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Abstract: Energy production still relies considerably on fossil fuels, and the building sector is a ma-
jor player in the energy consumption market, mainly for space heating and cooling. Thermal bridges
(TBs) in buildings are very relevant for the energy efficiency of buildings and may have an impact
on heating energy needs of up to 30%. Given the high thermal conductivity of steel, the relevance
of TBs in lightweight steel framed (LSF) components could be even greater. No research was found
in the literature for evaluating how important the size and shape of steel studs are on the thermal
performance of LSF building elements, which is the main objective of this work. This assessment is
performed for the internal partitions and exterior facade of load-bearing LSF walls. The accuracy of
the numerical model used in the simulations was verified and validated by comparison experi-
mental measurements. Three reference steel studs were considered, six stud flange lengths and four
steel thicknesses were evaluated, and five flange indentation sizes and four indent filling materials
were assessed, corresponding to a total of 246 modelled LSF walls. It was concluded that the R-
value decreases when the flange length and the steel studs’ thickness increases, being that these
variations are more significant for bigger flange sizes and for thicker steel studs. Additionally, it
was found that a small indentation size (2.5 or 5 mm) is enough to provide a significant R-value
increase and that it is preferable not to use any flange indentation filling material rather than using
a poor performance one (recycled rubber).

Keywords: thermal performance; thermal bridges; lightweight steel frame; LSF; partition walls;
facade walls; stud flanges size; stud flanges shape

1. Introduction

The building sector is very relevant in the energy consumption market. In fact, in the
European Union (EU), almost 50% of final energy consumption is used for heating and
cooling, of which 80% is used in buildings [1]. Therefore, the EU countries are trying to
achieve ambitious energy and climate goals which are linked to the Union’s efforts to
renovate its building stock by giving priority to energy efficiency [1], as well as consider-
ing deployment of renewable energy sources [2].

Thermal bridges (TBs) in buildings are very relevant for energy efficiency and the
thermal behavior of buildings, and may have an impact on heating energy needs of up to
30% [3]. Several researchers addressed this issue on traditional reinforced concrete (RC)
and masonry brick walls. Theodosiou and Papadopoulos [4] evaluated the impact of TBs
on the energy demand of buildings with double brick wall constructions in Greek build-
ings and concluded that the thermal losses are, in practice, up to 35% greater than those
predicted during the design stage. Al-Sanea and Zedan [5] concluded that mortar joints
act as TBs in insulated building walls, increasing the transmission loads by 103%, while
decreasing the R-value by 51%. More recently, Jedidi and Benjeddou [6] also evaluated
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the effect of TBs on the heat balance of buildings, referring that TBs account for up to 40%
of total heat losses and highlighting their importance in an increased risk of condensation
and mold growth, especially when the relative humidity is higher (around 80%). This fea-
ture was recently evaluated in situ for hot-humid climate regions for typical lightweight
steel framed (LSF) wall assemblies by Zhan et al. [7].

The LSF construction system is proliferating worldwide, given their advantages,
such as [8]: small weight with high mechanical strength; speed of construction and re-
duced disruption on-site; great potential for recycling and reuse; high architectural flexi-
bility for retrofitting purposes; easy prefabrication, allowing modular construction suited
to the economy of mass production; economy in transportation and handling; superior
quality, precise tolerances and high standards achieved by off-site manufacture control;
excellent stability of shape in case of humidity; and resistance to insect damage.

Obviously, given the high thermal conductivity of steel, the relevance of TBs in steel
structures (e.g., lightweight steel framed —LSF) could be even greater [9], which moti-
vated the attention of many researchers for these issues, regarding: thermal performance
improvement [10,11], flanking thermal losses [12], parametric studies [13-15], analytical
methods to estimate thermal transmittance [16], effectiveness of thermal insulation [17-
19], experimental versus numerical and analytical approaches [20], state-of-the-art re-
views [8], experimental assessment of thermal break strips’ performance [21], develop-
ment of in situ measurements’ methods [22], experimental and numerical characterization
[23] and buildings’ numerical simulations [24]. Moreover, as stated by Angelis and Serra
[25]: “... the correct evaluation of thermal performances of light steel frame walls requires
more complex and detailed analysis than ones necessary for RC and masonry construc-
tions”. In fact, thermal transmittance calculation methods for building elements with in-
homogeneous layers are not suitable for building components with strong thermal heter-
ogeneities (e.g., cold and hybrid LSF elements) [26], which further increases the challenges
related to this research topic.

Several TBs mitigation strategies for LSF elements were assessed by other research-
ers, being that they are the ones most often found in the literature of the reinforcement of
external continuous insulation (ETICS) [14,20], the use of slotted steel studs [10,11,13] and
the use of thermal break strips [13,15,21]. However, no research was found in the scientific
literature on how important the size and shape of the steel studs are on the thermal per-
formance of LSF building elements, such as load-bearing walls.

In this work, the influence of the stud flanges size and shape on the thermal perfor-
mance of load-bearing LSF walls is evaluated for two types of LSF walls: (1) the internal
partition, and (2) the exterior facade. Moreover, three reference steel studs were consid-
ered: (1) C90 spaced 600 mm, (2) C150 spaced 600 mm, and (3) C90 spaced 400 mm. Six
stud flange lengths and four steel thicknesses were evaluated, totaling 144 numerical
models. Additionally, five flange indentation sizes and four indent filling materials were
assessed, corresponding to 102 models. Thus, 246 LSF wall models were computed and
analyzed in this research work. First, after this introduction section, the material and
methods are described, including the walls’ description, the materials’ characterization
and the numerical simulations performed. Next, the obtained results are presented and
discussed, regarding the stud flanges’ size and steel thicknesses, as well as the stud
flanges’ shape and indentation filling materials. Finally, the main conclusions of this work
are presented.

