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Abstract Sustainable construction is an urgent theme
in both industrial and developing countries where the
construction sector consumes 36% of worldwide energy
usage and 40% of the natural resources. Moreover, it
causes a hug adverse impact on the environment. One of
the major practices to achieve sustainability in construction
sector is the use of waste and recycled materials as building
materials. The use of waste reduces the consumption of
natural resources, energy consumption and carbon
emissions. This study is carried out on three types of waste
and by-product materials; excavation waste, crushed red
brick, and fly ash (FA) which emits from coal-fired thermal
plants. The study aims to assess these materials to produce
rammed earth as sustainable solution reduces resource
consumption, energy consumption, and the environmental
pollutants caused by building activities and industrial
waste. In order to achieve that, five FA levels 0%, 5%, 10%,
15%, and 20% were mixed with excavation waste of
natural soil, and crushed red brick to prepare five rammed
earth mixtures. The samples were tested for compressive

strength, dry shrinkage, erosion resistance, and
microstructure analysis using the scanning electron
microscope. The obtained results show that the

aforementioned materials can be utilized to produce
rammed earth comply with the standard requirements. Also,
the observed results indicate that the better properties were
measured for mixture prepared using 20% fly ash.

Keywords  Sustainable Building Materials, Solid
Waste, Rammed Earth, Excavation Soil, Red Bricks Waste

1. Introduction

The Construction industry consumes about 40% of
natural extracted resources [1] and consumes 40% of the
energy in the developed countries [2]. Also, the
construction industry sector is responsible for 30% of
greenhouse gases [3] and 9 Gt/annum of waste globally [4].
Bricks, tiles, and concrete waste represent 50% of the total
construction and demolition [5, 6]. Therefore, it is
important to find alternative building materials to minimize
resource consumption (energy, land, water, materials), and
to maximize both resource efficiency and protection of the
natural environment. These targets can be achieved by
expanding the use of sustainable and green building
materials, as they provide better gains in the long run [7, 8].
The use of sustainable materials, such as the earthen
materials, and demolition waste materials appears to be a
viable solution not only to the pollution problem but also
an economical option [9, 10]. Moreover, transportation
CO, emissions can be reduced if on-site excavation earth
and construction demolition waste are used as a building
material. Adopting the utilization of any sustainable
material depends on many criteria such as the availability
of this material and its specifications [11].

Several studies describe the benefits gains with reusing
excavated soil at the construction site. Chittoori et al. [12]
described the cost and environmental benefits of reusing
excavated soil reduce the material management costs and
climate impact by 85%. Eras et al. [13] showed that it was
possible to relocate and reuse 44% of the excavated
materials and hence reduce earthwork and transports to
landfills as well as the use of quarry materials. Voit and
Zimmermann [14] investigated the mechanically relevant
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parameters of fresh and hardened concrete using excavated
materials as aggregates. Priyadharshinia et al. [15] studied
reusing excavated soil as an alternative to river sand in the
production of mortar. Flow, dry density, compressive
strength, water absorption, and dry shrinkage tests were
performed to understand the effect of washing treatment on
excavation soil-based cement mortar; results concluded
that washing treatment is effective in the use of excavated
soil as fine aggregate. Anjaneya Dixit [16] demonstrated
the utilization of marine clay obtained from excavation
works as a substitute to quartz filler in ultra-high
performance concrete. This study shows waste marine clay
as a viable alternative to costly and carcinogenic quartz
powder and hence, provides a new approach for sustainable
UHPC.

