond 
agent 

Bond 
agent 

Bond 
agent 

Bond 
agent 

Bond 
agent 

Bond 
agent 

Bond 
agent 

dowels dowels 

 

Table 1: Test specimen. 
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Figure 2: Slab dimensions and cross sections (mm): (a) %core=9.785%, (b) %core=21.5%, and (c) %core=35.2%. 
 

Materials and concrete mix 
The procedure of the LWAC and HSC mix used in this study is based on the previous study [43] given in Tab. 2. 
Concrete: Ordinary Portland cement (OPC) type (I), chemical admixture (super-plasticizer), silica fume, mixing water, gravel, 
sand, and Expanded Perlite Aggregate were mixed as given in Tab. 2 to obtain LWAC and HSC concrete mixtures with 
mechanical properties as given in Tab. 3. 
Steel Reinforcement (RFT): The LHCS specimens were reinforced with a bottom net steel reinforcement with a main RFT 
of (10, or 12, or 16) mm high-strength deformed steel bars and a secondary RFT of (10) mm bars. 8mm plain steel bars 
were used for shear dowels to connect the two concrete layers. The properties of the used steel are given in Tab. 4.  
Bond agent material: Addibond-65 slurry has been used for bonding fresh concrete (HSC layer) to old concrete (LWAC 
layer) of the LHCS specimens. The properties of Addibond-65 are given in Tab. 5. 
 

Mix no. EPA% w/b Cement 
Silica 
fume 

Super 
plasticizer 

Water Sand Gravel Perlite 

Mix (1) LWAC 40 .40 520 78 24 240 161.7 194.08 129.4 

Mix (2) HSC 0 .25 520 78 24 149.5 553.24 1106.48 0 
 

Table 2: Concrete mix design (kg/m3) [43]. 
 

Mix no. 
Fcu 28-days 

(MPa) 
Fsp 

(MPa) 
Fr 

(MPa) (kg/m3) 

Mix (1) LWAC 21.8 1.28 2.19 1526 
Mix (2) HSC 62.5 4.53 5.73 2594 

 

Table 3: Mechanical properties of the two used mixes (LWAC & HSC). 
 

Bar diameter 
(mm) 

Bar 
type 

Yield strength 
Fy (MPa) 

Tensile 
strength Fu 

(MPa) 

Modulus of 
elasticity (GPa) 

Elongation 
% 

8 Plain 400 450 200 22 

10, 12, 16 Deformed 525 620 200 13 
 

Table 4: Details of used steel reinforcement. 
 

Property 
Compressive 

strength 
(kg/cm2) 

Tensile 
strength 
(kg/cm2) 

Bending 
strength 
(kg/cm2) 

Abrasion 
resistance % 

loss 

%Water 
absorption 

Chemical 
resistance 5% 

H2SO4 

(% at 
change 7 

days) 
Kerosen 

value 168 12 28 4.2 9.65 8 4.8 
 

Table 5: Properties of bond agent material (addibond-65) [44]. 
 

Molding, mix proportion, casting and curing procedure 
For triplet specimens, the LWAC cube (100*100*100) mm with a compressive strength of 21.8 MPa has been cast. 24 hrs 
later, the two HSC jackets (100*100*70) mm with a compressive strength of 62.5 MPa have been cast on the two opposite 
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faces of the prepared LWAC cube. Triplet specimens with shear dowels prepared with steel bar with a diameter of 8 mm 
with a fixed length of 3 cm in the LWAC cube from the two sides. The slab mold is prepared with wooden material (Fig. 
3). The circular hollows were prepared by using PVC pipes longitudinal through slabs at one end with hole diameters of 58, 
86, and 110 mm. The inner side of the mold has been cleaned and oiled to avoid the adhesion of concrete to the molds. A 
concrete covering of 20 mm was maintained as a protective layer. 
                                                                                             

 
 

Figure 3: Mold preparation for the layered hollow core slab. 
 

Casting triplet specimens is shown in Fig. 4. The LHCS was cast using the fresh-on-hardened method. The casting was 
completed in two steps: Firstly, the bottom layer of LWAC was concreted into the mold with a 90 mm thickness. 24hrs 
later, the upper layer of HSC was concreted and poured into the mold cautiously with a 90 mm thickness. Shear dowels, or 
bond agent material, are used to connect the two concrete layers of the slab to ensure composite action and better shear 
transfer. The LWAC surface was cleaned from debris and dust and sprayed with water to obtain the best wet condition 
before casting the HSC layer. The LWAC layer was covered with plastic sheets directly after casting it for 24 hrs. and then 
the HSC layer was cast and the LHCS specimens were covered for about 48 hrs before being de-molded and left to cure 
for 28 days till testing. At a room temperature of around 20-25 ºc, the processes of mixing, casting, and curing were prepared.  
Casting for slab tests is shown in Fig. 5. 

