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Abstract 

Thermal evaluation of twin wall panel systems was assessed under vibrant hot and arid conditions of weather 
in the Arabian Peninsula. Two systems of wall panels (0.6 m × 0.6 m) were prepared. The first system was prepared 
with a 5.0 cm thick extruded polystyrene (XPS) board. While the second system was prepared with 5.0 cm thick layer 
of foam‑mortar encompassing expanded polystyrene (EPS) beads. Both the thermal insulative layers were sand‑
wiched between two 7.5 cm thick concrete layers. The two wall panel systems were thermally evaluated at the same 
time in a carefully designed test room. Comparison was accomplished between the two wall systems by measuring 
the U‑value (thermal transmittance) and R‑value (resistance). The U‑value (air to air) for sandwiched XPS concrete 
wall system was 0.837 W/m2 K while it was 2.527 W/m2 K for sandwiched EPS beads foam‑mortar concrete wall 
system. The mean U‑values (surface to surface) of the sandwiched XPS concrete wall system was 1.143  m2 K/W 
and 0.293  m2 K/W for sandwiched EPS beads foam‑mortar concrete wall system. The sandwiched XPS concrete wall 
system was more efficient than the sandwiched EPS beads foam‑mortar concrete wall system in terms of thermal 
performance. About 4.5 h of time lag was observed for both the wall panel systems between the external surface 
temperature and the heat transmission in the internal surface. The output of the FEM simulation by ABAQUS is com‑
pared with the measured data for Set‑1 (period 16‑Aug‑2022 to 26‑Aug‑2022). The hourly temperature change 
on the outer and inner surfaces has good agreement for both sandwiched XPS concrete wall system and sandwiched 
EPS beads foam‑mortar concrete wall system. The simulation can also predict the heat flux through the two wall 
systems investigated.

Practical application 

This research was carried out with a view to explore the possibility of using thermally insulating materials for build‑
ings. The outcomes showed that the system proposed has performed well in the Arabian Gulf environment which can 
be easily adopted in the field.
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1 Introduction
As stringent conditions are being enforced by the inter-
national society for the sake of reducing the emissions 
of the greenhouse gases, research on building materi-
als is currently focused to reduce energy consumption 
by developing thermally efficient building materials and 
systems. With the increasing cost of energy globally, con-
servation of energy is a priority in the developing world. 
The key to conserving energy of building systems is to 
select materials which are energy efficient and cost effec-
tive. According to the estimates about 77.7% of the elec-
trical energy produced is being consumed by buildings 
to power them. While in desert regions air-conditioning 
consumes about 73% of the total energy needed by the 
buildings (Elhadidy et  al., 2001; Annual  Report, 2016). 
It is also a well-known fact that the energy requirements 
all over the globe are expected to rise firmly in the near 
future, development of energy proficient systems and 
materials for construction is the need of the hour. The 
external walls and windows, through which heat is trans-
mitted, are the key components of the building envelope 
which determine energy efficiency. Thus, the develop-
ment of energy efficient external walls and windows is 
essential for energy conservation. Furthermore, as build-
ing structures are heterogeneous in nature and poor 
workmanship can introduce thermal bridges, in such 
cases  building structures can only be assessed through 
in situ measurements (Li et al., 2015; Wit et al., 2004; Bid-
dulph et al., 2014; Luo et al., 2011).

R-value of a building component is an important 
parameter which determines the efficiency of a system. 
Several methods have been used to compute the system’s 
R-value (Courville & Beck, 1989; Desogus et  al., 2011). 
Finite volume scheme and Fourier analysis methods 
have been employed to compute the thermal capacitance 
and conductivity of a building envelope using tempera-
ture and heat flux sensors (Luo et  al., 2010). Desogus 
et  al. (2011) have used a test chamber for computation 
of a building’s R-values using different methods. Results 
showed that the R-values obtained by both methods were 
in conformance with the basic measurement principles. 
Courville and Beck (Courville & Beck, 1989) have deter-
mined the in situ R-value of an insulation used in sloped 
roofs using four different techniques by the measure-
ment of temperature variation and heat flow rate. Similar 
results were obtained by all four methods using computer 
code PROPOR. Computing of onsite R-value of a build-
ing component can be influenced by low-frequency tem-
perature values. Convergence criteria were introduced 
by Flanders (1985) to counter the effect to determine the 
thermal resistance of an insulating material. Tempera-
ture and heat flux of the internal and external surfaces of 
the wall panels were measured by Sassine (2016) A new 

methodology requiring minimum monitoring period 
was proposed. A thermal calculation was proposed to 
determine the equivalent thermal properties. A statistical 
model using lumped thermal mass was proposed by Gori 
et al. (2017) to estimate the transfer of heat in the build-
ing system. An optimization technique was proposed 
based on Bayesian to determine model parameters. This 
technique uses very minimal information about the 
building systems and materials used in construction.

