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The energy efficiency of a building predominantly depends on the temperature gradient across the wall. The use of
Sandwiched Concrete Panels (SCP) to achieve energy efficiency inside buildings is gaining importance all over the world.
This study focuses on comparing the temperature gradient across sandwich concrete wall panels made of two different
insulation materials viz. Extruded Polystyrene (XPS) and Expanded Polystyrene (EPS) with two different sizes of steel
(8 mm and 10 mm dia.) used as reinforcement and shear connectors. Two different concrete grades viz. M25 and M40
were studied. The thickness of concrete wythes on both sides of the SCP and the inner insulation material (XPS and EPS)
were varied to understand their effect on thermal insulation. The external surface of the samples was subjected to an
elevated temperature of 75 °C for 24 hours continuously and the temperature measurements across the SCP were recorded.
This was done by simulating the real-time temperature effect using an indigenously developed oven, designed and
fabricated to fit the SCP sample size which comprises an electronic thermostat and temperature sensor unit arrangement.
Additionally, a one-dimensional finite element analysis was carried out to predict the theoretical interface temperature and
inner surface temperature of the SCP samples with necessary assumptions. Both the experimental and FEA temperature
values corroborated well. Further, all the samples were subjected to compression and flexural testing to evaluate their
structural properties. Influence of type of insulation material used viz. XPS and EPS, size of steel reinforcement used viz.

8 mm and 10 mm dia. were found to be not that significant in terms of both thermal and structural behavior.
Keywords: thermal insulation, extruded polystyrene, expanded polystyrene, concrete wythes.

1. INTRODUCTION

In recent times the main research avenues in the
construction industry focus on structural integrity, energy
efficiency [1], and utility of sustainable materials to gain
both economic and environmental benefits without
compromising functional efficiency and durability [2].
Among the mentioned three main focuses, developing
energy-efficient buildings has attracted researchers
globally. The energy efficiency of the building
predominantly depends on the temperature gradient across
the wall. A higher temperature gradient increases the energy
consumption of the building resulting in less energy-
efficient buildings [3]. The energy consumption in buildings
is nearly 40 % of the total energy consumed in the world
and this contributes to 38 % of high pollutant emissions
globally [4]. The heat flux entering the building can be
reduced by using insulating materials in the building walls
[5].

Lightweight Concrete Sandwich Panel walls are widely
preferred in high-rise buildings due to their lesser weight
and better thermal characteristics [6, 7]. Providing suitable
heat transfer control arrangements in the envelope of a
building like walls, roofs, and windows, would in turn
reduce the energy consumption needed for indoor thermal
comfort. Building retrofitting measures is an approach used
for reducing energy consumption in existing buildings and
in new constructions it can be achieved by using energy-
efficient techniques and practices [8]. The optimal energy
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needed to maintain indoor thermal comfort in a building is
best achieved by using appropriate insulating materials
during construction. A precast concrete sandwich panel
system is one such widely adopted technique to improve
energy conservation and efficiency for buildings [9].

In building construction, sandwich panels are generally
used as prefabricated or precast concrete components. This
precast sandwich wall gained application in the building
construction industry due to its improved thermal
performance compared to masonry walls and solid concrete
panels [10, 11]. The sandwich panels are constructed with
two or more layers consisting of high-strength concrete
separated by thermal insulating material having low
strength. The thickness of the wythes and insulating
material depends on application and load-bearing capacity.
Kim and Allard [12] studied the thermal response of precast
sandwich concrete walls by varying the thickness from
50 mm to 150 mm. Benayoune et.al. [13] found that the
optimal thickness of precast reinforced composite sandwich
panels that are subjected to axial loading is 38 mm.

The insulation thickness in the concrete composite
panel using polystyrene material as insulation agent was
studied by Bolattlrk [14] and it was found that the optimum
range of insulation material thickness lies between 20 to
170 mm. Similarly, an investigation on insulation materials
like foam board and polystyrene was conducted by Ucar and
Balo [15] and it was reported that the thickness range of
insulation material ranges between 10.6 to 76.4 mm to
achieve the best performance. Ozel [16] in his study on the
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effect of XPS and EPS in building walls, used dynamic
thermal analysis and predicted that the optimum thickness
of insulation materials falls between 20 to 82 mm. Ekici
[17] found that the optimum thickness of the insulation
materials like expanded and extruded polystyrene,
fiberglass material in different wall assemblies, are in the
range of 20 mm to 186 mm. The thermal resistance of the
insulation material was only considered in the above works,
but the composite concrete panel also plays a vital role in
the structural safety of the building which cannot be
compromised for any other advantageous impacts.

Hence in this study, a novel attempt is made to predict
the appropriate thickness of the insulation element and the
corresponding concrete wythes in the composite panel
considering the thermal resistance effect and the structural
strength. Most preferred insulation materials like EPS and
XPS [18-23] are taken for this study. M25 and M40 grades
of concrete are chosen to cast SCP samples.