2. Materials and Methods

In this section, the evaluated load-bearing LSF walls are described, including the ref-
erence ones: (1) the internal partition, and (2) the external facade. Moreover, the geometry
of the assessed steel studs is also presented, namely the flange sizes with different steel
thicknesses and the flange shapes with several indentation sizes and filling materials.
Next, the materials considered in this study are characterized regarding their thermal con-
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ductivity and radiation emissivity. After, the numerical simulations performed in this re-
search work are described, including the domain discretization, boundary conditions,
modeling of small, unventilated airspaces and model accuracy verifications and valida-
tion.

2.1. Walls Description

The evaluated load-bearing LSF walls, the reference steel studs, as well as the stud
flanges’ sizes and shapes are displayed in Table 1. The following were assessed: two types
of load-bearing LSF walls (internal partitions and external facades), two reference steel
studs (C90 and C150) and two corresponding studs’ spacing (400 and 600 mm), six stud
flange sizes (23, 33, 43 (ref.), 53, 63 and 73 mm) and four steel thicknesses (1, 1.5 (ref.), 2
and 3 mm), five flange indentation sizes (0 (ref.), 2.5, 5, 10 and 15 mm) and four indent
filling materials (Airl —corresponding to new steel studs, Air2—corresponding to old
dusted steel studs, rubber and aerogel).

Table 1. Evaluated load-bearing lightweight steel framed (LSF) walls, reference steel studs, stud
flanges sizes and shapes.

Parameter Values/Description
Load-Bearing LSF Walls Internal Partition (without ETICS 3)
External Facade (with ETICS 3)
Spacing [mm]

Reference Steel Studs [mm)] C90x43x15x%x1.5 600
C150 x 43 x 15 x 1.5 600
C90x43x15x 1.5 400
Stud Flange Sizes and Steel Thicknesses:
Stud Flange Length [mm)] 23,33,43%,53, 63,73
Steel Thicknesses [mm] 1.0,15% 2.0,3.0
Stud Flange Shapes and Filling Materials:
Flange Indent Dimension [mm] 0% 2.5,5,10,15
Indent Filling Materials Airl *1, Air2 2, Rubber, Aerogel

* Reference values; s—Emissivity; ! Airl —Assuming &eel = 0.23 (new steel studs); 2 Air2— As-
suming &ee; = 0.90 (0ld, dusted studs); ® ETICS —External Thermal Insulation Composite System.

2.1.1. Reference Load-Bearing LSF Walls

In this work, two reference load-bearing LSF walls were considered, and their cross-
sections are illustrated in Figure 1. Both reference LSF walls have structural C-shaped
studs with 90 mm thickness (C90), 43 mm flange width, 15 mm lip return with 1.5 mm
steel sheet thickness. The 90 mm air gap is filled with mineral wool (MW) batt insulation.
On each side of the steel studs there is an oriented strand board (OSB) structural sheathing
panel (12 mm thick). In the inner surface there is an additional gypsum plasterboard (GPB)
sheathing layer (12.5 mm). The external facade LSF wall has an additional External Ther-
mal Insulation Composite System (ETICS), which consists of an EPS panel (50 mm) and a
5 mm thick finishing layer (Figure 1b).
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Figure 1. Reference load-bearing LSF walls.

2.1.2. Evaluated Steel Studs

Several steel studs’ configurations were evaluated, as illustrated in Figure 2. Regard-
ing the flange sizes, besides the reference one (43 mm), two smaller (23 and 33 mm) and
three larger (53, 63 and 73 mm) sizes were considered (Figure 2a). Moreover, three addi-
tional steel sheet thicknesses were considered (1, 2 and 3 mm), besides the reference one
(1.5 mm). Concerning the flange shapes, besides the reference one (flat, i.e., without in-
dentation), four additional ones were evaluated, including 2.5, 5, 10 and 15 mm indenta-
tion sizes (Figure 2b). Additionally, three indentation filling materials were modeled
(rubber, aerogel and air for old dusted steel flanges: ¢ =0.90), in addition to the reference
one (air for new steel shiny flanges: & = 0.23). Notice that the illustrations displayed in
Figure 2 correspond to load-bearing internal partition LSF walls, but the exterior facade
LSF walls have similar steel stud geometry.
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Figure 2. Geometry of the evaluated steel studs.

2.2. Materials Characterization
The materials used in the LSF walls are listed in Table 2, as well as the thickness of

each layer and the corresponding thermal conductivity value. Moreover, Table 3 displays
the thermal conductivity of the solid materials used to fill the steel studs’ flange indenta-
tions. Regarding emissivity values, a value of 0.90 was assumed for the insulation and
sheathing materials [26]. The emissivity adopted for the galvanized cold-formed steel
studs was 0.23 [27]. However, to assess the effect of dust accumulation in old steel studs,

a higher emissivity value was also modeled, equal to 0.90 [28].



Sustainability 2021, 13, 3970

6 of 22

Table 2. Thickness (d) and thermal conductivity (1) of the materials used in the LSF walls.

Material

(Inner to Outer Layer) d [mm] A W/ K)] Ref.
GPB1 12,5 0.175 [29]

OSB 2 12 0.100 [30]

MW 3 90, 150 0.035 [31]

Steel studs C90, C150 50.000 [32]

OSB ¢ 12 0.100 [30]

EPS>5 50 0.036 [33]

ETICS ¢ finish 5 0.450 [34]

! GPB—Gypsum Plaster Board; 2 OSB—Oriented Strand Board; 3 MW —Mineral Wool; ¢+ OSB —
Oriented Strand Board; > EPS—Expanded Polystyrene; ¢ ETICS —External Thermal Insulation
Composite System.

Table 3. Thermal conductivity of flanges’ indentation solid filling materials.

Material A [W/(m-K)] Ref.
Recycled rubber 0.122 [35]
Aerogel 0.015 [36]

2.3. Numerical Simulations

The finite element method (FEM) software THERM (version 7.6.1) [37] was used to
perform the 2D numerical simulations of the LSF walls. The corresponding model details
are explained next.

