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The current work explores the behaviour of fibre-reinforced lightweight hollow core slabs (FR-LWHCS) intending
to develop sustainable construction solutions. The FR-LWHCS investigated in this work contains sintered fly ash
aggregate (SFA) as coarse aggregate. Due to the use of SFA, the behaviour of LWHCS is expected to be different
from the hollow core slabs (HCS) constructed using normal density concrete. FR-LWHCS are tested at different
shear span to depth (a/d) ratios of 3.5, 7 and 10 to understand the shear and flexure behaviour. Twelve full-scale
hollow core slab (HCS) specimens of 3400 mm length, 600 mm width, and 150 mm thickness are tested. FR-
LWHCS consists of monofilament macro synthetic fibre dosages of 0.4 %, and 0.6 %, along with fibrillated
micro fibre of 0.02 % dosage. The digital image correlation (DIC) technique is adopted to understand the strain
profile on the HCS at different levels of loading. The numerical analysis is performed using a commercially
available finite element software and is corroborated with experimental findings and parametric studies have
been performed. Both LWHCS and normal HCS specimens failed in shear, flexural-shear and flexure modes at a/
d ratios of 3.5, 7 and 10, respectively. The addition of fibres increased the peak load by 65 % compared to control
LWHCS specimens tested at an a/d ratio of 3.5. The use of fibres increased strain energy absorption and changed
the failure to less brittle mode at all a/d ratios. The fibre reinforced specimens have nearly 3.5 times, 2.5 times
and 1.3 times the strain energy absorption of the control LWHCS when tested at a/d ratio 3.5, 7 and 10

respectively.

1. Introduction

A hollow core slab (HCS) is a precast concrete element containing
voids along the span of the slab. The self-weight of slabs decreases due to
the voids contributing to the reduction in construction cost [1]. HCS can
be used as flooring elements, partition walls, spandrel members, bridge
deck units, and roof deck systems. The voids in HCS can be used for
electrical, water drainage, wiring, and air ducts for heating and cooling
[2]. The self-weight of HCS can be further reduced by replacing the
natural coarse aggregate with lightweight aggregates. The advantages of
using lightweight aggregate concrete (LWAC) in HCS include light
weight, high strength-to-weight ratio, good seismic performance, and
structural integrity [3]. Also, it leads to a faster construction process and
a decrease in material and transportation costs [4]. The lightweight
aggregates used in structural applications are derived from various raw
materials, including clays, clinker, shales, slates, fly ash, oil palm shell,
coconut shell, pumice or blast-furnace slag [5]. Sintered fly ash aggre-
gate (SFA) is one of the most commonly used lightweight aggregates
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produced from an industrial waste called fly ash [6,7]. LWAC made with
SFA is sustainable, eco-friendly, possesses good mechanical perfor-
mance, and is economical and durable for structural applications [8].
Microstructural studies have shown that the interfacial transition zone
(ITZ) of lightweight concrete made with SFA is denser than conventional
concrete made with natural coarse aggregate (NCA). Due to this, a better
bond exists between SFA and cement paste in LWAC [9].

Despite the advantages of LWAC, its usage in the construction of
load-bearing elements is not widely considered due to little under-
standing of its engineering properties. The primary reason for the low
acceptance of lightweight concrete for structural elements is its brittle-
ness. For the same mix proportions and compressive strength, the brit-
tleness of lightweight concrete is higher than that of conventional
concrete [10]. The increased brittleness in LWAC is due to crack prop-
agation directly through the lightweight aggregate [11]. However, it is
possible to resolve the drawback by including fibres in concrete and thus
increasing its ductility. The use of synthetic fibre is very convenient in
lightweight concrete due to its low specific gravity and ease of handling
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Fig. 2. Cross section of HCS.
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[12]. Furthermore, synthetic fibres show good corrosion resistance,
excellent post-cracking behaviour, chemical stability and have a lesser
adverse impact on workability [13,14]. The synergistic action between
macro and micro synthetic fibres enhances the performance of concrete
by arresting crack propagation at different scales [11]. Moreover, add-
ing different combinations of steel and synthetic fibres causes a longer
crack propagation time, higher ultimate failure loads, and improved
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stiffness in HCS [15].

Numerous researchers in the past have examined the flexural
behaviour of HCS made of normal-density concrete [16-19]. Naser et al.
[20] studied the flexural behaviour of steel fibre-reinforced ferro-
cement HCS with embedded polyvinyl chloride (PVC) pipe. The re-
searchers reported an increase in the ductility and serviceability of HCS
compared to solid slabs [2]. Earlier researchers have explored the
behaviour of HCS under shear [21-24]. Several researchers also studied
the shear behaviour of fibre-reinforced hollow core slab (FR-HCS) and
concluded that adding fibres helps to increase the shear capacity,
ductility and delays the crack propagation [23,25,26]. The shear
strength of HCS is primarily influenced by concrete strength, loading
conditions, and interlocking forces in the crack path [26]. Previous
studies have shown that the hollow-core slabs tested at shear span to
depth ratio (a/d) less than 3.5 usually fail in web shear failure mode
[22]. According to researchers, many design codes do not adequately
predict the shear capacities of hollow core slabs [27,28]. All the shear
capacity equations were derived assuming the equivalent rectangular
section or I-section of the hollow core section. However, the stresses
generated at the voids of HCS may lead to reduced shear strength [22].
Various reinforced concrete (RC) elements have shown enhanced shear
strength due to macro synthetic fibre addition [29-31]. Previous works
have shown that synthetic fibres could increase the strength of HCS [32].
However, the extent of performance improvement of hollow core slabs
due to the addition of macro synthetic is not established yet.

Kani’s [33] classical theory states that a/d ratio of 6 is the transition
value and the RC beams tested at a/d greater than 6 usually fail in
flexural mode (Fig. 1). For a/d ratios between 2.5 and 6, RC beams
typically fail due to sudden diagonal shear stress followed by flexural
cracking (flexure-shear mode). Specimens with an a/d ratio less than 2.5
fail in shear critical mode. However, the previously established a/d ratio
ranges are only valid for RC beams and not for HCS and LWHCS.
Numerous researchers have used the finite element method in the nu-
merical analysis of the shear behaviour of HCS [21,34-36]. Several re-
searchers have examined the application of the finite element method to
lightweight concrete and synthetic fibre-reinforced concrete (FRC)
separately using ABAQUS [37-40].