Based on the vast literature background, it is evident

that both thermal and structural behavior of SCP used in
building walls varies with the material type/properties,
thickness of the sandwich insulation panel, grade of
concrete used, and its size and type and size of shear
connectors used. The objectives of this study are:
to evaluate the temperature at the interface and inner
surface locations of SCP samples by subjecting them to
an elevated temperature at their external surface using
a laboratory oven set-up;
to calculate the temperature at the different interface
and inner surface locations of SCP samples using one-
dimensional finite element analysis;
to investigate the structural behavior of different SCP
samples subjecting them to compression and flexure
tests as per ASTM standards;
to identify the best sample combination of SCP samples
which would result in providing good insulation
behavior without compromising the structural
properties.
The overall objective of this study is to identify a
suitable Sandwich Concrete Panel (SCP) with robust
dimensional parameters and material properties that could
resist the impact of extreme temperature on the
mechanical/structural behavior of the material and also
provide maximum energy efficiency to the building.

2. MATERIALS

A total of 40 different sandwich concrete panels (SCP)
and 40 different sandwich concrete panel beams as shown
in Table 1 were studied. The total sample thickness is fixed
as 150 mm, and only the thickness of composite materials
used viz. concrete wythes and XPS/EPS were varied within
that 150 mm overall thickness. This size is selected based
on detailed literature studies reported and field practices
where SCP is generally used as a load-bearing wall or infill
wall in buildings. The control samples were cast without
any filler material like XPS and EPS. Control samples (CP1
and CP2) for panels of size 500 x 500 x 150 mm and beams
of size 700 x 150 x 150 mm were cast for both M25 and
M40 grade concretes with steel reinforcements (8 mm and
10 mm dia.) to quantify and understand the percentage
reduction in structural strength.
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Fig. 1 a shows the longitudinal section of a typical SCP
sample of 500 x 500 x 150 mm size with M25/M40 grade
reinforced concrete wythes on either side with a sandwiched
inner insulating layer made of EPS/XPS material with two
diagonal steel shear connectors integrating the composite
panel.

Table 1. SCP compression test sample details

Thickness, mm - - -
o c
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Fig. 1. Cast specimen: longitudinal section (LS)
(500 x 150 mm  with  shear  connectors); b-LS
(700 x 150 x 150 mm with shear connectors); c—SCP
samples

a—typical

Similarly, Fig. 1 b depicts the longitudinal section of a
typical SCP beam sample of size 700 x 150 x 150 mm
made of two reinforced concrete wythes (M25/M40 grade)



on either side with a sandwiched EPS/ XPS layer, integrated
by two diagonal shear connectors. Fig. 1 ¢ shows the 40
SCP samples cast for this study. The properties of cement,
fine aggregate, coarse aggregate, and insulation layer used
for the preparation of SCP samples are given in
Table 2—Table 5. Concrete mix design had been carried out
as per IS 10262-2019 and the mix details are given in
Table 6 [24-27].

Table 2. Portland pozzolanic cement test properties

Test properties Cement
Fineness 334 m?/kg

Initial and final setting time 86 min and 9 hours
Soundness 9.5 mm
Compressive strength (28 days) 35 MPa

Drying shrinkage 0.14 %
Table 3. Fine aggregate properties

Test properties River Sand
Specific gravity 2.60

Bulk density 1650 kg/m?®

Fine ness modulus 3.12

Water absorption 2.0

Average particle size 1.8 mm

Table 4. Coarse aggregate properties

Test properties Angular granite
Specific gravity 3.15

Bulk density 2350 kg/m®
Water absorption 1.06

The average size of aggregate 12 mm

Table 5. Physical properties of EPS and XPS

Properties EPS XPS

Density 15-30 kg/m?® 15-35 kg/m®
Compressive strength 0.8-1.6 kg/m 0.1-0.69 kg/m
Tensile strength 3-6 kg/cm 3-7kg/lcm
Temperature range -200to +80°C -200to +80°C
Moisture absorption Very low Very low

Melting point General polystyrene melting point is

100-248 °C. Above 100 °C the material
gets soften
Table 6. Concrete mix design

Concrete Mix c\{evniteer:t Cement, aggFr:ar;]Zte agcg;cr):g;;?e
H 3 ’ ’

grades | proportion ratio kg/m kg/m? kg/m?

M25 [1:1.82:1.68| 0.4 445 803.52 | 741.52

M40 [1:1.33:2.65] 0.35 516 686.0 1367.0

2.1. Experimental investigation

Three specimens were prepared for each of the 40
different SCP samples and all the 120 samples were
subjected to testing (Fig. 1 c¢). After 28 days of curing, all
the samples were subjected to a compressive strength test.
The test was conducted as per IS 516-2021 standards. The
load was applied at the rate of Imm/min.

Shear connectors used in terms of their quantity
provided, arrangement, and reinforcement size play a major
role in the mechanical behavior of any SCP [28]. A
sandwich composite panel can be considered fully
composite only when the two concrete wythes act as a single

unit, and this is achieved by providing enough shear
connectors between the two wythes [29, 30]. The bending
stress distribution of a fully composite panel, partially
composite panel, and non-composite panel with two
structural wythes and one structural wythe which provides
a better understanding of the role of shear connectors in the
mechanical behavior of SCP [31-34] are shown in Fig. 2.

