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Abstract

Truncated Pyramid Shaped (TPS) voided former is an
alternative voided shape embedded inside the reinforced
concrete slab to reduce concrete quantity. The main purposes
of this study were to investigate the one directional flexural
behavior of TPS voided slab through the four-point bending test
and compared the experimental results with the evaluation of
flexural capacity. Two TPS voided slabs with dimension of
2700x1500 mm? and different thickness of 260 mm and 300 mm
were subjected to the loading test. During the loading test, the
results of load, deflection and strains in concrete and steel bars
were recorded to observe their relevant behaviors.
Consequently, the evaluation method for flexural capacity of
the TPS voided slab was proposed by using the fundamental
flexural analysis. Finally, the loading capacities from both
specimens showed good agreement results between the
experiment and evaluation method with an accuracy of up to

94.93%.

Keywords: Voided Slab, Truncated Pyramid Shaped Void,

Flexural Bending Test, Evaluation of Flexural Capacity
1. Introduction

The voided slab is a type of reinforced concrete (RC) slab
with air-space voids in the middle between upper and lower
longitudinal steel bars inside the concrete. This system can
reduce the concrete used with less environmental impact and
more sustainability. In addition, the resistance of sound
transmission and fire are also attained due to the air-filled
insulation inside [1]. The reduction of concrete volume results
in the overall structural weight and leads to a reduction in
construction cost [2]. Some literatures stated that the self-

weight of voided slab system can reduce up to 50% comparing

with a conventional solid slab, while the flexural performance
has been satisfied because the voids are in the non-critical
section where is the tensile zone below the neutral axis [3-4].
Consequently, the longer span length can be designed resulting
from obviously structural weight reduction [5].

Presently, there are many shapes of void formers such as
spheres, ellipsoids, donuts, and truncated pyramids. The uses of
spherical and ellipsoidal voids were first originated and have
been used for a long time. From the design guideline for
spherical and ellipsoidal voided slabs by Concrete Reinforcing
Steel Institute (CRSI), there is a limitation of the depth of neutral
axis of the voided slabs to not exceed 1.5 in or 3.8 cm to keep
the rectangular shape of the compression zone, for an able the
using design and analysis in the same principles as the
conventional solid slab [6-7]. The void formers used in this study
are Truncated Pyramid Shaped (TPS) voided formers that are
made from recycled polypropylene. It has four conic-elevator
feet to stand and fix the location inside the formwork. This type
of void former can create the regular grid of orthogonal I-section
lines at the solid section between two voids. This I-section will
reduce more concrete weight than the other voided types and
enhance the flexural performance resulting more cost-effective
construction [8]. Moreover, the supported beams are
unnecessary in this system because many orthogonal |-sections
can transfer the structural load to the columns instead of beams
[9].

Consequently, the main purposes of this study are to
investigate the one-directional flexural behavior of TPS voided
slab and to propose the evaluation method for predicting its
flexural capacity. The voided slabs sized 2700x1500 mm? with
different thickness and void-former sizes were subjected to the

four-point bending test. Their flexural behaviors were observed

through the experimental results such as the load—deflection
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relationship and the several strains at concrete and steel
reinforcing bars. The flexural capacities from experiments were
collected and used for comparing with the proposed method to

evaluate the flexural capacity by fundamental analysis.
2. Methodology and Materials

2.1 Details of experimental specimens

To study the flexural behavior of TPS voided slab, the four-
point loading test of full-scale one-way TPS voided slabs were
conducted. The two experimental specimens defined as VS260
and VS300 had the same width and length of 1500 mm and
2700 mm. The depths of specimens were varied from 260 mm
to 300 mm with two different heights of embedded TPS formers
as 160 mm and 200 mm, respectively. The 16-mm diameter of
deformed bars with 200-mm spacing were reinforced along the
longitudinal direction of slab to resist bending force. Each slab
contained eight TPS voided formers with the shortest spacing
between the voids 90 mm, and the covering was 50 mm at the
top and bottom of void. The 4 mm diameter of wire mesh with

200 mm of spacing were placed on the top of TPS voids to

of SD40 conformed to TIS 24-2016 [10], which had the yield and
ultimate strength at least 390 MPa and 560 MPa, respectively.
The properties of steel are shown in Table 1

2.2.3 Truncated pyramid shaped void formers

The void formers are made from polypropylene with
truncated pyramid shapes. To control the depth of covering, the
conic-elevator feet with 50 mm length were applied under the
TPS void as shown in Fig. 1. In this study, two sizes of TPS void
formers were used which were the height of 160 mm and 200
mm. These voided formers had the same top width and bottom
width of 470 mm and 520 mm, respectively. The details of void

formers are shown in Fig. 1 and Table 2.

