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Abstract: Hollow concrete masonry blocks made of low strength self-compacting concrete with
recycled crushed brick and ground polystyrene as an aggregate (RBC-EP blocks), and their expected
structural role as masonry infill in steel frames, has been confirmed in previous research studies,
thus the extensive investigation of thermal properties is presented in this paper to fully approve
their potential application in practice. The Heat Flow and Temperature Based Method was used
to conduct in-situ measurements of the wall thermal transmittance (U-value). The experimental
U-values of the wall without insulation varied from 1.363 to 1.782 W/m2·K, and the theoretical
value was calculated to be 2.01 W/m2·K. Thermal conductivity of the material used for making
RBC-EP blocks was measured in a laboratory by using a heat flow meter instrument. To better
understand the thermal performance characteristics of a wall constructed from RBC-EP blocks, a
comparison with standard materials currently used and found on the market was performed. Walls
constructed from RBC-EP blocks show an improvement of building technology and environmentally
based enhancement of concrete blocks, since they use recycled materials. They can replace standard
lightweight concrete blocks due to their desired mechanical properties, as well as the better thermal
performance properties compared to commonly used materials for building walls.

Keywords: masonry block; self-compacting concrete; recycled brick; building technology; in-situ
measurements; thermal transmittance (U-value)

1. Introduction

The main issues of building stock within the European Union (EU) are vast energy
consumption and greenhouse gas emissions [1], since the EU building sector is responsible
for approximately 40% of energy consumption and 36% of CO2 emissions [1,2]. Existing
buildings were constructed mostly in the 1970s, whereby 35% of the existing buildings
are over 50 years old, and 75% of building stock is energy inefficient [3]. The issue
becomes even greater, since 75–90% of existing buildings will stand in 2050 [3]. Actions
undertaken during the building operational stage can be either refurbishment or retrofit,
where refurbishment implies the necessary modifications to return a building to its original
state, while retrofit includes the necessary actions that will improve the building’s energy
and/or environmental performance [1]. The Energy Performance of Buildings Directive
2018/844/EU establishes a framework aiming at long term renovation of the existing
building stock and decarbonization by 2050 [2]. Renovation of existing buildings does
not necessarily decrease energy consumption. It also improves the whole condition of the
building: its exploitation, noise insulation conditions, exterior, and comfort, all of which
prolong a building’s life cycle, increases the value of the buildings, reduces negative impact
to the environment, and guarantees healthy living and working conditions [2]. The main
results expected from buildings refurbishment are [2]:

• Energy savings;

Buildings 2021, 11, 584. https://doi.org/10.3390/buildings11120584 https://www.mdpi.com/journal/buildings

https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-5118-4186
https://orcid.org/0000-0002-8299-9430
https://orcid.org/0000-0003-4916-1844
https://orcid.org/0000-0003-1040-4853
https://doi.org/10.3390/buildings11120584
https://doi.org/10.3390/buildings11120584
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/buildings11120584
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings11120584?type=check_update&version=2


Buildings 2021, 11, 584 2 of 17

• Increase in comfort;
• Healthy working environment assurance;
• Extension of building life cycle;
• Economized exploitation;
• Environmental protection.

However, the renovation of buildings can also be an opportunity to contribute to
sustainability by using new innovative building materials made from recycled materials.
Partial or complete replacement of natural aggregate with secondary materials not only
reduces the carbon footprint, but also reduces strain on already overflowing waste disposal
sites. Previous research has also demonstrated that incorporating waste material of low
thermal conductivity also improves thermal performance [3] of innovative building materi-
als made from waste materials. By using the agricultural and industrial by-products or
wastes, significant contributions can be made towards sustainable construction [4]. With
that in mind, clay brick waste is especially interesting, as it is abundant as a demolition
and manufacturing by-product (waste) material, which makes it environmentally and
financially effective. There are also clear advantages from a structural point of view. No-
tably, the desired effects of strength and stiffness reduction in some applications can be
achieved by replacing natural aggregate with a recycled crushed brick (RB) material in
larger percentages. Taking into account all discussed aspects of desirable block for infill
panels, blocks made of self-compacting concrete (SCC) with crushed brick and ground
polystyrene as a replacement for natural aggregate were developed at the Faculty of Civil
Engineering and Architecture in Osijek [5–7].

