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Abstract

resistance

Many nations are already working toward full implementation of energy efficiency in buildings known as Green Build-
ing. In line with this perspective, this paper aims to develop a thermally efficient precast concrete sandwich panels
(PCSP) for structural applications. Therefore, an experimental investigation was carried out to determine the thermal
resistance of the proposed PCSP using Hotbox method and the results were validated using finite element method
(FEM) in COMSOL Multiphysics Software. The PCSP were designed with staggered shear connectors to avoid thermal
bridges between the successive layers. The staggered connectors are spaced at 200 mm, 300 mm and 400 mm on
each concrete layer, while the control panel is designed with 200 mm direct shear connection. In the experimental
test, four (4) panels of 500 mm x 500 mm and 150 mm thick were subjected to Hotbox Test to determine the ther-
mal resistance. The result shows that thermal resistance of the PCSP with staggered shear connection increases with
increase in spacing. The PCSP with 400 mm staggered shear connectors indicates the best thermal efficiency with a
thermal resistance (R value) of 2.48 m?K/W. The thermal performance was verified by FEA which shows less than 5%
error coupled with a precise prediction of surface temperature gradient. This indicates that, with conventional materi-
als, thermal path approach can be used to develop a precast concrete building with better thermal resistant proper-
ties. Hopefully, stakeholders in the green building industry would find this proposed PCSP as an alternative energy
efficient load bearing panel towards sustainable and greener buildings.
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1 Introduction

Global warming has become a worldwide issue due to
its impact on the environmental temperature that sub-
sequently cause discomfort in buildings (Graziani et al.,
2017). Convective thermal irradiation from the external
environment usually transfer into the buildings. This call
for the need for additional energy to condition the build-
ing by heating/cooling (Pérez-Lombard et al., 2008). This
assertion is in line with the report by Woltman et al.
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(2017) who inferred that space cooling and heating due
to environmental changes have called for a renewed
attention in terms of thermal resistance of building enve-
lopes. Similarly, Retzlaff (2009) emphasized on a renewed
determination for energy efficiency and conservation in
buildings due to the effect of global warming. A properly
designed and energy efficient building components can
save as much as 70% energy demand during the life cycle
of buildings (Ahmad et al., 2014). This is because build-
ings are the major users of grid energy supply with a total
electricity consumption of about 75% of energy generated
(Menoufi et al., 2012). Therefore, the phenomenon of
increasing energy demand in buildings has serious conse-
quences on our environment and should be given careful
attention.
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In modern architecture, green and sustainable build-
ings are receiving global attention (Boafo et al.,, 2016).
In this approach, heat exchange between the inner and
outer parts of building is minimized (Graziani et al.,
2017). The recent innovation that involved provision
of insulation layers between building assemblies has
attracted more attention to precast concrete components
which led to the tremendous growth in thermally effi-
cient and sustainable buildings. According to Al-Ajlan,
(2006), energy conservation in buildings could be made
more effective by providing insulation at its core. This
assertion was supported by Hacker et al,, (2008) who
mentioned that annual energy requirement in household
could be reduced by insulating the building components.

Many stakeholders and agencies of governments have
key-in to the policy of sustainable and energy efficient
building across the world. The European Union and
US Department of Energy (DOE) have targeted year
2020 for new buildings to comply with their nearly zero
energy building policy” (Sartori et al.,, 2012). In Malay-
sia, Green Building Index (GBI) was established in 2009
with a mandate to have a paradigm shift to a more sus-
tainable green buildings and factories before the year
2020. More of these policies are gradually being proposed
across governments and nations toward sustainable and
energy efficiency in buildings. In Australia and Singapore,
Green Star and Green Mark, respectively, have been
established (Chua & Oh, 2011). Therefore, more sustain-
able approach that minimizes exchange of heat energy
through the building assemblies with the aid of insulation
material such as PCSP could be the future of green build-
ings. According to Gervasio et al. (2010), energy sustain-
ability can only be achieved in buildings through the use
of insulation material.

