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Abstract: The thermal behavior of three different walls, made with and without by-products, is
assessed by means of the Finite Element Method, aiming to evaluate its performance in terms
of the sustainable construction of the blocks. Results were compared to those obtained from an
experimental campaign, aiming at validation of the model. The by-products used for the blocks were
“lime sludge” and “sawdust”, whose performance was compared against the traditional blocks made
of concrete as a reference, aiming to demonstrate its sustainability, showing decreases of the thermal
transmittance up to 10.5%. Additionally, following the same methodology, the thermal behavior of
these above-mentioned blocks but now with added internal insulation made of “recycled cellulose”
was assessed, showing higher decreases up to 25.5%, increasing sustainability by addressing an
additional reduction in waste, so the right combination of using by-products and the insulating
filler in their cavities has been revealed as a promising way of optimizing the walls, offering a
relevant improvement in energy savings. Finally, when comparing the U-values of the blocks made
of concrete without insulation versus those made of by-products, with insulation, improvements up
to 33.3% were reached. The adaptation of the procedure through a moisture correction factor was
also incorporated.

Keywords: by-products; concrete blocks; finite element model; insulation material; sustainable
construction and materials; thermal performance

1. Introduction

The continuous need to minimize energy consumption leading to designing sustain-
able buildings, implies that the correct evaluation of the thermal behavior of all components
of the enclosure is a strict requirement [1,2]. Sustainable buildings are designed to reduce
the overall impact on the environment and human health both during and after construc-
tion. This is accomplished by preserving and protecting the natural resources around the
project site. Since it is not practical to experimentally measure the thermal properties of all
the components and construction systems, it is advisable to use advanced and accurate
methods to reliably predict their thermal performance [3]. From reducing carbon footprints
by using renewable energy, using on-site water treatment plants to minimize waste, to
recycling and building with renewable or waste materials, like bricks, there are still many
ways in which sustainability of the building construction can be improved [4].

These methods allow designers to estimate the energy consumptions associated with
all types of construction systems, e.g., masonry [5,6]. It allows us to select the most ap-
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propriate systems that will provide an efficient and sustainable design reducing this way
the building’s Heating Ventilation and Air Conditioning (HVAC) loads. By designing a
sustainable building method, the use of energy, water, land, and raw materials must be
minimized, reducing emissions, pollution, waste and also the running costs of any build-
ing [7]. A sustainable construction should be energy efficient and cheaper to run, durable,
and made of environmentally friendly materials so waste during the whole construction
period should be considered, for both cost and environmental impact. Sustainable materi-
als are used throughout our industrial economy and can be produced without depleting
non-renewable resources and without disrupting the established steady-state equilibrium
of the environment and key natural resource systems [8].

The Finite Element Method (FEM) has become a common technique in many areas
of engineering and physics [9–11]. The versatility of the FEM lies in its ability to model
structures with arbitrary shapes, work with complex materials, and apply various types
of boundary conditions [12] where it was demonstrated that numerical methods allow
accurate estimation of the thermal behavior of the walls. This method can easily adapt
different sets of constitutive equations, which makes it particularly attractive for physical
simulations in many fields [13–15].

On the one hand, there are several research works [16–20], that reported the application
of thermal-numerical analysis techniques in different types of constructive elements applied
to external walls [21,22] or even looking for comfort conditions inside the building [23,24].
Unfortunately, there is a relatively small amount of previous work [25,26], validating the
numerical analysis by comparing the results of experimental tests with those obtained
numerically [27–29].

On the other hand, the heat transfer process and fluid flow within a wall made of
hollow concrete blocks is a complex task [30], since it occurs by combining the three heat
transfer phenomena, such as conduction, convection, and radiation modes [31,32]. It is
well known that the general heat transfer process from inside a space to the surrounding
environment is composed of several ways: From the inner side to the inner surface of the
wall by convection and radiation, from the inner surface of the wall to the external surface of
the wall through conduction, and from the external surface of the wall to the environment
through convection and radiation ways [33]. While inside, the cavities of the blocks the
heat transfer mechanism is mainly characterized by radiation through the hollow.