Notably, it is a well-known fact that masonry infill in steel or concrete frames affect
their structural behavior. The interaction of masonry infill with the surrounding frame
is significant under horizontal loads (especially earthquake action), in which case infill’s
influence can be beneficial or detrimental. Positive effects, such as increased stiffness and
strength, can be treated as redundant, and, consequently, neglected in general design; neg-
ative effects should not be ignored in active seismic areas. Higher seismic demand due to
increased stiffness, potentially limited ductility due to earlier onset of plastic deformations,
short column effect, and higher loads on connections due to masonry diagonal action are
the main reasons why the infill’s influence is substantial and should be investigated in
detail. The structural behavior of masonry infilled frames is very complex, and has been a
subject of research for a few decades now, yet there are still no detailed codified rules for
the design of masonry infilled frames. The typical approach to reinforced concrete frames
is to integrate the contribution of masonry infill into the overall response of the structure,
which offer various methods of additional infill strengthening. The opposite approach is
typical for steel frames, which is to investigate and establish configuration of isolation of
the masonry panel from the surrounding steel frame [8]. Most attempts to comply such a
goal are referred either with some configuration of isolation of the masonry panel from the
frame, or with the implementation of structural measures (devices) to modify the “natural”
behavior of an infill panel.

The approach presented in [5,6] aims to exclude or at least limit detrimental effects
of masonry infill to steel frames, but also utilize beneficial effects. Notably, instead of
unavoidable adjustment to properties of commonly in use masonry blocks (mostly intended
to be used as structural masonry), blocks that have an appropriate functional and structural
role in the overall system should be available to the designers. In fact, it is important to
note that masonry blocks used as infill do not need to be a part of the main structural
system, as they do in masonry structures. Therefore, the solution could be in a new type of
masonry blocks, i.e., masonry infill with a minimal detrimental impact on the surrounding
frame, while retaining the useful masonry features mentioned earlier.

Clay masonry blocks have high strength combined with high stiffness, which is
undesirable for filling. Unlike clay blocks, concrete provides different levels of strength,
and consequently stiffness, and recycled materials can be used in its production as a
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secondary crushed material. These possibilities make concrete a sustainable choice in
achieving both set structural and environmental goals.

It is often found that values of walls’ thermal transmittance (W/m2K) determined
on-site in real conditions unquestionably deviate from the values theoretically obtained.
This causes discrepancy between the actual thermal performance of a building envelope
and the designed building envelope performance. This issue is particularly interesting
when it comes to building external walls with new innovative materials where besides
laboratory determined properties, building technology used plays a significant role. In
this paper, thermal performance measurements of real size wall made from new masonry
RBC-EP blocks were executed. Blocks are made of self-compacting concrete (SCC) with
recycled crushed brick and ground polystyrene as a replacement for the aggregate [5].

The following techniques were used in this paper to determine the thermal properties
of wall:

• Infrared thermography (IRT) method to determine appearance of possible thermal
bridges in the wall;

• Heat Flow Method was used to estimate the thermal transmittance (U-Value) of
the wall;

• Temperature Based Method, a relatively new and simple non-standardized method,
was also used to measure the U-value of the observed wall.

The thermal conductivity of the material (W/m·K) i.e., masonry blocks used for
building real-sized walls, was measured in the laboratory by using a heat flow meter
instrument. Since the wall was built inside laboratory as a part of test chamber, it was
possible to carry out an airtightness examination of the test chamber, since measured values
of airtightness (h−1) play an important role when concerning energy efficiency in buildings.

New masonry blocks with recycled clay brick can be used when buildings are refur-
bished due to their excellent thermal properties presented and confirmed in this paper—
thermal resistance of blocks and thermal transmittance (U-Value) of walls (non-isolated
and isolated)—especially when keeping in mind other excellent properties of these blocks
already presented in [5–7,9].

