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Abstract: In this paper, an innovative infill wall is proposed and examined experimentally and
parametrically. The proposed wall has an innovative design and is constructed with lightweight
concrete strengthened by waste glass. The proposed wall not only demonstrates robust performance
against out-of-plane loading, but also exhibits exceptional behavior under elevated temperatures.
Additionally, the necessary equations used to predict the wall’s behavior are also presented. The
results reveal that glass powders affect weight loss. During the initial temperature application,
ranging up to 600 ◦C, specimens with 0% and 8% glass powder experienced maximum and minimum
weight loss, respectively. At 200 ◦C, glass powder concentrations below 4% caused a reduction
in compressive strength, f ′c , while concentrations between 4% and 8% led to an increase in f ′c .
Consequently, the optimal glass powder volume was determined to be 6% for specimens under
varying temperature conditions. The out-of-plane loading tests indicated that although the wall
was exposed to heat up to 800 ◦C, the resistance did not decrease significantly. Given its role as a
non-load-bearing wall without the application of gravity, this innovative structure is anticipated to
perform admirably in fire scenarios during seismic events.

Keywords: infill wall; lightweight concrete; high temperature; loading; fire; strength; waste glass

1. Introduction

In accordance with the American Society of Civil Engineers (ASCE) [1], infill walls are
typically classified as non-structural elements, playing a secondary role in several building
types. These non-structural walls have found widespread application in residential, office,
commercial, and other construction projects. Despite their common use, past seismic events
have highlighted the vulnerability of infill walls under seismic loading conditions, as
depicted in Figure 1, showcasing instances of damaged infilled walls. The repercussions
extend beyond seismic events, impacting the overall structural behavior of buildings.
In addition to seismic vulnerability, infill walls cause adverse structural effects, such as
reduced natural periods [2,3], shear fractures in connections [4], the formation of short
columns susceptible to shear loads [5,6], and the creation of soft stories [7,8]. In recognizing
these shortcomings, researchers have sought novel methods to mitigate the undesirable
impacts of infill walls on structural behavior [9].
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Figure 1. Damaged infill wall in past earthquakes [10–12].

Among the various innovative approaches, strengthening using fiber-reinforced poly-
mers (FRPs) [13–15] or steel sheets [16] stands out as superior. Although these methods
improve the infill walls, they do not have a considerable effect on the negative impact of
the infill wall on structures. Also, they impose additional costs on structural construction
methods that, most of the time, are not economical. Separating (isolating) the infill wall
from the main frame is used as a simple and effective method that has a significant effect
on improving the behavior of the structure [17]. Simple and effective methods, such as the
use of flexible brick at the wall–frame junction [18] or complete isolation using elastomeric
U-profiles [19], have shown promise but tend to increase construction expenses.

Tang and co-workers [20] confirmed that crumb rubber made of waste tires reduces
damage to recycled aggregate concrete under high temperatures. Also, the optimum
amount of rubber was reported. Consequently, Ref. [21] reported that a rubber content of
more than 4% is not recommended considering the mechanical and fracture performance.

While these methods enhance the behavior of infill walls, they are particularly sus-
ceptible to fire hazards. Although anti-flame coatings offer partial solutions, their eco-
nomic viability is questionable, especially for residential buildings. A straightforward and
cost-effective approach involves the use of light-expanded clay aggregate (LECA) blocks,
isolated from the frame. Regular hollow concrete blocks (RHCBs), meeting ASTM C90
standards [22], are suitable for infill walls (Figure 2). Despite the advantages of RHCB, such
as low weight, their deficient fire resistance remains a critical drawback. In contemporary
structural design, fire resistance is a pivotal consideration, necessitating evaluation through
standardized tests [23,24] or semi-empirical methods [25–29].
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Figure 2. (a) Regular hollow concrete blocks based on ASTM C90 [19] and (b) the fabrication of
the wall.