=
5 A

7B
A 4 A

a b c d

Fig. 2. Stress and strain distribution under flexure: a-fully
composite; b —partially composite; ¢ —non-composite, two
structural wythe; d —non-composite, one structural wythe

-

In this study, two diagonally placed steel reinforcement
bars of 8 mm and 10 mm size respectively are used as shear
connectors (Fig. 3 a).

20 mmCover— _ -420 mm Cover

T t4

500 mm

__-8mm/10mm dia steel

&l | Poor thermal conductivity
150 mm-
465 mm length Diagonal shear connectors

a
20 mmCover 1 20 mm Cover
o
H— g Sme g
E 283
» 8 LYty
__-8mm/10mm dia steel
VL High thermal conductivity
150 mm-

110 mm length horizontal shear connectors

b

Fig. 3. Arrangement of shear connectors: a-diagonal shear
connectors arrangement; b—horizontal shear connectors
arrangement

The idea of placing the shear connectors diagonally is
to ensure sufficient development length of steel
reinforcement on either side of concrete wythes on all 4
corners. This would in turn ensure the required shear
connectivity to the sandwich composite panel. A horizontal

508



shear connector arrangement will result in poor bonding due
to the lack of sufficient development length available on
either side of the concrete wythe. Also, the thermal
conductivity in the SCP will be higher, if multiple
horizontal shear connector arrangements are provided as
shown in Fig. 3 b.

Fig. 4 a shows the compression test and flexural test on
SCP Samples respectively. To check the flexural behaviour
of the SCP, a three-point loading flexural strength test was
conducted as per ASTM C78/C78M-21 standards on the
beam samples. connectors provided. A laboratory-scale
heating oven and temperature measuring sensor setup using
an electronic thermostat unit were indigenously designed
and fabricated for this study to carry out the thermal
exposure experiments. This is an attempt to simulate the
real-time high-temperature exposure to the SCP covering
the buildings all-round particularly in hot regions.

Fig. 4. Mechanical tests on SCP samples: a—compression test;
b —flexural test

The electronic thermostat unit includes a temperature
sensor, keys, an LED display, and a relay, and it requires a
DC 12V power supply. It is a low-cost, high-quality
thermostat controller. Thermostats are devices that sense the
temperature of a system and keep it at the desired setpoint
temperature. The negative temperature coefficient
temperature sensor enables the module to control the
temperature intelligently. The resistance of the thermistor
decreases with increasing temperature because it has a
negative temperature coefficient. The electronic thermostat
module includes an embedded microcontroller, with a
programming set up to evaluate and display the temperature
values. The module is made up of three switches that are
used to configure the various parameters, such as the ON
and OFF trigger temperatures. To turn on, the relay can be
powered by voltages as high as 240V AC at 5 A. The
heating range is 0 to 150 °C, and the state is displayed using
the 7-segment display and the relay, as well as the LED on
the electronic thermostat module. Fig. 5 shows the block
diagram of the laboratory scale heating oven developed.

2.2. Simulation of thermal
samples

exposure on SCP

All the SCP samples were subjected to thermal
exposure with their outer walls being exposed/subjected to
an elevated temperature (t1) of 75°C continuously for
24 hours in the laboratory. The oven used for testing is
shown in Fig.6a and b. Four temperature monitoring
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sensors designated as ts, ts2, ts3, and tss were used to measure
the temperature at various locations as shown in Fig. 6 c.
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Fig. 6. Details of thermal test: a—interior of oven; b—thermal test
in progress; ¢ —schematic representation of the thermal test

The temperature values for all the samples were
recorded and tabulated. As temperature exposure is an
important factor for condition monitoring of the SCP, it was
proposed to fix this high temperature considering the global
highest temperature recorded so far. The highest ambient
temperature recorded to date is 56.7 °C at Death Valley,
California, the USA during July 1913 [35-239]. Therefore,
in this study, an elevated temperature of 75 °C had been
selected for thermal exposure of SCP samples after
carefully considering the melting point of the inner
sandwiched insulating core polymer material (XPS and
EPS) and conducting a series of laboratory trials on the
thermal resistance behavior of the samples exposing them
to various elevated temperatures.

2.3. Finite element discretization

In this study, one-dimensional Finite Element (FE)
analysis is used to predict the interface temperature in the



composite concrete panel with the following assumptions.
The thickness of the panel is relatively smaller than its width
and height i.e. slightly less than 1/3 of the width and height
of the sample.

There is no heat generation in the panel.

Contact resistance between the layer is negligible i.e.
there is no air gap.

The thermal conductivity, density, and heat capacity of
the material are independent of temperature.
Differences in the thermal conductivity of M25 and
M40 grades of concrete are found to be very negligible.
So, thermal conductivity for both types of concrete is
assumed to be the same.