2. Experimental Investigation
2.1. Previous Experimental Testing

The first step in the design of a new masonry block was to develop an appropriate SCC
composition of mixture. Natural aggregate was fully replaced with recycled clay bricks
(RB), obtained as an industrial waste product, and with a combination of RB and ground
expanded polystyrene (GEP), obtained by mechanical recycling of expanded polystyrene
(EP). In total, thirteen SCC mixtures were designed and tested in accordance with EN
12,390 [10–12] and EN 12390-2 [13]. Concrete compositions and the results of mechanical
and physical properties were measured and shown in [5], and the following conclusions
were made:

• densities of all mixtures were lower than 2000 kg/m3, thus they were classified as
lightweight concretes;

• results of testing confirm that designed mixtures of SCC are of low-strength and
stiffness, which was in line with the set objectives.

The next step was to design an appropriate block for further investigations, consid-
ering EN 1996-1-1 guidelines (Figure 1). Since the thermal conductivity of concrete is
much higher than that of air, it was significantly reduced by creating more cavities or
air gaps in the concrete blocks [14]. Molds for concrete blocks were manufactured in
compliance with EN 772-2 [15] and EN 772-16 [16]. Based on measured properties in
fresh (EN 12,350 [17–20]—density, viscosity class, passing ability) and hardened states (EN
12,390 [10–12]—compressive strength, flexural strength, density, and modulus of elasticity)
and their positive and negative implications—the optimal mixture was selected for pro-
duction of concrete blocks, and for testing mechanical properties on block and masonry
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level. Blocks made with a combination of recycled crushed brick aggregate and ground
expanded polystyrene (RBC-EP) were selected for usage in frames. Results of the previous
research [5,6] regarding the mixture RBC-EP are shown in Table 1. The flowchart of the
experimental investigation is presented in Figure 2.
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Table 1. RBC-EP blocks mixture composition and characteristics [3,4].

Composition (kg/m3)

Fresh state

Viscosity Class VS2

w/b 0.47 Density ρ (kg/m3) 1730

w/p 0.99 Air content (%) 8.0

Cement 200 Slump-flow test T500 (s) 4.8

Lime 255 J-ring test (mm) 9.25

Water 215

Hardened state

Density class D.1.4

Additive

SP 2% CS
fc (MPa) 5.36

VMA 0.5% FS
fcf (MPa) 2.34

AEA 1% Density
ρ (kg/m3) 1396

Filler BP 137

Concrete masonry
unit RBC-EP

Dimensions
(mm) 190 × 120 × 90

Fine

RB 346 Mean compressive strength
fm (MPa) 4.06

GEP 9.6
Normalized compressive

strength
fb (MPa)

2.99

Coarse RB 262 Mean gross dry density
(kg/m3) 847.95

Note: 1 slugs/ft3 = 515.32 kg/m3; 1 in = 25.4 mm; 1 ksi = 6.89 MPa; w/b = water to binder ratio; w/p = water to powder ratio;
SP = superplasticizer; WMA = viscosity modifying admixture; AEA = air-entraining admixture; BP = brick dust; RB = crushed clay bricks;
GEP = ground expanded polystyrene; CS = compressive strength; FS = flexural strength.
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Figure 2. Flowchart of the experimental investigation.

Results of testing of masonry wallets composed of RBC-EP blocks were presented
in [6]. This included parallel to holes compressive and shear strength determination tests
in accordance with EN 1052-1 [21] and EN 1052-3 [22], respectively. Mean parallel to
holes compressive strength, elastic modulus, Poisson’s ratio, and initial shear strength
were determined as 3.13 MPa, 2746 MPa, 0.20, and 0.15 MPa, respectively. Additional
tests of perpendicular to holes compressive strength, based on principles for parallel to
holes compressive tests listed in EN 1052-1 [21], revealed mean perpendicular to holes
compressive strength and elastic modulus values to be 3.00 MPa and 3198 MPa, respectively.
None of the constituents of masonry wallets were changed, and previous results were taken
as relevant. Verification of results was performed by confirming that vertical compression
results on wallets made of randomly sampled blocks from several batches are within
15% of 3.13 MPa. In order to approve the main hypothesis that masonry blocks with
relatively lower stiffness and strength used as infill can be beneficial to the surrounding
frame in regard to the interactive frame-infill behavior, various infilled steel frame (ISF)
configurations were tested, and results were presented in [6]. The testing configuration
and an example of obtained hysteresis loop for specimen ISO-RBC-EP are presented in
Figure 3, with the results of testing given in Table 2.