In light of these considerations, this paper proposes an innovative wall system utilizing
the benefits of LECA blocks, including lightweight construction and sound resistance. The
proposed design addresses the inherent weakness of weak connections in traditional LECA
block walls. Furthermore, waste glass is incorporated to enhance the wall’s fire resistance,
not only contributing to environmental sustainability but also anticipated improvements in
performance under high-temperature conditions.

2. The Proposed Infill Wall

As illustrated in Figure 3, the proposed wall design boasts simplicity in its fabrica-
tion. The horizontal interlocking of blocks is anticipated to establish a robust connection,
fortifying the joints against lateral loading. This secure joint minimizes the vulnerability
of both mortar and adhesive connections to fire damage, ensuring the wall remains struc-
turally stable and does not succumb to its weight during a fire event. Furthermore, owing
to the lightweight nature of these concrete blocks, the constructed walls are categorized
as lightweight walls. The blocks, consisting of three layers, contribute to the enhanced
thermal and acoustic insulation of the wall, along with increased resistance to fire. The
incorporation of waste glass powder in the block manufacturing process is pivotal to
these improvements. When exposed to high temperatures, the glass powder undergoes
melting, augmenting the overall strength of the wall. It is crucial to note that this paper
considers the glass-to-cement ratio as a significant parameter in achieving optimal results.
Beyond the technical enhancements to wall behavior, the utilization of waste glass aligns
with environmental considerations. Glass, being a non-degradable material in nature, is
deemed environmentally harmful. The incorporation of waste glass into the construction
process not only improves the wall’s performance but also aids in the removal of this
non-degradable material from the environment, contributing positively to environmental
sustainability [30–34]. No special technology is needed to produce these types of blocks.
First, the combined materials are poured into framework blocks. Then, the concrete curing
is carried out the same as the lightweight blocks.

The introduction of a small gap between the proposed wall and the columns of the
boundary structure serves to isolate them, effectively preventing the transmission of forces
from the wall to the boundary frame, as illustrated in Figure 4. Consequently, the wall only
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experiences a minimal out-of-plane (OOP) seismic force owing to the lightweight nature of
the blocks employed in its construction. The weight of the wall is calculated as follows:

W = 850·L·H·t, (1)

where L, H, and t are the length, height, and thickness of the wall, respectively. Also, 850 is
the specific weight of the wall (in kg/m). Based on the seismic risk or area that the wall
is built on, the applied force to the wall is calculated as F = C·W, where C is the seismic
coefficient.

For reinforcing the wall either with rebar or plate under pure shear, according to the
AISC 341-16 [29], the equation Vu ≤ ∅·Vn must be satisfied. In this equation, Vu is the
required shear strength using LRFD load combinations, while Vn is the nominal strength
that is calculated as the following:

Vn = 0.6·Fy·Aw·Cν, (2)

and ∅ is the resistance factor that equals 1. Also, Cν = 1, Fy is the yielding stress, and Aw
is the cross-section of the plate or rebar parallel to the shear load applied. Therefore, this
equation can be simplified as follows:

2·0.6·Fy·Aw ≥ F, (3)

Further, to control the inside plate for bending purposes (flexural design), the equation
Mu ≤ ∅·Mn must be satisfied where Mu is the required flexural strength which is calculated
as Mu = F·H, Mn is the nominal flexural strength that is calculated using Mn = Z·Fy

(where Z = t·b2/4), Rn is nominal strength, and ∅ is the resistance factor that equals 0.9.
So, Mu ≤ ∅·Mn, can be expressed as the following:

t·b2

4
≥ F·H, (4)
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3. Experimental Study
3.1. Materials

To investigate the influence of glass powder (made of waste bottle glass) on the
mechanical properties of LECA blocks, an experimental study was conducted. Five different
concrete mix designs were tested, as outlined in Table 1. The composition for all specimens
included a 100 N/m3 superplasticizer (P200-3R), Portland cement type I, and glass powder
with particle diameters less than 80 microns. The numerical suffix at the end of each model
name indicates the glass-powder-to-cement ratio relative to the SP-0 model.