 
 

 
 
 

Figure 4: Casting triplet specimen for bond strength test. 
 

 

    
 
 
 
 
 
 
 

 

Figure 5: Casting of layered hollow core slabs: (a) after casting of the bottom LWAC layer, (b) after casting of the LHCS after pouring 
the upper HSC layer. 
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Test Techniques and instruments 
The LHCS samples were tested in flexural under 4-point loading tests with a clear span of 1400mm using a universal 
hydraulic machine with a capacity of 3000 kN with three different a/d ratios as shown in Fig. 6. The LHCS specimens were 
cleaned and coated with a white color before testing to inspect the cracks easily. The load was identified by a load cell 
attached to the machine test, and deflection was indicated using a Linear Variable Distance Transducer (LVDT) fixed at the 
center of the bottom mid-span slabs. As shown in Fig. 7, strain gages were fixed to determine strain in concrete and 
longitudinal reinforcement bars. A data logger system linked to a computer was used to obtain the output data for the 
measuring instruments at all steps of loading. A camera with high pixels was fixed to investigate a crack with the time. The 
failure load was recorded when the slab showed a decrease in load with a large increase in deflection. The test set up for 
LHCS slabs is shown in Fig. 8. 
 
 

 
 

Figure 6: Spans with a/d values. 
 
 
 

 

Figure 7: Location of used strain gages at Concrete and Steel. 
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Figure 8: Layered hollow core slab set-up. 
 
 

EXPERIMENTAL RESULTS 
 

Test of hardened concrete 
or push-out tests, triplet specimens without any connection method have the lowest shear bond strength of less than 
1 MPa, so it isn’t a suitable way to connect the two layers of the tested slabs, while triplet specimens with bond agent 
material failed with a crack that went through the bond agent material without any damage to particles. The triplet 

specimens with shear dowels gave a peak shear bond strength value of more than 1 MPa and there was good contact at the 
interface without any particle damage, so the bond agent material and shear dowel connection methods can be used to 
connect the two layers of the tested slabs. Test results for push-out tests are given in Tab. 6, and the mode of failure is 
shown in Fig. 9. 

 

Conn. method Bond strength (MPa) 

without .837 

Bond agent 1.665 

Shear dowels 1.727 

 

Table 6: Push-out test results. 
 

 
 

Figure 9:  Mode of failure for push out test specimens; (a) triplets without connection method, (b) triplets with bond agent material, 
and (c) triplets with shear dowels. 

 

F 
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Test of layered hollow core slabs 
The LHCS is positioned in the testing machine as a simple beam supported by a 1400 mm clear span. The load was applied 
with 5 kN for every step, with recorded the deflection value. The compression and tensile strain values were recorded up 
to slab failure. There weren’t any apparent cracks in the early stages. First cracking load (Pcr) and deflection at cracking load 
(Δcr) were recorded when the first crack appeared at mid span with increasing applied load. Several cracks were observed 
and became faster and more spacious with increasing load until specimen failure at ultimate load (Pu) and the deflection at 
ultimate load (Δu) was recorded as following in Tab. 7. 
 

Slab no. LHCS 1 LHCS 2 LHCS 3 LHCS 4 LHCS 5 LHCS 6 LHCS 7 LHCS 8 LHCS 9 

Pu (kN) 34.013 26.051 37.863 23.877 36.754 61.667 36.485 63.375 36.087 

Pcr (kN) 8.860 6.016 8.943 7.787 10.240 35.240 15.049 39.230 12.642 

Δu (mm) 4.551 2.643 6.220 3.292 7.169 1.206 2.123 1.673 9.058 
Δcr (mm) 0.425 0.219 0.710 0.342 0.742 0.179 0.340 0.242 0.571 
Ψ= Δu/Δcr 10.707 12.069 8.760 9.626 9.662 6.737 6.245 6.912 15.863 

Pcr/pu 0.260 0.231 0.236 0.326 0.279 0.571 0.412 0.619 0.350 
Mode of 
failure 

Flex. Flex. Flex. Flex. Flex. Sh. Flex. Sh. Sh. Flex. 
 

Table 7:  Experimental results for all specimens. 
 