2. Research significance

A critical review of earlier studies shows that several studies have
been carried out on varying shear span to depth ratios of HCS specimens
made of conventional concrete. On the contrary, the studies on struc-
tural behaviour of light weight concrete are very limited. Moreover,
previous studies have not focused on the behaviour of fibre reinforced
lightweight hollow core slabs (FR-LWHCS) at different flexure-to-shear
ratios. Hence, this study aims at the experimental and numerical
investigation of FR-LWHCS at different a/d ratios. The specific objec-
tives of the study are-.

e To understand the ultimate strength, serviceability performance,
failure modes, and toughness of FR-LWHCS through full-scale testing
at various a/d ratios of 3.5, 7, and 10.

e To understand the influence of synthetic fibres on the response of
lightweight HCS in terms of crack propagation and post-cracking
behaviour based on full-field strain measurements using the DIC
technique at different a/d ratios.

e To carry out finite element analysis on the response of FR-LWHCS at
different a/d ratios of 3.5, 7 and 10 to understand the crack patterns
and failure modes.

3. Experimental program
The experimental program involved construction and testing of total

12 HCS specimens with normal and lightweight concrete at a/d ratios of
3.5,7 and 10. All the HCS specimens were of the dimensions 3400 mm
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Fig. 5. Fibres: (a) Macro synthetic (b) Micro synthetic.

Table 1

Properties of fibres and reinforcement.
Parameters Shape Diameter Specific Gravity Length Elastic Modulus (GPa) Tensile Strength

(mm) (mm) (MPa)

Macro fibre Structural fibre 0.50 0.91 50 10.0 618
Micro fibre Fibrillated fibre 0.08 0.91 19 4.9 400
Steel rebar - 10.00 7.80 3400 196.0 550

Table 2 Table 3

Optimized concrete mix proportions. Summary of material properties.
Specimen NCA PO00 PO04 PO06 Parameters NCA PO00 PO04 PO06
Cement (kg/m>) 350 350 350 350 Compressive strength of concrete cubes 45 40 42 46 (1)
Fly ash (kg/m?) 35 35 35 35 (in MPa) (0.5) 1.5) (1.5)
Sand (kg/m%) 520 520 520 520 Tensile Strength (from inverse analysis) 2.4 2.2 2.25 2.4
Sintered fly ash aggregate (kg/m®) 0 800 800 800 (in MPa)
Natural coarse aggregate (kg/m>) 1450 0 0 0 Split tensile strength of cylinders 3.8 2.9 3.5 4.3
Water (kg/m3) 115 115 115 115 (in MPa) (0.2) (0.1) (0.1) (0.2)
Water /Binder ratio 0.30 0.30 0.30 0.30 N . . .
Superplasticizer (kg/m®) 0.3 0.3 0.8 1.0 Values in parenthesis are standard deviation (MPa) of measured strength.
Macro fibres (kg/m3) 0 0 3.68 5.52

. § 3 . . .

Micro fibres (kg/m") 0 0 0.184 0.184 Laboratory, IIT Hyderabad. The cross-sectional view of the HCS is shown

in Fig. 2.

length, 600 mm width, and 150 mm thickness. Each HCS specimen
contains four circular voids of 106 mm diameter each. Five steel rebars
were placed at an effective cover of 30 mm in the tension zone. The
specimens were manufactured and tested at Structural Engineering

3.1. Material properties

Ordinary Portland Cement (OPC-53 grade), fly ash (class F), SFA,
natural coarse aggregate (NCA), natural sand, synthetic fibres, potable
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Table 4
Details of the specimens tested.

Specimen Type of concrete Fibre Shear span to

D dosage (%) depth (a/d) ratio

NCA-HCS- Conventional concrete with 0 3.5
3.5 natural coarse aggregate (NCA)

NCA-HCS-7 0

NCA-HCS- 0 10
10

PO00-HCS- Lightweight concrete reinforced 0 3.5
3.5 with polyolefin (PO) fibres

PO00-HCS- 0 7
7

PO00-HCS- 0 10
10

PO04-HCS- 0.4 3.5
3.5

PO04-HCS- 0.4 7
7

PO04-HCS- 0.4 10
10

PO06-HCS- 0.6 3.5
3.5

PO06-HCS- 0.6 7
7

PO06-HCS- 0.6 10
10

water, and superplasticizer were used to prepare normal and lightweight
concrete. The specific gravity of cement, fly ash, SFA, NCA, and natural
sand used is 3.15, 2.2, 1.45, 2.6 and 2.6, respectively. The SFA (Fig. 3)
used in this study range in size from 4 to 8 mm and has a water ab-
sorption rate of 15 %. The study used NCA with a maximum size of 10
mm and water absorption of 0.8 %. The particle size distributions for
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NCA and SFA are shown in Fig. 4 (a) and Fig. 4 (b), and they meet the
ASTM C330 [41] and ASTM C33 [42] limits, respectively. Natural river
sand having a water absorption of 3 % is taken as fine aggregate. The
superplasticizer used in the study was a high-range polycarboxylate
ether-based water reducer. Two polyolefin-based macro and micro
synthetic fibres were used in the construction of FR-LWHCS. Fibres used
are shown in Fig. 5, and their properties are listed in Table 1. The macro-
fibre dosages of 0.4 % and 0.6 % with a constant micro-fibre dosage of
0.02 % were added. Micro-fibres are generally added to reduce the
shrinkage cracking. Typically, manufacturers recommend about 0.02 %
— 0.09 % fibre dosage by volume of concrete. However, a lower dosage
(0.02 %) of micro fibres was considered in the study due to its hybrid
blending with macro fibres for optimizing the cost. it is seen that a fixed
dosage of 0.02 % along with macro fibres is shown to produce good
results[43]. Steel rebars (10 mm dia.) were used as primary reinforce-
ment in the construction of all the HCS.