Table 1. Materials’ properties.

Model Cement * Glass Powder *
Glass Powder

Percentage Water * W/C
LECA (N/m3) *

Sand * γ *
3/8′′ 4′′ 8′′

SP-0 4000 0 0 1400 0.35 597 2000 1560 7342 17,000
SP-4 3960 40 4 1400 0.35 597 2000 1560 7342 17,000
SP-6 3960 160 6 1400 0.36 597 2000 1560 7342 17,000
SP-8 3960 320 8 1400 0.38 597 2000 1560 7342 17,000

SP-10 3960 400 10 1400 0.39 597 2000 1560 7342 17,000

* The unit for all materials is N/m3.

3.2. Compressive and Tensile Test Procedure

To determine the compressive strength, the average of results from three standard
cylinder specimens was utilized. The specimens underwent testing at temperatures of
20 ◦C, 200 ◦C, 400 ◦C, 600 ◦C, and 900 ◦C, amounting to a total of 60 models tested at
each temperature. With evaluations conducted under five temperature conditions (Tu), a
comprehensive set of 300 specimens was tested to determine the optimal mix design for
the materials. Figure 5 provides an overview of the test setup and equipment used in the
experimental study. The curing process was carried out under laboratory conditions, and
all specimens were tested after 28 days. Before applying the compressive load, temperature
control was meticulously managed using an automatic oven, as depicted in Figure 6. This
controlled heating regime ensured consistent and accurate temperature conditions during
the testing process.
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Figure 6. Temperature application setup: (a) prepared specimen used for testing and (b) the tempera-
ture application oven.

3.3. Sequence of Temperature Application to the Specimens

As depicted in Figure 7, the specified temperature regime outlined in the preceding
section was applied to the specimens. The notation T0 denotes the ambient temperature.
The figure illustrates the time intervals (t1) corresponding to specific temperature points:
20 min for t1 = 20 ◦C, 20 min for t1 = 200 ◦C, 65 min for t1 = 400 ◦C, 105 min for t1 = 600 ◦C,
and 155 min for t1 = 900 ◦C.
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3.4. Direct Fire Application Procedure

To assess the impact of direct fire exposure on the blocks, a series of tests were con-
ducted, as depicted in Figure 8. The blocks were subjected to direct fire for approximately
one hour. The primary objective of the test was to evaluate the block’s response when one
side was exposed to fire. The results aim to determine whether the block can withstand the
effects of fire and whether it exhibits heat transmission or resistance, as elaborated upon in
the subsequent sections.
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3.5. Testing of the Constructed Wall under OOP Loading

Due to a significant reduction in the out-of-plane (OOP) strength of walls after ex-
posure to fire, a test was conducted on a wall subjected to OOP loading following a
temperature of 900 ◦C. The behavior of the wall was evaluated using a block containing
6% glass powder (GP) under OOP loading conditions. The choice of 900 ◦C was dictated
by the limitations of the testing equipment. The tests were conducted on walls measuring
1000 × 1000 mm, as illustrated in Figure 9. A pure moment was applied at each length,
accounting for ¼ of the total wall length, up to the wall’s ultimate failure. Throughout the
loading process, deflection was monitored using attached strain gauges at the mid-length
of the wall.
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Figure 9. Experimental test for OOP loading.

4. Results and Discussion
4.1. Weight Loss

As illustrated in Figure 10, the weight loss of all specimens can be characterized by
three distinct segments: the first segment corresponding to Tu ≤ 200 ◦C, the second segment
encompassed by 200 ◦C ≤ Tu ≤ 600 ◦C, and the third stage pertaining to Tu ≥ 600 ◦C. In
the first segment, the maximum weight loss was observed, followed by a relatively minor
weight loss in the second segment. In the third segment, although weight loss was still
evident, the rate of decline was less pronounced compared to the first segment. Referring
to Figure 10, the weight loss reached 0.81, ranged from 0.73 to 0.76, and ranged from 0.68 to
0.61 in the first, second, and third segments, respectively. Additionally, it is noteworthy
that SP8 exhibited the maximum weight loss among the specimens.
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Figure 10. The temperature versus the weight of the specimens.