Cabeza et al. (2010). extensively investigated the use of 
different insulating materials such as mineral wool, poly-
styrene and polyurethane. The experimental and theo-
retical in  situ thermal transmittance values had a good 
convergence with difference as low as 12%. Peng and Wu 
(2008) calculated the onsite R-value of materials used in 
construction by measuring the internal and the external 
surface temperature of the building. Also the perfor-
mance of a range of insulation materials has been studied 
over the years (Abdelrahman et al., 1993; Al-Aijlan, 2006; 
Al-Hammad et al., 2005; Budaiwi et al., 2002). The ther-
mal resistance of the most widely used bricks has been 
determined using a guarded hot plate (Ahmad and Hadh-
rami, 2009; Al-Hadhrami and Ahmad, 2009). The thermal 
properties of a hollow block made of shale and having 
29 rows of perforations has also been evaluated using a 
guarded heat box. The theoretical transfer coefficient of 
heat (0.546 W/m2 K) was less than the investigated value 
determined by the guarded heat box (0.726 W/m2 K) 
(Guo-liang et al., 2017). The shortcoming of this method 
is that it cannot be used for large samples such as, large 
walls or panels. Ahmad et  al. (2014) have determined 
the onsite U-value and R-value of building’s walls. They 
found that the U-value is related to the weather condi-
tions and the wall orientation.

In the assessment of thermal insulating properties of 
a building envelop it is paramount to assess the effect of 
thermal bridges. Giorgio et  al. (2018) studied the quan-
titative thermal bridges effect of three types of them by 
infrared thermography of different wall systems. Accord-
ing to the results of that study, the methodology adopted 
has shown that the hidden thermal bridges were quite 
visible which allowed them to accurately locate and rec-
tify them.

Bagasi and Calautit (2020) conducted a study at the 
old traditional (Baeshen) family House in historic Jed-
dah which yielded several significant findings that could 
form future architectural design practices in similar 
regions. The study demonstrated that the closed Mashra-
biya (perforated wall) panes contributed in reducing the 
flow of hot air into the rooms during afternoon and thus 
maintaining indoor temperatures in the range of 35.4 
°C to 35.8 °C. The most effective strategy was the use of 
wetted cloth near the Mashrabiya inlet which resulted 
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in indoor average temperature of 33.8 °C while the out-
door temperature was 41.6 °C. Their study also revealed 
that Mashrabiya with evaporative cooling alone was not 
able to provide comfort during mid-day in hot summer 
conditions. Their study indicated future work should be 
focused on investigating different materials and strategies 
to enhance the performance of Mashrabiyas.

The study conducted by Aldossary et al. (2014) evalu-
ated the domestic energy consumption patterns in a hot 
and arid climate of Riyadh city in Saudi Arabia. Their 
study utilized a multiple-case study approach to analyze 
energy usage in residential buildings considering the 
region’s high energy consumption and carbon emission 
rates. Key aspects such as assessing energy consumption, 
identifying design weaknesses, and proposing energy ret-
rofitting solutions to improve sustainability in residential 
buildings in Riyadh were discussed.

Kanagaraj et  al.’s (2023) study explores the impact of 
nano composite materials on the impact strength of con-
crete at elevated temperatures in the range of 250  °C to 
1000 °C. The author findings highlighted that the impact 
strength of concrete is directly influenced by factors such 
as the type and proportion of binder, heating intensity, 
duration, and cooling method. The study specifically 
noted the exceptional performance of the mix containing 
nano-cement when exposed to 1000  °C. Moreover, the 
investigation unveiled that the addition of nanomateri-
als contributed to increased compressive strength, den-
sification of the internal structure, and enhanced impact 
resistance of concrete. Despite improving mechanical 
properties at room temperature, the study observed a 
decline in impact strength as temperatures rose, with the 
extent of loss influenced by the type and proportion of 
nanomaterials.

In the investigation conducted by Iqbal et  al. (2022), 
three commonly accessible insulation materials such as 
glass wool, extruded polystyrene, and polyethylene were 
systematically assessed in a case study involving resi-
dential structures situated in a cold region of Pakistan. 
Thermal data were gathered over a 21-day period in 2019 
using a Testo Saveries System and were subsequently 
analyzed to assess the thermal efficiency of each insula-
tion material. The findings indicated that polyethylene 
emerged as the most cost-effective insulation material 
with superior thermal performance as compared to oth-
ers. The author recommended the use of polyethylene in 
buildings located in cold regions of Pakistan.

Kangaraj et al. (2022) investigated the response of EPS 
wall panels with encapsulated concrete subjected to axial 
compression. Their findings revealed a transition in fail-
ure mode from brittle to ductile due to the encapsulation 
of concrete within the EPS system. The elastic charac-
teristics of EPS played a crucial role in maintaining the 

encapsulated concrete within the core even after failure. 
The presence of the EPS outer shell resulted in the wall 
panels exhibiting greater deformations compared to con-
ventional brick masonry walls.