The finite element methodology used in this study is
clearly shown in Fig. 7.

| Finite element discretization |

|

| Linear bar element |

l

Element stiffness matrix due to
conduction heat transfer

l

Element stiffness matrix due to
convection heat transfer

Y
| Element heat rate vector |

¥
Assembling of element stiffness
matrix due to conduction and
convection heat transfer - Global
stiffness matrix

L 4
Assembling of element heat rate
vector - Global heat rate vector

L

[ Global Finite element equation |

| Application of the boundary condition |

v
| Prediction of Temperature |

Fig. 7. Flowchart showing Finite element methodology

A composite wall comprising of three layers of different
materials is considered as shown in Fig. 8.

The thickness of the different layers is denoted as Li, Lo,
and Ls. The temperature at various points along the cross-
section of the composite concrete is designated in finite
element analysis as t; (exposed temperature in K), t, (the
temperature at the interface between outer concrete wythe
and the insulation material in K), ts (the temperature at the
interface between the insulation material and the inner
concrete wythe in K) and t4 (the temperature at the inner
face of the composite concrete panel in K).

From the inner face of the wall, heat is transferred to the
room by convection. The heat from outside enters the
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building through the exposed external surface of the
composite wall by conduction [40, 41]. Steady-state one
dimensional heat transfer (q) through the plane wall and the
composite wall are given by the Eg. 1 and Eq. 2.
ti—tz

L ’
kA

1)

k.
q= TA (ti—ty) =
where k is the thermal conductivity; L is the thickness of the

wall.
12

=

" Concrete XPS/ | Concrete
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E -
q .
o h,Tm
D -
D ]
p Lt |2 —— L —
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t t t3 t4 to
L, L_- L_ 1
kA k,A kA hA

Fig. 8. Heat transfer along the cross-section of SCP Panel with
varying thickness
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q= )
where L; is the thickness of outer concrete layer of the
composite panel in m; Lz is the thickness of insulation layer
of the composite panel in m; Ls is the thickness of inner
concrete layer of the composite panel in m; ki and ks are the
thermal conductivity of inner and outer concrete layer in
W/m K; ky is the thermal conductivity of the insulation layer
in W/mK; t, is the room temperature in K; t; is the exposed
temperature in K; t2 is the measured temperature in sleected
location in K; h is the convective heat transfer co-efficient
in W/m? K; A is the area of the cross section of sample in
m2,

The composite wall is subdivided into convenient
number of elements. The node and elements are suitably
numbered. The equations are derived for each element
considering the conduction and convection mode of heat
transfer. The heat rate vector is a force vector and is derived
by considering heat generation and surface convection. The
stiffness matrix for the element with conduction heat
transfer is given by Eq. 3 and the heat vector is given by

Eq. 4.
Stiffness matrix with conduction heat transfer:
_ A1 -1
k1=, T 3)
The heat rate vector, {F} = {?} (4)
2