Therefore, by fitting the results, Equation (5a,b) are proposed to predict the weight of
the specimen under different temperatures.

W =
−T3

u
4·106 +

T2
u

175.44
− 2.76·Tu + 1722 20 ≤ Tu ≤ 600 (5a)

W =
−T3

u
3.9·106 +

T2
u

173.91
− 2.76·Tu + 1765 600 ≤ Tu ≤ 900 (5b)

To assess the accuracy of the proposed equation, a comparison was made between the
results obtained from the equation and the actual test results, as illustrated in Figure 11. The
error of the proposed equation was found to be within the range of −5% to +5%, indicating
a close alignment between the predicted values and the experimental data. This suggests
that the proposed equation provides a reasonably accurate estimation of the weight loss of
the specimens under different temperature conditions.
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Figure 11. Comparing the proposed relation with the test results.

4.2. The Compressive Strength of Specimens

In Table 2, the compressive strength, f ′c , of the specimens is documented based on the
influence of glass powder at elevated temperatures. The table reveals that by increasing
the Tu = 20o to Tu = 200o (instead of decreasing), the f ′c for SP6 and SP10 exhibited an
enhancement. Additionally, a comparison of the results indicates that at lower temperatures,
the addition of glass powder enhanced the compressive strength of the specimens. This
observation is visually represented in Figure 12, where the results are plotted. The figure
demonstrates distinct behaviors for specimens at different Tu values. For low temperatures,
the maximum f ′c was measured with 8% glass powder. However, at high temperatures, the
specimen with 6% glass powder attained the maximum f ′c . For glass powder concentrations
less than 4%, the impact of Tu on the f ′c was negligible; nonetheless, the maximum f ′c was
achieved at Tu = 400o.

Table 2. The compressive strength, f ′c , and weight versus the temperature.

Tu (◦C) SP0 SP4 SP6 SP8 SP10

f ′c(MPa)
20 18.28 12.49 8.53 10.14 7.87

200 11.52 9.88 15.79 9.97 10.78
400 9.13 8.81 6.91 4.94 5.71
600 4.91 3.84 5.42 3.33 7.42
900 2.25 2.08 2.72 0.52 0.51
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Table 2. Cont.

Tu (◦C) SP0 SP4 SP6 SP8 SP10

f ′c/ f ′c (Tu=20)
20 1.00 1.00 1.00 1.00 1.00

200 0.63 0.79 1.85 0.98 1.37
400 0.50 0.71 0.81 0.49 0.73
600 0.27 0.31 0.64 0.33 0.94
900 0.20 0.21 0.17 0.05 0.05

f ′c/ f ′c (SP0)
20 1.00 0.68 0.68 1.19 0.78

200 1.00 0.86 1.60 0.63 1.08
400 1.00 0.97 0.78 0.71 1.16
600 1.00 0.78 1.41 0.62 1.18
900 1.00 0.92 1.31 0.19 0.98
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Figure 12. The glass powder and temperature effect on the f ′c .

To predict the f ′c of the specimen under different Tu, the following equations are
proposed. According to the equations, first, the f ′c is calculated, and then its relation to
the glass power (GP) ratio at different Tu is calculated. The proposed equations exhibit
good agreement with the test results, with the maximum error being less than 2%. In these
equations, GP represents the glass powder. The results obtained from Equation (6a–d) are
compared with the test results in Figure 13.

f ′c
f ′c(SP0)

=

(
GP4

181.82
− GP3

8.23
+

GP2

1.187
− 1.82GP + 1

)
Tu = 200 ◦C, (6a)

f ′c
f ′c(SP0)

=

(
GP4

2000
− GP3

158.73
+

GP2

80
− 0.0129GP + 1

)
Tu = 400 ◦C, (6b)

f ′c
f ′c(SP0)