Many investigations have been carried out on precast
concrete sandwich panels using different materials for
shear connection and wythes. Precast concrete sand-
wich panels made from conventional steel and concrete
materials have demonstrated sound structural integrity,
but with low thermal efficiency and many unreported
thermal performance (Bai & Davidson, 2015; Benayoune
et al., 2008; Bush & Stine, 1994; Bush Jr & Wu, 1998; Car-
bonari et al., 2013; Hamed, 2016; Joseph et al., 2017; Lee
& Pessiki, 2008). This has prompted the use of alternative

Table 1 Concrete mix proportion.
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material with low thermal conductivity other than steel
and usual concrete for wythes and shear connectors,
respectively. Fibre reinforced polymer materials such as
glass fibre, carbon fibre, basalt fibre etc. have attempted
for use in PCSP toward achieving low thermal conductiv-
ity (Choi et al,, 2015; Einea et al., 1991; Frazdo et al., 2018;
Hamed, 2017; Hodicky et al., 2014; Kim & You, 2015;
Naito et al., 2011; Salmon et al., 1997; Teixeira et al,
2016; Tomlinson & Fam, 2016; Woltman et al., 2017; Zhi
& Guo, 2017). However, these materials were reported to
exhibit low shear strength, brittleness, de-bonding/bond-
slip and high cost.

Also, foamed concrete is used for precast concrete
sandwich panel wythe to reduce their density and ther-
mal conductivity (Amran et al.,, 2015, 2018; Mohamad &
Hassan, 2013; Mohamad & Muhammad, 2011; Mohamad
et al,, 2011). However, de-bonding crushing effect, longer
shear connector embedment length and larger con-
crete section are necessary to ensure structural stabil-
ity. According to Amran et al. (2015), thermal insulation
of 0.04 W/mK is achieved in every 100 kg/m? density
decrease of foam concrete. However, the decrease in den-
sity have significant negative consequences on the struc-
tural capacity of a panel made with the foamed concrete.
Because, it increases porosity which leads to correspond-
ing decrease in compressive strength of concrete. There-
fore, such concretes with low compressive strength and
high susceptibility to water absorption are not advisable
to serve load bearing members.

Therefore, the main contribution of this paper is to
develop a thermal resistant two layered PCSP using con-
ventional materials through systematic control of the
shear connectors contact between the two layers refers to
as thermal path.

2 Experimental test

2.1 Material properties

Concrete of 40 MPa target strength produced for the
PCSP wythes using mix composition shown in Table 1.
The coarse aggregate of 10 mm maximum size was
selected to allow good workability of concrete in the
40 mm thick panel. This is based on best practice of pro-
viding maximum aggregate size of not more than a quar-
ter of the thickness of the specimen. Similarly, the mortar

Concrete Concrete materials (kg/m3) w/C SP (%)
FA CA Cement Water

Wythes 680 1020 500 200 04 -

Stud 2846 - 1035 587 0.5 03

FA Fine aggregate, CA coarse aggregate, W/C water cement ratio, SP superplasticizer
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of 40 MPa was designed to connect the two concrete
wythes together and this portion is name as column stud.
The compressive strength at 28 days is measured by100
mm and 50 mm cubes for concrete and mortar speci-
mens, respectively, in accordance to BS EN 206-1 (2000).

Mild steel wire mesh of 6 mm diameter spaced at
100 mm was used as reinforcement in the concrete lay-
ers, while for shear connection, the longitudinal rein-
forcement bars of 10 mm high strength and 250 MPa
yield strength of the mild steel is 250 MPa was used.
Polystyrene was used for the insulation between the two
individual layers and glued with the aid of polystyrene
friendly adhesives during panel assembly.

2.2 Specimen Details

The specimen size used for the thermal resistance test
is taken from the full-scaled precast concrete sandwich
panel (PCSP) shown in Fig. 1. The full-scaled panel
is 3000 x 1650 x 150 mm in size, while the specimen
size was estimated based on the width of column stud
(150 mm) plus half the flange dimension from both sides
of the column stud. The dimension was finally rounded
up to 500 mm in conformity with the available equip-
ment (Hotbox) in the laboratory. The difference between
the samples in the staggered shear connection is the
spacing at 200 mm, 300 mm and 400 mm on each side of
the wythes and are designated as P2, P3 and P4, respec-
tively. The connector spacing was limited to the maxi-
mum of 400 mm due to the maximum attainable height
of 500 mm dimension of the specimen. Shear capacity of
the connectors are improved through embedment of the
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Fig. 1 Proposed PCSP specimen.
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connectors in concrete stud. This approach increase load
capacity and resistance to shear deformation of the pan-
els as reported by Tomlinson and Fam (2014).