Other studies focused on the use of construction waste as
an alternative to aggregate or cement in the manufacture of
concrete and mortars. Clay bricks powder have pozzolanic
properties so it suitable as a partial substitute for cement in
concrete production [17, 18]. The manufacturing of clay
brick implies exposure to elevated temperatures, ranging
from 600 to 1000°C, that causes a change in the structure of
its silicates to an amorphous compound that reacts with
lime at room temperature [19,20,21].Rammed earth is
considered a sustainable solution due to its low carbon
footprint, little materials treatment process, high
recyclability, long service life [22] and low embodied
energy where stabilized earth’s embodied energy is 0.7
Mj/kg while cement’s embodied energy is 5.6 Mj/kg [23].
In addition, earth walls have a good thermal behavior due
to their high mass and can contribute, with proper natural
ventilation strategies, to the indoor building comfort
providing high thermal inertia to deal with the day-night
temperature changes [24,25].Besides the environmental
benefits of the rammed earth construction technique, it
presents social and economic features [26] especially in
isolated area and developing countries where material costs
exceed the labor costs, where other building materials and
construction technologies may be not available [27] while a
local unskilled labor force can be readily employed.
Historically, raw earth is the earliest and most widespread
building materials. Although, the use of Portland cement
since 1824, and steel have pushed rammed earth away from
conventional construction [28], the renewed interest in raw
earth as a building material stems from several features
such as low cost, self-build practice, and keeping of
resources [29]. Rammed earth is considered a
homogeneous construction [30] composed of sand, clay,
silt, and gravel mixed with low moisture content, and
compacted inside temporary formwork [31].

Rauch [32] reported that the addition of gravels or
pebbles in rammed earth mix enhances its surface
durability. Ciancio et al. [33] reported that the optimal
moisture content depends on the content of clay and silt
and usually around 10 % of the dry weight. Based on the
type of binder, there are two types of rammed earth;
non-stabilized rammed earth where the only used binder is
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clay, and stabilized rammed earth where other binders can
be added, such as lime, cement, gypsum, and chemical
solutions such as silicates [34].Stabilization of rammed
earth improves its mechanical performance, erosion
resistance, wet strength, and durability [35, 36], and the
addition of short fibers improve the stabilization of
rammed earth against shrinkage [37]. Stabilization of
rammed earth requires less cement (typically 6-8% by
weight) [38,39], which still remains the principal
contributor to embodied energy and greenhouse gas
emissions [40].Moreover, the recyclability of the material
after its service time is also debated [32]. Efforts to reduce
cement use further through substitution with fly ash,
ground granulated blast-furnace slag [41], and/or fibers
[42]. To enhance the binding and tensile strength of
rammed earth in seismic areas, fibers are added [43].

2. Research Significance

The importance of this study is due to the fact that it aims
to utilize various wastes such as excavation waste, red
brick waste, and fly ash as building materials used for
example but not limited to produce rammed earth. By using
these materials, resource efficiency can be increased,
energy-reduced, and the environment protected from
pollution by reducing solid waste from industrial and
construction activities, as well as reducing greenhouse
gases emissions. Evaluation of properties of rammed earth
produced using these waste were presented in this study.

3. Experimental Program

3.1. Materials
3.1.1. Natural soil

The used natural soil shown in Figure 1 was produced
from excavation work on-site. The particle size distribution
of this soil is shown in Figure 2.The properties of the used
natural soil are listed in Table 1.

3.1.2. Industrial Waste

Two types of solid industrial waste were used in this

study:

® Crushed red brick: The remnants of the red brick
were crushed to graded particles containing some
powder as shown in Figure 2.The grading curve of
crushed red bricks is shown in Figure 3.Properties of
crushed red bricks are presented in Table 1.

® Fly ash: It is a by-product emits from coal-fired
thermal plants and it was used here to stabilize the
soil with five levels; 0%, 5%, 10%, 15%, and 20%
per dry soil weight. The chemical constituents of fly
ash are listed in Table 2.

3.1.3. Mixing Water

Portable water complies with ASTM



C1602/C1602M-18 [44] was used in soil mixing with the

optimum moisture content.
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Figure 1. Excavation Soil Waste

Table 1. Properties of Natural soil and crushed red brick

Property Natural Soil | Crushed Red Bricks
Specific gravity 2.6 2.05
Dryumiweleh kel | 350 1195
Absorption % - 14 %
Liquid limit (LL) 31.5 -
Plastic limit (PL) 18.5 -
Plasticity index (PI) 13.0 -

Table 2. Chemical composition of Fly ash

Compound Content % wt.
SiO, 59
ALO; 21
Fe,0; 3.7
CaO 6.9
MgO 1.4
SOs 1.0
K,O 0.9

3.2. Soil Mixtures Proportions

To prepare the studied mixtures, a constant proportion of
the natural soil and crushed red bricks was mixed with five

levels of fly ash 0%, 5%, 10%, 15, and 20% .The water to
dry materials ratio was constant for all mixtures and equal
to 0.15.The mix proportions for all mixtures are presented

in Table 3.
Table 3. Mix proportions (kg/m’)