In previous studies conducted by [34,35], experimental tests were carried out with
three sample walls (Length × Width × Height) 1190 mm × 190 mm × 1000 mm, by using
three types of blocks 400 mm × 200 mm × 200 mm. Two of the groups of blocks studied
presented a replacement in their components, varying their volume. In the first case, 5%
of the fine aggregate was replaced by sawdust (MS); another was carried out through
a combination of two by-products, in which 5% of the fine aggregate was replaced by
sawdust whereas 15% of the cement was also replaced by lime sludge (MSLM) [36–38].
The third type was the traditional commercial block made of concrete, taken as a reference
model (MREF). For each wall, 15 blocks of each type were used. For the joints, a commercial
mortar formulated with cement, lime, siliceous aggregate, and additive was used; which
complies with the specifications of the UNE-EN 998-1 standard regulation [39].

Using FEM, the predicted thermal behavior of the walls [40,41] was very close to the
one obtained in the experimental tests, regarding the thermal transmittance (U value),
with low differences. Additionally, the use of filling insulation in the cavities of the blocks,
as an alternative way to optimize the thermal behavior of the walls, offers a relevant
improvement in comparison to the same topology of blocks without insulation.

Also, it is important to point out that an additional advantage of using FEM to evaluate
the thermal behavior of concrete blocks is the remarkable reduction of time and effort
involved in the design and construction stages of the walls from the very beginning of the
engineering process.
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2. Aims and Methodology

The main objective of this research is to determine the thermal properties of walls
made of three types of blocks, by means of FEM simulations [42]. These results were
compared to those obtained from experimental tests [34], in order to validate the numerical
model. In addition, the thermal behavior of the blocks was analyzed and compared when
incorporating insulation material in their holes.

For this, two different models were built and later tested for validation purposes,
one of them considering just air in the internal cavities of the blocks and the second one
considering these cavities fully filled with recycled insulation material, aiming to address
the different performances of those typologies, including a moisture correction factor.
Finally, the error treatment was presented demonstrating the reliability and robustness of
the whole process.

3. Experimental Work

The first input data needed to perform the simulations are the thermal conductivity
and the thermal emissivity of the blocks. It was performed by means of Guarded Hot Box
(GHB) experimental test equipment.

3.1. Description of the GHB (THERMO 3 Thermal Cell for Building Materials)

The guarded hot-box device, designed and calibrated according to standard UNE-EN
ISO 8990 [43], consists of 2 isolated chambers, one of them with a temperature-controlled
cold chamber and another one with a hot enclosure equipped with temperature or flow
regulation. The cold chamber makes it possible to simulate climatic conditions both outside
and inside the building, with temperatures that can be regulated from −5 to 20 ◦C. The hot
chamber permits a simulation of the indoor temperature conditions of the building and its
temperature can be regulated from 10 to 30 ◦C. The faces of the wall that are not in contact
with the chambers were fully sealed through wood fiber insulation, aiming to prevent
lateral (parasitic) thermal exchanges. For the experiments, constant temperatures were
maintained on both the hot side (inside of the building) at 20 ◦C and cold side (outside of
the building) at 5 ◦C. Once the steady state was reached, the temperature gradient can be
evaluated, as specified in the standard UNE-EN 8990 regulations [43].

3.2. Evaluation of the Thermal Conductivity of Materials

The Transient Plane Source (TPS) method was used to determine the thermal conduc-
tivity of the specimens [44], in accordance with EN ISO 22007-2 regulations [45]. The test
was carried out with a Hot Disk equipment (Figure 1), model TPS 2500 S, whose main
specifications are shown below in Table 1.

Figure 1. Thermal constants analyzer TPS 2500 S: (a) Hot Disk, (b) sensor.
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Table 1. Main features of the Hot Disk TPS 2500 S.

Thermal Conductivity 0.005 to 1800 W/m K.
Thermal Diffusivity 0.01 to 1200 mm2/s.

Specific Heat Capacity Up to 5 MJ/m3K.
Measurement Time 1 to 2560 s.

Accuracy 1%.
TemperatureRange −253 to 1000 ◦C.

Core Instrument Ambient
With Furnace Up to 750 ◦C [1000 ◦C oxygen free].

With Circulator −35 to 200 ◦C.