Prefabricated external thermal insulation compos-
ite systems are being extensively used for the sake of 
improving the thermal performance of existing buildings. 
In such an endeavor Roberto et al. (2017) investigated the 
on-site thermal performance of these systems and found 
that after installing them the thermal resistance of build-
ing envelopes has improved. However, floor slabs and 
anchors were identified as the most potential thermal 
bridges which were reducing the thermal efficiency of the 
whole building system.

Thermal properties of building systems have been often 
assessed by analytical techniques. However, the actual 
thermal performances parameters of building enve-
lope on-site often differ with the theoretical evaluation. 
To assess the differences between on-site and theoreti-
cal evaluation, Francesco et  al. (2014) calculated these 
parameters and also estimated by conducting on-site 
measurements. They concluded that theoretically com-
puted values were not in good agreement with the practi-
cal ones.

In the present work, measurements were conducted 
in a specially designed cubical test room to determine 
the U-value and R-value of small concrete wall panels 
under dynamic weather conditions. The thermal perfor-
mance parameters were determined according to stand-
ard practices prescribed in the guidelines of international 
standards.

2  Experimental Set‑Up
The thermal performance of two types of wall panel sam-
ples was determined under dynamic weather conditions. 
Two systems of wall panels (0.6  m × 0.6  m) were pre-
pared. The first system was prepared with a 5.0 cm thick 
extruded polystyrene (XPS) board. While the second sys-
tem was prepared with 5.0 cm thick layer of foam-mortar 
encompassing expanded polystyrene (EPS) beads. Both 
the thermal insulative layers were sandwiched between 
two 7.5  cm thick concrete layers. These two panel sys-
tems were tested simultaneously for the evaluation of 
their thermal performance in a specially designed air-
conditioned test room shown in Fig. 1.

The test room was a 2 m × 2 m × 2 m cubic room with 
two 0.6 m × 0.6 m openings on the south facing wall for 
the installation of the test samples. The test room was 
completely insulated. The internal view of the test room 
as shown in Fig.  2, displays the two test samples with 
thermocouples and heat flux sensors mounted at loca-
tions 1 and 2, respectively, for both samples. A view 
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through the section of the two test samples is shown in 
Fig. 3.

The two types of wall systems namely sandwiched XPS 
concrete wall system and sandwiched EPS beads foam-
mortar concrete wall system were installed in the open-
ings on the south wall of the test room. The samples 
and test room were equipped with sensors such as ther-
mocouples, heat flow transducer, and air temperature 
transducer. Two sensors for measuring heat flux were 
mounted on the internal surface of each wall panel sys-
tem and thermocouples were connected to both internal 

and external surfaces. Also, air temperature transducers 
were fixed on the internal and external surfaces of the 
of the test room to measure the air temperature. A one-
ton split type air-conditioning system was installed to 
control the room air temperature which was set at 19 oC 
throughout the test period.

The instrumentation used for the evaluation of the 
thermal performance of the two types of wall panel sam-
ples is shown in Table 1 and all the heat and temperature 
sensors were connected to a data logger.

Data were acquired at one-minute interval and the 
half-hourly averaged data was stored in the data logger 
memory during the entire test period. The collected data 
were downloaded from the memory of the data logger for 
further processing.

2.1  Test Method
Typically, onsite thermal parameters are determined by 
the thermal resistance (R-value) and the thermal trans-
mittance (U-value) of building components. In this study, 
international standard methods described in ASTM 
C1155 (ASTM Co 1155, 2021a)/C1046 (ASTM Co 1046, 
2021b) and ISO 9869 (ISO 9869, 1994) standards were 
used to evaluate these parameters. Sensors for measuring 
heat flux were positioned on the internal surface of the 
wall panel sample according to the recommendations of 
ASTM C1060 (ASTM Co 1060, 2015). Fig. 4 depicts the 
infrared images of the internal surface of the two types of 
wall panels which were captured by the infrared camera.

Fig. 1 Test room established for the experiment

Fig. 2 View of the test room from inside with two systems of wall 
panels mounted (left: sandwiched XPS concrete wall system panel; 
right: sandwiched EPS foam‑mortar concrete wall system panel)
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The parameters measured included the internal and 
external surface temperature, internal and external 
air temperature, and the heat flow rate through the 
wall system panels. Internal and external surface tem-
perature of both wall samples were measured at two 
locations. Heat flux sensors were also installed at two 
distinct locations on the internal surface of both test 
samples. The heat flow rate and the surface and air 
temperatures of the two test wall system panels were 
recorded simultaneously by the data logger.

The R-value is calculated by the concurrent record-
ing of the time average heat flow rate and the difference 
in surface temperature of the wall panel samples, while 
the U-value is calculated by the concurrent recording 
of the difference in air temperature and time averaged 
heat flow rate.