The conclusion of the conducted testing from a structural point of view is that devel-
oped RBC-EP blocks showed notable potential for use as a frame infill. This is to be further
complemented by thermal properties to gain full insight into the main characteristics of
developed blocks, as well as their potential for application in practice. Since concrete
itself has some weaknesses compared to other façade materials, such as high density, and
high thermal conductivity [23], the next step was to measure thermal conductivity of
RBC-EP blocks.
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Table 2. Experimental results [4].

Test Configuration ISF-RBC-EP

Loading direction + −
Initial stiffness S0 (kN/mm) 14.4 15.7

Change of initial
stiffness

Fy (kN) 69.5 69.0

dy (mm) 8.1 7.6

DRy (%) 0.5 0.5

Ultimate load

Fu (kN) 130.0 130.0

du (mm) 48.7 30.2

DRu (%) 3.0 1.9

Ultimate drift

Fdmax (kN) 130.0 90.0

dmax (mm) 48.7 37.1

DRdmax (%) 3.0 2.3
Note: 1 ksi = 6.89 MPa; 1 inch = 25.4 mm.

2.2. Measurements of Blocks Thermal Conductivity

Thermal conductivity of the material (W/mK) i.e., blocks used for building a real-sized
wall, was measured in a laboratory by using a heat flow meter instrument. The following
general instrument characteristics or requirement for conducting tests are taken from [24]:
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• Samples are placed between two plates in the test stack, and a temperature gradient is
established over the thickness of the material;

• The plates may be positioned either to a user-defined thickness, or using auto thickness,
in which the instrument automatically moves to establish contact with the sample;

• Thermocouples are attached directly to the sample surfaces, eliminating the impact
of interface resistance, and improving the measurement accuracy for higher thermal
conductivity samples (up to 2.5 W/mK).

A Fox200 instrument was used in this research to determine thermal conductivity
of blocks used for building a real-sized wall in a test chamber built inside the laboratory.
Three samples were tested in instrument and external thermocouples were used (Figure 4).
The surfaces of the test specimens were plane (sandpapering, cutting, and grinding are
used), so that close contact between the specimens and the working surfaces could be
obtained. After the determination of the mass of the specimen(s), they were conditioned
to a constant mass in a ventilated oven at a temperature of 105 ◦C. After conditioning
to a constant mass, the specimen(s) was cooled and stored in a sealed polyethylene bag.
The specimens were removed, weighed, and installed in the apparatus immediately be-
fore testing. Measurements were conducted in compliance with ISO 8301:1991 Thermal
insulation–Determination of steady-state thermal resistance and related properties–Heat
flow meter apparatus. Measuring results are presented in Table 3.
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Based on the results shown in Table 3, the thermal conductivity (λ) for concrete with
RB and EP aggregate was 0.3789 W/(mK), and is in accordance with thermal conductivity
of lightweight concretes. It is determined as an average value of thermal conductivity
of all three samples. A lower coefficient of thermal conductivity indicates better thermal
properties of concrete with RB and EP, as well as improved fire resistance. Notably, the
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slow rate of conductivity (heat transfer) enables concrete to act as an effective fire shield,
not only between adjacent spaces, but also to protect itself from fire damage [25]. Previous
research of concrete with RB aggregate also showed an improvement in fire resistance [26].
However, to confirm this advantage for masonry RB-EP blocks, testing the fire resistance of
blocks is necessary. The values in Table 3 are given for the dry environmental conditions;
when using these values in an analysis of the thermal properties of blocks, they should be
calculated and converted into a designed coefficient of thermal conductivity independent
of the actual state of humidity and temperature.

Table 3. Thermal conductivity of RBC-EP blocks–measurement results.