Prior to the beginning of the test campaign, three specimens of 100 mm × 100 mm
× 100 mm were cut to obtain two identical samples of 100 mm × 100 mm × 50 mm. The
surfaces in contact with the sensor were sanded to minimize the air intake entrance, and
then dried in the oven at 50 ◦C until a constant weight was reached. Finally, once cooled,
the sensors were placed between the two pieces, and the thermal conductivity was finally
measured. For each specimen, 3 tests were performed in different positions. The tests were
carried out at room temperature reference T0 = 20 ± 2 ◦C, with an initial coefficient of
resistance R = 0.0047 K−1. The sensor measured a heat flow (Q), between 0.06 and 0.17 W,
for a measurement time range (t) of 40–80 s.

The results from the experimental tests were obtained from walls not in moisture-free
conditions. Given that the thermal conductivities of the materials vary depending on the
moisture content, these values were adjusted so that the results are fully comparable.

In addition, the guide of the American Concrete Institute ACI 122R-14 establishes that
a correction of the thermal conductivities of the samples dried in the kiln must be carried
out, in order to obtain practical design values, since the concrete is usually not found in
these conditions at the stage of using it [46]. Accordingly, the thermal conductivity values
of the materials in the dry state were corrected by a moisture factor. Results of the real
thermal conductivity (K) obtained in such conditions are shown below in Table 2 for the
three samples, including the mortar used.

Table 2. Thermal conductivity of materials corrected for moisture.

Material Dry Thermal
Conductivity [W/m K]

Moisture Correction
Factor ACI 122R-14

Corrected Thermal
Conductivity [W/m K]

MREF 1.12 1.22 1.37
MS 0.83 1.25 1.04

MSLM 0.92 1.25 1.15
Mortar 0.70 1.20 0.84

According to this previous guide, a moisture correction factor of 1.22 can be used to
correct the thermal conductivities of concrete with limestone [46]. For the cases of mixtures
with the incorporation of by-products such as “lime sludge” and “sawdust”, a slightly
higher correction factor of 1.25 was assumed, since these types of concrete are more porous
and therefore its content of moisture at the time of the test was slightly higher. It should be
noted that this value is rather modest compared to those suggested by this guide for other
types of concrete (with pumice stone, perlite, vermiculite, fly ash, slag, or coal ash), whose
correction factor is 1.30. Regarding the mortar, this guide establishes a moisture correction
factor of 1.20.

3.3. Evaluation of the Thermal Emissivity of Materials

The method used to determine the thermal emissivity consisted in placing a piece of
insulating tape (with a known high thermal emissivity) in the block and heating the sample
to 40 ◦C. Then, an infrared camera was used and self-adjusted, obtaining a frozen image.
The emissivity was set to a value of 0.95 [47]. The temperature of the tape was measured by
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the isotherm measurement function and was recorded. Finally, the emissivity setting was
changed until the temperature remains constant (stationary state), so the thermal emissivity
was obtained.

The surface aspect of the three samples Model of lime sludge (MSML), Model of
sawdust (MS), and Model of reference (MREF), respectively, are shown below in Figure 2.
It is hard to appreciate the external differences amongst them.

Figure 2. Appearance of the three types of blocks: (a) MSML, (b) MS, and (c) MREF.

4. Building the Numerical Model

The methodology implemented in the finite element analysis [48], considers the
mathematical model of concrete based on the “Drucker-Praguer” model for compression
stresses [49], and the “William & Warnke” model for stresses [50], predicting the failure
modes of the material: Cracking and crushing, and the rest of parameters required by the
DOE (design of experiments) procedure.

The numerical analysis for the evaluation of the thermal behavior of the above-
mentioned three samples was carried out through the commercial software package
ANSYS v. 16© [51] by means of a 2-D simulation, in stationary state [52], because, ac-
cording to previous studies, it was demonstrated that the 2-D analysis, using this software,
accurately reproduces the behavior of the blocks, close to those obtained in a 3-D analysis
for this specific type of polyhedral geometries [53,54].

The calculation method used is provided in the standard UNE-EN 1745 regulation [55].
The model combines the Workbench environment of ANSYS with codes programmed
using APDL (ANSYS Parametric Design Language) the command language for the ANSYS
Mechanical to assessing performance of the blocks.