Ultimate and first cracking load 
Based on the data in Tab. 7, it was determined that as the (a/d) ratio decreases, the cracking and ultimate load increase. 
When a/d was reduced from 4 to 1, the first cracking and ultimate loads for LHCS6 increased by 297.74% and 81.30%, 
respectively, when compared to the control specimen LHCS1. As a/d decreased from 4 to 2.5, the increase in first cracking 
and ultimate loads for LHCS7 was 69.85% and 7.26%, respectively, compared to control specimen LHCS1. Reducing the 
applied moment may be the cause of that. It can be noted that the ultimate and cracking loads decreased with increasing 
%core. The cracking and ultimate load of LHCS3 with %core= 9.785% increases by about 1% and 11.32%, while the 
cracking and ultimate load of LHCS2 with %core= 35.2% decreases by about 32.1% and 23.40% relative to the reference 
LHCS1 with %core= 21.5. Reducing loads with increasing %core may be due to decreasing the weight and the volume of 
concrete in tension zone, where the moment of inertia (E) and the flexural stiffness (EI) of the section are reduced with 
increasing %core of the LHCS. It was noted that the cracking and maximum load increased with an increase in the bottom 
RFT ratio. The cracking and ultimate load of LHCS4 reinforced with 3Φ10 are decreased by about 12.11% and 29.8%, 
while for LHCS5 reinforced with 3Φ16 is increased by about 15.57% and 8.05% compared to slab LHCS1 with 
reinforcement of 3Φ12. This could be due to increased stress. Using shear dowels leads to a direct increase in the load 
carrying capacity, which increases the flexural resistance of LHCS8 with a/d= 1 and LHCS9 with a/d= 4. The cracking load 
of LHCS9 increased by approximately 42.68% to 12.642 kN, and the failure load increased by approximately 6.11% to 
36.087 kN when compared to LHCS1, which used bond agent material and was tested with a/d =4. The cracking load of 
LHCS8 increased to reach 39.23 kN with an increase of about 11.32%, and the increase in failure load was about 2.77% as 
the failure load reached 63.375 kN compared to LHCS6 that used bond agent material and tested with a/d=1. The increase 
in applied load of LHCS8 and LHCS9 with shear dowels is due to good contact between the two concrete layers of the slab, 
which avoids horizontal sliding and enhances the shear strength. 
 
Deflection at first cracking and ultimate load 
From the data given in Tab. 7, the reduction in a/d causes a decrease in the mid-span deflection (Δu) and a decrease in the 
deflection at cracking load (Δcr) of the LHCS. For LHCS6, having a reduction in a/d ratio from 4 to 1 shows a reduction 
in the ultimate deflection by 73.5% and a decrease in cracking deflection by 57.88% compared to LHCS1. For LHCS7, 
having a reduction in a/d ratio from 4 to 2.5 shows a reduction in the ultimate deflection by 53.35% and a decrease in 
cracking deflection compared to LHCS1. It can be concluded that increasing %core with percentages of 35.2% of LHCS2 
decreases the ultimate deflection and cracking deflection by 41.92% and 48.47%, respectively, when compared with LHCS1, 
while decreasing %core with percentages of 9.785% of LHCS3 increases the ultimate deflection by 36.67% and increases 
the cracking deflection by 67.05% when compared with LHCS1. It was noted that the ultimate and cracking deflection of 
LHCS4 reinforced with 3Φ10 is decreased by about 27.66% and 19.53%, respectively, compared to LHCS1 with 
reinforcement of 3Φ12, while the ultimate and cracking deflection of LHCS5 reinforced with 3Φ16 is increased by about 
57.52% and 74.58%, respectively, compared to LHCS1 with reinforcement of 3Φ12. Using shear dowels causes an increase 
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in cracking and ultimate deflection for specimens compared to specimens that use bond agent material to connect the two 
layers of the slab. The ultimate and cracking deflection of LHCS8 increased to reach 1.673 mm and .242 mm with an increase 
of about 38.72% and 35.19%, respectively, compared to LHCS6, which used bond agent material to connect the two 
concrete layers of the slab and tested with a/d= 1. The ultimate and cracking deflections of LHCS9 increased by about 
99.03% and 34.35%, respectively, when compared to LHCS1, which used bond agent material to connect the two layers of 
the slab and was tested with a/d =4. 
 