Mix Natural Cl:uﬁsclf(:d FA % FA Water

designation | soil (Kg) (Ke) (Kg) (Kg)
MO 750 942 0% 0 254
M5 750 942 5% 85 254
M10 750 942 10% 170 254
M15 750 942 15% 255 254
M20 750 942 20% 340 254

3.3. Sample Preparation and Testing

Natural soil and crushed brick were mixed in a dry state

then fly ash was added and remixed again. Water was
sprinkled uniformly with continuous stirring to obtain a
homogeneous mixture. Then, the specimens were formed
in three layers, each layer rammed by freely lowering the
rammer from a height of 30 cm to the surface of the
mixture. The specimens were prepared for the next tests:

The compressive strength: Compressive strength of
the compacted soil test was carried out on cubic
specimens of 150*150*150 mm as shown in Figure 4.
The microstructure of mixtures: The scanning
electron microscopy (SEM) analysis was used to
study the microstructure of samples at 28 days of
curing. For observation of SEM, pieces of specimens
were cut and ground to expose a fresh surface then
coated with gold in a sputter coater to obtain clear
SEM images.

Linear Shrinkage: The test of linear shrinkage was
carried out on specimens of 500 mm x 100 mmx 100
mm according to Amsler method described in the
PN-B-06714-23 standard [45].

Erosion Resistance: To evaluate the rammed earth
resist to weathering the rammed earth specimens were
subjected to repeated cycles of wetting and drying in
accordance ASTM D559 / D559M-15 [46].
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Figure 2. Particle Size Distribution of the natural soil and crushed red bricks

Figure 3. Crushed red bricks

Figure 4. Compressive Strength Specimens

4. Results and Discussion

4.1. Compressive Strength

Figure 5 presents the compressive strength results of all
investigated mixtures. The compressive strength values are
acceptable since the minimum compressive strength
requirements is 1.35MPa [47].These values are related to

several factors such as; the compaction process used since
compacting the soil where the higher density obtained by
compaction significantly increases the compressive
strength [48], the presence of coarse crushed bricks, the
filler and pozzolanic effect of superfine particles of crushed
bricks [49], and the pozzolanic reactivity of fly ash
[50].These results show that there is an increase in
compressive strength as the fly ash content increase. For
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example, the mixture contains 5% fly ash have
compressive strength higher than that of 0% fly ash with
63%, 48.25, and 51.5% at 7, 14, and 28 days respectively.
At 10% fly ash the compressive strengths are 67.7%, 57%,
and 60% more than that of 0% fly ash at ages of 7, 14, and
28 days respectively. Moreover, using 15% of fly ash leads
to strength increase with 70%, 59%, and 63% at 7, 14, and
28 days respectively. Fly ash content of 20% leads to
compressive strength higher than that of 0% fly ash with
percentages of 73%, 65%, and 68% at 7, 14, 28 days
respectively.

4.2. Linear Shrinkage

The linear shrinkage of the investigated mixtures was
carried out on specimens at ages of 7, 28, and 56 days. The
obtained results of this test are shown in Figure 6.These
results show that the mixture without stabilizer (i.e.
FA=0%) have the higher linear shrinkage at the different
ages where as the shrinkage increases overtime from 0.19%
to 0.28% at 7 and 28 days respectively and reach up to 0.39%
at 56 days. Figure 6 indicates that the linear shrinkage
decreases with increasing fly ash content at all ages. For
example, the linear shrinkage at 7 days of mixtures
containing 5%, 10%, 15%, and 20% fly ash were lower
than that of mixture without fly ash by 21%, 31.6%, 47.4%,
and 58% respectively. Otherwise, the linear shrinkage
increases with time for all mixtures containing fly ash, this
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increase ranges between 46.6% and 50% when comparing
shrinkage at 28 days with shrinkage at 7 days. At 56 days,
the linear shrinkage increases with more than 100%
compared to shrinkage at 7 days. Generally, it noticed that
the most linear shrinkage occurs in the first seven days, and
this could be due to the evaporation of free capillary water
through the interconnected pores. Also, the investigated
specimens achieved linear shrinkage between 0.08% and
0.43% which was less than the requirement for rammed
earth 0.5% according to NZS 4298:1998 [51]. At the later
ages, the pore size reduced due to the pozzolanic reaction
of flay ash and super fine red bricks powder moreover all
water consumed in this reaction. Consequently the linear
shrinkage rate reduced at later ages and as the fly ash level
increased. Beside the free water content, the shrinkage
strongly depends on the presence of clay in the soil [52].
The presence of fine and coarse crushed bricks particles
reduces the dry shrinkage as a result of reducing the clay
amount and restricting the volumetric changes.