The sample details through the column stud is shown
in Fig. 2 with the dimension and section thickness of
500 x 500 mm and 150 mm, respectively, as indicated in
Fig. 1. Part of the concrete area between the studs are
reduced by the insulation material. This systematically
reduced the supposedly three PCSP layers to two which
makes the panel more economical.

2.3 Specimen Preparation

The samples were produced using assembling process
with each wythes of the panels being prepared indepen-
dently. The preparation process involve three stages,
namely; (i) formwork design and fabrication, (ii) concrete
production and casting of the individual wythes, and (iii)
the assembling of the independent wythes to form a com-
plete panel.

The timber formworks were prepared by assembling
the component parts together and the reinforcement
wire mesh were placed in the formwork with about
50 mm clearance from all sides of the formwork. Align-
ment of the shear connectors was ensure with the aid of
guard rail arranged above the formworks.

Concrete mix proportions specified in Table 1 was
prepared and poured in a formwork placed on a vibrat-
ing table to ensure proper compaction during the casting
operation. The top surface was levelled to ensure a lev-
elled surface for subsequent bonding with polystyrene.
The specimens were strip-off the formworks after 24 h
and water cured for the period of 28 days.

The assembling operation was carried out by initially
placing the polystyrene on the surface of each wythes
(Fig. 3a) with the aid of polystyrene friendly adhesive.
The two individual wythes were clamped together after
the insulation process as shown in Fig. 3b and connected
through the column stud using vertical twin shear rein-
forcement bars. The column studs were cast using mortar
slurry to prevent segregation. Fig. 3c shows the com-
pleted panel ready for curing and subsequent testing.

2.4 Experimental Method

The thermal resistance tests were conducted with Hot
Box test apparatus setup in the Housing Research Cen-
tre, Universiti Putra Malaysia (UPM. The experiment
was conducted in consistent with the provision of ASTM
C1363 (2019). Each face of the specimens is mounted
with 5 Type K surface thermocouples; one on each of
the four (4) corners of the specimens and additional one
at the middle of the specimens for surface temperature
measurements. Another two (2) heat flux sensors were
attached on the same of the specimens to monitor the
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Fig. 4 Experimental setup a Hotbox apparatus b hot and ¢ cold surfaces of the specimen.

heat flow rate (Q) of the specimens. Fig. 4 shows the sen-
sors attached to the specimen surfaces. Apart from the
specimen surfaces, one thermocouple is provided in each
room to measure the air temperature during the test. In
addition, an anemometer and hygrometer were used to
measure the wind speed and humidity in the Hotbox test
machine. All the devices are attached to the surface of the
samples on one end with the aid of adhesive tape and to
the data logger on the other end.

The Hot Bot machine comprise a window
500 x 500 mm, where the specimens are mounted one
at a time as shown in Fig. 4a. The ambient surface of the
specimen faces the inner part of the Hot Box machine
and is called the hot face (H), while the other surface
faces the air conditioned room and is called the cold face
(C). The devices were setup on a computer controlled
machine connected to the data logger to monitor the
readings. The devices were configured based on the fac-
tory default parameters provided by the manufacturers

before commencement of the experiment. Continuous
data acquisition was ensured during the experiment for
a period of 25 h with record taken every minute until the
end of each experiment when steady state is attained.

3 Numerical Model
Besides Experimental work, the thermal resistance
properties were verified using Finite Element Analysis
(FEM) model with the aid of COMSOL Multiphysics
software (CM). This software is simulation environment
that is highly interactive and consist of all the processes
involved in modelling operation. The software is capable
of simulating processes, devices and designs in most field
of endeavours, such as building, scientific, manufacturing
and engineering research (Al-Abidi et al., 2013; Gerlich
et al., 2013; Royon et al., 2013; Van Schijndel et al., 2009).
The FEM simulation was carried out in a three-dimen-
sional time-dependent heat convection module over 25 h
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Table 2 FEM material properties.