2.3.1. Domain Discretization

To minimize computation time and effort, only a representative bi-dimensional part
of the walls’ cross-sections (400 mm or 600 mm width, depending on the studs’ frequency)
was modeled, as previously illustrated in Figure 1, for the reference load-bearing LSF
walls: (a) internal partition, and (b) external facade, respectively. The thermal properties
of the materials used in these simulations were previously presented in Section 2.2 (Tables
2 and 3). Moreover, the maximum error admitted on the FEM computations was set to 2%
for all the models built and assessed in this work.

2.3.2. Boundary Conditions

Two sets of boundary conditions were defined for each THERM model: (1) environ-
ment air temperatures, and (2) surface thermal resistances. The warmer interior air tem-
perature was set to 20 °C, while the exterior air temperature was set to 0 °C for the exterior
facade wall models. An additional “exterior” temperature of 10 °C was set for the partition
walls, assuming an unconditioned space (such as a garage), being that this value was con-
sidered an intermediate temperature between the adopted indoor (20 °C) and outdoor (0
°C) temperatures. Nevertheless, the obtained R and U values do not depend on the cho-
sen temperature difference between the interior and exterior environments, since these
values are computed for a unitary temperature difference.

Regarding surface thermal resistances, the values set on ISO 6946 [26] for horizontal
heat flow were used, i.e., 0.13 and 0.04 m2-K/W for internal (R;) and external resistance
(Rse), respectively. Notice that for the interior partition walls, internal surface resistances
were used in both sides of the partition (i.e., 0.13 m>K/W) as recommended by ISO 6946
[26] for unheated spaces.
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2.3.3. Modeling Small Unventilated Airspaces

The thermal resistances of the small airspaces inside the indented steel flanges (see
Figure 2a) were modelled, making use of a solid-equivalent thermal conductivity com-
puted as prescribed in standard ISO 6946 [26] for unventilated air voids. Notice that the
emissivity values of the air voids’ surrounding materials (0.23 for new galvanized steel
[27], 0.90 for old dusted steel [28] and 0.90 for OSB [26]) were previously presented in
Section 2.2.

2.3.4. Model Accuracy Verifications and Validation

The authors have significant experience with modeling LSF elements [15-18,20,38]
using the THERM software [37], which is a well-known high precision finite element sim-
ulator for two-dimensional steady-state heat transfer problems. Nevertheless, several ac-
curacy verifications were performed, as well as an experimental validation.

ISO 10211 test cases verification

The first verification consisted of modeling the two bi-dimensional test cases pre-
scribed in ISO 10211, Annex C [39]. The obtained results were equal to the ones presented
in the ISO standard or within the admitted tolerance range (not illustrated here for the
sake of brevity, but can be seen in previous research works, such as [15-17,20]).

ISO 6946 analytical approach verification

The second verification involved the thermal transmittances” computation for a sim-
plified LSF wall model assuming homogeneous layers (i.e., neglecting the steel studs).
This was performed for the two reference LSF walls illustrated in Figure 1: (a) interior
partition, and (b) exterior facade, both with 90 mm of mineral wool filling the air-cavity.
The materials’ thermal conductivities and the surface thermal resistances were the ones
previously presented in Sections 2.2 and 2.3.2, respectively. The obtained results are dis-
played in Table 4. As expected, the analytical ISO 6946 [26] and the numerical results [37]
perfectly match for the interior partition and exterior facade walls.

Table 4. Thermal transmittance obtained for simplified wall models with homogeneous layers.

U-Value [W/(m>K)]

Wall
Analytical (ISO 6946) Numerical (THERM)
Interior partition 0.318 0.318
Exterior facade 0.225 0.225
3D FEM verification

The accuracy of the THERM models was also verified by comparison with 3D models
generated in the ANSYS software [40]. Notice that the boundary conditions used in these
simulations are in accordance with the laboratory measurements presented in the next
subsection, entitled “Lab measurements validation”. Thus, the hot (“interior”) and cold
(“exterior”) environment air temperatures were 40 °C and 5 °C, respectively. Moreover,
the surface thermal resistances were modeled using the average values measured, taking
into account the air and surface temperature differences and the surface heat fluxes.
Therefore, the simulated inner (Rsi) and outer (Rse) surface thermal resistances were 0.06
and 0.13 W/(m?K), respectively.

Figure 3 displays the colored temperature distribution for an exterior facade wall
model build in: (a) THERM, and (b) ANSYS. The geometry and dimensions were previ-
ously illustrated in Figure 1b (C90 x 43 x 15 x 1.5 mm steel studs, which were spaced 400
mm apart), and the thermal conductivity of materials are listed in Table 2. It is well visible
in the predicted temperature color distribution, on both 2D and 3D models, the TB effect
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Color legend:

due to the steel stud’s higher thermal conductivity and consequent increased heat trans-
fer. Moreover, both simulated colored temperature distributions within the horizontal
cross-sections of the LSF facade wall are analogous. Furthermore, the obtained surface-to-
surface thermal resistances (R-values) are very similar, having a very reduced difference,
i.e., only 0.002 W/(m?K).

(a) THERM 2D model (b) ANSYS 3D model

(R-value = 3.203 m2-K/W) (R-value = 3.205 m2K/W)

Figure 3. Accuracy verification of the LSF external facade model: colored temperature distribution and surface-to-surface
computed thermal resistances (R-value).

Lab measurements validation

The THERM model was also validated by making use of lab measurements for a
small LSF wall test sample (see Figure 4b), which was placed between a hot box (heated
by an electrical thermal resistance) and a cold box (cooled by a refrigerator), as illustrated
in Figure 4a. To minimize the heat losses through the lateral surfaces of the LSF wall sam-
ple, its perimeter was covered by polyurethane foam insulation (80 mm thick).