4.1. Definition of the Geometry

The geometry of the 2-D numerical model was defined considering a row of the wall
analyzed in the Guarded Hot Box experimental test equipment, which consisted of three
pieces joined by a 10 mm thickness mortar. Figure 3 shows the geometry of the row, from
top Figure 3a,b points of view, respectively.

As can be observed, it presents different types of non-rectangular internal holes,
formed by the joints of consecutive blocks and those internals of the blocks itself. The
difference between the areas of the holes in the upper and lower parts is due to the fact
that the internal holes in the blocks present a truncated pyramid shape, with the aim of
facilitating the demolding of the pieces in the manufacturing process.

The geometry of the wall was simplified, in such a way that in the new geometry the
same volumes for both concrete and holes respectively were preserved, with the difference
that in the new geometry all the holes were rectangular, as depicted below in Figure 4.
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Figure 3. Real geometry of a row of the wall, (a) upper view and (b) lower view.

Figure 4. Simplified geometry of the model (mm), (a) plan view of the wall, and (b) sections of the block, with the real
geometry for both upper and lower views (dashed lines) and the representative geometry (solid lines).

The following assumptions were followed:
The equivalent holes will be rectangles defined by a length “b” (in this case for the two

types of holes would be b’ and b”) perpendicular to the heat flow (Q), and by a thickness
“d” (d’ and d”) parallel to the heat flow, as shown below in Figure 5.

Figure 5. Lengths “b” perpendicular to the heat flow, and thicknesses “d” parallel to the heat flow.
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For the case of the internal block holes, due to its real shape, it presents upper (b’sup)
and a lower (b’inf) dimensions, so to determine the final figure b’, the two values were
averaged. Results are shown below in Figure 6.

Figure 6. Real areas and lengths of the internal holes of the blocks, (a) upper view, (b) lower view,
and (c) gap formed by the joint of the blocks.

The thickness of the equivalent hole “d” (d’ and d”) was the resultant of the quotient
of the area of the real hole and the length “b” (b’ and b”) of the equivalent hole. For the case
of the gaps formed by the joint of the blocks, this was not necessary, since b” is constant
for the whole height of the block. The area of the wall gaps were determined from digital
photographs, which were imported into a Computer Aided Design (CAD) software used
for 2-D drawing.

The dimensions used to graph the holes are shown below in Table 3. For this first
analysis, all the holes contained air inside.

Table 3. Final dimensions of the two types of holes.

Dimensions Units Hole of the Blocks Hole between Blocks

Area (S) mm2 14,908.60 3313.98
Length (b) mm 130.50 28.40

Thickness (d) mm 118.36 114.24

4.2. Determination of the Radiation Coefficient Inside the Holes

Aiming to simulate the heat exchange within the cavities, an algorithm was developed
based on a standardized method to calculate the cavity radiation coefficient. This method is
established in the UNE-EN ISO 6946 standard regulation [56], which defines the applicable
expression in the determination of the radiation coefficient for unventilated air holes with
rectangular shapes characterized by a length “b” (perpendicular to the heat flow) and a
thickness “d” (parallel to the heat flow). The radiation coefficient (hr) is given then by
Equation (1).

hr =
hr0

1
E − 1 + 2

1− d
b +

√
1+ d2

b2

(1)

where hr0 is the radiation coefficient for a black surface or body which is given by hr0 =
4σTm

3, where σ is the Stefan–Boltzman constant, [5.67 × 10−8 W/m2 K4]; Tm is the average
thermodynamic temperature of the surface and its surroundings, which for all the cavities
will be taken as Tm= 283 K; and E is the emissivity factor between surfaces that is given by
Equation (2):

E =
1(

1
ε1

)
+
(

1
ε2

)
− 1

(2)

where ε1 y ε2 are the hemispheric emissivities of the surfaces in the confined space. Radia-
tion values for the three block types are shown below in Table 4.
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Table 4. Thermal characterization of the different holes.