Values Sample 1 Sample 2 Sample 3

Setpoint Upper Plate 15.00 ◦C 15.00 ◦C 15.00 ◦C

Setpoint Lower Plate 25.00 ◦C 25.00 ◦C 25.00 ◦C

Results Average-Thermal conductivity [W/mK]
Temperature Average 20 ◦C 0.3817 0.3807 0.3835

Results Average - Thermal conductivity [W/mK]
Temperature Average 15 ◦C 0.3787 0.3773 0.3800

Results Average-Thermal conductivity [W/mK]
Temperature Average 10 ◦C 0.3762 0.3743 0.3776

Average value of Thermal conductivity [W/mK] 0.3789 0.3774 0.3804

3. In Situ Measurements
3.1. Introduction

Research in laboratories is often performed with a guarded hot-box device, where
two isolated chambers, one with a temperature-controlled cold chamber, and the other
with a hot enclosure regulated in temperature or flow [27,28]. Research presented in this
paper was performed in the test building, which was built inside an unheated laboratory.
This made it possible to simulate not only outside temperature conditions during the
measurements of walls U-values, but also compliance with the restrictions imposed by
the standards. Those are unfavorable weather conditions—wind, solar radiation, and
precipitation, which are discussed in next chapters. The two longer opposite sides of the
building were constructed of 30 cm thick concrete thermal blocks, thermally insulated
with 10 cm of expanded polystyrene, while the other two opposite sides of the building
were constructed in a way that allowed for testing and alternating placement of differ-
ent wall elements. In this research, a wall constructed of concrete blocks with recycled
brick aggregate was analyzed, with consideration made to its thermal properties. Firstly,
measurements were conducted on the wall without isolation, presented in Figure 5, and
afterwards with isolation constructed from mineral wool (MW). In situ measurements
included the measurement of test chamber airtightness, application of infrared thermogra-
phy method on the wall, and measurements of the wall U-value through the standardized
heat flow meter method (HFM) and non-standardized temperature-based method (TBM),
which is currently being thoroughly investigated at the Faculty of Civil Engineering and
Architecture, Osijek.

3.2. In-Situ Measurement of Airtightness and Infrared Thermography Method

When measuring the airtightness of buildings, a blower door method is used to find
the relation between the pressure difference over the building envelope, ∆P [Pa], and the
airflow rate through the building envelope, Q [m3/h] [29].
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Measurements were performed to find typical air leakage places, which can negatively
influence measurements of wall U-value; those places were found and straightened out
to avoid unnecessary and unwanted heat loss through the wall. Leakages were found
at the junction of the ceiling and floor of the examined wall, at the penetrations of the
electrical installations through the walls, and leakages were found around and through the
door. Airtightness in this research was measured by using a Minneapolis Blower Door, in
accordance with EN ISO 9972:2015 [30], Method 1—the test of the building in use with the
natural ventilation opening being closed, and the whole building mechanical ventilation or
air conditioning opening being sealed (Figure 6). All experiments’ results and measurement
values were acceptable, as they fulfil EN ISO 9972:2015 criteria, which requires that [31]:

• All windows, doors, and trapdoors on the envelope are closed;
• Ventilation openings in the envelope for natural ventilation are closed;
• Openings for whole building mechanical ventilation or air conditioning are sealed;
• Other intentional openings in the envelope including intermittent use mechanical

ventilation or air conditioning shall be closed;
• Small temperature differences;
• Low wind speeds (wind speed near the ground exceeds 3 m/s, or the meteorological

wind speed exceeds 6 m/s).
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The first airtightness measurement result was n50 = 10.23 h−1, thus improvements of
places where leakages were found were required. Those places in the test chamber and the
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wall itself were detected by using a smoking pen during the test. The second airtightness
measurement result was n50 = 5.19 h−1 and was measured on non-insulated wall. The
third airtightness measurement result was n50 = 4.98 h−1 and was performed on a wall
insulated with mineral wool. From the first to the third measurement, the test chamber was
heated from the inside. The difference between the second and third measurements can be
explained by the fact that materials tend to expand due to exposure to high temperatures,
and therefore seal smaller leakage areas, and by the fact that during the installation of
thermal insulation, smaller cracks and openings were sealed.