3.2. Mix design and specimen details

The mix design used in the manufacturing of LWHCS is based on the
previous work of authors [8]. An optimized concrete mix design for
1800 kg/m® density was obtained using volumetric mix proportions to
achieve a minimum compressive strength of 40 MPa. HCS specimens
without fibres are designated as control specimens (PO00-HCS). HCS
specimens reinforced with fibres are referred to as PO04 and PO06. In
the nomenclature, PO, 04, 06 denotes polyolefin fibres, 0.4 % and 0.6 %
of the volume of fibre dosage, respectively. A HCS of normal density was
also cast with NCA and labelled as NCA-HCS which serves as a reference
for comparison of the structural behaviour. Additionally, three concrete
cubes of size 150 mm x 150 mm x 150 mm were cast for each mix to
study the compressive strengths. The 28-day average compressive
strengths of mixes PO00, PO04, PO06, and NCA were 40 MPa, 42 MPa,

(d) Casting top léyer

(e) Finished cast surface

(f) Stacking of hollow core
slabs followed by demolding

Fig. 6. Casting of Lightweight HCS.
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Fig. 8. Experimental test setup.

46 MPa, and 45 MPa. The optimised concrete mix design is shown in
Table 2. The detailed discussion on the mechanical characterization of
synthetic fibre-reinforced SLWAC for mix design, stress-strain behav-
iour under compression, fracture behaviour, and splitting tensile prop-
erties can be found elsewhere [8,11]. The summary of material
properties is given in Table 3. The specimen details are given in Table 4.

3.3. Mould preparation and casting

Special moulds presented in Fig. 6(a) were used for construction of
HCS. The rebars and the paper tubes were inserted through the slots
provided in the mould. The two rebars adjacent to the centre rebar were
instrumented with two strain gauges at mid-length. The moulds were
cleaned and oiled to avoid adhesion to the concrete. Initially, cement,
sand, and SFA were dry-mixed for 2 min in a tilted drum mixer to attain
a homogeneous mix. Following this, 50 % of the total water was added
and mixed for two to three minutes. Subsequently, the remaining 50 %
of the water was added with a superplasticizer and mixed for another 3
to 5 min. Later, the fibres were added to the mix. After thoroughly
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mixing, the concrete was poured into the moulds. The bottom flange was
cast first. Following that, the paper tubes were inserted into the holes
after being thoroughly wrapped in a wrapping film. The top flange was
then cast, followed by extensive vibration. The specimens were
demoulded after 24 h, water-cured for 28 days, and stacked in a queue
for testing. The whole process of construction is shown in Fig. 6.

3.4. Test Set-up and instrumentation

The HCS specimens were tested under a displacement-controlled
four-point bending using a hydraulic actuator of 1000 kN capacity.
The shear span to depth (a/d) ratios considered were 3.5, 7 and 10
(Fig. 7). The surface of the HCS was prepared and levelled using high-
strength cement mortar over which the loading I-beams were placed.
The load was applied to the specimen as distributed line loads using two
transverse I-beams attached to a rigid steel spreader beam, as shown in
Fig. 8. Load was increased monotonically in displacement control mode
at a constant rate of 0.03 mm/s. A linear variable displacement trans-
ducer (LVDT) with a stroke of 200 mm was placed at its mid-span to
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Fig. 9. Load vs Deflection curve.

track the mid-span deflection of the HCS specimen. Additionally, the
strain in steel rebars was recorded using the strain gauges attached to the
rebars during the construction of the specimen. On the soffit of the HCS,
two LVDTs of 50 mm capacity were mounted to measure deflections at
the loading points. The applied load was measured automatically with
the load cell of the actuator. All sensors were connected to the data
acquisition system (DAQ) for continuous data collection during testing.
All the specimens were tested within 28 to 32 days after construction to
ensure the uniform compressive strength of concrete at the time of
testing.
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4. Experimental results and discussion
4.1. Load vs deflection behaviour

The load vs mid span deflection curves of the tested HCS are shown in
Fig. 9. The response of the specimens presented ascertain the under-
standing that the NCA concrete possess higher pre-cracking stiffness.
Additionally, the addition of fibres does not significantly influence the
cracking load of the HCS tested at a particular a/d ratio (Table 5).

The load vs deflection curve for HCS specimens at a/d ratio 3.5 is
presented in Fig. 9 (a). The behaviour exhibited by the specimen can be
divided into three stages (i) pre-cracking stage (ii) post-cracking stage,
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Table 5

Summary of experimental results.
Specimen a/d CL(kN) Acz(mm) PL(kN) Apr,(mm) LA jymax(mm) Apmmax(mm) Mcgr(KN-m) Mp(kN-m) EA(Joule) Mode of failure**
NCA-HCS-3.5 3.5 28.4 1.5 102.5 29.3 84.0 30.0 6.0 21.5 1880 S
PO00-HCS-3.5 3.5 30.7 2.4 75.0 16 67.3 16.9 6.4 15.7 816 S
PO04-HCS-3.5 3.5 28.5 2.6 121.4 40.4 121 40.4 6.0 25.5 2871 S
PO06-HCS-3.5 3.5 25.6 2.0 122.6 41.2 122.6 41.2 5.4 25.7 2977 S
NCA-HCS-7 7 15.5 2.0 61.2 57.1 53 79.7 6.5 25.7 4130 F-S
PO00-HCS-7 7 16.4 2.3 60.9 62.5 60.4 65.9 6.9 25.6 3148 F-S
PO04-HCS-7 7 14.4 2.3 64.4 96.0 63.3 155.3* 6.0 27.0 8019* F-S
PO06-HCS-7 7 15.6 2.2 65.1 123.0 63.2 163.0* 6.5 27.3 7978* F-S
NCA-HCS-10 10 9.3 1.9 45.6 70.0 45.2 110.0 5.6 27.3 4535 F
PO00-HCS-10 10 10.7 4.1 43.9 110.0 43.8 112.0 6.4 26.3 4105 F
PO04-HCS-10 10 10.4 4.6 43.0 114.0 42.2 140.0* 6.2 25.8 5233* F
PO06-HCS-10 10 12.2 3.5 44.6 101.0 44.5 140.0* 7.3 26.7 5404* F

* = testing has been stopped before failure.