2.2  Computation of the Thermal Parameters
The R-value (surface to surface) and the U-value (air 
to air) of the two wall panel samples were calculated 

Fig. 3 View of the section of the of the two types of tested wall panel systems. a Sandwiched XPS concrete wall panel. b Sandwiched EPS beads 
foam‑mortar concrete wall panel

Table 1 Instrumentation used in the experiment

Parameter/data logger Type/manufacturer Range Accuracy

Temperature of the external surface of the wall 
panel sample

Type T Thermocouple, Omega Engineering Inc., 
USA

0 to 350 °C  ± 0.5 °C

Temperature of the internal surface of the wall 
panel sample

Type T Thermocouple, Omega Engineering Inc., 
USA

0 to 350 °C  ± 0.5 °C

Air temperature inside the test room T108, Campbell Scientific Inc., USA − 5 to 95 °C  ± 0.5 °C

External air temperature T108, Campbell Scientific Inc., USA − 5 to 95 °C  ± 0.5 °C

Heat flux HFP01, Hukseflux  ± 2000 W/m2  ± 5%

Thermal image E8, FLIR Systems Thermal Imaging Infrared Camera 320 × 240 IR resolution  ± 2.0 °C

Data logger CR1000, Campbell Scientific Inc., USA Input ± 5000 mV  ± 0.06% of reading
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according to the average method described in interna-
tional standards such as ISO 9869 (ISO 9869, 2014) and 
ASTM C1155 (ASTM Co1155, 2021a, 2021b).

The R-value was obtained utilizing Eq. (1).

This equation calculates the R-value using tempera-
tures (Tsej and Tsij) and heat flow rates (qj).

The U-value was calculated utilizing Eq. (2).

This equation calculates the U-value involving tem-
peratures (Tej and Tij) and heat flow rates (qj).

The method described in ASTM Co 1155-95 (ASTM 
Co 1155, 2021a, 2021b) was used to obtain the conver-
gence factor and is given by Eq. (3).

This equation computes the convergence factor using 
the R-values at different time steps (R(t), R(t  −  n)). 
where: m is the total number of time steps, Tsej and Tsij 
are temperatures related to the sample surface, Tej and 
Tij are temperatures related to the ambient environ-
ment, qj represents heat flow rates,  CRn is the conver-
gence factor at time t.

(1)R =

∑m
j=1

(

Tsej − Tsij

)

∑m
j=1

qj
.

(2)U =

∑m
j=1

qj
∑m

j=1

(

Tej − Tij

) .

(3)CRn =

R(t)− R(t − n)

R(t)
x100.

The thermal conductance (C) is the inverse of the 
thermal resistance, i.e., C = 1/R, and the total ther-
mal resistance (air to air) is the inverse of the thermal 
transmittance, i.e., RT = 1/U. The total thermal resist-
ance includes the resistance of the external and internal 
surfaces.

3  Measured Data Analysis
The thermal efficiency of the two different types of wall 
panel systems was assessed simultaneously under chang-
ing weather conditions during the summer of 2022 (i.e., 
from 16 August, 2022 to 28 September, 2022). To com-
pute the thermal parameters of the test samples, 3 sets 
of experimental data were obtained and statistically 
examined.

The local weather conditions, such as the wind speed 
and the solar intensity affect the thermal transmittance 
of a building envelope as demonstrated by Ahmad et al. 
(2014). The atmospheric data were obtained from the 
locally installed weather station. The wind speed fre-
quency distribution diagram for the test location for the 
period of testing is presented in Fig. 5. The data indicate 
that the prevailing wind direction (WD) at the test loca-
tion during the measurement period was East of North-
East (ENE). The maximum intensity of the horizontal 
global solar irradiance recorded during the measurement 
period at the test location is 984 W/m2.

The measured experimental data for the sandwiched 
XPS concrete panel and sandwiched EPS beads foam-
mortar concrete wall systems were analyzed and are pre-
sented in the following sections:

Fig. 4 Images by infrared thermograph camera of the tested wall panel systems. a Sandwiched XPS concrete wall panel. b Sandwiched EPS beads 
foam‑mortar concrete wall panel
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3.1  Experimental Data Set‑1: Testing Period—16 August, 
2022 to 26 August, 2022

The experimental data set-1 was collected for a duration 
of 11  days starting from 16 August, 2022 to 26 August, 
2022 for the two test wall samples. The thermal perfor-
mance of both samples was assessed simultaneously. 
During the assessment both samples were exposed to 
the same internal air temperature and the same external 
air temperature in the test room. The air temperature 
measured for external and internal walls of the test set-
up room is shown in Fig. 6. The internal air temperature 
is almost constant at about 19.3 oC while the external air 
temperature fluctuated during the monitoring period 
from 31.2 oC to 47.5 oC with an average value of 37.2 oC. 
Extremely hot weather conditions prevailed at the test 
location, and the minimum difference of air temperature 

recorded between the internal and external of the test 
room is 11.9 oC.

The temperature of the internal and external surfaces 
for the sandwiched XPS concrete wall system (XPS-
External Surface Temp1) and sandwiched EPS foam-
mortar concrete wall system (EPS Foam Conc-External 
Surface Temp1) wall panels are given in Fig. 7. The vari-
ation in the heat flux for the two test samples (XPS-
HFlux1 and EPS Foam Conc-HFlux1) is shown in Fig. 8.