Fig. 1 TPS void former

Table 1 Properties of steels

Deformed steel bars Unit
facilitate the force distribution from the loading plate and to Grade sDao B
prevent the temperature crack on the slabs. The shape of TPS Yield strength 390 MPa
void formers is shown in Fig.1. The details of V260 and V300 Tensile strength 560 MPa
. 3
voided slabs are presented in Fig. 2 and Fig. 3, respectively. Norinal area 2011 mm
2.2 Material properties Table 2 Details of void formers
Parameter VS260 VS300 Unit
2.2.1 Concrete Height 160 200 mm
The designed cylindrical compressive strength of concrete Hollow space volume 0.0031 0.0039 m”’/pcs
was 32 MPa in the study. The ready-mix concrete was used for Top area 470x470 470470 mm”
. . Bott 520x520 520x520 2
casting the large scale of slabs. The mix had the water-cement oo area X X mm
Elevator foot height 50 50 mm
ratio of 0.5, and the targeted slump was 15-20 mm to obtain the
sufficient strength and workability for construction.
2.2.2 Reinforcing steel bars
Eight deformed steel bars with diameter of 16 mm were
used for longitudinal reinforcement. These bars were the grade
i
- 4mm © @200 mm c/ .
140mm —»= — =l 210mml=— | -I 1 140mm 2700mm mm \:l'lrn c/c H-zoommn—'
f=—470mm —=| ‘ i \ | Ii \ = 470mm —={ [ 1601 \ | | 260
. ) o —— 520mm | 160!mm "‘. 28mm l | | 520mm l-‘l | me | m
T! —=200mm=— 1’5L0n;';1 soom /4 X /il | —= = somm 2500mm DB16~ T i
DB16 " 5omm A

(a) A-A section

(b) Longitudinal plane of voided slab

Fig. 2 Details of V5260 specimen
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(a) A-A section

(b) Longitudinal plane of voided slab

Fig. 3 Details of VS300 specimen
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! = LVDT &==3 = Concrete strain gauge =8 = Steel strain gauge

Fig. 4 Locations of measuring instruments

2.3 Experiment setup

2.3.1 Fabrication procedure

Ready-mix concrete from the same batch was used for
casting the voided slabs and cylindrical concrete for compression
test. The slab formwork was installed from the steel and the
black film-faced plywood. The longitudinal reinforcing steel bars
(8DB16) were placed inside the steel formwork. Four strain gauges
were attached on the steel reinforcing bars at the middle of slab
to detect the real strain during the load test. Then, TPS void
formers were placed, and followed by the placing of 4 mm
diameter wire mesh above the void formers. The pouring process
of concrete was divided into 2 layers, the first layer of concrete
was poured until the level of the bottom voids, which equaled
to height of elevator foot. The first layer was left for 45 minutes
until the concrete paste became semi-fluid to prevent the
floatation of void formers as shows in Fig. 5. The second ready-
mix concrete was cast for the second layer until full depth of the
slab. Additional concrete cylinder sized 100x200 mm and the
concrete cylinder sized 150x300 mm were used to prepare
specimens for conducting the compressive and tensile strength
tests. One day after casting procedure, the steel formwork was
removed, and continued curing process under moisture
controlling by using a concrete curing agent and sack covering for

7 days. This further curing condition was simulated as the same

at site construction.

(a) Before casting

(b) After the first layer casting

Fig. 5 Fabrication procedure

2.3.2 Testing and instrumental setup

The flexural behavior was investigated by four-point bending
test. The one-way TPS voided slabs were subjected to a loading
test with a span length of 2500 mm, the distance between the
loading and supporting points was 950 mm. The two loading
points were spanned with 300 mm apart from the center of slab
as shown in Fig. 4. The a/d ratio was designed to be in the range
of 2.5-6 which is the range for an intermediate-length beam and
expected for flexural failure [11]. The Linear Variable Differential
Transducer (LVDT) and strain gauges were used for measuring the
real-time displacement and strains on the concrete and steel
bars. The two 100-mm LVDTs were used to measure the average
deflection at the mid-span, while the other two 50-mm LVDTs
were used to measure the deflection at supports. The results
from four LVDTs were applied for computing the relative