** Mode of failure, CL — Cracking load, A¢; - Deflection at cracking load, PL — Peak load, Ap; - Deflection at peak load, L Apmqx- Load at measured maximum deflection,
Ammax- Measured maximum deflection, Mcg- Cracking moment, Mp- Peak moment, EA- Energy absorption capacity, S: Shear, F-S: Flexural-shear, F: Flexure.
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Fig. 10. Moment vs strain behaviour of rebar.

and (iii) failure stage. In pre cracking stage, the behaviour of the curve is
elastic and the load increases proportionally with the increase in
deflection. After the cracking of concrete, the stiffness can be observed
to decrease. However, the load increases linearly with the deflection
until it reaches the peak load. After reaching the peak, the specimens
have no residual strength, the load drops abruptly, and the collapse is
observed to be brittle. All the specimens tested at a/d of 3.5 exhibited
similar pre-cracking behaviour with cracking load in the vicinity of 25
kN (Fig. 9 (b)). Addition of fibres enhanced the load carrying capacity of
the members when compared to the control specimens which do not
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have any fibres. However, no significant increase was observed when
the fibre dosage was increased from 0.4 % to 0.6 %. The increased load
carrying capacity of the HCS reinforced with fibres resulted in higher
energy absorption capacity, yet the members failed in a brittle manner.

The load vs deflection response of the hollow core slabs evaluated at
a/d ratio 7.0 is shown in Fig. 9 (c¢). The behaviour of the curve is also
divided into three stages (i) pre-cracking stage, (ii) post-cracking stage,
and (iii) post-yielding of the longitudinal bar. In the pre-cracking stage,
the load resistance increases linearly with applied displacement until the
concrete on the tension face of the slab cracks. The second stage of the
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curve begins after flexural cracking with a reduced stiffness and extends
until longitudinal rebar yields. The third stage starts with the rebar
yielding to the specimen’s failure. As the specimens were tested at a/d of
7.0, the specimen is subjected to higher bending moments, thus
increasing the axial strains in the rebar. Increase in the applied dis-
placements lead to the yielding of steel and thus capping the moment
carrying capacity of the member. The comparison of response of all the
specimens tested at a/d ratio of 7 is shown in Fig. 9 (¢), and it can be
observed that all the specimens showed similar trend. Addition of fibres
enhanced the deflection at maximum load and energy absorption ca-
pacity. However, the peak load increased marginally with the addition
of fibres. The pre-cracking and post-cracking stiffness of normal density
concrete (NCA-HCS-7) was higher than the lightweight concrete counter
parts (Fig. 9 (c)). The zoomed-in portion up to 10 mm is shown in Fig. 9
(d). All the test findings such as cracking load, peak load, maximum
measured load and their corresponding deflection are shown in Table 5.
The table also summarises the cracking moment, peak moment, and
energy absorption capacity.

Fig. 9 (e) depicts the load vs deflection curve of hollow core slabs
assessed at a/d ratio 10. The behaviour of the graph is exactly similar to
the a/d ratio 7. It is seen that the inclusion of fibres does not consider-
ably increase peak load but does improve deflection at maximum load
and energy absorption capacity. The zoomed-in portion up to 10 mm is
shown in Fig. 9 (f). The area under the load—deflection curve was used to
compute the energy absorption capacity of all HCS specimens. For all a/
d ratios, it is concluded that the energy absorption capacity of PO06-HCS
was the highest, followed by PO04-HCS, NCA-HCS and PO00-HCS.

4.2. Moment at mid span vs strain behaviour

Strain gauges mounted on the rebars at mid-length of HCS to monitor
strain variations during testing. Strain values up to 10,000 pym/m were
measured. The variation of strain in the rebar corresponding to the
moment at mid span is presented in Fig. 10. It should be noted that the
strains in the rebars were insignificant until the specimen cracked. The
strains increased significantly after cracking, as predicted. The speci-
mens tested at a/d ratio 3.5 initially cracked in shear. The slope of the
curve showed a reduction after the initial crack as shown in Fig. 10(a).
The specimens failed before the yielding of steel rebar and thus the
strain variation doesn’t show any yield plateau.

The initial crack in the specimen tested at a/d ratios 7 and 10 was
due to the formation of a flexure crack. The strain corresponding to a
moment is lower in the fibre-reinforced HCS specimens (PO06-HCS and
PO04-HCS) than in the control specimen (PO00-HCS), demonstrating
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the role of fibres in load resistance. However, under a given moment, the
strain of the NCA-HCS specimen is marginally higher than other speci-
mens. Steel rebar yielded before reaching the maximum moment in all
HCS specimens tested at a/d ratio of 7 and 10. The addition of fibres
resulted in an increase in the moment capacity of HCS specimens tested
at a/d of 3.5. However, the specimens showed a shear-dominant failure.

4.3. Energy absorption capacity

Energy absorption capacity is one of the essential criteria in deter-
mining the efficiency of various fibres and their dosage for specific ap-
plications. The area under the load-deflection curve is considered to
evaluate the energy absorption capacity. The deflection up to failure or
140 mm, whichever is less, is used to calculate the energy absorption
capacity. The addition of fibres leads to the gradual propagation of
cracks through bridging action thus delaying the failure. Hence, fibre-
reinforced specimens have a high energy absorption capacity. The en-
ergy absorption of all specimens tested at different a/d ratios is depicted
in Fig. 11. The energy absorption capacity of the specimens that failed in
flexure (a/d = 10) and flexural-shear (a/d = 7) is higher than that of
specimens that failed in shear (a/d = 3.5) due to well-distributed cracks
in flexure and flexural-shear failure. The addition of fibres led to an
increase in the energy absorption capacity of members tested at a
particular shear span. Thus, showcasing the positive effect of fibre
addition.

4.4. Crack distribution and failure modes

The failure modes and crack distribution of all the specimens are
represented in Fig. 12. The HCS specimens tested with an a/d ratio of 3.5
failed in shear. Initially, a minor shear crack developed in the tension
zone at the shear span region when the specimen cracked. As the load
increases, the crack propagates towards the loading point. The failure
was sudden and brittle in control HCS specimens. In the specimens
reinforced with fibres, the number of diagonal shear cracks increased.
There was a sign of failure in fibre reinforced HCS specimens before the
specimens failed in diagonal shear tension of failure of concrete.

The HCS specimens tested at an a/d ratio of 7 failed in flexural-shear
failure mode. Initially, when the specimens reached the cracking load, a
flexure crack formed at the constant moment zone at the tension surface
of HCS specimens. As the load increased, several flexural cracks
occurred at the constant moment zone, and a few shear cracks occurred
at the shear span zone. Later, the cracks began to widen and propagate
towards the compression surface. The number of cracks in PO00-HCS
was lesser than that of NCA-HCS. The crack in lightweight concrete
(POO-HCS) passes through the aggregate, whereas the crack in normal
density concrete (NCA-HCS) passes around the aggregate. Hence, the
POO00-HCS specimen failed earlier than the NCA-HCS specimen. The
number of cracks was substantially higher in fibre reinforced HCS
specimens than in control HCS specimens. In fibre-reinforced specimens,
cracks were more evenly distributed, and the space between cracks was
shorter. The specimens tested in the a/d ratio of 7 and 10 were more
ductile due to rebar yielding than those tested in the a.d ratio of 3.5.