Materials HC(J/kgK) TC(W/mK) References
Polystyrene 1300 0.037 (Gerlich et al, 2013)
Concrete 750 1.88 (Kontoleon et al.,, 2013)
Reinforcement 460 60 (Kim & You, 2015)

HC Heat capacity (J/kg K), TC Thermal conductivity (W/m K)
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Fig. 5 Hot and climatic chambers air temperature.
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Fig. 6 Temperature profile of all specimen surfaces.

period to imitate the conditions set up in the Hot Box
experiment. Heat transfer analysis was simulated from
ambient to cold surface through the specimen at a tem-
peratures of 75 °C and 19 °C, respectively, as boundary
conditions in line with the experimental setup. All other
boundary conditions not assigned are by default full insu-
lation unless redefined.

Heat transfer in solids was modelled with simultaneous
airflow and heat transfer in the domain computed with
Equations. (1)—(3) with heat generation incorporated
into the energy conservation equation as follows:

g=—TV )
aT
PCyr + PGt TV + V.0 = Qi + Qe )
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Fig. 7 Heat flux reading of all specimens.

_ (Th — Ty)
q

R (3)

where q is the heat flux, T, T; and VT represent room,
ambient and temperature difference, respectively, of the
material at a particular location. p represents material
density (kg/m?), C,, air specific heat capacity (J kg™ K™),
u denotes the velocity field (ms™?), Q,.q as the heat gener-
ation (Wm %) and QI as heat loss (Wm™3). This equation
is considered when transverse heat flows are neglected
and only one-dimensional heat propagation was consid-
ered, provided there is no heat generated within the ther-
mal mass of the panel.

Four sets of verification cases were simulated in the
software in other to attain the steady state. The verifica-
tion results achieved were analysed in relation to the
experimental to ascertain the correlation level of the out-
comes. The panels used as specimens in the actual hot-
box experiment are similar to the FEA validation models.
Table 2 shows the material properties used in the simula-
tion at initial temperature of 26°.

4 Results and Discussion

4.1 Experimental Results

Fig. 5 shows the result of the hot box test which indicates
that a steady state condition of 19-20 °C was attained
at about 600—1000 min in the climate chamber, while in
the hot chamber, a temperature in the range of 70-75 °C
was attained. Therefore, based on the recommendation
of ASTM C1363 (2019), the two temperatures ranges for
the cold and hot chambers fall within the stipulated envi-
ronmental conditions (— 40 to 85 °C).

Fig. 6 shows the results of the average ambient and
cold specimen surface temperature achieved in all the
specimens. The profiles POH, P2H, P3H, and P4H are
the temperature profiles for the hot or ambient sur-
faces, while POC, P2C, P3C and P4C represent the
temperature profile for the cold surfaces of the control
panel, staggered panels spaced at 200, 300 and 400 mm,
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respectively. The control sample (P0) indicated the least
temperature differences between its ambient and cold
faces. This indicates that huge amount of heat transfer
took place across the specimen. The heat transmission
could be associated with the direct shear connection
in the specimen which proved that thermal bridges
aids rapid heat transfer a panel system. In contrast,
panel P4 shows the largest temperature different which
decreases with reduction in shear connection spacing
down to panel P2. The large temperature difference
recorded in the staggered panels is due to the delay in
the heat transmission across the panel as a result of the
increase in the thermal path length. Since the two faces
are at different temperature, the agitated molecules
would vibrate across their lattices from hot region to
cold region in other to attain equilibrium. The longer
the spacing of the connectors the higher the distance
required for each molecule to traverse to reach equilib-
rium position. This explain why heat transfer is directly
proportional to the shear to the distance between the
connectors’ spacing. More, heat transfer parallel to the
ambient surface ensured in the staggered connectors
further delays heat transmission (ASHRAE Handbook,
2009).