Properties Unit Internal Block Hole Joint of Blocks

ε1 = ε2 Dimensionless 0.95 0.94
E Dimensionless 0.89 0.89

hr0 W/m2 K 5.14 5.14
hr W/m2 K 3.42 2.68

4.3. Computational Mesh

The model contains a uniform mesh along to the entire wall, including the joints,
accounting 2119 cells (elements), with an average cell size of 1 mm. The appearance of the
mesh is depicted below in Figure 7. According to previous studies, the meshing scheme
has no practical influence in the accuracy of the thermal calculation, [5,25] but it is strongly
encouraged to use uniform cells with an aspect ratio closer to 1 in order to facilitate the
transfer of information amongst the cells.

Figure 7. Global aspect of the final mesh of the whole model with the empty cavities.

When performing any analysis using a program based on finite elements, it is essential
to select the most appropriate type of elements and attributes, which will depend on
the specifications of the problem. The elements used here were: PLANE77, CONSTA172,
TARGE169, and SURF151 [57]. The first three are created by default and the last one has
been introduced through APDL programming. The element “PLANE77” was used for
the simulation of the solid zones of the block, whereas “CONSTA172” and “TARGE169”
are the elements defining the contact between blocks, defined by a pair of elements, the
named contact and objective elements, respectively. Finally, the element “SURF151” was
used for the outline of the holes. The characteristics of this last element were introduced
through a specific command that allows the specific characterization of those elements.
They present a central node (extra node), acting as a core and transfers the heat to the
surrounding elements, in this particular case to those elements in the contour of the hole.
These nodes were located in the center of each of the holes and are allowed to reliably
simulatinge the heat transfer through the air of the holes as can be seen below in Figure 8.

Figure 8. Representation of all the elements in the model.

4.4. Boundary Conditions

Based on the fundamental physical process and according to the initial conditions
of the experimental test, the following boundary conditions were considered for the sim-
ulation, as established in Annex A of the UNE EN-ISO 6946 Standard regulation [56]:
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• A specific heat flow: q = 40 W/m2 applied on the inner side of the wall.
• An external film coefficient: h = 25 W/m2 K, and an external surface thermal resistance

coefficient R = 0.04 m2 K/W, that is used on the outer faces of the envelope.
• An outside ambient temperature of 5◦C, simulating the same temperature field used

in the experimental test.

The other two surfaces were considered adiabatic, simulating the effect of the in-
sulation around the wall, in the experimental test. All of this is summarized below in
Figure 9.

Figure 9. Boundary conditions of the model.

4.5. Determination of Thermal Properties

The determination of the main thermal properties such as thermal resistance R
(m2 K/W), thermal conductivity K (W/m K), and thermal transmittance U (W/m2 K)
of the wall, were calculated through Equations (3)–(5), respectively:

R =
A · ∆T

Q
=

A · (Th − Tc)
Q

(3)

where A (m2) is the surface of the wall to be tested, ∆T is the temperature difference
between the opposite sides of the wall, Th (K) is the surface temperature of the wall on the
hot side of the wall, Tc (K) is the surface temperature on the cold side of the wall, and Q
(W) is the heat flow through the wall.

K =
e
R

(4)

where e (m) is the thickness of the wall.

U =
1

RT
=

1
Rsi + R + Rso

(5)

where RT is the total thermal resistance, composed of Rsi and Rso which are the resistances
of the inner and outer surfaces, respectively, and finally R, which is the thermal resistance
of each layer. In the case of horizontal heat flow, the standard EN-ISO 6946 regulation [56]
establishes, in Section 5.2, the values for Rsi = 0.13 m2 K/W and Rso = 0.04 m2 K/W,
respectively.

5. Results and Discussion
5.1. Model with Empty Cavities

Figure 10 depicts the temperature field distribution for the three types of blocks
studied (hot side on the right and the cold side on the left).
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Figure 10. Temperature distribution for the walls without insulation: (a) MREF, (b) MS, and (c) MSLM.

It allows for identifying the thermal bridges of the block walls, which are found to a
greater extent both in the area where two blocks meet but also in the transverse partitions
of the blocks itself and therefore the insulating effect of the cavities is broken severely in
such zones.

On the contrary, in the surfaces around the midpoint of the cavities, on the inside part
of the wall, a greater insulation effect is observed due to the presence of the cavities (holes),
since the heat transfer decreases, in a different way for each type of wall. Table 5 below
shows the minimum, maximum, and averaged temperatures of the three walls obtained in
the simulation for both cold and hot sides, respectively.