The application of infrared thermography (IRT) in thermal diagnostics was com-
mercialized in the 1990s [32]. IRT in building sector is used to qualitatively evaluate
buildings and detect defects, [33] such as the thermal bridges applied in this research.
Those defects were places where air leakage typically occurs [34–37], cracks [38], insula-
tion continuity [35,39], thermal bridges [35,40,41], plaster detachment [42], moisture and
condensation [36,38,43–45], delamination [38,46], defective services [39], and as a support
when conducting thermal transmission measurements, with respect to the location of the in-
strument sensors [47–49]. It is important to avoid these places (or to remediate them) when
placing sensors used in this research; these are the sensors used by the heat flow method
(HFM) and temperature-based method (TBM) for estimating the thermal transmission
properties of the wall.

The data required to carry out an IRT investigation include the emissivity factor, the
reflective temperature, the atmospheric temperature, and relative humidity, while the
temperature difference between the interior and the exterior of the investigated building is
expected to be at least 10 ◦C [50].

When applying IRT, the investigated object should be in a steady-state condition to be
free of disturbing influences. However, the building envelope is exposed to permanently
changing meteorological conditions, and steady state conditions are seldom, if ever, met.
IRT on external building elements should be performed either at night or during a cloudy
day; this was found to be important in order to avoid the problem of temperature increase,
which occurs as a result of the incident solar radiation, and the impact from the absorbed
solar energy, which presents a time lag of a few hours [32]. Additionally, measurements
should be carried at low wind speeds in order to minimize as much as possible the
influence of convective heat losses [32]. Stated requirements were completely met in this
research, since the test chamber was built inside an unheated laboratory—there was no
solar radiation nor uncontrolled air flow inside the laboratory. A thermal imager Testo 882
was used in this research.

3.3. Measurements of the Thermal Transmission Properties

HFM is a non-destructive, standardized method used for estimating the thermal
transmission properties of building elements. The HFM method is suitable for building
elements perpendicular to the heat flow which have no significant lateral heat flow [48].
According to ISO 9869-1:2014 [48], the U-value measurement procedure is based on direct
measurement of the heat flow rate and temperatures on both sides of the element under
steady-state conditions. ISO 9869-1:2014 [48] proposes that measurements are conducted
for at least three days to estimate the U-value of the element. Finally, when conducting
measurements, the temperature difference should be greater than 10 ◦C, and should remain
as constant as possible [51]. In this research, an instrument heat flux plate HFP01 sensor
for heat flux measurement was used. Two sets of sensors were used to improve accuracy
of measurements.

TBM is a relatively new and simple non-standardized method used to conduct in situ
measurements of the U-value. The methodology behind this method is based on Newton’s
Law of cooling, which states that the heat transfer rate is proportional to the temperature
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difference between a body and its surroundings and the area of the surface [52]. The
U-value is calculated by using the following equation [52]:

U = hi
Ti − Tsi
Ti − Te

, (1)

where hi is the internal surface heat transfer coefficient, Ti is the indoor air temperature, Tsi
is the indoor surface temperature, and Te is the external air temperature.

The main difference between TBM and the standardized HFM method relates to the
way that the heat flux is determined. When conducting the HFM method, all parameters
required to obtain the U-value are measured directly, and when TBM is employed, the
heat flux is approximated by measuring the inside, outside, and inside wall surface tem-
peratures [53]. In this research a Testo 435-4 instrument was used. The method is used to
compare results with standardized method and theoretical values, since one of the research
projects conducted at the Faculty is directed toward improvement of this method, and of
its wider usage in practice.