Ductility ratio 
The ductility ratio (the deflection at ultimate load to the deflection at first crack load = Δu/Δcr) was investigated. 
Increasing the ductility ratio means increasing the ability of the slab to bear more deflection before failure. From the data 
given in Tab. 7, it can be noted that the ductility ratio varies from 6.245 to 15.863, which means good ductility performance. 
The ductility ratio decreased with decreasing a/d. The ductility ratio for LHCS6, and LHCS7 with a/d= 1, and a/d= 2.5 
decreased by 37.07% and 41.67%, respectively, relative to LHCS1 with a/d= 4. The ductility ratio of LHCS3 with a %core= 
9.785% is decreased by 18.18% relative to LHCS1 with a %core= 21.5%. The percentage of increase of LHCS2 with a 
%core= 35.2% is 12.72% relative to LHCS1 with a %core=21.5%. The ductility ratio for LHCS 4 reinforced with 3Φ10 
reduced by 10.1%, and for LHCS 5 reinforced with 3Φ16 decreased by 9.76%, compared to the control slab reinforced by 
3Φ12. The ductility ratio for LHCS8 and LHCS9 with shear dowels increased by 2.6% and 48.15%, respectively, compared 
to LHCS6 and LHCS1 with bond agent material. 
 
Load deflection curves 
From the load-deflection relations of the LHCS, which are given in Fig. 10, it displays three stages in the load-deflection 
curve in general as follows: The first stage is the un-cracked stage (elastic), where there was a linear increase in deflection 
with loading until the appearance of the first crack. The second stage (pseudo-elastic stage), where there was an insignificant 
difference in the slope after the first crack, the third stage (plastic stage), where there was a rapid increase in deflection with 
a slight increase in loading till the failure of the slab, Increasing the ratio of a/d increases the deflection determined at any 
loading stage. The control slab showed a typical under-reinforced performance. The first flexural crack was observed exactly 
below the load point when the load reached 8.86 kN. After yielding of Rft, the load deflection curve flattened after reaching 
a peak load of 34.013 kN. The load deflection relation of a specimen with shear dowels at the interface, which achieved 
good composite action between the two layers, was found to be stiffer than the control slab, which was connected with 
bond agent material. It is obvious that all slabs with an a/d ratio of 4 have similar general behavior, with a smaller difference 
in the value of maximum deflection. For a/d ratios of 1 and 2.5, display is unlike performance because the mode of failure 
is different. 
 
 
 

 
                                       (a)                                                                                               (b) 
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                                        (c)                                                                                             (d) 
 

Figure 10:  the load-deflection curve of the layered hollow core slabs: (a) Effect of %core variation, (b) Effect of a/d variation, (c) 
Effect of RFT variation, and (d) Effect of connection method variation. 

 
Strain load diagram 
The strain load diagrams obtained from the strains were fixed on the top surface of the concrete at the compression zone 
and in the bottom middle of the intermediate main steel RFT at the tension zone (Fig. 11). It is clear that the strain increases 
with the applied load linearly at a slight rate till observing the first crack, then the strain increases with the applied load at a 
faster rate until failure. Reducing %core leads to increasing the concrete strain due to enhanced stiffness and leads to 
increasing the steel strain due to increasing ultimate strength. For LHCS1 tested with a/d = 4, the strain was insignificant 
till the occurrence of the first crack at an applied load of 8.86 kN, and with further loading, the RFT yielded and then 
reached its ultimate strain at .038 mm/mm. For LHCS6 tested with a/d=1, the whole load has been taken by the concrete 
only in the first loading stage of pre-cracking. After increasing load, the concrete began to crack and RFT had more strain 
linearly with the load till it reached its peak value of .0127 mm/mm. When RFT reached its maximum strain of.024 mm/mm 
for LHCS7 tested with a/d = 2.5, the primary stiffness increased and the slab collapsed. LHCS8 and LHCS9 tested with 
shear dowels showed very stiff behavior and collapsed before the RFT reached its yield value due to the active influence of 
shear dowels. The strain in the RFT reached its peak value of .0168 mm/mm at slab failure. For LHCS5, increasing the 
RFT ratio causes a decrease in the strain value. LHCS4 showed an increase in strain due to decreasing the RFT ratio. 
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Figure 11: Strain load diagrams for LHCS: (a) Effect of %core variation, (b) Effect of a/d variation, (c) Effect of RFT variation, and 
(d) Effect of connection method variation. 