deflection. To observe the behavior in concrete and steel bars,
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the concrete strain gauges were used to measure the strain at
the center on the top surface, and the steel strain gauges were
used to measure strain at the center of the steel bars. The
location of strain gauges on concrete and steel bars are shown in
Fig. 7. The locations of measuring instruments are shown in Fig.
4. The load was applied by the 1000kN loading machine until
failure of specimen. All experimental results were recorded by
using data logger. The failure mechanism of the TPS voided slabs

were observed and captured every 10 kN until failure.

Support line

| 5564 |

(b) On steel bars

Fig. 7 Locations of strain gauges

3. Four-point bending test

3.1 Load—deflection behavior

Figures 8(a) and 9(a) show the load versus relative deflection
of the V5260 and VS300 under flexure. The two specimens had
similar behaviors and failure pattern. When the initial load was
applied to specimens, the load increased linearly until the point
of first cracking load, which the flexural crack occurred from the
bottom of the slab between two loading points region. After
that, the increased  with  lesser

load was slope of

load—deflection relationship, this referred to the less stiffness
of the slab due to several crack initiation and propagation.
Moreover, the crack propagation and crack width had a
possibility to be developed from the bottom of the slabs and
through each reinforcing steel bar at different times, which might
result in a small difference in the behavior of steel strain. The
slope was reduced again when reaching the yield point. The
yield point was defined as the strain on longitudinal steel bars
yielded as shown in Fig. 8(b) and 9(b), which was the loading
point at the first steel strain reached 0.002 mm/mm. The load
was slightly increased and stabled after yielding steel initiation.
Finally, the load reached the ultimate strength and suddenly
dropped. The stiffness of VS300 is obviously higher than VS260
because of the thicker slab depth and the thicker voided slab
also had the higher slope of first linear elasticity, then the slope
gradually decreased in both specimens, this indicates that the
flexural behaviors of TPS voided slabs have a possibility to use
the same mechanism analysis as the conventional solid slab.

The results from the experiment are summarized in Table 3.
3.2 Crack pattern

Figures 11 and 12 show the crack pattern of VS260 and
VS300 specimens. After the tensile stress exceeded the tensile
strength of the concrete, the flexural crack occurred from the
bottom edge of the concrete and developed toward the loading
point. After this point, the flexural crack was widened with the
load increasing, which related to the stiffness reduction in the
load—deflection curve in previous section. Until the load at the
yielding point, the crack had developed longer through the
middle of the thickness relative to the yielding load as shown in
Fig. 11(a) and 11(b). After yielding of steel bars, the flexural crack

was continually widened. Finally, when the load reached
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Fig. 8 Experimental results of V5260
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Fig. 9 Experimental results of V5300
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Fig. 10 Load—strain curve at the concrete surface of V5260 and VS300
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ultimate strength, the shear crack was suddenly occurred at the
shear span as shown in Fig. 11(c) and 12, and the load
immediately dropped. At this point, the compression strain on
the top slab surface did not yield the ultimate concrete strain

at 0.003 mm/mm.

From the resemble failure patterns and load—deflection
relationship of these two specimens, it was noticed that even
though the a/d ratio of the specimens was within the range of
flexural failure, but the shear crack could be happened because
no shear reinforcement was applied in this study, and the use
of voided slab resulted in a significant loss of cross-sectional
area to resist the one-way shear strength. However, all steel
reinforcing bars has already yielded before the ultimate strength,

this failure mode can be defined as the flexure-shear failure.
1 W — = ] e

(c) At the ultimate point
Fig. 11 Crack pattern of V5260

Fig. 12 Crack pattern of VS300

Table 3 Experimental results

Data VS260 VS300
Load at First cracking (kN) 85.65 144.65
Load at yield strength (kN) 250.67 328.31
Load at ultimate strength (kN) 284.63 370.51

Flexure-shear Flexure-shear
Failure mode

failure failure

4. Evaluation of flexural capacity

Figure 16 shows the steps of evaluation for flexural capacity.
In the case of V5260 and VS300 specimens, the neutral axis was
fallen into the void’s region, therefore the compressive area was
not behaving like a rectangular shape but behaved like
contiguous T-shapes due to the interal void formers. The
evaluation began with the assumption of a neutral axis. The
strain at each component along the cross-section was computed
based on the remain-plan assumption. Therefore, each strain
components were computed from the distribution diagram as
shown in Fig. 13 with additional assumption of yielding strain in
longitudinal steel bars as 0.002 mm/mm based on yield strength
of the steel graded 390 MPa [12]. By assuming the yield strain at
steel bars, the other strain components could be calculated
accordingly. After that, the stresses of each component were

investigated.