Fig. 7 shows the heat flux results for the experiment
test carried out over 25 h period for all the specimens.
It is an indication of the quantity of heat transferred per
unit area (W/m?2). In this results, specimen PO indicated
the largest quantity of heat flows through, while the
least was achieved in panel P4. This results is consist-
ent with the temperature profile behavior recorded in
Fig. 6. That is, the sample PO which recorded the high-
est temperature on the cold face at the end of the exper-
iment also shows the largest heat flux value. This shows
that more heat energy is absorb through the specimen
which is an indication of higher thermal transfer. More
so, a perpetual heat transfer was observed in the con-
trol panel PO after 400 min. However, other panels with
staggered shear connections recorded lower heat trans-
fer values at the same 400 min into the experiment.
Therefore, this confirm that the thermal bridge in the
control panel is the major cause of heat energy trans-
fer. Conversely, the mechanism of heat energy trans-
fer in the panels with staggered panels avoids thermal
bridges which causes delay in the transmission process
at the insulation layer, thus, the heat transfer at the end
of the experiment (1500 min) is less. The process led
to the heat flux results achieved of 174 W/m?, 128 W/
m? and 127 W/m? for the staggered panels P2, P3
and P4, respectively, compared with the highest value
recorded for control PO (276 W/m?). Since heat flux is
the amount of heat energy that pass through a body.

Page 7 of 12

Table 3 Thermal resistance of the specimens.

Panel ID Thermal
resistance
(m?K/W)

PO 1.09

P2 1.73

P3 243

P4 248

This means that more energy has passed through the
control panel as indicated by the higher flux value and
decrease down to panel P4. This can be associated with
the shorter travel distance for the agitated molecules
in the panels. The thermal resistance recorded above
is due to the insulation incorporated in the system and
the thermal path applied in this research. Conclusively,
it can be inferred that increase in travel distance leads
to decrease in the degree of thermal (heat) transmis-
sion. However, no significant changes in heat transfer
takes place between 300 to 400 mm staggered shear
connector spacing.

Using the Guarded hot box test, Lee and Pessiki (2006)
recommended the thermal resistance, R as.

_ A(T1 —Tr).

R in m?K/W (2.1)

where A is unit area of a specimen (m?); T7 and T are
the area weighted mean temperatures of the two sur-
faces and Q (W) is the heat flow through the panel under
steady state conditions.

The average result obtained above as shown in Figs. 4,
5, 6 are incorporated in Eq. (2.1) to obtain the thermal
resistance presented in Table 3. The computed result
shows that the control specimen (P0) that exhibits direct
thermal bridge attained the lowest thermal resistance of
1.09 m?K/W. The panels with staggered shear connec-
tions (P2, P3 and P4) showed improvement in thermal
resistance recording 1.73 m*K/W, 2.43 m?K/W and 2.48
m?K/W, respectively. Thermal resistance refers to the
insulation capability of a system or body. This indicate
that higher resistance represent higher insulation ability.
The above result indicates an improvement in terms of
insulation ability of about 58.7%, 122.9% and 127.5% for
P1, P2 and P3 compared with the control PO. This result
was achieved at a staggered difference in shear connector
spacing of 100 mm each. The result further showed that,
up to P3 significant thermal performance was achieved,
but, P4 yield a minimal improvement in thermal resist-
ance of about 5% compared with the P3. In this result, an
economical panel sections are achieved with improved
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thermal resistance compared with the conventional solid
panels.

4.2 Numerical Results and Discussions

The numerical analysis was undertaken to verify the ther-
mal performance achieved in the experimental work of
the PCSP using 3D finite element (FEA) model (COM-
SOL Multiphysics software). The result are presented in
terms of temperature gradient of the specimens across
the column stud as presented in Fig. 8. The rainbow

spectrum was used to represent the temperature gradient
on the computer-generated model. The rainbow colour
range Blue to Red colour represents increasing temper-
ature from cool to the hottest surface. Fig. 8 shows that
the intensity of the lighter blue at the area of column stud
on the cold face reduces as the spacing of shear connec-
tion increases. This is consistent with the heat flux results
which also reduces with increase in shear connection
spacing. In addition, it is consistent with the experimen-
tal result shown in Fig. 6 which shows decrease in surface
temperature with increase in shear connector spacing.