Four heat flux meters (Hukseflux model HFP01, precision: +3%) were used, with two
on the hot surface and the remaining two on the cold wall surface (Figure 4b). In both wall
surfaces (hot and cold), one HFM was located in the vicinity of the vertical steel stud
(HFM1) and another one in the middle of the insulation cavity (HFM2), which allow meas-
uring of the two distinct thermal behavior zones within the LSF wall sample. Tempera-
tures were measured using twelve type K (1/0.315) PFA insulated thermocouples (TCs),
certified with class one precision. Moreover, these TCs were calibrated in the temperature
range [5 °C; 45 °C], with a 5 °C increment, making use of a thermostatic stirring water bath
(Heto CB 208), where the TCs were immerged.

Six of the TCs were used for the measurements in the hot side of the tested wall, while
another six were used in the cold side. Among the six cold or hot TCs, two measured the
environment air temperature inside each box (TC5 and TC6), another two measured the
air temperature between the radiation shield and the wall surface (TC3 and TC4), while
the remaining two measured the wall surface temperatures (TC1 and TC2), as illustrated
in Figure 4b. The temperature and heat flux data measured during the experiments were
recorded, making use of two PICO TC-08 data-loggers (precision: +0.5 °C): one for each
side of the LSF wall test-specimen (hot and cold). These data-loggers were connected to a
laptop and the software used to manage this data was the PicoLog version 6.1.10.
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Figure 4. Mini hot box apparatus used for the R-value lab measurements.

In these measurements, the heat flow meter (HFM) method was used [41], but with
an improvement, as suggested by Rasooli and Itard [42], to increase precision and reduce
test duration, i.e., the heat fluxes were measured simultaneously at both hot and cold wall
surfaces, instead of measuring on only one side, as prescribed by ISO 9869-1 [41]. The
measurements were performed in a quasi-steady-state heat transfer condition and the
temperature set-points provided for the hot and cold boxes were 40 °C and 5 °C, respec-
tively.

The convergence criteria prescribed in ASTM C1155-95 [43] were adopted for the
“summation technique”, i.e., assuming a maximum admissible convergence factor equal
to 10%. Therefore, only the estimated hourly R-values with an absolute difference, in re-
lation to the previous time obtained R-value, lower than 10% were considered in the
measurements. The minimum duration of each measurement test was 24 h.

To ensure the repeatability of the experimental measurements, one test was per-
formed for each wall at three height locations, as illustrated in Figure 4b, that is: (1) top,
(2) middle, and (3) bottom, with the average of these three tests being considered the
measured overall conductive R-value of the LSF wall (Table 5). Making use of the rec-
orded data (heat fluxes and temperatures) for each test and applying the HFM method
[41], two distinct conductive local R-values were obtained: (1) a lower value for location
one (Figure 4b), i.e., in the vicinity of the steel studs (Ryyq); and (2) a higher value between
the steel studs, i.e., in the middle of the insulation cavity (R.,y). The overall surface-to-
surface R-value of the wall (Ryjoha1) Was obtained by computing an area weighted of both
measured conductive R-values. The steel stud influence area (Ag,q) was defined as pre-
scribed by the ASHRAE zone method [44], i.e., assuming a zone factor (zf) equal to 2.0
[16]. More details about these measurements can be found in reference [21].

Table 5 displays the measured surface-to-surface R-values for the three sensor loca-
tions (top, middle and bottom, as illustrated in Figure 4b), as well as the corresponding
average conductive thermal resistance (3.200 m>K/W). This table also shows the conduc-
tive R-values computed by THERM (Figure 3a) and ANSYS (Figure 3b) FEM models for
the LSF facade wall. All these R-values are very similar with a small difference regarding
the measured thermal resistance: +0.2% for the ANSYS predicted value and +0.1% for
THERM. This excellent agreement between the predicted and measured R-values allow
validating and ensuring the accuracy of the presented THERM models.

Notice that THERM and ANSYS are two of the most well-known state-of-the-art fi-
nite elements software. Moreover, THERM has the advantage of being freeware, while
ANSYS is a more robust and complete software that allows modeling 3D problems.
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Table 5. LSF facade wall conductive thermal resistance values measured in lab and computed by
2D (THERM) and 3D (ANSYS) finite element method (FEM) numerical simulations.

. R-Value

Test Sensors Location [ K/W]
1 Top 3.232
Middle 3.121
3 Bottom 3.247
Average Measured 3.200
Computed by ANSYS 3.205
Percentage Deviation +0.2%
Computed by THERM 3.203
Percentage Deviation +0.1%

3. Obtained Results

In this section, the obtained results are presented. The first set of results are related
to the stud flanges’ dimensions for different steel thicknesses, while the second is about
the stud flanges’ shape for several indentation filling materials.

3.1. Stud Flanges Size and Steel Thicknesses

To evaluate the importance of the stud flanges’ length in the thermal resistance of
LSF walls, 144 models were simulated in THERM software [37], corresponding to three
steel frame configurations (i.e., C90 studs, spaced 600 mm; C150 studs, spaced 600 mm,
and; C90 studs, spaced 400 mm), six stud flange lengths (i.e., 23, 33, 43 (ref.), 53, 63 and 73
mm), four steel thicknesses (i.e., 1.0, 1.5 (ref.), 2.0 and 3.0 mm) and two LSF wall types (i.e.,
internal partition and external facade).

Table 6 displays the obtained surface-to-surface thermal resistance values, while Fig-
ure 5 contains a graphical display of these R-values. Moreover, Figure 6 illustrates the
conductive R-value differences for different steel thicknesses and flange lengths, with a
standard C-shaped stud for reference, with 1.5 mm thickness and 43 mm flange size. To
provide an easier comparison between the several plotted results, the y-axis range in Fig-
ure 5 is the same for all graphs (1.2 m2K/W). Similarly, for the R-value variation in Figure
6, the maximum and minimum y-axis values were fixed at +0.7 m?K/W. Moreover, Figure
7 displays the temperature distribution for LSF walls with different flange lengths, allow-
ing to better understand their influence in the walls’ thermal performance.