Table 5. Temperatures obtained from the numerical analysisfor the block walls without insulation
(model).

Wall Temperature (◦C)
MREF MS MSLM

Avg. Min. Max. Avg. Min. Max. Avg. Min. Max.

Hot side 18.1 17.4 18.8 20.3 19.5 21.1 19.5 18.7 20.3
Cool side 6.7 6.3 7.0 6.7 6.3 7.0 6.7 6.3 7.0
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5.2. Error Treatment

Table 6 presents a summary of the temperatures obtained in the full-scale tests.

Table 6. Temperatures obtained through the experimental tests for the block walls without insula-
tion (experim).

Wall Temperature (◦C)
MREF MS MSLM

Avg. Min. Max. Avg. Min. Max. Avg. Min. Max.

Hot side 19.2 17.6 19.3 19.6 18.4 20.7 19.4 19.1 19.9
Cool side 7.3 6.8 7.9 7.5 7.1 8.1 7.3 7.2 8.1

When comparing such temperatures with those calculated through the numerical anal-
ysis (see Table 5 above), it can be seen that the difference between the measurements and
the simulations can be considered negligible, so the numerical model could be considered
fully validated.

Besides, the results of thermal resistance, thermal conductivity, and U-value of the
walls, obtained by FEM (simulations), as well as those obtained with the Guarded Hot Box
(measurements), are shown in Table 7.

Table 7. Thermal resistance, conductivity, and transmittance of the walls obtained from the simula-
tions (model) compared to the values from the experimental tests (experim.).

Wall Type
R (m2 K/W) K (W/m K) U (W/m2 K)

Model Experim. Model Experim. Model Experim.

MREF 0.29 0.27 0.66 0.69 2.19 2.26
MS 0.34 0.33 0.55 0.60 1.96 2.05

MSLM 0.32 0.30 0.59 0.63 2.04 2.10

MS and MSLM present lower values for thermal transmittance (U) than the MREF,
with the lowest values being reached at the MS wall.

Likewise, it can be observed that the U-values obtained in the numerical analysis
(model) were slightly lower than the results measured (experim.), with a small difference
ranged between 2.9% and 4.4%.

Based on these results, it can be concluded that the finite elements model reproduces,
with enough precision, the heat transfer mechanism in the walls. Other studies, such as
Principi and Fioretti [23], found this difference around 7% whereas Ghazi and Tanner
found it up to 5% [26].

Performing a 3-D analysis and considering then the horizontal mortar between the
courses, as well as the excess of mortar that is found in the cavities of the blocks, [26] it will
generate higher thermal bridges, which slightly reduces the volume of the cavities and
would result in a wall with less thermal resistance, given that the mortar would essentially
provide less thermal resistance to the wall than the air itself in the cavities. However,
estimating the volume of excess of mortar can be a very complex task since it isa manual
technique so it would become a random error. The excess of mortar will depend on both
the force applied when striking the blocks and the weight of the block itself, in this case
being different for the three block types analyzed.

Other aspects that could have slightly influenced the difference of the results were: The
moisture correction factors of the blocks used, and the simplified calculation with which
the radiation coefficient of the wall gaps was determined due to the fact that the block
holes constitute an important portion of the total volume of the whole block. Additionally,
the geometric approximation that was made in the holes could have had an influence, since
the holes present slightly truncated pyramid geometry, and in the numerical simulation,
the thickness of the block was considered constant although the estimated error was
considered negligible.
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5.3. Model with the Cavities Filled with InsulationMaterial

In this section, a second analysis was performed, consisting of the incorporation of
insulation material inside the cavities of the blocks [58]. This technique was already studied
by some authors [23,59,60], where a significant improvement in the thermal behavior of
the blocks was achieved. Although it presents an added cost, it has the key advantage of
greater ease of execution of the enclosures. This, in turn, means a saving in thethickness of
the walls, with no need of additional layers, but also savings in the time of execution for
the construction of the whole wall.

Based on these premises, a numerical analysis was carried out in parallel, aiming to
study the thermal response of the three walls with blocks whose holes were now filled with
insulating material. In this case, heat transfer by convection and radiation mechanisms in
the holes were replaced by conduction mode between the different materials [61,62]. The
thermal behavior of these blocks with the added internal insulation was evaluated and
compared against the results obtained with the numerical method in the previous section.