The stiffness matrix for the element with conduction Table 8. Temperature  values of typical SCP  samples
and convection heat transfer (h) at the end is given by Eq. 5. with C1 and S1
a1 -1 0 0 O
K = —[ ] hA[ ) 5 A& = o o o o o
Wend =T 1 1+h4]y 4 ® 1s4zg 8 g 3 8 3
- - ) E ] <
The heat rate vector due to convection at the end is e T I xTw <ol x| % | w
given by the Eq. 6. 11| — |74.61]74.83]74.85|73.92]74.9973.64]73.57|73.61|72.8372.07
0 2 [ts| — |27.73]28.26]28.12|28.59(28.15|28.93[29.03(30.15|33.17]34.73
{F.} = hAT, { 1} . (6) 3 | t4 |38.24]26.32]27.19]26.87|27.07(26.95|27.54|28.53(28.82|29.03]29.78]
The final nodal equation for the outer and middle layer ~ '2Ple 9. Temperature values  of  typical ~SCP  samples
L with C1 and S2
is given by Eq. 7.
ﬂ[l —1]{t1}_ Fy ) 1€l 8 g 8 8 S
Li-1 11 ) 23‘”‘3% @ < @ @ <
. L |l 5|8 8
Inner layer final nodal equation is given in the Eq. 8. = X |w | X w | X fw] X |w]X|uw
awr 1 —1 0 01 (ts 0 1]t | - |74.72|74.96|74.89|74.01]75.19|73.85|73.99|74.01|74.03|73.02
{T [ ] + [ 0 h A]} { ¢ } = hAT, { 1}. (8) 2 t3| - |27.81]28.53]28.27|28.71[28.49]29.02(29.28[30.29(33.49]34.93
-1 1 4 3 | t, [38.24]26.41]27.09]26.99]27.13[27.05/27.12[27.72[28.66/30.0329.98]
The md'.VIduaI nodal _equatlons are assembled to get a Table 10. Temperature values of typical SCP  samples
global equation as shown in Eq. 9. with C2 and S1
- Aikq _ Aaky 0 0 8
Ly Ly o
Arky  Ajky | Azkp Azko sl°.|e2 3 g I I =
-_— — T - 0 Z|l 4|E 2 %] %) 1%} %} %)
L Ly Ly Ly S EIEE
Azkz Azky | Azks Asks e
O—L—L—L——L— X | w | x| w | x| w|x|w|x|uw
z L 1]t | - |74.8574.88]74.97]73.93[75.05(73.82[74.07|73.8373.16|72.84
313 313
0 0 - -t hA 2 [t | - |27.93]28.76(28.52|28.79|28.56/29.13]29.23]30.34|33.28(34.55
- 3 3 - 3 | t [38.29]26.44]27.07(26.17]26.97]26.95[27.83|28.89]29.42[30.15(30.44
t F, i
tl Fl Table 11. Temperature values of typical SCP samples
2l = 2 (9) with C2 and S2
ts F3
ty hAT,,
i ; 1815 8 2 g S 8 S
The above Eq. 9 is solved to determine the unknown Sl zlggl @ o % » o
. - T o
temperature values using the Gauss-Seidal method. To »|5l8 &
. .. . [
solve the above matrix, the thermal coefficients of various ]l w!xlwlxlw!lx]wlx!w
materials as given in Table 7 are used.
1]t | - |74.92[74.88|74.99|73.92|74.68|73.96[73.89|73.78|74.53|73.59
Table 7. Input values for different sample types in FEA [36] 2 |t | — |27.56|28.33|28.14|28.67|28.44|28.98]29.13/30.19|33.19|34.78
3 | t4 [38.29]26.12[27.04]26.27]27.11]27.7527.94|28.68]28.99|30.67[30.11
S.No. Entity with unit Value .
1 |Thermal conductivity EPS, W/(m-K) 0,042 Table 12. Temperature values calculated for SCP using one-
— dimensional FEA (considering thermal conductivity of
2 |Thermal conductivity XPS, W/(m-K) 0.028 C1= C2 and S1 = S2)
3 |Concrete thermal conductivity, W/(m K) 1.74
4 |Area of concrete panel, m? 1
5 |Area of insulation thickness, m? 1 185 @ = = = Q o
: Slglegg]l & & & o b
6 |Exposed temperature Ty in K 348 Zl glg g
- [+
7 |Room temperature T, in K 298 @ Qe e
8 Convective heat transfer coefficient h, 40 X |w | X | wfX|w|w]|X]|w]|X
W/m?/K 1]t | - |73.23[73.87|73.95[73.4873.52]72.87| 72.7 [71.76|70.65|69.14
2|t | — [26.41]27.11]26.86(27.72|27.55]28.68|28.83]30.41[32.05[34.49
3 | t, [36.24]25.65(25.98]25.82(26.20]26.07]26.55|26.54/27.17[27.70[ 28.64

3. RESULTS AND DISCUSSION

The interface temperatures and the temperature at the
inner wall surface and the inner side of different SCP
samples were evaluated using both an experimental and FE
analysis. Table 8—Table 11 reports the mean temperature
values at different locations of SCP samples evaluated
during the thermal tests conducted on the samples
continuously for 24 hours with thermal measurements taken
at every hour interval. Additionally, the room temperature
is also measured during this thermal testing which ranges
from 22 to 28 °C. Table 12 reports the temperature values
evaluated through FE analysis.
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From the results reported, it is understood that with an
increase in sandwich layer thickness (for instance, for
50 mm and 40 mm thickness), there is a significant
reduction in temperatures tzand t4. Whereas with a reduction
in thickness of the sandwich layer, the concrete wythe
thickness increases proportionally and hence the
temperatures t; and ts increase. It is also observed that there
are no wide differences in thermal behavior between XPS
and EPS and only the thickness of the composite material
used has a major impact on thermal insulation behavior. It
can also be seen that there is no significant difference in the



temperature values calculated using FE analysis and
temperature observed through thermal experiments.
Table 8—Table 11 shows that the t4 values were different
for different concrete grades and thickness of concrete.
Hence with an increase in compressive strength, the t.
values also increase showing a positive correlation between
them.

The variation in temperature values observed in thermal
tests due to difference in steel reinforcement size viz. 8 mm
and 10 mm in SCP is not significant, since the thermal
conductivity of steel is the same irrespective of the steel
sizes used in this study. Interestingly, significant variations
were also not observed due to change in the grade of
concrete (i.e. from M25 to M40 grade concrete) used in this
study in terms of its thermal conductivity behavior.

Fig 9—Fig. 13 show the comparison between the
temperature values calculated using FE analysis and
temperature values observed from thermal tests conducted
on one set of SCP samples viz. SX50C1S1 to SX10C1S1
and SE50C1S1 to SE10C1S1 and control samples CP1 and
CP2. The comparison of experimental temperature values of
different SCP samples with XPS and EPS is shown in
Fig. 14 and Fig. 15.

From the plots, a significant temperature difference in
the range of 11 to 12 °C can be observed while comparing
the t4 values of the control sample (CP1/ CP2) and SX50
and SE50 type SCP samples, irrespective of concrete grade
and steel size. This shows the significance of the thickness
of XPS and EPS on the thermal insulation effect.