3.1.1. Internal Partition

The reference R-value for the partition LSF walls with C90 studs spaced 600 mm
(43 mm flange length and 1.5 mm steel thickness) is 1.906 m>K/W (bold value in Table
6 and left central point in the black line of the left graph of Figure 5a). As expected, the
thermal resistance is inversely proportional to the flange length, being minimum (1.745
m2K/W) for the maximum evaluated flange length (73 mm), and maximum (2.068
m?K/W) for the minimum evaluated flange length (23 mm). This R-value variation is not
linear, exhibiting a small trend to be more reduced for higher flange lengths (Figure 5a).
Moreover, when the steel thickness is reduced to 1.0 mm (green line in Figure 5a), the
corresponding R-value increase is greater than the R-value decrease when steel thickness
is augmented to 2.0 mm (blue line). Furthermore, the R-value decrease (blue and red lines
in Figure 5a) due to the 1.0 mm steel thickness increase (from 2 mm up to 3 mm), is similar
to the R-value decrease (black and blue lines) due to the mere 0.5 mm steel thickness in-
crease (from 1.5 mm up to 2 mm). Thus, the R-value variations are more relevant for
smaller steel thicknesses.

When the thickness of the LSF partition wall is increased to 150 mm (Figure 5b), the
reference R-value is also increased to 2.556 m>K/W (Table 6), given the higher amount of
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mineral wool thermal insulation. Comparing these computed thermal resistance lines in
Figure 5b with the previous ones for C90 studs (Figure 5a), two main differences arise,
besides the bigger values. One is the greater importance of the flange size in the R-value
variation, with all the plotted lines being more inclined. Another major difference is the
higher separation between the four plotted curves, denoting a higher importance of the
steel thickness in the partition wall R-values. This greater R-value variation is also well
visible and quantified in Figure 6b. Looking first to the higher thermal resistance positive
variation (23 mm flange length and 1.0 mm steel thickness) for C150 studs (Figure 6b),
there is a 0.359 m2K/W (+14.0%) R-value increase, while for the previous C90 studs (Figure
6a) this increase was only 0.202 m2-K/W (+10.6%). Now looking to the higher thermal re-
sistance decrease (73 mm flange length and 3.0 mm steel thickness), i.e., —0.474 m2K/W
(-18.5%) for C150 studs (Figure 6b), while for the C90 studs (Figure 6a) this R-value re-
duction was only -0.273 m2K/W (-14.3%).

Considering, now, the temperature distribution displayed in Figure 7 (left side: in-
ternal partition), the relevance of the steel flange dimension is quite visible in the TB effect
originated by the steel studs. In fact, for larger steel flanges (Figure 7c), there is a superior
temperature perturbation along the LSF wall surfaces in the vicinity of the studs, reduc-
ing, in this way, their overall thermal resistance.

When the distance between the steel studs of the LSF partition wall becomes reduced
to 400 mm (Figure 5c), the reference R-value is also decreased to 1.615 m?K/W (Table 6),
due to the higher amount of steel per unitary wall length. Now, the trend of the computed
R-value lines for different steel thicknesses (Figure 5c) are similar to the original ones for
C90 studs, spaced 600 mm (Figure 5a). This feature can also be verified in the R-value
differences plotted in Figure 6¢c, where, looking to the absolute differences, the values for
both studs’ spacing, 600 mm (Figure 6a) and 400 mm (Figure 6c), are quite similar. How-
ever, due to different reference R-values, looking to the percentage values, the latter ones
are bigger.

3.1.2. External Facade

When considering the external facade (i.e., an LSF wall with ETICS) the conductive
thermal resistance values become significantly higher (see right side of Table 6, Figure 5
and Figure 6) given the 50 mm thick continuous EPS exterior thermal insulation.

The reference R-value for the facade LSF walls with C90 studs spaced 600 mm (43
mm flange length and 1.5 mm steel thick) is 3.499 m?K/W (Table 6 and left central point
in black line of right chart in Figure 5a). Comparing this external facade plot (right col-
umn) with the partition wall (left column), the importance of the steel thickness is now
reduced (the four curves are closer) and the relevance of the flange size is also reduced
(more linear curves with lower slope). These features are even more visible in Figure 6a,
both in absolute R-value differences, as well as in percentage variations, now ranging
from —6.0% (instead of —10.6%) up to +4.2% (instead of +14.3%), for 3 mm steel thickness
with 73 mm flange size and for 1 mm steel thickness with 23 mm flange size, respectively.

Now looking to the LSF facade wall with C150 studs (Figure 5b) the reference R-
value is increased to 4.301 m>K/W. Again, the importance of the steel thickness and flange
size are reduced, since the four curves are closer and with lower slopes (Figure 5b right
column) in comparison with the partition LSF wall (left column). These features are more
perceptible in Figure 6b, not only in absolute R-value differences, but also in percentage
variations, now ranging from —8.9% (instead of —18.5%) up to +6.4% (instead of +14.0%).
The temperature distribution displayed in Figure 7 (right column: external facade), illus-
trates how the steel flange length affects the TB originated by the steel stud. Moreover, it
also illustrates, by comparison with the internal partition temperature distribution (Figure
7 left column plots), how the ETICS is able to mitigate the TB effect, allowing a more uni-
form temperature along the external surface of the LSF wall.

Finally, considering now the external facade with C90 studs spaced only 400 mm
apart, the reference R-value is 3.203 m>K/W (Table 6). Once more, due to the existence of
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a continuous thermal insulation layer (ETICS), the relevance of the steel thickness and
flange size are reduced, having now four closer curves (one for each steel thickness) with
lower slopes (Figure 5c right column) in comparison with the partition LSF wall (left col-
umn). These features are even more noticeable in Figure 6c, not only in absolute R-value
differences, but also in percentage variations, now ranging from -8.1% (instead of -18.3%)
up to +5.9% (instead of +14.4%), for 3 mm steel thickness with 73 mm flange size and for
1 mm steel thickness with 23 mm flange size, respectively.

Table 6. LSF walls conductive thermal resistance [m?K/W] for different steel thicknesses and flange lengths.