=

(
GP4

172.41
− GP3

8.31
+

GP2

1.25
− 1.697GP + 1

)
Tu = 600 ◦C, (6c)

f ′c
f ′c(SP0)

=

(
GP4

142.86
− GP3

6.73
+ GP2 − 2.02GP + 1

)
Tu = 900 ◦C, (6d)
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4.3. Tensile Strength of Specimens

To analyze the tensile strength ( ft) of the specimens, both ft and f ′c related to different
glass powders (GPs) for various temperatures are plotted in Figure 14. Across all specimens
with GP values less than approximately 5% at different Tu, f ′c exceeded ft. However, for
GP values around 5% and approximately 7%, ft and f ′c were similar for Tu ≤ 200o and
Tu ≥ 200o, respectively. Notably, the maximum and minimum values of ft and f ′c were
observed with GP values at 8% for all Tu.
Buildings 2024, 14, x FOR PEER REVIEW  12  of  16 
 

 

Figure 14. Comparison of compressive and tensile strength in relation to different temperatures. 

4.4. Wall Testing 

4.4.1. General 

Taking  into account  the compressive strength,  tensile strength, and weight  loss of 

specimens, it is evident that the mixture design incorporating 6% glass powder offers su‐

perior performance. To further assess the wall, blocks made of SP‐6 were fabricated and 

subjected to testing, as elaborated upon in the subsequent sections. 

4.4.2. The Block under Direct Fire 

The block underwent testing under direct fire conditions, as depicted in Figure 15. 

Notably, the presence of two vertical holes on three sides of the block was intended to 

impede the transfer of heat. Figure 16 illustrates the temperature profiles at the front (the 

side facing the fire) and back of the block. Small cracks began to appear in the block at the 

0
2
4
6
8

10
12
14
16
18
20

0 2 4 6 8 10

St
re

ss
 (

M
P

a)

Glass powder (%)

ft

f'c

𝑻𝒖 ൌ 𝟐𝟎ሺ𝒐𝑪ሻ

0

5

10

15

20

0 2 4 6 8 10

St
re

ss
 (M

P
a)

Glass powder (%)

ft

f'c

𝑻𝒖 ൌ 𝟐𝟎𝟎ሺ𝒐𝑪ሻ

0
2
4
6
8

10
12
14
16
18
20

0 2 4 6 8 10

St
re

ss
 (M

P
a)

Glass powder (%)

ft

f'c

𝑻𝒖 ൌ 𝟒𝟎𝟎ሺ𝒐𝑪ሻ

0
2
4
6
8

10
12
14
16
18
20

0 2 4 6 8 10

St
re

ss
 (M

P
a)

Glass powder (%)

ft

f'c

𝑻𝒖 ൌ 𝟔𝟎𝟎ሺ𝒐𝑪ሻ

0
2
4
6
8

10
12
14
16
18
20

0 2 4 6 8 10

St
re

ss
 (M

P
a)

Glass powder (%)

ft

f'c

𝑻𝒖 ൌ 𝟗𝟎𝟎ሺ𝒐𝑪ሻ

Figure 14. Comparison of compressive and tensile strength in relation to different temperatures.
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4.4. Wall Testing
4.4.1. General

Taking into account the compressive strength, tensile strength, and weight loss of
specimens, it is evident that the mixture design incorporating 6% glass powder offers
superior performance. To further assess the wall, blocks made of SP-6 were fabricated and
subjected to testing, as elaborated upon in the subsequent sections.