HCS specimens tested at a/d ratios of 10 failed in flexural mode.
When the specimens cracked, a flexure crack started at the bottom face
of the tension zone. Upon increasing the loads, several flexure cracks
formed at a constant moment and propagated towards the compression
face of the slab. Cracks were more in number in fibre-reinforced speci-
mens compared with control specimens. In fibre-reinforced specimens,
the distance between the cracks was lesser than in control specimens. In
addition, the cracks were distributed and branched in fibre-reinforced
specimens.

4.5. DIC analysis

Digital image correlation (DIC) is a technique for measuring full-field
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Fig. 12. Failure modes and crack distribution.
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Fig. 13. Load vs Deflection comparison between LVDT and DIC results.

strain and localised displacements in the HCS specimen by correlating
the speckled patterns on images captured at different intervals during
testing [44]. DIC analysis can predict the structural behaviour of con-
crete successfully when used in conjunction with conventional mea-
surements and after proper calibration [31,45,46]. The whole process
can be classified into three phases. The first phases included the prep-
aration of specimens and image capturing. During the second phase, the
images were analysed by correlating the captured images with the help
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of vic-2D 2009 [47] software. The last phase is post-processing, where
the data are extracted from the analysed images [48]. The surface of the
HCS specimen was painted with acrylic-based white paint, followed by
random speckling using a black marker. In this study, a camera with a
resolution of 1024x768 was used, which captured images with a fre-
quency of 2 Hz. To process the images optimally, a calibration image
(with scale) and a reference image (with the unreformed shape) were
captured before applying the load. DIC works on the principle of pattern
matching, which correlates the speckle patterns in the un-deformed and
deformed images to determine corresponding strain and displacement.

The accuracy of the DIC results depends on the size of the speckles
and the subset chosen for analysis. The subset and step size were decided
based on previous literature [49]. A crack propagating through a spec-
imen during the test may result in a loss of correlation in the area sur-
rounding the crack. The loss of correlation near a crack permits the
identification of a physical opening which is reflected in the digital data.
The load-deflection behaviour of the twelve HCS specimens was
compared using DIC analysis and LVDT (at mid-span) measurements. As
demonstrated in Fig. 13, the DIC analysis results agreed with the test
results measured with LVDT. To maintain brevity, the validation of the
load-deflection behaviour of only one specimen (PO04-HCS) tested at a/
d ratio 7 is presented. Table 6a and 6b shows a comparison of
displacement measured by LVDT and DIC at various load points (at
cracking, at peak, and at ultimate). Due to the initial slack in the LVDTs,
the cracking deflection from experiments is found to be different from
the results from DIC. However, at larger deflections, the absolute error
(Eaps) in displacement measured by LVDT and DIC is found to be
marginal.

4.5.1. Strain contours
The crack initiation, propagation and growth are analysed with the
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Comparison of displacement between LVDT and DIC measurements at different load points.

Specimens Cracking load Peak load Ultimate Load

A gxp (mm) A pic Eabs A pxp A pic Eabs A pxp A pic Eabs

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

NCA-HCS-3.5 1.5 1.6 0.1 29.3 29.4 0.1 30.0 30.1 0.1
PO00-HCS-3.5 2.4 2.4 0 16.0 16.1 0.1 16.9 17.0 0.1
PO04-HCS-3.5 2.6 2.4 0.2 40.4 40.7 0.3 40.4 40.7 0.3
PO06-HCS-3.5 2.0 21 0.1 41.2 41.3 0.1 41.2 41.3 0.1
NCA-HCS-7 2.0 2.14 0.14 57.1 57.2 0.1 79.7 79.9 0.2
PO00-HCS-7 2.3 2.33 0.03 62.5 61.9 0.6 65.9 65.0 0.9
PO04-HCS-7 2.30 2.31 0.01 96.0 96.1 0.1 155.3* 155.3* 0.3
PO06-HCS-7 2.2 2.2 0 123.0 123.7 0.7 163.0* 163.8* 0.8
NCA-HCS-10 1.9 1.9 0 70.0 70.1 0.1 110.0 110.2 0.2
PO00-HCS-10 4.1 4.6 0.5 110.0 110.6 0.6 112.0 112.6 0.6
PO04-HCS-10 4.6 5.2 0.6 114.0 114.8 0.8 140.0* 140.8* 0.8
PO06-HCS-10 3.5 3.0 0.5 101.0 105.0 4.0 140.0* 144.0* 4.0

Note: A 1ypr = Displacement measured by LVDT, A pc = Displacement measured by DIC, Eps.

= Absolute error.

Table 6b

Plasticity parameters of concrete.
Parameter Value
Dilation angle (y) 40
Eccentricity (g) 0.1
Equibiaxial Compressive yield stress/ Uniaxial compressive yield stress 1.16

(fbo/fco)

Viscosity Parameter (u) 0.0005
Constant (K) 0.667

help of strain contours utilizing DIC analysis. The strain contours of all
the specimens are presented in Appendix-1. Strain contours of HCS
tested at a/d ratio of 3.5, 7 and 10 are shown in Fig. 27, Fig. 28 and
Fig. 29, respectively. The strain distribution was determined to inves-
tigate the contribution of fibres to crack resistance. The steel rebar
yielded before reaching the peak load in the specimens tested at a/
d ratios 7 and 10. Hence the key points examined in those specimens are
cracking load, load at yielding point, peak load, and load at measured
maximum deflection. The specimens tested at an a/d ratio of 3.5,
nevertheless failed in shear. In those cases, the rebar did not yield. As a
result, loads of 40 kN, 80 kN, 100 kN, and 120 kN are chosen as
important values for comparing the strain profiles. A minor crack is
observed in strain contours at the cracking load. The number of cracks
increased as the load increased. The strain contours in control specimens
and fibre-reinforced specimens looked similar. The horizontal strain
increased with an increase in load in all specimens. Due to strain
localization, the crack initiation occurred at the bottom of the tension
zone and progressed towards the top of the compressive force of HCS
specimens. In HCS, the jump in strain contours suggests the existence of
a crack in that region. The strain contours of control specimens could not
be represented at higher loads in the HCS specimens tested at a/d ratio
three because the specimens failed at a relatively lower load than fibre-
reinforced HCS specimens.