LSF Flange Internal Partition External Facade
Wall Length Steel Thickness [mm]
[mm] 1.0 15%* 2.0 3.0 1.0 15%* 2.0 3.0
23 2.108 M 2.068 2.046 2.023 3.645 M 3.619 3.605 3.590
C90 studs 33 2.030 1.979 1.951 1.921 3.588 3.552 3.536 3.517
spaced 600 43 * 1.968 1.906 * 1.872 1.835 3.540 3.499 * 3.477 3.454
mm 53 1.916 1.844 1.803 1.758 3.496 3.449 3.423 3.395
63 1.872 1.790 1.743 1.692 3.457 3.402 3.373 3.340
73 1.836 1.745 1.692 1.633 ™ 3.423 3.362 3.328 3.290 m
23 2.915M 2.807 2.747 2.683 4576 M 4.499 4.457 4413
33 2.796 2.668 2.597 2.520 4.482 4.392 4.343 4.290
C150 studs . . .
spaced 600 43 2.702 2.556 2.474 2.384 4.404 4.301 4.245 4.184
m 53 2.626 2.463 2.370 2.268 4.335 4.221 4.156 4.087
63 2.563 2.384 2.281 2.168 4.275 4.148 4.076 3.999
73 2.512 2.319 2.206 2.082 m 4.222 4.083 4.004 3.918 m
23 1.848 M 1.800 1.775 1.748 3.392 M 3.357 3.339 3.319
33 1.757 1.698 1.666 1.632 3.318 3.275 3.251 3.227
S(;ZZ;;“;Z 43 1684  1615% 1.576 1.535 3254 3203 * 3175 3.146
mm 53 1.625 1.545 1.500 1.452 3.199 3.140 3.107 3.072
63 1.577 1.487 1.436 1.381 3.151 3.084 3.046 3.006
73 1.537 1.438 1.381 1.319m 3.108 3.032 2.990 2944 m

* Reference values; M Maximum values; ™ Minimum values.
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Figure 5. LSF walls conductive thermal resistances for different steel thicknesses and flange lengths.
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Figure 6. LSF walls conductive thermal resistance variation for different steel thicknesses and flange lengths.
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Figure 7. Temperature distribution and conductive thermal resistances for LSF walls with C150 studs, 1.5 mm steel thick-
ness, spaced 600 mm, with different flange lengths.

3.2. Stud Flanges Shape and Indentation Filling Materials

In this subsection, the importance of the stud flanges” shape is assessed for different
indentation sizes and filling materials. With this purpose, 102 models were simulated in
THERM software [37], corresponding to three steel frame configurations (i.e., C90 studs,
spaced 600 mm; C150 studs, spaced 600 mm; and C90 studs, spaced 400 mm), five flange
indentation sizes (0, 2.5, 5, 10 and 15 mm), four filling materials (rubber, airl (i.e., assum-
ing new steel studs), air2 (i.e., assuming old dusted studs) and aerogel) and two LSF wall
types (i.e., internal partition and external facade).

The obtained surface-to-surface thermal resistance values are displayed in Table 7,
while Figure 8 contains a graphical display of these conductive R-values, as well as the
corresponding variations or differences in relation to the reference values, i.e., for stand-
ard C-shaped studs with 1.5 mm thickness and 43 mm flange size, without indentation.
In the Figure 8 plots, the y-axis range is the same (1.6 m>K/W) to provide an easier com-
parison between the graphics for internal partitions (Figure 8a) and for external facades
(Figure 8b). Moreover, to better understand the influence of the stud flange indentation in
the LSF walls” thermal performance, Figure 9 exhibits the temperature distribution for LSF
walls with C150 studs spaced 600 mm, with different flange indentations (0, 2.5 and 15
mm) filled with aerogel.
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R-value = 2.850 m2-K/W (c) Indent size = 15.0 mm R-value = 4.483 m2K/W

Figure 9. Temperature distribution and conductive thermal resistances for LSF walls with C150 studs spaced 600 mm,
with different flange indentations filled with aerogel.

3.2.1. Internal Partition

The reference R-value for the partition LSF walls with C90 studs spaced 600 mm
with a standard flat flange is 1.906 m>K/W (Table 7 and left points in vertical central
lines of Figure 8a). As expected, the thermal resistance increases with the indentation size.
However, this R-value increment is not linear, being higher for smaller indention sizes
(e.g., 2.5 mm) and for high performance insulating materials (e.g., aerogel). Analyzing first
the black curve (Figure 8a) for new steel studs without any solid filling material (Airl),
the initial R-value increment (i.e., from 0 to 2.5 mm indentation) is +4.5% (Table 7), while
the final one (i.e., from 10 to 15 mm indentation) is only +0.2% (resulting from the differ-
ence: 7.7-7.5%). Now looking to the older dusted steel studs (Air2; blue line in Figure 8a),
there is quite a similar initial R-value increase (+3.9% for 2.5 mm indentation), but for
bigger indentation sizes (i.e., from 10 to 15 mm) this increment becomes considerably
smaller, converging to 0%. In fact, for the same 15 mm indent size, the thermal resistance
for a new steel stud (2.053 m>K/W) is higher in comparison with an older dusted one
(2.014 m2K/W). The rubber indentation filling material curve (in red) is the one that ex-
hibits lower thermal resistance (due to its relative higher thermal conductivity), being the
curve more similar to a linear line, exhibiting an almost constant increment trend from
smaller to higher indentation sizes. On the other side, the aerogel indentation filling ma-
terial curve (green color) is the one that provides higher thermal resistances, due to its
very reduced thermal conductivity. In this case, the R-value increase changes from +6.5%
up to +10.6%, having the standard flat steel stud for reference.