The data in Fig. 7 depicts that the change in tempera-
ture is cyclic for both internal and external surfaces of 
the test samples, with a lower temperature amplitude on 
the internal surface of both samples. The external surface 
temperature of the sandwiched XPS concrete wall system 
is higher than that of the sandwiched EPS foam-mortar 
concrete wall system. However, the trend is reversed for 
the internal surface. Variation of the heat flow rate of the 
two panels is depicted in Fig. 8. The heat flow rate vari-
ation is also cyclic for both test samples, with an aver-
age value of 14.7 W/m2 for sandwiched XPS concrete 
wall system and 45.2  W/m2 for sandwiched EPS foam-
mortar concrete wall system. The results also indicate 

Fig. 5 Frequency distribution of the wind speed (WS) at the test 
location

Fig. 6 Variation in the internal and external air temperature 
in the test room during the period of 16 August, 2022 to 26 August, 
2022

Fig. 7 Variation in the temperature of the internal and external 
surfaces of the two test systems during the period of 16 August, 2022 
to 26 August, 2022

Fig. 8 Heat flow rate variation through the two test systems 
during the period of 16 August, 2022 to 26 August, 2022
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that the average heat flux through the sandwiched EPS 
foam-mortar concrete wall system is about three times 
that through the sandwiched XPS concrete wall system 
sample. Variation of the running average of the R-value is 
presented in Fig. 9 which depicts that it approaches to a 
fixed value.

3.2  Experimental Data Set‑2: Testing Period—01 
September, 2022 to 12 September, 2022

The experimental data set-2 was collected during 
12  days from 01 September, 2022 to 12 September, 
2022 at the same location of the two test samples used 
to obtain data set-1. The air temperature measured 
on external and internal walls of the test set-up room 
is plotted in Fig. 10. The average internal air tempera-
ture is almost constant at about 19.3  oC, same as that 
recorded during the acquisition of data set-1, and the 
exterior air temperature fluctuated during the moni-
toring period from 28.6 oC to 48.4 oC, with an average 
value of 35.7  oC. The average exterior air temperature 
calculated using data set 2 is about 1.5  oC lower than 
that calculated using data set-1. However, the average 

exterior air temperature is above 35  oC, and also the 
maximum temperature recorded during the acquisition 
of data set-2 is higher than that recorded during the 
acquisition of data set-1. The minimum difference of air 
temperature between the internal and exterior of the 
test room is 9.3 oC. Variation of the temperature of the 
internal and external surfaces of the two test samples is 
plotted in Fig. 11. Variation of the heat flux, calculated 
using data set-2, is shown in Fig. 12.

The data in Fig.  11 depicts that the change in tem-
perature at both internal and exterior surfaces of the 
test samples is cyclic in nature, with the amount of tem-
perature variation lower on the internal surface of both 
samples. The trends of temperature variation in data 
set-2 are similar to those observed in data set-1. Vari-
ation of the heat flux of the two wall panels is shown 
in Fig. 12. Variation of the heat flow rate is also cyclic 
for both test samples, with an average value of 13.7 W/
m2 for the sandwiched XPS concrete wall system sam-
ple and 42.4 W/m2 for the sandwiched EPS foam-mor-
tar concrete wall system sample. The average heat flux 

Fig. 9 R‑value plot of the two test systems for data set 1

Fig. 10 Variation in the internal and external air temperature 
in the test room during the period of 01 September, 2022 to 12 
September, 2022

Fig. 11 Variation in the temperature of the internal and external 
surfaces of the two test systems during the period of 01 September, 
to 12 September, 2022

Fig. 12 Heat flow rate variation through the two test systems 
during the period of 01 September, to 12 September, 2022
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through the sandwiched EPS foam-mortar concrete 
wall system sample is about three times that through 
the sandwiched XPS concrete wall system sample, sim-
ilar to the heat flux results obtained using data set-1. 
The running average of the thermal resistant (R-value) 
approaches to a fixed value which is presented in 
Fig. 13.

3.3  Experimental Data Set‑3: Testing Period—15 
September, 2022 to 27 September, 2022

The experimental data set-3 was collected during 13 days 
from 15 September, 2022 to 27 September, 2022 at the 
same location of the two test samples used to obtain data 
set-1 and set-2. The air temperature measured exterior 
and internal of the test set-up room is shown in Fig. 14. 
The average internal air temperature is almost constant at 
about 19.3 oC, same as that recorded during the acquisi-
tion of data sets 1 and 2, and the exterior air temperature 
fluctuated from 28.2 oC to 44.2 oC, with an average value 
of 34.3  oC. The average exterior air temperature calcu-
lated using data set 3 is about 1.5 oC lower than that cal-
culated using data set 2. The minimum difference of air 
temperature between the internal and exterior of the test 

room is 8.9 oC. Fig. 15 shows the variation of the internal 
and external surfaces temperature of the two test sam-
ples. Variation of the heat flow rate, calculated using data 
set-3 is shown in Fig. 16.