4.5.2. Load vs crack width

The relation between load and crack width is depicted in Fig. 14 as
determined by DIC analysis using the process adopted by Lakavath et al.
[48]. For each HCS specimen, the crack width is measured at the level of
reinforcement. The crack width at the first cracking load for all the
specimens is negligible. However, the crack width starts to increase with
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the increase in load. The crack width of fibre reinforced specimens at a
particular load level is lesser than control specimens. For all a/d ratios,
the crack width of PO06-HCS is the smallest, followed by PO04-HCS,
PO00-HCS, and NCA-HCS for a specific load. However, none of the
hollowcore slabs cracked under service loads. The service load calcu-
lations for all the HCS are given in Appendix 2.

5. Numerical validation

A valid geometrical and material model which can replicate the
experimental response is essential for performing a comprehensive
parametric study. A numerical study was carried out by a nonlinear
finite element software called ABAQUS and is corroborated by the
experimental results. Thus, the model validated can be used to perform
parametric studies in future. In the current investigation, the concrete
damage plasticity (CDP) model was employed to characterise the
nonlinear material behaviour of concrete. The CDP model proposed by
Lubliner et al. [50] and elaborated by Lee and Fenves [51] was imple-
mented for the analysis. The two fundamental failure modes that control
the CDP model are tensile cracking and compressive crushing. C3D8R,
an eight-node solid element, was used to model concrete. Steel rebar was
modelled using a truss element (T3D2). Materials properties were
assigned to model parts, resulting in a single body. Section steel bars
were regarded as a uniaxial material in the element. The mechanical
properties of steel rebar include density, elastic modulus, Poisson’s ratio
and yield strength of 78,000 kg/m?, 20000 MPa, 0.3 and 550 MPa,
respectively. The cracking behaviour of rebars and concrete was
considered independently. Convergence issues were avoided using
explicit model analysis. Since the concrete’s stress—strain properties are
separated into elastic and plastic components, the overall strain of
concrete is defined by adding the elastic and plastic strains. The plas-
ticity and damage response of concrete are demonstrated through a
nonlinear response to a stress—strain curve.

The plasticity parameters assumed for the CDP model such as dila-
tion angle (y), eccentricity (g), the ratio of biaxial yield stress to uniaxial
yield stress (%), viscosity parameter (u) and the coefficient to obtain the
shape of the deviatory cross-section (K) were taken based on ABAQUS
user manual [52] and previous literature [53 54] and are presented in
Table 6a and 6b. Compressive stress—strain curves (Fig. 15.) discussed in
the authors’ previous research [8], and tensile stress-strain curves
(Fig. 16.) presented in the authors’ previous paper [11] were used in the
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Fig. 15. Stress-strain curve for compression.

analysis. The tensile stress—strain curve for FR-SLWAC with the varying
dosage of synthetic fibres was predicted using the stress-crack width
model and inverse analysis. The stress-crack width model is established
using the load-CMOD (Crack mouth opening displacement) curve ob-
tained from the fracture test. More details regarding the stress-crack
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Fig. 16. Stress—strain curve for tension.

width analysis and prediction of the tensile constitutive relationship
can be found in the companion paper of the author [11]. The stress—
strain behaviour of Fe550 rebar is depicted in Fig. 17.

Finite element models were created for all HCS specimens and ana-
lysed at a/d ratios of 3.5, 7, and 10. Meshing is a crucial stage in
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Fig. 17. Stress—strain curve for Fe550 rebar.

numerical modelling since the accuracy of predictions can only be
improved by selecting an appropriate mesh type. For the investigation,
an optimum mesh size of 30 mm was chosen after performing a mesh
convergence study. The mesh of FE analysis is represented in Fig. 18.
The boundary conditions of the FEMs were carefully matched to the
experimental test conditions. Nodes at the top surface were displaced
downward at a distance from support nodes (according to different a/
d ratios). Similar to a displacement-controlled load application in the
experiment, the entire line of nodes was deflected downward till the slab
failed. The maximum deflection applied to each HCS specimen in the FE
model was the same as the maximum measured deflection from the test
results.

5.1. Comparison of Load-Deflection behaviour
To validate the correctness of the FE model, the predictions were

compared to the experimental findings of the HCS tested at different a/
d ratios. The load—deflection behaviour of the HCS specimens obtained

(a) a/d 3.5
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from the experiment and FE model is depicted in Fig. 19. The proposed
model closely approximates the load-deflection behaviour obtained
from the test results. The variation in peak load between the experi-
mental and finite element analysis load-deflection curves is around 10
%. For most specimens, the FE results are slightly overestimating the
cracking load. However, the overall behaviour is captured with
reasonable accuracy. Additionally, to understand the validity of the
developed model, the moment-curvature response of experimental and
FE analysis was also compared in Fig. 20. It is observed that the curves
are in good agreement with each other. Only the result for PO04-HCS is
shown to maintain the brevity of the paper.

5.2. Comparison of failure modes

The developed FE models effectively captured failure mechanisms.
The final failure modes of developed FE models are compared with
experimental failure modes shown in Fig. 21. Shear cracks were seen in
the specimen tested with an a/d ratio of 3.5, and the main cracks formed
at the shear span. Specimens examined with a/d ratio 7 showed both
flexure and shear cracks. Flexural cracks, however, were seen in the
specimen tested at an a/d ratio of 10. The main cracks were formed at a
constant moment zone of the slab. Thus, finite element models accu-
rately predicted the crack patterns and failure phenomenon. The num-
ber of cracks in the FE analysis will also differ from the number of cracks
in the experiments. The numerical models in the FE package do not
directly show physical cracking, but the maximum plastic tensile strain
can be used to refer to the potential cracking pattern [55].