For larger steel studs (C150) equally spaced 600 mm apart, the reference R-value sig-
nificantly increased to 2.556 m>K/W (Table 7), due to the higher thickness of the mineral
wool thermal insulation. As illustrated in Figure 8a, besides a relevant increase in the R-
values (in comparison with the previous C90 studs set of curves), there is also a larger
separation between the four plotted lines, evidencing an increased importance of the steel
flanges’” indentation sizes and filling materials. In fact, all of the four lines exhibit a supe-
rior relative R-value increase. For instance, now the worst performance rubber curve (red
line) increment ranges from +0.039 m2K/W (+1.5%) up to +0.120 m2K/W (+4.7%), while in
the C90 stud, it ranged from +0.028 m>K/W (+1.5%) up to +0.083 m2-K/W (+4.4%). A similar
trend could be found for the higher performance aerogel green curve, where now the R-
value increment ranges from +0.178 m2-K/W (+7.0%) up to +0.294 m>K/W (+11.5%), while
for the C90 stud, it ranged from +0.123 m2-K/W (+6.5%) up to +0.202 m2K/W (+10.6%).

Looking now to the temperature distribution displayed in Figure 9 (left side: internal
partition), the TB mitigation effect originated by the steel flange indention filled with aer-
ogel insulation is quite visible, which is as expected for the larger 15 mm indentation (Fig-
ure 9c¢). This is due to the minimization of the surface contact between the steel flange and
the sheathing material (OSB), leading to a lower heat transmission across the LSF wall in
the vicinity of the steel studs, increasing, in this way, the global thermal resistance.

To conclude this analysis, the reference R-value for the partition LSF with closer C90
steel studs (spaced 400 mm apart) is 1.615 m>K/W, which is a relatively reduced value
given the higher amount of steel per unitary wall length in comparison with the 600 mm
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spacing. Comparing this set of four curves with the initial ones (C90 studs spaced 600
mm), there is a very similar trend, but now with a little tendency to show higher R-value
increments. For example, the rubber red curve exhibits boosts ranging from +0.031
m2K/W (+1.9%) up to +0.095 m2K/W (+5.9%) and the aerogel green curve shows R-value
increases ranging from +0.141 m2K/W (+8.7%) up to +0.234 m*>K/W (+14.5%).

3.2.2. External Facade

When there is an ETICS in the LSF wall (i.e., an external facade) the conductive R-
values are significantly increased (see right side values of Table 7 and Figure 8b) due to
the EPS continuous thermal insulation layer (50 mm thick).

The reference R-value for the facade LSF walls with C90 studs spaced 600 mm with
a standard flat flange is 3.499 m>K/W. Once more, the existence of a continuous thermal
insulation layer (ETICS) reduces the importance of the flanges” indentation filling material
(the four curves are closer), as well as the relevance of the flange indentation size (more
linear curves with lower slope). In fact, for this first set of curves (C90 studs, spaced 600
mm) the R-value increment now ranges from +0.049 m2K/W (+1.4%) for the rubber (15
mm indentation), up to +0.124 m>K/W (+3.5%) for the aerogel filling insulation material
(Table 7).

Table 7. Conductive thermal resistance of LSF walls with standard “C” shaped studs and their percentage variation for
different flange indentation sizes and filling materials.

LSF Indent Internal Partition External Facade
Wall Size Indent Filling Material
[mm] Rubber Air? Air? Aerogel  Rubber Air? Air? Aerogel

0 R-value * = 1.906 m2-K/W R-value * = 3.499 m2-K/W
25 1.933 1.980 1.992 2.029 3.515 3.542 3.550 3.573
’ +1.4% +3.9% +4.5% +6.5% +0.5% +1.2% +1.5% +2.1%
C90 studs 5 1.953 2.002 2.025 2.068 3.526 3.555 3.570 3.597
spaced +2.5% +5.0% +6.2% +8.5% +0.8% +1.6% +2.0% +2.8%
600 mm 10 1.977 2.014 2.048 2.097 3.541 3.563 3.584 3.616
+3.7% +5.7% +7.5% +10.0% +1.2% +1.8% +2.4% +3.3%
15 1.989 2.014 2.053 2.108 3.548 3.563 3.588 3.623
+4.4% +5.7% +7.7% +10.6% +1.4% +1.8% +2.5% +3.5%

0 R-value * = 2.556 m2-K/W R-value * = 4.301 m2K/W
25 2.595 2.661 2.679 2.734 4.324 4.365 4377 4411
C150 +1.5% +4.1% +4.8% +7.0% +0.5% +1.5% +1.8% +2.6%
studs 5 2.623 2.693 2.727 2.791 4.342 4.385 4.406 4.443
spaced +2.6% +5.4% +6.7% +9.2% +1.0% +2.0% +2.4% +3.3%
600 mm 10 2.658 2.711 2.761 2.833 4.364 4.396 4.428 4472
+4.0% +6.1% +8.0% +10.8% +1.5% +2.2% +3.0% +4.0%
15 2.676 2.712 2.770 2.850 4.375 4.397 4.434 4.483
+4.7% +6.1% +8.4% +11.5% +1.7% +2.2% +3.1% +4.2%

0 R-value * = 1.615 m2-K/W R-value * = 3.203 m2K/W
25 1.646 1.698 1.713 1.756 3.223 3.259 3.268 3.297
’ +1.9% +5.1% +6.1% +8.7% +0.6% +1.7% +2.0% +2.9%
C90 studs 5 1.668 1.723 1.750 1.802 3.239 3.275 3.294 3.329
spaced +3.3% +6.7% +8.4% +11.6% +1.1% +2.2% +2.8% +3.9%
400 mm 10 1.696 1.738 1.777 1.836 3.257 3.285 3.312 3.354
+5.0% +7.6% +10.0% +13.7% +1.7% +2.6% +3.4% +4.7%
15 1.709 1.737 1.784 1.849 3.266 3.285 3.317 3.363

+5.8% +7.6% +10.5% +14.5% +2.0% +2.6% +3.6% +5.0%

* Reference values; ! Assuming &ee; =0.23 (new steel studs); 2 Assuming &ee; = 0.90 (old, dusted studs).
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Observing the thicker LSF external facade walls with C150 studs (Figure 8b) the ref-
erence R-value is significantly increased to 4.301 m>K/W, given the higher amount of
mineral wool batt insulation. Besides this meaningful R-value increase, there is, again, an
increased importance of the steel flanges indentation size and filling materials, denoted
by the greater separation between the four plotted lines. The worst performance line in
red (rubber indentation filling material) now exhibits R-value increments ranging from
+0.023 m2K/W (+0.5%) up to +0.074 m2-K/W (+1.7%), while the better performance green
line (aerogel indentation filling material) ranges from +0.110 m2K/W (+2.6%) up to +0.182
m2K/W (+4.2%). Regarding the temperature distribution illustrated in Figure 9 (right side:
external facade), the steel stud TB effect is visible, as well as their mitigation originated by
both ETICS and by the flange indentation filled with aerogel insulation; it is, as expected,
larger for the bigger 15 mm indentation (Figure 9c).