The data in Fig.  15 illustrates that the measured sur-
face temperature displays a trend similar to that observed 
with data set-1 and set-2, i.e., displays cyclic variations. 
As shown in the results depicted in Fig. 16, the heat flow 
rate variation is also cyclic for both test samples, with 
an average value of 12.8 W/m2 for the sandwiched XPS 
concrete wall system sample and 40.7 W/m2 for the sand-
wiched EPS foam-mortar concrete wall system sample. 
The average heat flux through the sandwiched EPS foam-
mortar concrete wall system sample is about three times 
that through the sandwiched XPS concrete wall system 
sample, similar to the heat flux results obtained using 
data set-1 and set-2. The thermal resistance (R-value), 
which converges to a steady value, is plotted in Fig. 17.

Fig. 13 R‑value plot of the two test systems for data set 2

Fig. 14 Variation of internal and external air temperature in the test 
room during the period of 15 September, 2022 to 27 September, 
2022

Fig. 15 Variation in the temperature of the internal and external 
surfaces of the two test systems during the period of 15 September, 
2022 to 27 September, 2022

Fig. 16 Heat flow rate variation through the two test systems 
during the period of 15 September, 2022 to 27 September, 2022
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4  Results and Discussion
The thermal performance of the wall panels was ana-
lyzed by collecting 3-sets of data. Equations (1, 2 and 3), 
were utilized to compute the thermal parameters and the 
results are given in Tables 2, 3, 4, 5, 6 and 7.

The experimental results show that for the sand-
wiched XPS concrete sample, the U-value is between 
0.804 and 0.862 W/m2  K with an average of 0.837 W/
m2  K and the R-value is between 1.122 and 1.160 
 m2 K/W with an average of 1.143  m2 K/W. For the sand-
wiched EPS foam-mortar concrete wall system sam-
ple, the U-value is between 2.362 and 2.733 W/m2  K 
with an average of 2.5267  W/m2  K and the R-value is 
between 0.275 and 0.299  m2  K/W with an average of 
0.293  m2 K/W. The values of U-value (air to air) at two 
locations of the two systems of wall panels tested are 
presented in Table  2. The U-values at the two loca-
tions and the three testing periods are not significantly 
different.

Tables  3 and 4 show that the convergence criterion 
stipulated by the ASTM-C1155 (ASTM Co 1155, 2021) 
and ISO-9869-1 (ISO 9869-1, 2014) standards has been 
met for all experimental results. The R-values after com-
pletion of the experiment were compared with the R-val-
ues computed at 6, 12 and 24  h before the end of the 

Fig. 17 R‑value plot of the two test systems for data set 3

Table 2 U‑value of the two types of tested wall panel systems

Experimental data set Test period Test duration, 
days

U‑value (air to air), W/m2 K

Sandwiched XPS concrete Sandwiched EPS beads foam‑
mortar concrete

Location 1 Location 2 Location 1 Location 2

1 Aug. 16–26 11 0.823 0.804 2.527 2.362

2 Sep. 01–12 12 0.833 0.810 2.587 2.404

3 Sep 15–27 13 0.862 0.842 2.733 2.544

Table 3 R‑value of the sandwiched XPS concrete wall panel system

CRn (n = 6, 12, and 24) are the convergence factors at 6, 12, and 24 h before the end of measurements

Experimental 
data set

Test period Test 
duration, 
days

R‑value (surface to surface), 
 m2 K/W

Convergence factor: 
 CR6,  CR12,  CR24, %

ASTM C1155 and ISO 9869 
convergence criteria satisfied 
(yes/no)

Location‑1 Location‑2

1 Aug. 16–26 11 1.145 1.151 0.2–0.7 Yes

2 Sep. 01–12 12 1.149 1.160 0.2–0.9 Yes

3 Sep 15–27 13 1.122 1.128 0.4–0.9 Yes

Table 4 R‑value of the sandwiched EPS beads foam‑mortar concrete wall panel system

CRn (n = 6, 12, and 12) are the convergence factors at 6, 12, and 24 h before the end of measurements

Experimental 
data set

Test period Test 
duration, 
days

R‑value (surface to surface), 
 m2 K/W

Convergence factor: 
 CR6,  CR12,  CR24, %

ASTM C1155 and ISO 9869 
convergence criteria satisfied 
(Yes/No)

Location‑1 Location‑2

1 Aug. 16–26 11 0.275 0.288 0.2–0.9 Yes

2 Sep. 01–12 12 0.280 0.296 0.0–1.2 Yes

3 Sep 15–27 13 0.283 0.299 0.0–1.3 Yes
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experiment, i.e., R(t − 6 h), R(t − 12 h), and R(t − 24 h). 
For this purpose, the convergence factor (CRn) was cal-
culated using Eq. (3) for n values of 6, 12 and 24 h to ver-
ify the satisfaction of the criteria specified in the ASTM 
C1155 (ASTM Co 1155, 2021) standard. The results show 
that the convergence factor for all n values is much less 
than 10% and 5% of the R-value at the end of measure-
ment mentioned by ASTM C1155 (ASTM Co 1155, 
2021) and by ISO 9869-1 (ISO 9869, 2014) standards, 
respectively.