5.3. Summary of experimental and FE results

Table 7 compares the important parameters from FE analysis with
test results. The cracking load, peak load, and energy absorption ca-
pacity are critical metrics for comparing experimental and FE observa-
tions. The cracking load difference between NCA-HCS-3.5 and PO0O-
HCS-3.5 is 5 %. However, there is a 25 % margin in the case of PO04-
HCS-3.5 and PO06-HCS-3.5. Peak load varies by around 10 % in speci-
mens tested at an a/d ratio of 3.5. Except for PO00-HCS-7 and PO04-
HCS-7, the cracking load of specimens examined at the a/d ratio is
relatively same. Despite this, the difference in peak load and energy
absorption capacity of specimens evaluated at a/d ratios is less than 10
%. Except for NCA-HCS-10, the specimens examined at a/d ratio 10

(b)a/d 7

(c)a/d 10

Fig. 18. Mesh for finite element analysis.
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provide the best prediction in cracking load, peak load, and energy
absorption capacity, with differences within 5 %.

5.4. Parametric studies

The parametric studies taken into account are the effects of changing
the reinforcement, the slab’s depth, and the a/d ratio. However, the
parametric study results of only PO04-HCS have been included to
maintain brevity. To study the impact of a change in the tensile rein-
forcement ratio, reinforcement bars with diameters of 8 mm, 10 mm,

and 12 mm corresponding to reinforcement ratios of 0.45 %, 0.7 %, and
1 % are taken into consideration. The a/d ratios of 2, 3.5, 5, 7, 8.5, and
10 are considered to study the impact of different a/d ratios on the
load-deflection behaviour of HCS. Additionally, the failure modes at the
a/d ratios previously mentioned are also evaluated.

The effect of change in reinforcement ratio on load-deflection
behaviour of HCS is illustrated in Fig. 22. This study took into account
steel rebar with a 10 mm diameter. When the rebar diameter was
increased to 12 mm in the a/d ratio 3.5 (Fig. 22 (a)), the cracking and
peak loads increased by 7 % and 5 %, respectively. When the rebar
diameter was decreased to 8 mm, the cracking and peak loads both
decreased by 8 % and 14 %, respectively. Additionally, it was found that
as rebar diameter increased, the deflection at failure load decreased.
Similarly, at a/d ratio 7 (Fig. 22 (b)), the cracking load and peak load
increased by 35 % and 40 %, respectively, when 12 mm diameter rebar
was used compared to 10 mm diameter rebar. The cracking load and
peak load decreased by 8 % and 50 %, respectively in 8 mm dia bar when
compared to specimen with 10 mm diameter rebar. Similar to this, at an
a/d ratio of 10 (Fig. 22 (c)), the cracking load and peak load of 12 mm
diameter rebar increased by 8 % and 38 %, respectively, in comparison
to a 10 mm diameter bar. The cracking and peak loads decreased by 9 %
and 45 %, respectively in speicmens with 8 mm diameter bar as
compared to the ones 10 mm diameter bar.

The impact of change in depth on the load—deflection behaviour of
HCS is depicted in Fig. 23. This study took into account the depth of HCS
as 150 mm. When the slab’s depth was increased to 175 mm and 200
mm at an a/d ratio of 3.5 (Fig. 23 (a)), the cracking load was found to
have increased by 50 % and 100 %, respectively, and the peak load was
found to have increased by 27 % and 63 %, respectively when compared
with 150 mm depth HCS. Similarly, at a/d ratio of 7 (Fig. 23 (b)), the
cracking load increased by 40 % and 100 % for 175 mm depth and 200
mm depth, respectively. However, the peak load increased by 27 % and
54 %, respectively when compared to HCS with 150 mm depth. Similar
to this, at an a/d ratio of 10 (Fig. 23 (c)), the cracking load increased by
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Fig. 21. Comparison of failure modes (Experimental vs FEM).

Table 7

Summary of experimental and FEM results.
Specimen CLgxp(kN) CLrgpm(KN) PLgxp(kN) PLgy(kN) SEgxp(Joule) SEem(Joule) PLgxp EAgxp
D CLixp PLigy EArem

CLem

NCA-HCS-3.5 28.4 30.4 102.5 95.0 1880.2 1324.8 0.93 1.07 1.41
PO00-HCS-3.5 30.7 32.0 75.0 80.0 816.5 1250.4 0.96 0.94 0.65
PO04-HCS-3.5 28.5 37.2 121.4 110.0 2871.0 2209.8 0.77 1.10 1.30
PO06-HCS-3.5 25.6 35.2 122.6 110.0 2977.0 2200.3 0.73 1.12 1.35
NCA-HCS-7 15.5 16.0 61.2 61.0 4130.2 3983.4 0.97 1.01 1.03
POO00-HCS-7 16.4 20.4 60.9 56.6 3148.0 2864.8 0.80 1.07 1.10
PO04-HCS-7 14.4 17.0 64.4 61.1 8019.0 7598.0 0.85 1.05 1.05
PO06-HCS-7 15.6 15.5 65.1 61.2 7978.0 7585.0 1.01 1.06 1.05
NCA-HCS-10 9.3 135 45.6 47.3 4535.2 4357.3 0.69 0.96 1.04
PO00-HCS-10 10.7 10.9 43.9 42.4 4105.0 3938.8 0.98 1.03 1.04
PO04-HCS-10 10.4 11.7 43.0 43.5 5233.0 5418.5 0.88 0.99 0.96
PO06-HCS-10 12.2 12.1 44.6 44.9 5404.0 5515.0 1.01 0.99 0.98

Note: CLgxp = Experimental cracking load, CLrgy = Predicted cracking load using FEM,PLgxp = Experimental peak load, PLgxp = Predicted peak load using FEM, EAgxp
= experimental energy absorption capacity, EAggy = Energy absorption capacity using FEM.

42 % and 96 % for 175 mm depth and 200 mm depth, respectively.
However, the peak load was increased by 27 % and 50 % respectively as
compared to the 150 mm depth of HCS.