Compressive strain (g'¢)

x
[ 1

Tensile strain

—>
Assumed strain = 0.002 mm/mm (gg)

Fig. 13 Strain distribution diagram

In case of concrete, the compressive strain along the cross-
section was translated to the stress through the concrete’s
stress-strain model. To compute the flexural capacity of the TPS
voided slabs, the evaluation of flexural capacity through
fundamental analysis using the stress and strain model of
concrete from Thorenfeldt [13] was proposed. The concrete
model is shown in Fig. 14 and computed by using Eq. (1) to Eq.
(4).

35

30

25

= N
(€] o

stress (MPa)

[
o

0 0.002 0.004 0.006

Strain (mm/mm)

0.008 0.01

Fig. 14 Compressive stress-strain model for f = 31.25 MPa

STRO08-6



NCCE 20

Fuil 24-26 WawAY 2566 3.0R

N15UsEYNIVINTIANTTUTESWNIVIR AT 28

The 28" National Convention on Civil Engineering

May 24-26, 2023, Phuket, THAILAND

Post-Pandemic Challenges in Civil Engineering
n(e'c/e
o'.= [ﬁ] f 'C (1) — Assume the depth of neutral axis.
n-1+(e'c/e
n=08+% @ I
By using &, at yield, the strain of other components can
k= 1 o (0<e'<ey) 3) be calculated depending on the location of each
0.67+=< (e'e>e)p) component, effective depth. and neutral axis assumed.
62
ik U
=— 4
P pn-11000E,. @

Where fc' is the compressive strength of concrete in MPa,
o', is a concrete compressive stress in MPa, &', is a concrete

mm/mm, & is the concrete

strain in »

compressive
compressive strain at peak in mm/mm, and E,. is Young's

modulus of concrete in GPa.

According to the compressive strength test of cylindrical
concrete, the average concrete compressive strength was equal
to 31.25 MPa, which was used as the compressive strength for
flexural calculation of VS260 and VS300 specimen. The
compression force was computed using Eq. (5) to Eq. (6), Cis

compression force in N, A, is compression area in mm.

C=0'.%x4, (5)
bxx (N.A. < covering)
A= X (X~ i
¢ {(b X x)-2 [w] (N.A. > covering) (©)
NA.
1
i ;v ‘,‘ ;—_ ’;; e U |, ;(

h | \ 3 “

Fig. 15 Meanings of parameters
Finally, the actual compression and tension force from the
stress would be verified using the equilibrium equation. In the
case of the forces were not equilibrium, the neutral axis would

be assumed again, then the flexural capacity can be evaluated.

Table 4 Summary of evaluation of flexural capacity

Parameters VS260 VS300
Neutral axis (mm) 63.58 74.48
Load at vyield strength | Experiment 250.67 32831
(kN) Evaluation 270.51 312.48
Experiment/Calculation 0.93 1.05

Accuracy (%) 92.66 94.93

Table 4 shows the comparison between the results from the
experiment and the theory by evaluation. The ratios between
experimental and evaluation results were equal to 0.93 to 1.05

which could be computed to the accuracy of 92.66 to 94.93%.

The corresponding stresses in each component can be
obtained by using the stress-strain model of each
material (Thorenfeldt et al. 1987).

4

Verifying the
force equilibrium.

Yes

4

Obtain the flexural capacity.

Fig. 16 Calculating steps for flexural capacity
5. Conclusions

1. The failure pattern of flexural behaviors of the one-way
TPS voided slabs were similar to the conventional solid slabs.

2. By increasing the thickness of TPS voided slab, the higher
stiffness and flexural capacity can be achieved.

3. The comprehensive consideration for shear contributed
by concrete should be considered with the effect of air-filled
area instead of the concrete.

4. The conventional flexural analysis with the actual critical
cross-section area in compression zone and using the concrete’s
stress-strain relationship can provide good prediction of flexural

capacity of TPS voided slab.
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