Bida et al. Int J Concr Struct Mater (2021) 15:41 Page 10 of 12
Table 4 Verification of specimen temperature results.
Specimen Ambient Surface Temperature (°C) Cold face Temperature (°C)
Exp FEM Error (%) Exp FEM Error (%)
PO 59.00 61.07 35 31.80 32.51 2.2
P2 65.15 66.14 15 27.60 27.50 04
P3 67.45 67.45 0.0 26.96 26.13 3.1
P4 68.69 67.70 14 27.16 2592 46

Exp experimental, FEM finite element model

The dark blue and red colours on the cold and ambi-
ent faces are an indication of improved resistance to
heat transfer achieved as a result of the full insulation on
both sides of the column stud. In addition, it indicates
that there exist variation in temperature from one loca-
tion to the other on the specimen surface. The resistance
achieved by the polystyrene at the column stud area is
indicated by the similar colour indicated on the ambient
surface (red). The control (PO) shows heat transfer from
ambient side of the panel migrating through the column
stud without obstruction.

4.3 Validation of Results

Figs. 9, 10, 11, 12 show the experimental and simulated
results carried out for verification purpose. The results
comprise of ambient and cold surface temperature of
the samples T1 and T2, respectively, conducted over
1400 min. The ambient temperature profiles are des-
ignated Num_T, and Exp_T; for the numerical and
experimental results, respectively, while the cold sur-
face temperature profiles are, respectively, Num_T> and
Exp_T,.

The numerical and experimental results of the con-
trol sample (PO) is shown in Fig. 9a, b. Similar variation
temperature profile is observed in both experimental
and the numerical results. In both cases, steady state
temperature was achieved at about 800 min to 1000 min
in to the experiment. The numerical and experimental
temperature recorded at steady state are 61.1 °C and
59 °C, respectively. The control specimen shows cold
face temperature profile similar to the experimental
curve. Although, between 0 to 20 min in to the experi-
mental, a sudden change in temperature was recorded.
Thereafter, the curve begins to conform to the values
attained in the numerical result. Though, the case is not
the same at the initial stage of the numerical analysis
result. This phenomenon can be attributed to the cool-
ing effect of the air conditioner stationed in the cold
room. The initial cooling by the conditioner forces the
air temperature downwards which is the effect recorded
in the experimental that gradually stabilised. However,
in the numerical model, a perfect condition is assumed

and a steady reduction of the temperature is ensured.
This makes the curve to achieve a near perfect curve.
Although, very close temperature values of 32.5 °C and
31.8 °C were achieved at steady state for the numerical
and experimental results, respectively.

In the other hand, the experimental and numerical
specimen temperature results of the P2, P3 and P4 with
the staggered shear connectors are shown in Figs. 10, 11,
12. Both the experimental and numerical results behave
in a similar manner until the experiments reached a
steady state condition at 800—1000 min for cold surfaces
and 600—800 min for the hot surface. An abrupt change
in temperature was also observed at the beginning of
the experiments (0 to 18 min) similar to the control
specimen results. The sudden change in the temperature
profile is attributed to the force convection of the air con-
ditioner at the beginning of the experiment before the
room becomes uniformly conditioned.

Table 4 shows the statistical analysis of the output val-
ues of both the numerical and experimental results. The
FEM has predicted the heat transfer behavior of sand-
wich panels with high precision. Very good agreement
was achieved between the experimental and the finite-
element results. The results recorded 0-3.5% and 0.4—
4.6% error for the ambient and cold surfaces, respectively.
The higher error in the cold surface could be attributed to
the sudden rise in temperature profile at the beginning of
the experimental results as discussed earlier.

5 Conclusions
Thermal resistance of precast concrete sandwich panels
were experimentally assessed under steady-state condi-
tion using Hot Box method. Thus, the following conclu-
sions are drawn.

1. The results achieved shows that thermal resistance
of a panel is directly proportional to the length of
the thermal path. It also indicated that staggering of
shear connectors increases thermal path length and
subsequently improve thermal resistance of panels.
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2. Thermal path approach applied to panels made from
conventional concrete and steel materials could offer
improved thermal resistance without necessarily
using alternative materials. In addition, the direc-
tion of thermal path, either perpendicular or paral-
lel to the heat flow direction determines the time
lag expected during the heat transfer process. Better
thermal resistance is achieved with this method com-
pared with the conventional shear connection meth-
ods.

3. A promising thermal resistance result was achieved
of 2.48 m?K/W for sandwich panels with staggered
shear connection.

4. The numerical analysis provided reliable output and
save computation time and cost of having produce
full-scaled panels. The numerical analysis was able to
provided pictorial view of temperature contours of
the specimen samples with less than 5% error rate.
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