Results of the evaluation of the thermal performance 
of the sandwiched XPS concrete wall system and the 

sandwiched EPS foam-mortar concrete wall system wall 
panel systems are presented in Tables  5 and 6, respec-
tively. The three sets of measured data for both tested 
samples were analyzed statistically. The standard devia-
tion of the U-values and R-values is between 0.02053 to 
0.10048 W/m2 K and 0.00412 to 0.01562  m2 K/W, respec-
tively. The Coefficient of variation (CV) of the R-value 
of the sandwiched XPS concrete wall system and sand-
wiched EPS foam-mortar concrete wall system panels 
is in the range of 1.37 to 1.41%, which met the ASTM 
C1155 (ASTM Co 1155, 2021) criterion of being less than 
10%. The results of the thermal efficiency evaluation of 

Table 5 Thermal performance evaluation results of the sandwiched XPS concrete wall panel system

a The procedure described in ASTM C1155-21 was used in the calculation of the mean test temperature
b CV = Standard deviation divided by the average value; and then multiplied by 100

Experimental data set Test period Test duration, 
days

U‑value (air to air), 
W/m2 K

R‑value (surface to 
surface),  m2 K/W

Mean 
 temperaturea, 
oC

1 Aug. 16–26 11 0.813 1.148 29.9

2 Sep. 01–12 12 0.822 1.155 30.0

3 Sep 15–27 13 0.852 1.125 29.9

Mean = 0.829 1.142 30.0

Standard deviation = 0.02053 0.01562 –

Coefficient of  variationb, CV, % 2.48 1.37 –

Table 6 Results of the thermal performance evaluation of the sandwiched EPS beads foam‑mortar concrete wall panel system

a The procedure described in ASTM C1155-21 was used in the calculation of the mean test temperature
b CV = Standard deviation divided by the average value; and then multiplied by 100

Experimental data set Test period Test duration, 
days

U‑value (air to air), 
W/m2 K

R‑value (surface to 
surface),  m2 K/W

Mean 
 temperaturea, 
oC

1 Aug. 16–26 11 2.444 0.288 28.4

2 Sep. 01–12 12 2.496 0.296 28.7

3 Sep 15–27 13 2.638 0.291 29.0

Mean = 2.526 0.292 28.7

Standard deviation = 0.10048 0.00412 –

Coefficient of  variationb, CV, % 3.98 1.41 –

Table 7 Comparison of the thermal parameters of the two types of tested concrete wall panel systems

Panel type U‑value (air to air) R‑value (surface to Surface) Mean Temp., oC
W/m2 K m2 K/W

1. Sandwiched XPS concrete wall panel 0.837 1.143 30.0

2. Sandwiched EPS beads foam‑mortar concrete wall 
panel

2.527 0.293 28.7
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the two different types of tested concrete wall panel sam-
ples are displayed in Table 7. It is evident from the results 
that the U-value of the sandwiched EPS foam-mortar 
concrete wall system sample is more than three times 
that of the sandwiched XPS concrete wall system sample. 

Thus, the thermal performance of the sandwiched XPS 
concrete wall system panel is much better than that of 
the sandwiched EPS foam-mortar concrete wall system 
panel.

The variation of rate of heat flow and external surface 
temperature of the two test samples is plotted in Fig. 18 
to demonstrate the time lag between the maximum heat 
flow rate on the internal surface and the maximum exter-
nal surface temperature. Even though the peak tempera-
ture on the external surface occurred around 14:00 h, the 
maximum heat flux was not recorded until about 18:30 h, 
i.e. a lag of about 4.5 h.

5  FEM Validation Set‑1: Testing Period—16 
August, 2022 to 26August, 2022

5.1  FEM Details and Input
For the case of data Set-1, the recorded surface tem-
perature and heat flux of the investigated panels were 
validated with the simulation based on method of finite 
elements. The heat transfer through the panels is ana-
lyzed using transient heat conditions in the ABAQUS 
environment. Fig. 19 shows the scheme of the developed 
2D-models and Table 8 lists the material properties of the 
panel’s layers that used as input in the model.