 
Mode of failure 
Three different modes of failure have been investigated. The position of the applied loading (a/d ratio) is assumed to be 
the main factor that affects the mode shape. All specimens with a/d= 4 collapsed in flexural, all specimens with a/d= 2.5 
collapsed in flexural shear, and all specimens with a/d= 1 collapsed in shear, and they are as follows:  
Flexural failure: The failure occurs when the tensile stress increases the tensile strength, as the failure starts with an initial 
vertical crack, which decreases the compression zone depth. The steel area in LHCS is often small, so the slab exhibits a 
ductile failure. For control specimen LHCS1, the first flexural crack was observed at 8.86 kN (26.05% of the ultimate load) 
at the mid-span of the slab, and after increasing the applied load, the number of cracks increased and extended toward the 
compression zone and became wider. Another flexural crack was observed between line loads and supports. The cracks 
then extended inclinedly toward the loading points. Finally, the LHCS1 collapsed in flexure at a load of 34.013 kN.  
Flexural shear failure: This failure occurred when the flexural cracks were increased in the shear span through the early 
stages of loading and, with increasing applied loading, these cracks propagated toward the load line in a diagonal direction. 
For LHCS7 tested with a/d= 2.5, it exhibits similar behavior as LHCS1 through the early stages of loading. The first crack 
appeared at an applied load of 15.049 kN and, with increasing load, the flexural cracks in the shear span became faster 
than the flexural cracks between the two-line loads. Then, they inclined and propagated towards the loading lines with a 
crack angle of about 40º and the slab finally collapsed at 36.485 kN.  
Shear failure: This failure occurs when the principal tensile stress caused by flexure and shear exceeds the tensile strength. 
The first crack formed below the point of loading exactly and more cracks occurred with increasing loads and the flexural 
crack extended toward the supports and converted to shear crack and the slab failed. For LHCS6 tested with a/d=1, the 
initial crack appeared at a load of 35.24 kN (57.14% of the ultimate load) at the shear span region near supports and with 
increasing loading, cracks extended towards the supports and finally failed at a load of 61.667 kN with a crack angle of 50º 
approximately. The crack angle increases as the a/d ratio decreases. 
  
 
VERIFICATION STUDY 
 

he experimental program was compared with the finite element models (FEM) to confirm the validity of the model 
analysis as shown in Fig. 12. A comparison between the experimental and numerical load-deflection curves showed 
a very good correlation between them for all loading stages (Fig. 13). The FEM was able to predict the ultimate 

failure load of the layered hollow core slab specimens, and it can be used to simulate the experimental program using 
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ANSYS software. SOLID65 (a 3D finite element with eight nodes) having three degrees of freedom at each node in x, y, 
and z directions was used to simulate the used LWAC and HSC concretes. LINK 180 (a 3-D spar element) with three 
degrees of freedom at each node in x, y, and z directions was used to simulate steel reinforcement bars. SOLID185(a 3D 
finite element with eight nodes) having three degrees of freedom at each node in x, y, and z directions was used to simulate 
the steel plates at supports and loading points [45]. The properties of used concrete, plates, and steel are given in Tab. 8. 
Three different mesh sizes of 50, 20, and 10 mm were chosen to study the convergence. From the convergence study, an 
optimum mesh size of 20 mm was selected for LHCS models so that each couple of various materials could share a similar 
node between them to obtain accurate results. 
 

 
 
 

 

Figure 12: Sample representation of developed FE models. 
 

 

 Table 8: Properties of used concrete, plates, and steel. 
 

 

Material 
Elastic modulus 

(MPa) 
Poisson’s ratio 

Compressive 
strength (MPa) 

Yield strength 
(MPa) 

Tensile strength 
(MPa) 

HSC  58593.75 .25 62.5 - 4.53 

LWAC 20437.5 .25 21.8 - 1.28 
Non-linear steal 200000 .2 - 525 - 

Linear steel 200000 .3 - - - 
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Figure 13: Validation load-deflection curve (a) effect of %core variation, (b) effect of a/d variation, (c) effect of RFT variation, (d) 
effect of connection method variation. 
 

Comparison between experimental and numerical results. 
Tab. 9 explains the comparison between numerical and experimental results attained for all studied slabs and reveals that 
the analytical method summarized here can be used to simulate LHCS behavior in an acceptable way when there is no 
material difference. The numerical results were accepted with the experimental results with a difference of less than 10 %. 
The failure load for the FEM is the last applied load before the starting divergence of the program due to the several 
cracks. The deflection at ultimate load is the vertical displacement in Y-direction (UY) at the mid-span of the slap for the 
FEM. Crushing or cracking in concrete elements is illustrated in the ANSYS program by displaying circles at the location. 
Fig. 14 shows the comparison of numerical and experimental cracking patterns for all the layered hollow-core slabs. The 
FEM also predicted similar failure modes. 
 