Observing now the LSF external facade walls with C90 steel profiles spaced only by
400 mm, the reference R-value is reduced to 3.203 m2-K/W, with this, as mentioned before,
being justified by the higher amount of steel per unitary wall length in comparison with
600 mm spacing. There is a very similar trend between this set of four curves and the
initial ones (C90 studs spaced 600 mm), but now with a small tendency to show higher R-
value increments. For instance, the worst performance rubber red curve exhibits R-value
increases ranging from +0.020 m>K/W (+0.6%) up to +0.063 m?-K/W (+2.0%), while the best
performance aerogel green curve shows R-value growths ranging from +0.094 m>K/W
(+2.9%) up to +0.160 m2K/W (+5.0%).

Now, overviewing these obtained results (Table 7, Figures 8 and 9), it can be con-
cluded that use of a steel flange indentation, even a small one (2.5 mm) without any insu-
lation filling material, is useful for increasing the thermal performance of LSF walls, with
this benefit being larger for internal partitions in comparison with external facades. More-
over, for the evaluated indentation sizes (up to 15 mm), it is better not to use any filling
material rather than to use a poor-performance insulation material, such as rubber. Re-
garding the adequate indentation size, excluding rubber (which is not worth using), a
minimum of 5 mm is recommended, but 10 mm exhibits an acceptable optimum thermal
performance improvement, which does not justify an increase to 15 mm, particularly in
external facades.

4. Overall Results Discussion

Regarding the previously presented results, the first conclusion remark is that the
relevance of the steel stud flange size and indentation is significantly higher for internal
partitions than for facade walls due to the existence of an exterior continuous insulation
(ETICS) in the latter, which mitigates the steel thermal bridge (TB) effect on the corre-
sponding thermal resistance values.

4.1. Flange Size and Steel Thickness

Concerning the obtained results for the flange size and steel thickness, the main re-
marks can be summarized as:

e Asexpected, given the higher amount of steel and the increased steel flange contact
surface, the R-value of the LSF walls decreases when the flange length and the steel
studs’ thickness increases.

e The significance of the flange length and studs’ thickness in the LSF walls” R-values
is not linear, being higher for bigger flange sizes and for thicker steel studs.

e  Themajor R-value variations for different flange sizes and steel thicknesses occurred
for the larger wall thickness, i.e., for C150 studs, due to the higher importance of the
steel studs’ TB effect.

e  Decreasing the studs’ spacing from 600 mm to 400 mm only originates in a very small
increase in the flange size and steel thickness’ importance in the obtained R-values,
being even more reduced for exterior LSF facade walls.
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4.2. Flange Shape and Indentation Filling Materials

Regarding the obtained results for the flange shape and indentation filling materials,
the following main remarks could be pointed out:

e Asexpected, the R-value of the LSF walls increases with the increment of the flange
indentation size, being that this thermal resistance increase is not linear (i.e., higher
variations for lower indentation sizes).

e A small indentation size (2.5 or 5 mm) is enough to provide a significant R-value
increase, due to the avoidance of the surface contact with the steel flange and a con-
sequent heat transmission reduction.

e  The increment in the R-value for larger indentation sizes (e.g., from 10 to 15 mm) is
very reduced, majorly so for older dusted unfilled steel stud flanges. Therefore, for a
long-term perspective, this larger indentation TB mitigation strategy is not recom-
mended.

e The use of indentation filling materials is only beneficial for high performance ther-
mal insulation materials with very small thermal conductivity values (e.g., aerogel).

e  For the evaluated indentation sizes (up to 15 mm), the use of low performance insu-
lation materials, such as recycled rubber, is not gainful, since it would be better to
leave the stud indentation gap without any solid filling material.

5. Conclusions

In this work, the influence of the stud flanges’ size and shape on the thermal perfor-
mance of LSF walls was evaluated. Two types of load-bearing LSF walls were studied: (1)
internal partition, and (2) exterior facade. Three reference steel studs were considered: (1)
C90 spaced 600 mm; (2) C150 spaced 600 mm; and (3) C90 spaced 400 mm. Six stud flange
lengths and four steel thicknesses were evaluated, resulting in a total of 144 models. Five
flange indentation sizes and four indent filling materials were assessed, corresponding to
102 models. Thus, in this work, a total number of 246 LSF wall models were computed
and analyzed. The accuracy of these 2D numerical finite element models was verified by
comparison with the ISO standard results and with the 3D FEM predictions; it was also
validated by laboratory experimental measurements.

This work allowed for better understanding of the relevance of the stud flanges’ size
and shape on the thermal performance of load-bearing LSF internal partitions and exter-
nal facades. The reference steel studs were commercial ones (C90 and C150) for a flange
size of 43 mm. The obtained results enhanced the need for a small indention in the stud
flanges (e.g., 2.5 mm). Moreover, using a poor thermal insulation material as a thermal
break strip is not advantageous in comparison with keeping an air gap within the indent
zone.

Notice that most of the evaluated changes in the steel studs (e.g., flange size and
shape, steel thickness) may influence the structural mechanical resistance of load-bearing
LSF walls. However, since this work is only focused on the thermal performance, the pre-
viously mentioned structural performance variations were not evaluated here.
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