All side edges are assigned as insulated surfaces, the 
inner surface has a condition of convection boundary, 
and the outer surface is exposed to solar radiation and 
convection boundary conditions. The contact between 
the surfaces of the intermediate layer (XPS/EPS layer) 
and the outer layers (concrete layers) are assumed to be 
perfectly bonded. This is modeled in ABAQUS as a Tied 
Contact element at the desired surfaces which allow for 

Fig. 19 FEM model scheme

Table 8 Material properties of the panel’s layers used in ABAQUS 
model

Layer Density (kg/m3) Specific 
heat (J/
kg K)

Thermal 
conductivity 
(W/m K)

Outer concrete 2400 920 2.0

Inner concrete 2400 920 2.0

EPS foamed mortar 530 1100 0.25

XPS board 40 1300 0.05

Fig. 20 Solar irradiance intensity during the period of 16 August, 2022 to 26 August, 2022
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Fig. 21 Temperature profile. a Sandwiched XPS concrete wall panel. b Sandwiched EPS beads foam‑mortar concrete wall panel
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thermal transmission by conduction. The field measure-
ment of the outside and inside air temperature are input 
as sink/ambient temperature in the model where the sur-
face film coefficient for the outer and inner surfaces are 
65 W/m2K and 8.3 W/m2K, respectively. For the case of 
outer surface, a solar radiation intensity, Fig. 20, is applied 
as flux with absorption coefficient of 0.6. The model is 
meshed using heat transfer element type (DC2D4) with 
fine mesh having a maximum size of 5 mm results in a 
total of 4880 elements.

5.2  FEM Results
The output of the simulation is compared with the meas-
ured data for Set-1 (period 16 August, 2022 to 26 August, 
2022) and presented in graphical form. Fig.  21 shows 
the temperature profile for both panels at the beginning 
of the recorded data and after 13 h where the tempera-
ture reached the first top peak. The hourly tempera-
ture change on the outer and inner surfaces is shown in 
Figs. 22 and 23 with good agreement for both panels with 
XPS board and EPS foamed mortar, respectively. The 

Fig. 22 Comparison of FEM with the measured temperature of the sample with XPS‑board during the 16 August, 2022 to 26 August, 2022

Fig. 23 Comparison of FEM with the measured temperature of the sample with EPS‑foamed mortar during the 16 August, 2022 to 26 August, 2022
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simulation can also predict the heat flux through the pan-
els as shown in Figs. 24 and 25 for panels with XPS board 
and EPS foamed mortar, respectively.

6  Conclusions
Following conclusion was drawn from the analysis of the 
data obtained from this comparative study of the sand-
wiched EPS beads foam-mortar concrete sample and 
sandwiched XPS concrete sample.

1. The maximum intensity of the horizontal global solar 
irradiance recorded during the measurement period 
at the test location is 984 W/m2. The internal air tem-
perature is almost constant at about 19.3 oC and the 
external air temperature fluctuated during the moni-
toring period from 31.2 oC to 47.5 oC with an average 
value of 37.2 oC.

2. The external surface temperature of the sandwiched 
XPS concrete wall system panel is higher than that of 
the sandwiched EPS foam-mortar concrete wall sys-

Fig. 24 Comparison of FEM with the measured heat flux of the sample with XPS‑board during the 16 August, 2022 to 26 August, 2022

Fig. 25 Comparison of FEM with the measured heat flux of the sample with EPS‑foamed mortar during the 16 August, 2022 to 26 August, 2022
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tem. However, the trend is reversed for the internal 
surface.

3. The U-values (thermal transmittance) for air to air 
for sandwiched XPS concrete wall system and sand-
wiched EPS foam-mortar concrete wall system pan-
els were 0.837 and 2.527 W/m2K, respectively. The 
mean R-values (thermal resistance) for surface to 
surface for the sandwiched XPS concrete wall sys-
tem and sandwiched EPS foam-mortar concrete wall 
system panels were 1.143 and 0.293  m2 K/W, respec-
tively.

4. The heat flow rate variation is also cyclic for both 
test samples, with an average value of 14.7 W/m2 for 
sandwiched XPS concrete wall system and 45.2 W/
m2 for sandwiched EPS foam-mortar concrete wall 
system. The results also indicate that the average 
heat flux through the sandwiched EPS foam-mortar 
concrete wall system panel is about three times that 
through the sandwiched XPS concrete wall system 
sample.

5. The time lag between the maximum heat flow rate 
on the internal surface and the maximum external 
surface temperature is almost the same for the two 
tested panel systems, which was around 4.5 h.

6. The results show that the convergence factor for all 
n values is much less than 10% and 5% of the R-value 
at the end of the experiment as mentioned by ASTM 
C1155 and by ISO  9869-1 standards, respectively 
indicating that the measurement period used to 
record each data set is sufficient.

7. The results show that the U-value of the sandwiched 
EPS foam-mortar concrete wall system panel is more 
than three times that of the sandwiched XPS con-
crete wall system panel. Thus, the thermal perfor-
mance of the sandwiched XPS concrete wall system 
panel is much better than that of the sandwiched EPS 
foam-mortar concrete wall system panel.

8. The output of the simulation by the method of finite 
element using ABAQUS is compared with the meas-
ured data for Set-1 for the period from 16 August, 
2022 to 26 August, 2022. The hourly temperature 
change on the outer and inner surfaces has good 
agreement for both panels with XPS board and EPS 
foamed mortar.

9. The simulation could also predict the heat flux 
through the two panels investigated.
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