Slab no. LHCS 1 LHCS 2 LHCS 3 LHCS 4 LHCS 5 LHCS 6 LHCS 7 LHCS 8 LHCS 9 

Pcr (kN) 

Exp. 8.86 6.016 8.943 7.787 10.24 35.24 15.049 39.23 12.642 

FEM 8.17 5.884 9.6 7.542 9.332 36.739 13.683 38.772 13.11 

Exp./FEM 1.084 1.023 0.932 1.032 1.097 0.959 1.100 1.011 0.964 

Pu (kN) 
Exp. 34.013 26.051 37.863 23.877 36.754 61.667 36.485 63.375 36.087 

FEM 30.929 27.834 34.547 24.070 35.728 62.473 33.130 67.153 32.900 
Exp./FEM 1.100 0.936 1.096 0.992 1.029 0.987 1.101 0.944 1.097 

Δcr 
(mm) 

Exp. 0.425 0.219 0.710 0.342 0.742 0.179 0.340 0.242 0.571 
FEM 0.470 0.243 0.652 0.316 0.675 0.163 0.378 0.220 0.635 

Exp./FEM 0.904 0.903 1.089 1.082 1.099 1.098 0.900 1.099 0.900 

Δu (mm) 

Exp. 4.551 2.643 6.220 3.292 7.169 1.206 2.123 1.673 9.058 

FEM 4.355 2.937 5.670 3.063 6.593 1.339 1.937 1.818 8.808 

Exp./FEM 1.045 0.900 1.097 1.075 1.087 0.901 1.096 0.920 1.028 

Pcr/Pu 
Exp. 0.260 0.231 0.236 0.326 0.279 0.571 0.412 0.619 0.350 

FEM 0.264 0.211 0.278 0.313 0.261 0.588 0.413 0.577 0.398 

Δu/Δcr 
Exp. 10.707 12.069 8.760 9.626 9.662 6.737 6.245 6.912 15.863 

FEM 9.265 12.105 8.696 9.687 9.762 8.212 5.126 8.260 13.881 
 

Table 9: Experimental and numerical results for all specimens. 
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Figure 14: Experimental and numerical crack patterns for (LHCS 1: LHCS9). 
 
 
CONCLUSIONS 
 

rom the previous analysis of all FE models for LHCSS, the experimental results, and their analytical simulation, 
the specific conclusions that can be drawn from this study are as follows: 
 Experimental and theoretical capacities fit well with each other. 

 The Layered Hollow Core Slab system can be used to obtain a slab with an optimum weight-to-strength ratio. 
 The experimental mid-span deflection versus load curve of flexural testing coincides well with the corresponding 

theoretical curve. 
 With decreasing (a/d) ratio, the cracking load and ultimate load will increase. The reduction in the a/d values leads 

to a decrease in the maximum deflection in the mid-span (Δu) and a decrease in the deflection at the first cracking 
load (Δcr) of the layered hollow core slabs due to a decrease in applied moment.  

 The ultimate and first cracking loads decreased with increasing %core. The ultimate and cracking deflection decreased 
due to decreasing the moment of inertia (E) of the section. Therefore, the flexural stiffness (EI) will decrease with 
increasing the diameter of longitudinal voids in LHSC specimens.  

 In this study, the optimum slab was one with a core value of 21.5% in order to preserve ultimate strength while also 
meeting economic requirements. 

 Using shear dowels leads to a direct increase in load carrying capacity and consequently, an increase in the flexural 
resistance of the slab and leads to an increase in deflection at first cracking load and deflection at ultimate load 
compared to a specimen that uses bond agent material to connect the two layers of the LHCS.  

 Shear dowels ensure an efficient bond between the two concrete layers, preventing horizontal sliding and increasing 
the shear resistance of the LHCS.  

 The first cracking load value and ultimate load value increased with an increase in bottom reinforcement values. The 
deflection at ultimate load and the deflection at first cracking load is increased for the layered hollow core slabs due 
to the increase in stresses. 

 Reduced in %core causes an increase in strains in the compression zone due to increased LHCS stiffening and an 
increase in strains in the tension zone due to increased LHCS ultimate strength. 

 All specimens with a/d= 4 collapsed in flexural, all specimens with a/d= 2.5 collapsed in flexural shear, and all 
specimens with a/d=1 collapsed in shear due to the position of applied loads. 
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