To investigate the effect of change in a/d ratio on the load—deflection

behavior of PO04-HCS, a total of six a/d ratios such as 2, 3.5, 5, 7, 8.5
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and 10 are considered. The cracking and peak loads increased when the
a/d ratios increased. PO04-HCS had a 12 kN cracking load at an a/
d ratio of 2. The cracking load increased by 13 %, 40 %, 100 %, 230 %,
and 430 %, respectively, at a/d ratios of 3.5, 5, 7, 8.5, and 10 in com-
parison to a/d ratio 2. The peak load of PO04-HCS at an a/d ratio of 2
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Fig. 24. Effect of change in a/d ratio on load-deflection behaviour.

was 43.4 kN. The cracking load increased by 24 %, 44 %, 100 %, 160 %
and 250 %, respectively at a/d ratios of 3.5, 5, 7, 8.5 and 10 when
compared with an a/d ratio of 2. Fig. 24 shows the effect of change in the
a/d ratio on load-deflection behavior.
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The failure modes of PO04-HCS are shown in Fig. 25 at various a/
d ratios. The specimen failed in shear at a/d ratios of 2 and 3.5. At a/
d ratios of 5 and 7, the specimen failed in the flexural shear mode.
However, at a/d ratios of 8.5 and 10, the specimens failed in the flexure
mode.

Fig. 26 shows the effect of a/d ratio on the behavior of PO04-HCS.
The ratio of ultimate moment at failure and pure flexural capacity
(My/Mg) is plotted against a/d ratio. For the specimens tested in the
study, the ratio of M,/My increased with the increase in a/d ratio unlike
what was observed by Kani [33]. The specimens tested in the study
failed in shear mode at a/d ratio of less than 3.5. However, it failed in
flexural mode at a/d ratio higher than 7. Furthermore, the specimens
failed in flexural shear mode at a/d ratio between 3.5 and 7. However, it
does not follow the trend observed by Kani. It is worth mentioning that
Kani tested rectangular beams with different sectional parameters than
the ones reported in the study. HCS specimens tested in the study can
become deficient in shear under low a/d ratios, because of the lesser
concrete area in the web region. As a result, before reaching the flexural
capacity, the specimen tested at an a/d ratio of less than 3.5 failed in
shear. So, for a constant depth, M,/Mg for HCS specimens which failed
in shear are lesser than that of specimens that failed in flexural-shear.
This signifies Kani’s failure criteria are strictly not valid for light-
weight hollow core slabs.

6. Summary and conclusions

The behaviour of fibre reinforced lightweight hollow core slabs at
varying a/d ratios such as 3.5, 7 and 10 were studied. The behaviour of
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Fig.25. Failure modes at different a/d ratio.

- . L. Fibres inhibited crack development and propagation and
improved energy absorption of fibre-reinforced lightweight HCS
at all a/d ratios.

II. Adding 0.6 % fibre dosage to control HCS specimens enhanced
peak load by 60 % at an a/d ratio of 3.5. However, the fibre
contribution to shear resistance is marginal. The failure was

| brittle and abrupt.

III. The load-deflection curves of HCS specimens evaluated at a/
d ratios 7 and 10 showed a similar pattern. However, the addition
of fibres did not significantly enhance peak load at these a/d ra-
tios but significantly boosted energy absorption capacity. The

- |
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= .
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I a/ld>7 failure in a/d ratios 7 and 10 was more ductile than in specimens

a/d < 3.5
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failure . failure . failure IV. The load-strain curve demonstrates that the strain at a given load

0 1 1 for FR-LWHCS is smaller than that of LWHCS, indicating active

fibre engagement.
0 2 4 6 8 10 12 V. The DIC results showed that fibre-reinforced HCS specimens had

a/d less crack width than the HCS specimens without fibres at a given
load demonstrating the efficacy of fibres in inhibiting crack
development.

VI. All the HCS remain uncracked at design service loads indicating
the superior serviceability performance of the HCS.

Fig. 26. Effect of a/d ratio on the behaviour of PO04-HCS.

fibre reinforced, and control specimens were compared. The crack pat-

terns and failure modes were examined at different a/d ratios. The VIIL. The load—deflection behaviour and failure modes obtained using
limited findings presented in this study can lead to the following ABAQUS finite element model were validated against
conclusions.
Appendix-1
Key . Strain in
points Cracking Load 40kN 80kN 100kN 120kN x-direction
NCA- i [y
HCS — = s
P=28.4kN, A=1.5mm A=14.6 mm A=293 mm I
PO00 2 [
-HCS — = -
P=30.7 kN, A = 2.4 mm P=75.0, 4=16 mm
PO04 =
-HCS | p=935 kN, A=2.6 mm A =244 mm A=333mm A=39.8 mm A,
PO06 A { { A s 1 8 QR & -
-HCS | pP=256kN,A=2.0mm A=87mm A=23.5 mm A=31.7mm A=39.4mm -

Fig. 27. Strain contours of HCS tested at a/d ratio 3.5.
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Fig. 28. Strain contours of HCS tested at a/d ratio 7.
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Fig. 29. Strain contours

experimental observations. The finite element findings were in
good agreement with the experimental test results.

VIII. The results of the parametric analysis show that hollow core slabs
failed in shear at a/d ratios between 2 and 3.5, in flexural shear at
a/d ratios between 3.5 and 7, and in flexure at a/d ratios greater
than 7. However, they do not follow the trend observed in the
classical work of Kani.
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Appendix 1
Appendix 2

Calculation of design service load:

Cross-sectional area of HCS =.(0.6m x 0.15m) — (4 X & x 0.1062m2) = 0.055m?

For PO00-HCS, PO04-HCS and PO06-HCS the density of concrete is taken as 1800Kg/m®.
Self-weight of the HCS =. (0.055m2 x 1800Kg/m® x 9.81m/52) = 0.97kN/m

Typical super-imposed loads in residential applications=.(1.5kN/m? x 0.6m) = 0.9kN/m
Weight of screed flooring =.(0.075m/m x 25kN/m? x 0.6m) = 1.125kN/m
Typical live loads in residential applications = (3kN/m? x 0.6m) = 1.80kN/m [56].

Total service load (w) =.(0.97 +0.9+1.125 +1.8)kN/m = 4.8kN/m

kN 2
Bending moment (demand) in service = WTIZ :w =.5.4kNm

Design service load from four-point bending test configuration (P):
g x 1.2 = 5.4kNm; P = 9kN

It is calculated that POO0-HCS, PO04-HCS, and PO06-HCS have a service load of 9 kN each.
For NCA-HCS, the density of concrete 2400Kg/m?® is used in the calculation keeping all other parameters the same and the design service load (P) is

estimated to be 9.6 kN.
The cross-section, test configuration and bending moment diagram of HCS is shown in Fig. 30. An a/d ratio of 10 is used in the calculation to

conservatively estimate the service loads.
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