4. Discussion

Since in situ U-value measurements must be conducted under a minimum temperature
difference (the temperature difference should be greater than 10 ◦C) between the indoor
and outdoor environment, the heating device was installed inside the chamber. Using
the heating device, a minimum of 15 ◦C difference in temperature between indoor and
outdoor was achieved during the measurement. The TFM method and TBM (Figure 7)
were used to determine the U-values of the wall. To avoid the positioning of the sensors
near by the thermal bridges and cracks, IRT was used (Figure 7). The upper IRT image in
Figure 8 was taken during a cooling period (autumn/summer) to detect areas that should
be avoided when placing instruments sensors, and the lower IRT image was taken during
cooling period (winter). The upper image is on a wall without thermal insulation, and the
lower one is a wall insulated with mineral wool. A heating and cooling device was used to
obtain the minimal temperature difference required (15 ◦C) or higher.
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Results presented in this chapter are for the period January 10th to March 24th,
with a sampling interval of 10 min for measured data. The first set of measurements
was conducted on a wall without thermal insulation (January 10th–February 14th), and
a second set of measurements was performed on a wall insulated with mineral wool
(March 10th–March 24th). The heating was turned on four months earlier, due to another
testing, but in this case to also minimize the effects of the wall’s thermal storage. The
average outside temperature for the first measurement period was 0.19 ◦C, inside 28.09 ◦C,
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which makes the average temperature difference during measurements of 27.90 ◦C. During
the second measurement period, the average outside temperature was 29.86 ◦C, average
inside temperature 9.15 ◦C, and the average temperature difference during measurements
was 20.70 ◦C.
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The results of the tested wall regarding in situ U-values obtained by measurements
and theoretical U-values according to international standard ISO 6946:2017 are given
in Table 4. Thermal conductivity of the blocks for theoretical calculations was used as
described in previous chapter—the value measured in a laboratory by using a heat flow
meter instrument. The simplification in calculation of theoretical values may contribute
to the lower experimental U-value results for the uninsulated wall, and vice versa for the
insulated wall.

Table 4. An overview of results in situ U-values obtained by measurements and theoretical U-values.

Wall Type
Measurement

Period

HFM Method
Sensor Set 1

HFM Method
Sensor Set 2 TBM Theoretical

U-Value

U [W/m2K]

Uninsulated wall composition:
1 cm thick plaster (λplaster = 1.000 W/mK)
12 cm thick wall (λblock = 0.3789 W/mK)

10.1.2020.–
24.1.2020. 1.740 1.782 1.363 2.01

Wall with thermal insulation composition:
1 cm thick plaster (λplaster = 1.000 W/mK)
12 cm thick wall (λblock = 0.3789 W/mK)

10 cm thick insulation (λMW = 0.035 W/mK)

10.3.2020.–
24.3.2020. 0.516 0.465 0.457 0.30

Difference in values on uninsulated and insulated wall [%] 70% 74% 66% 85%
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Graphical presentation of the measurement results is rendered in Figures 9 and 10 for
two wall types—an uninsulated wall, and a wall with thermal insulation. Results in the
Figures are given for both HFM sensors and for TBM.
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Figure 9. Measured U-values for a wall without thermal insulation for the period January 10th–February 14th.
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Although differences in experimental and theoretical U-values are noticeable, a reduc-
tion in the U-value of insulated walls compared to uninsulated ones is similar regardless
of the determination method used for obtaining the U-value. Graphs in Figures 9 and 10
show how both experimental methods have the same trend of U-value shift during the
measurement, which is especially evident when considering an insulated wall. Preliminary
results of testing TBM in this research suggests that method is appropriate for isolated
walls, and for uninsulated walls the correction factor is probably needed, and should be
further investigated. Finally, to better understand the thermal characteristics of a wall
constructed with masonry blocks consisting of self-compacting concrete with recycled
crushed brick and ground polystyrene as an aggregate, a comparison of thermal properties
with standard building materials used and found on the market was according to values
from [54]:

• hollow blocks made of lightweight concrete (HBLC), λ = 0.3700 W/mK;
• hollow concrete blocks (HCB), λ = 1.4000 W/mK;
• hollow clay blocks (HCLB), λ = 0.4800 W/mK.

Thermal conductivity values (W/mK) of those materials were taken from [48].A com-
parison of thermal conductivity values and other material properties between commonly
used blocks on the market and new masonry blocks with recycled clay brick is presented
in Table 5. Since block dimensions and weights vary, for more clear insight to different
weight properties, the last column presents the overall weight of a wall that has a cubic
shape, with a side length of 1 m.
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Table 5. Comparison of properties between commonly used blocks on the market and new masonry blocks with recycled
clay brick.