There is only a slight difference in ‘ts’values between
SXand SE type samples. This shows that both XPS and EPS
exhibited almost identical thermal insulation behavior.

It can also be observed that the temperature
gradient/thermal resistance pattern shown by the
temperature values t,, tzand t4 is almost similar in both FEA
and thermal tests conducted.

It was found that SX50 and SE50 and SX40 and SE40
samples show better insulation behavior with ts values
observed in the range of 26 to 27 °C. This sample type, if
used could in-turn provide better energy efficiency inside a
building.
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3.1. Mechanical properties — compressive strength
of SCP samples

The crack at the failure of a typical SCP subjected to
compression is shown in Fig. 16 a and b below. The crack
pattern is seen to be diagonal clearly showing the failure of
the sample due to compressive stress. The failure in most of
the samples was found to be at the interface between the
infill material and concrete wythes. This could be due to a
weak bond between two different materials sandwiched
together but the integrity of the composite material had been
assured by the diagonal shear connector arrangement
provided in the sample.

The reports of 28 days compressive strength values of
the three replicate SCP samples are shown in Table 13.
There is little or no influence of infill insulation material
(XPS/EPS) in increasing the compressive strength of the
samples whereas with an increase in thickness of the
insulation material there is a significant reduction in
compressive strength. The compressive strength values of
different SCP samples were in close proximity and hence
when represented as absolute values in a plot it is difficult
to distinguish the impact of concrete grades and sample
thickness on the compressive strength. Hence a magnified
parameter viz. ‘% reduction in compressive strength’ was
used to have a better understanding of the sample’s
structural behaviour. The % reduction in compressive
strength of SCP samples as compared to control samples are
calculated using Eq. 10.

% Reduction in compressive strength

_ (Compressive strength (Control sample — SCP sample) % 100

Compressive strength of Control sample

(10)

| M25/M40 grade concrete

EPS/XPS
| Crack pattern

4 Shear connectors
(8mm/10mm dia. steel)

Fe 550 grade reinforcements
(8mm/10mm dia. steel at 100mm c/c)

sl L1
CPT S CRCT

500 mm

b

Fig. 16. Crack during critical compressive load: a-cracks at

failure; b —cracks pattern



Table 13. Compressive strength (N/mm?) values of different SCP

samples
Trials C1(M25 grade) C2(M40 grade)
S1 (8 mm) S2 (10 mm) S1(8mm) | S2 (10 mm)
SX50 | SE50 | SX50 | SES50 | SX50 | SE50 |SX50|SE50
1 ] 20.33 | 20.32 | 20.51 | 20.50 | 29.08 | 29.07 |28.04|28.03
2 19.49 | 19.19 | 20.37 | 20.07 | 29.26 | 28.96 |30.15]29.85
3 ] 19.72 | 19.52 | 20.76 | 20.56 ] 29.30 | 29.10 [31.02|30.82
Mean] 19.85 | 19.68 | 20.55 | 20.38 | 29.21 | 29.04 |29.74|29.57
SX40 | SE40 | SX40 | SE40 | SX40 | SE40 |SX40| SE40
1 20.06 | 20.05 | 21.44 | 2143 | 21.43| 30.31 |31.13|31.12
2 | 2047 | 20.17 | 21.39 | 21.09 | 21.09 | 30.42 |31.66|31.36
3 ] 2069 | 2049 | 21.12 | 20.92 | 20.92 | 30.71 [32.90/32.70
Mean] 20.41 | 20.24 | 21.31 | 21.15 ] 21.43 | 30.48 [31.90/31.73
SX30 | SE30 | SX30 | SE30 | SX30 | SE30 |SX30|SE30
1 ]21.10 | 21.09 | 23.17 | 23.16 | 32.22 | 32.21 | 36.97|36.96
2 | 2144 | 2114 | 22.39 | 22.09 | 34.49 | 34.19 |37.13|36.83
3 22.13 | 21.93 | 22.85 | 22.65 | 33.28 | 33.08 |37.66|37.46
Mean] 21.56 | 21.39 | 22.80 | 22.63 ] 33.33 | 33.16 [37.25/37.08
SX20 | SE20 | SX20 | SE20 | SX20 | SE20 |SX20|SE20
1 ] 2285 | 2284 | 23.61 | 23.60 | 37.41 | 37.40 |40.36]|40.35
2 23.39 | 23.09 | 23.50 | 23.20 | 36.69 | 36.39 |40.36|40.06
3 ] 23.16 | 22.96 | 23.96 | 23.76 ] 36.90 | 36.70 [41.92|41.72
Mean|] 23.14 | 22.96 | 23.69 | 23.52 | 37.00 | 36.83 |40.88]40.71
SX10 | SE10 | SX10 | SE10 | SX10 | SE10 |SX10|SE10
1 2535 | 25.34 | 27.13 | 27.12 | 37.35| 37.34 |38.66]38.65
2 | 2573 | 25.43 | 26.88 | 26.58 | 37.09 | 36.79 |38.26|37.96
3 25.99 | 25.79 | 26.68 | 26.48 | 37.68 | 37.48 |37.77|37.57
Mean] 25.69 | 25.52 | 26.90 | 26.73 ] 37.37 | 37.20 [38.23|38.06
CP1 CP2