For the analysis, recycled cellulose fibers were considered as insulation material,
whose average density and thermal conductivity were 0.04 g/cm3 and 0.030 W/m2 K,
respectively. The reason for its selection is that this type of so called “eco-composites”
presents very good performance in terms of water absorption, strength, toughness, and is
available in the market in two different ways, as panel or blown on site. It was also chosen
since it is a sustainable raw material (by-product destined to waste), with an affordable cost
and easy application, compared to foams presenting similar values of thermal conductivity
but that are not sustainable materials.

The computational mesh was formed by 4239 elements, as now the cavities must also
be meshed. Once again, a sensitive mesh analysis was performed, so the final selected
mesh also presented an average cell size of 1 mm, aiming to offer comparable results with
the previous cases simulated without insulation. The appearance of the selected mesh can
be seen in Figure 11.

Figure 11. Global aspect of the mesh of the model with insulation inside the cavities.

The elements used for this case were: PLANE77, CONSTA172, and TARGE169 re-
spectively. The element “PLANE77” was used for the solid zones of the wall (block and
insulation, respectively), while the elements “CONSTA172” and “TARGE169” were used
to define the contact between the different materials (see Figure 12).

Figure 12. Representation of the elements in the wall.

Figure 13 below shows the temperature field obtained in the new simulations, with
the imposed conditions. The highest values in the hot zones are reached by MS wall
type, while once again, the lowest ones are for the MREF, showing the real effect of
the insulation material over the different types of walls tested here. Compared to those
previously obtained for the walls without insulation, as were shown in Figure 10, the
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differences are quite remarkable, and will be discussed later in detail, as the model was
considered fully validated.

Thermal bridging in these walls with insulation clearly diminish and reveal a more
uniform shape due to the continuity solution of the filling material together with the ribs
of the block itself, but compared to the results obtained for these walls without insulation,
as were previously shown in Figure 10, on the internal walls of the block it is clearly
appreciated how a thermal bridge occurs in that area, as it is a less insulating material.
Differences are quite remarkable with maximum temperatures of the order of 19 ◦C for the
cases of non insulating walls (Figure 10) whereas almost 29 ◦C was reached for the cases of
internal insulating walls (as can seen below in Figure 13).

In this figure, it does not stand out visually as would have been expected, but the color
scale selected was the one offering the best possible resolution in the transition between the
hot and the cold zones, so it can be concluded that the sustainable effect of the additional
insulation placed inside the blocks is clearly addressed in this study when compared with
the same blocks but without insulation for the same external temperature conditions. This
experiment can be fully applied to different external conditions.

1 
 

 Figure 13. Temperature distribution for the walls with insulation: (a) MREF, (b) MS, and (c) MSLM.

Table 8 highlights average, minimum, and maximum temperatures recorded for the
three types of blocks studied here. As had happened in the previous analysis, the thermal
bridges of the walls of blocks with insulation were found in the area where two blocks
meet, but also in the transverse partitions of the block.
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Table 8. Temperatures obtained with the thermal-numerical analysis, for the walls of blocks filled
with insulation.

Wall Temperature (◦C)
MREF MS MSLM

Avg. Min. Max. Avg. Min. Max. Avg. Min. Max.

Hot side 22.7 21.4 24.0 27.3 25.7 28.9 25.5 24.0 27.0
Cool side 6.7 6.1 7.3 6.7 6.1 7.3 6.7 6.1 7.3

The comparative figures of thermal resistance, thermal conductivity, and U-value for
all cases obtained from the simulations are shown in Table 9.

Table 9. Thermal resistance, thermal conductivity, and U-value of the walls with and without
insulation, obtained from the simulations.