4.4.2. The Block under Direct Fire

The block underwent testing under direct fire conditions, as depicted in Figure 15.
Notably, the presence of two vertical holes on three sides of the block was intended to
impede the transfer of heat. Figure 16 illustrates the temperature profiles at the front
(the side facing the fire) and back of the block. Small cracks began to appear in the block
at the 58 min mark, as indicated in Figure 15. It is noteworthy that the block exhibited
commendable performance by sustaining approximately one hour without significant
cracking under the applied fire conditions.
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Figure 15. The proposed block: (a) during applied direct fire and (b) after 58 min under direct fire.
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Figure 16. Heat transfer through the block: (a) temperature-versus-time diagram and (b) temperature
ratio of blocks’ sides versus time.
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In Figure 16, the temperature profiles at the front (direct fire) and back of the block
are presented. As expected, the heat at the front of the block was higher than at the back.
Notably, a significant finding is that the temperature at the back of the block was reduced
by a substantial margin, ranging from 28% to 57%. Towards the end of the applied fire
(time = 58 min), the temperature at the front was 2.71 times the initial value (time = 5 min),
while the ratio for the back of the block was approximately 1.17 times the initial value. The
presence of two voids created by the middle layer of the block contributed to this favorable
performance against heat transmission.

4.4.3. Constructed Wall under OOP Loading

Figure 17 depicts the examined wall following exposure to a temperature of 900 ◦C.
The figure illustrates that the proposed wall exhibited commendable performance against
high temperatures. The results reveal that cracks appeared at a displacement of 12 mm
for the proposed wall. The ultimate OOP strength of the wall was recorded at 18.81 kN.
With a load of 1.67 kN, the wall exhibited a weight-to-strength ratio of approximately
11.17 times its weight perpendicular to the plane, indicating significant structural integrity.
This ratio suggests that even when exposed to temperatures up to 900 ◦C, the resistance
perpendicular to the plate does not experience a substantial decrease. Given that this wall
serves as a non-load-bearing structure and is not subjected to gravitational forces, it is
expected to perform well during fires induced by seismic events.
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5. Conclusions

In this paper, the experimental and parametric investigation of an innovative infill wall
constructed from lightweight concrete and waste glass powder was conducted, yielding
the following key findings.

• The glass powder percentage influenced weight loss during temperature exposure.
The maximum and minimum weight losses were observed for specimens with 0% and
8% glass powder, respectively, up to 600 ◦C. Beyond 600 ◦C, specimens with 4% glass
powder exhibited the highest weight loss.

• The results indicated that by increasing the temperature, f ′c was reduced. Moreover,
glass powder affected the f ′c . A noticeable finding is that under ambient temperatures,
Tu = 20 ◦C, adding the glass powder reduced the f ′c , whereas under higher Tu, it
improved the f ′c .

• At Tu = 200 ◦C, glass powder less than 4% reduced the f ′c , and in glass powder ranging
from 4% to 8%, it increased the f ′c . Therefore, the optimal volume of glass powder was
measured as 6% for specimens under different temperatures.

• Another noticeable finding is that the slob of f ′c reduction corresponding to the Tu was
different. Up to heating of 200 ◦C, the f ′c was reduced by around 25%. From 200 ◦C
to 600 ◦C, f ′c reduction tended to be around 10%. After Tu = 600 ◦C, the maximum f ′c
reduction was obtained for SP4 and SP8.

• With the exception of models under Tu = 200 ◦C, temperature reduced the tensile
strength of specimens. Models with 4% glass powder exhibited the minimum tensile
strength for all evaluated temperatures.

• At Tu = 200 ◦C, the tension strength considerably increased when the glass powder
was 6%. For other temperatures, the optimum glass powder was 8%.

• Testing the proposed block under direct fire indicated that the block prevents heat
transfer. The temperature at the front of the back was reduced from 28% to 57%,
which is considerable. At the beginning of applying the heating, the heat reduction
percentage was 28%, and this improved to 57% at the end of testing.

• The ultimate out-of-plane (OOP) strength of the wall was 18.81 kN, while the wall’s
weight was 167 kg, resulting in a weight-to-strength ratio of approximately 11.17 times
its weight perpendicular to the plane. This indicates robust structural integrity even
under exposure to temperatures up to 800 ◦C. As the wall was designed as a non-load-
bearing structure without gravitational forces, it showed promising performance in
fire events during earthquakes.
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