1 25.92 26.41 39.04 40.56

2 27.30 28.84 40.57 39.30

3 20.33 20.51 29.08 28.04

Mean 24.52 25.25 36.23 35.97

There is no difference in compressive strength values
due to the change of insulation layer material — XPS and
EPS. For instance, in Table 13, it can be observed that the
mean compressive strength values of SX50 and SES50
samples of different concrete grade and steel reinforcement
combinations are almost similar. Similarly, the difference in
compressive strength due to different sizes of steel
reinforcement is also not significant. There is only a 7 %
difference in compressive strength between M25 grade
concrete — 8 mm and 10 mm steel reinforced samples and a
1.5 % difference in compressive strength between M40
grade concrete 8 mm and 10 mm steel reinforced samples.

The compressive strength of the control sample (CP) is
around 1.4 to 1.5 times higher than that of sample types
SX50/SE50 and SXA40/SE40 samples irrespective of
concrete grades and reinforcement size. The inner surface
temperature (t4) values achieved by different SCP samples
subjected to an elevated temperature of 75 °C at its external
surface for a continuous 24 hours period and the
corresponding reduction in compressive strength (%) is
shown in Fig. 17 a and b respectively.

3.2. Mechanical properties — flexural strength of
SCP samples

Flexural strength, also known as bend strength
expressed as modulus of rupture provides the maximum
amount of tensile load concrete sample can bear before it
fails, which means how far the concrete can bend or stretch
before failure due to breaking or cracking. It is generally

514

about 10 to 20 % of compressive strength depending on the
coarse aggregate used.
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Fig. 17. Temperature ts °C and % reduction in compressive
strength for M25 and M40 concrete grade SCP samples

The crack pattern at the failure of a typical SCP beam
sample subjected to flexural testing in the laboratory is
shown in Fig. 18 and the strains are measured at the
periphery of the filler. Flexure test crack pattern shows that
the crack always develops from the soffit of the beam and
progresses towards the center. This shows the integrity of
the composite material due to the shear connectors
provided. If the composite material lacked structural
integrity the cracks might have occurred at the interfaces.
Whereas in these samples, the stress transfer from the
loading point to the extreme fibre is even which shows the
structural integrity of the composite material.

Table 14 reports the 28 days mean flexural strength
values of the three replicate SCP beam samples of different
types cast for this study purpose and their standard deviation
values.

% Reduction in Compressive Strength

% Reduction in Compressive Strength



Fig. 18. Cracks at critical flexural load

Table 14. Mean and standard deviation values of flexural strength
for different SCP Beam samples

sample type Mean Star_1de_1rd sample type Mean Star_1de_1rd

values | deviation values | deviation
CPC1S1 3.3 0.23 CPC2S1 4.63 0.11
CPC1S82 3.2 0.62 CPC2S2 3.82 0.11
SX50C1S1 2.82 0.16 SX50C251 3.94 0.22
SE50C1S1 2.62 0.24 SE50C2S1 3.70 0.11
SX50C1S2 2.74 0.21 SX50C2S52 3.93 0.22
SE50C1S2 2.50 0.30 SE50C2S2 3.73 0.30
SX40C1S1 2.45 0.27 SX40C2S1 4.30 0.08
SE40C1S1 2.25 0.35 SE40C2S1 4.10 0.05
SX40C1S2 2.72 0.36 SX40C252 3.81 0.20
SE40C1S2 2.52 0.46 SE40C2S2 3.61 0.24
SX30C1S1 2.83 0.41 SX30C251 4.22 0.60
SE30C1S1 2.63 0.32 SE30C2S1 4.02 0.70
SX30C1S2 3.00 0.35 SX30C252 441 0.22
SE30C1S2 2.80 0.45 SE30C2S2 4.21 0.21
SX20C1S1 3.41 0.35 SE20C2S1 4.07 0.51
SE20C1S1 3.21 0.26 SE20C2S1 3.84 0.48
SX20C1S2 3.27 0.28 SX20C2S52 4.31 0.19
SE20C1S2 3.07 0.24 SE20C2S2 4.07 0.21
SX10C1S1 3.84 0.15 SE10C2S1 4.19 0.11
SE10C1S1 3.61 0.30 SE10C2S1 4.05 0.15
SX10C1S2 3.77 0.18 SX10C2S52 4.57 0.09
SE10C1S2 3.57 0.10 SE10C2S2 4.34 0.14

From Table 14 it can be observed that with a reduction
in the area of concrete wythes in the SCP beam sample there
is a proportional decrease in flexural strength. It can be seen
that the infill material type i.e. XPS/EPS has no influence
on the flexural strength of samples. But with an increase in
thickness of the infill material, the concrete wythes
thickness proportionally reduces, resulting in a significant
reduction in flexural strength.