Wall Type

R (m2 K/W) K U (W/m2 K)

With
Insulation

Without
Insulation

With
Insulation

Without
Insulation

With
Insulation

Without
Insulation

MREF 0.40 0.29 0.475 0.664 1.75 2.19
MS 0.52 0.34 0.369 0.557 1.46 1.96

MSLM 0.47 0.32 0.404 0.591 1.56 2.04

As can be seen, the incorporation of by-products improved significantly the U-values
up to 10.5% (MS) and 6.84% (MSLM) with regard to the MREF. Additionally, the insulation
in the walls with MREF improved the U-values by 20% compared to the same type but
without isolation, while MS and MSLM walls with insulation greatly improved the values
by 25.5% and 23.5%, respectively, compared to the same typology without isolation. When
comparing the U-values of the MS and MSML walls with insulation, with respect to the
MREF wall without isolation, the optimization was much more noticeable, being 33.3%
and 28.8%, respectively. It should be emphasized that, of said improvement percentages,
almost one-third corresponds to the new blocks made with by-products.

It should also be noted that, although the walls made of blocks with insulation on
the interior side of the wall present lower U-values than the walls made of blocks without
insulation, the latter exceed the maximum values allowed by the Spanish regulation, so-
called “Technical Code for building” (CTE) [63], which will also require the placement of
an additional layer of thermal insulation as part of the components of the whole façade.
Thus, the labor cost for the placement of the insulation inside the blocks would greatly
compensate the increase in the cost of such additional layer in walls made of block without
insulation. In summary, this technique could increase the useful internal volume, by
reducing the thickness of the façade itself.

6. Conclusions

Aiming to optimize sustainable construction solutions associated with building enclo-
sures, the use of waste materials or by-products has been increasingly incorporated into the
construction process, and so in this study, a numerical model was built and validated by
using the Finite Element Method (FEM), in order to evaluate the thermal behavior of walls
made by different type of blocks. From the results obtained in this research, the following
conclusions can be drawn:

• The numerical analysis allows to accurately predict the thermal behavior of the walls, in
good agreement with experimental values obtained through a guarded hot-box device,
with differences of the U-values in the range of 2.9–4.4% that are certainly negligible.

• This procedure will contribute to the reduction of time and effort involved in the
optimization of the walls. This means that it can be implemented especially since the
conceptual design stage.
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• It has also been demonstrated that incorporating by-products (waste material) of low
thermal conductivity represents a clear improvement in the thermal performance
but also means a reduction in the cost, aiming sustainable building procedures. In
this study, walls made of two different types of blocks were studied, such as: “lime
sludge” (MSLM) and “sawdust” (MS), respectively, whose results were compared to
those blocks made by the traditional concrete (MREF), showing great decreases of the
U-values up to 10.5% for the case of the MS.

• Additionally, the use of insulating filler in the cavities of these blocks, with material
made of “recycled cellulose”, as an alternative way to optimize the thermal behavior
of the walls, indeed offers a relevant improvement compared to the outcomes of walls
made of blocks of the same typology but without insulation, improving the U-values
up to 25.5% this time also for the case of the MS.

• Finally, when comparing the U-values of the MREF without insulation with those
cases with insulation corresponding to the blocks made of by-products, significant
improvements up to 33.3% (once again for the case of the MS) were reached.

• MS was revealed as a promising sustainable material for building block walls in terms
of energy savings.
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Abbreviations
The following abbreviations are used in this manuscript:

A Area of the wall (m2)
Avg Average
ACI American concrete institute
APDL ANSY parametric design language
CAD Computer aided design
CFD Computational Fluid Dynamics
CTE Technical code for building
DOE Design of Experiments
d Thickness of the block (mm)
e Thickness of the wall (m)
E Emissivity factor
FEM Finite Element Method
GHB Guarded Hot Box
h Film coefficient (W/m2 K)
hr Radiation coefficient (W/m2 K)
hr0 Radiation coefficient for a black surface (W/m2 K)
HVAC Heating Ventilation and Air Conditioning
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K Thermal conductivity (W/m K)
L Length (mm)
MSLM Model of lime sludge
MREF Model of reference
MS Model of sawdust
Q Heat flow (W)
q Specific heat flow (W/m2)
R Coefficient of thermal Resistance (m2 K/W)
S Area of the blocks (mm2)
t Time (s)
T Temperature (◦C)
Tm Average thermodynamic temperature
TPS Transient Plane Source method
U Thermal transmittance (W/m2 K)
∆ Length Scale
σ Stefan-Boltzmann constant, (5.67 × 10−8 W/m2 K4)
ε Hemispheric emissivity
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