Type of Block–Vertical
Hollows Dimensions (mm)

Normalized
Compressive Strength

f b (MPa)

Thermal
Conductivity

(W/mK)

Weight
(kg/unit)

Overall Mass
of 1 m3 of Wall

(kg)

Hollow clay blocks
(HCLB) 250 × 190 × 190 6.51 0.4800 14 1554

Hollow blocks made of
lightweight concrete

(HBLC)
625 × 200 × 100 2.60 0.3700 10 800

Hollow concrete blocks
(HCB) 200 × 200 × 400 6.50 1.4000 17 1071

Concrete with recycled
crushed brick and ground

polystyrene (RBC-EP)
190 × 120 × 90 2.99 0.3789 2.50 1220

Hollow blocks consisting of lightweight concrete have thermal conductivity very
similar to RBC-EP blocks presented in this research, as was expected, since RBC-EP concrete
was categorized as lightweight concrete in previous research [5]. The other two materials,
hollow concrete blocks and hollow clay blocks, obtain thermal conductivities that are
most often to be found when building—they do not have ingredients that improve their
thermal properties. For selected materials, two theoretical analyses were performed, for
uninsulated walls and for insulated walls. Results are presented in Table 6. The most
interesting in this comparison is the fact that, after applying a thermal insulation of MW
10 cm thick, all U-values tend to get very similar, approximately 0.30 W/m2K which is, in
Croatia, the maximum allowed value when constructing new or retrofitting old buildings.

Table 6. Comparison of theoretical U-values of uninsulated and insulated walls when using different
types of building materials.

Wall Type Masonry
Wall–RBC-EP Block

Masonry
Wall–HBLC

Masonry
Wall–HCB

Masonry
Wall–HCLB

Theoretical U-Value
[W/m2K] for

Uninsulated Wall
2.01 1.98 3.76 2.33

Theoretical U-Value
[W/m2K] for

Insulated Wall
0.30 0.30 0.32 0.30

5. Conclusions

This study investigates the thermal performance properties of real size wall made
from new hollow masonry RBC-EP blocks by using experimental testing of materials used
for building a wall and the wall itself, and a theoretical calculation of U-values as a main
parameter for describing the thermal performance properties. The following conclusions
can be drawn from presented research:

• RBC-EP blocks comply to set goals of lower density, stiffness, and strength, combined
with robustness and compactness, thus showing potential as an infill material for
steel frames;

• The desired structural behavior of steel frames infilled with RBC-EP blocks was exper-
imentally tested and verified—infilled frames showed high ductility and robustness,
along with increased strength and stiffness compared to bare steel frames, while, at the
same time, preserving the frame from stronger detrimental effects typical for common
masonry infill;
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• Thermal conductivity of RBC-EP is 0.3774 W/mK, which is similar to lightweight concrete;
• Thermal properties of RBC-EP blocks are better than the thermal properties of com-

monly in use, HCB and HCLB, and are similar to HBLC;
• Using new hollow masonry RBC-EP blocks does not affect a building’s airtightness

values in negative way;
• To avoid the placement of sensors near by the thermal bridges and cracks, IRT should

be employed;
• The results of testing TBM in this research suggest that the method is appropriate for

isolated walls;
• The experimental heat transfer coefficient of wall constructed with blocks is from 1.363

up to 1.782 W/m2K for an uninsulated wall, and the theoretical value is 2.01 W/m2K,
which is better compared to hollow concrete blocks and hollow clay blocks.

Although there are similar lightweight concrete blocks, hollow normal concrete blocks,
and hollow clay blocks on the market, the utilization of recycled crushed clay brick and
EPS for the hollow concrete masonry block led to a lower carbon footprint, and their man-
ufacture reduces industrial waste and natural resources consumption. The experimental
research showed that the use of recycled clay brick and EP as a replacement for natural
aggregate in concrete positively influenced the thermal conductivity of concrete. The lower
content of cement and usage of recycled clay brick and EP leads to natural resource savings
and reduces the mechanical properties. On the other hand, the lower mechanical properties
may be suitable for application in infilled steel frames, as was explained above. Further
research should be directed towards proving financial, economic, and ecological benefits of
the presented new hollow masonry RBC-EP blocks. Moreover, research shows the potential
of further development of TBM used for measuring U-values, and should be tested on
walls constructed from different types of masonry blocks on uninsulated and insulated
walls, since it is cheaper and easier to use compared to HFM.
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