The reduction in flexural strength in percentage for all
the SCP beam samples compared to control samples are
provided by Fig. 19 a and b. Reduction in flexural strength
was found to be in the range of 7.0 to 9.1 percent for SX50
and SE50 samples and SX40 and SE40 samples of both
M25 and M40 grade concrete with 8 mm and 10 mm dia.
steel.

There is little difference between the control samples
and sample type SX10 and SE10 in terms of flexural
strength. A marginal reduction in strength in the range of
3.3 to 3.8 percent is only observed. Small variations in
flexural strength values were observed with a change in the
size of steel reinforcement from 8 mm (S1) to 10 mm (S2).

From the thermal experiments and mechanical tests
conducted viz. compression and flexural strength tests, it
was found that SX50 and SE50 and SE40 and SX40 size
samples of both M25 and M40 grade concrete with 8 mm
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and 10 m steel reinforcements provides better thermal
insulation behavior without compromising the required
structural strength needed for a building block used in a
load-bearing wall structure.
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Fig. 19. Reduction in flexural Srength in M25 and M40 grade
concrete SCP samples

The compressive and flexural strength of various
conventional building blocks are given in Table 15 and it
was found that the mechanical properties of SCP samples
used in this study — for instance, SX50 and SE50 and SE40
and SX40 are far superior, even after a reduction in
structural strength due to the presence XPS/EPS inner
insulation core.

Table 15. Compressive and flexural strength of various
conventional building blocks (1S:2185 (Part | and 11)

1979)
Compressive|  Flexural
S. No Material strength, strength,
N/mm? N/mm2
1 |Plain cement concrete block| 4-12.5 0.3-0.6
2 |Hollow brick block 12,5 0.25
3 |Conventional country bricks| 4.3-5.9 0.2-0.3
4 |Hollow concrete block 4.0-12.0 0.48
5 |Solid concrete block 4.0-5.0 0.3-0.35



https://theconstructor.org/concrete/cement/6-special-cements-for-concrete-and-masonry-construction/98587/

For all practical reasons, among these two sample
types: SX50 and SE50 samples are the most preferred ones,
because of the custom size of the individual elements of this
composite panel. For instance, the concrete wythes of SX50
are made up of a standard 50 mm size on both sides and the
inner core — XPS insulation material is 50 mm thick. It is
easy to cast/manufacture and use this sample size for
construction, due to its custom/standard unit size.

For further understanding of the mechanical behaviour
of the selected SCP samples SX50 and SE50, the stress vs
strain behaviour of these selected SCP samples were studied
as per 1S516:2021. The stress is applied on the sample
along the axis of loading using a universal testing machine
and the corresponding strain response is measured using a
DEMEC gauge.

From the stress-strain plots depicted in Fig. 20 and
Fig. 21, the following observations were reported.
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Fig. 20. Stress-strain curves SX50 and SE50 with M25 grade
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Fig. 21. Stress-strain curves SX50 and SE50 with M40 grade
concrete for 8 mm and 10 mm steel reinforcement

Both the plots show that the stress-strain curve
increases gradually. Initially, a linear stress-strain behavior
is seen in both M25 and M40 grade SCP samples. But
overall, the stress-strain relationship shows a non-linear
behaviour that follows the typical behaviour of reinforced
concrete. With the increase in diameter of steel

516

reinforcement from 8 mm to 10 mm, for the same stress
applied, the strain decreases. Similarly, with an increase in
grade of concrete i.e., from M25 to M40 grade, for the same
applied stress, the strain decreases. This is obviously due to
the increased stiffness or modulus.

4. CONCLUSIONS

This study investigated the thermal insulation behavior
of different sandwich concrete panels (SCP) by varying the
insulation material, concrete grade, steel reinforcement size
and sample size combinations.

For this purpose, a laboratory oven set up comprising
of an electronic thermostat unit with multiple sensors was
indigenously designed, developed and thermal tests were
carried out.

A one-dimensional FE analysis was also done to predict
the interface temperature and inner surface temperatures of
the SCP.

Temperature values evaluated in both thermal tests and
FE analysis corroborated well.

Compression tests and flexure tests were carried out to
understand the structural behaviour of SCP samples. Beam
samples of SCP of size 500 x 150 x 150 mm were cast
exclusively for flexural testing.

Thermal and structural tests indicated that SX50 and
SX40 SCP of both M25 and M40 grades and 8 mm and
10 mm steel reinforcement provides better thermal
insulation without compromising on the required structural
strength. The inner surface temperature (ts) of SX50 and
SX40 samples were found to be in the range of 26 °C to
27 °C. This indicates that the thickness of the insulation
material (XPS/EPS) has more influence on the thermal
insulation behavior.

Reduction in compressive strength of these SCP
samples compared to control samples was found to be in the
range of 23 to 28 percent. Interestingly, the reduction in
flexural strength was found to be only in the range of 7.0 to
9.1 percent.

Hence from this study, it can be concluded that SX50
and SE50 specimens of both M25 and M40 grades and
8mm and 10 mm steel reinforcement provide good
insulation properties, required structural strength and better
functional advantage due to its custom size which provides
ease in casting and application of SCP on a larger scale as a
superstructure building unit.
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