4.3. Erosion Resistance

In this work, the durability was evaluated by exposing
the specimens to successive three cycles of wetting and
drying then the specimens were tested for compressive
strength. The obtained results of the residual compressive
strength and reduction percentages are shown in Figure 7
and Figure 8 respectively.
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Figure 5. Compressive strength at 7, 14, and 28 days
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It noticed that there are severe decreases in the
compressive strength values of the mixture without
stabilizer (0% FA) after all cycles. The residual
compressive strength of this mixture was 0.55 MPa after
the first cycle which decreases to 0.42 MPa after the second
cycle as well as the residual compressive strength reaches
to 0.19 Mpa after the third cycle. This means that the
compressive strength reduced by 54%, 57%, and 80.4%
after the first, second, and third cycle respectively as shown
in Figure 8. This reduction of strength is due to absence of a
binder that binds the grains of soil and crushed bricks apart
from the weak role played by red brick powder as a binder.
Also the recorded results show that the residual
compressive strength increases as the fly ash level increase,
for example the residual compressive strength of mixtures
containing 5%, 10%, 15%, and 20% FA after the first cycle
were 80%, 81%, 82%, and 84% of the original compressive
strength. This behavior can be attributed to the pozzolanic
activity of fly ash and super fine red bricks powder, this
leads to more bonding between the soil particles and the
crushed brick particles and increase the residual
compressive strength.

4.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) helps to
understand the microstructure of rammed earth. The SEM
images of the five mixtures at the curing age of 28 days are
shown in Figure 9 (a—e). The maximum content of pores
was observed in the mixture without stabilizer (0%FA),
whereas it is reduced in the mixtures containing fly ash. In
Figure 9 (a) for the sample of 0% FA, the presence of
excessive and large pores is responsible for low
compressive strength and high linear shrinkage. As shown
in Figure 9 (b-e), the microstructure of the mixtures with
5%, 10%, 15%, and 20% fly ash change from large pores to
small and homogeneous pores as the percentage of FA
increases. Fly ash and super fine bricks particles gave a
reduction of the total pore volume of mixtures due to the
high pozzolanic reaction and filler effect, thereby
providing less porosity, less dry shrinkage, and increase the
compressive strength.
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5. Conclusions

This study evaluates the utilization of solid industrial
and building wastes such as soil excavation waste, red
bricks waste, and fly ash as building materials accordingly,
resource efficiency can be increased, and the
environmental pollution by solid and greenhouse gases
emissions will be reduced. Based on the obtained results,
the next conclusions can be drawn:

1. Generally, the examined materials (soil excavation
waste, red bricks waste, and fly ash) are suitable to
use in rammed earth walls where the results related to
compressive strength, linear shrinkage, and durability
were complied with the standard requirements.

2. The mixture that consists of excavation soil waste and
crushed red bricks without fly ash have the lower
compressive strength where the strength generated
mainly from the compacting of soil and the

pozzolanic activity of a small amount of brick powder.

Also, this mixture has the higher reduction in
compressive strength after exposure to alternate
cycles of wetting and drying.

3. In general, as the level of fly ash increases the
compressive strength at all ages increases, moreover,
all mixtures containing 5%,10%,15%, and 20% of fly
ash achieve the lower limit of compressive strength
which stated by the standard requirements (1.35MPa)
[47].

4. The linear shrinkage of mixtures depends on many
factors such as the presence of clay and coarse
particles, stabilizer type and amount, pore size and
capillary water content, since the only variable in this
study is the stabilizer level (FA), the results show that
the mixture without stabilizer has the higher dry
shrinkage of 0.42% at 56 days and this value decrease
as the FA level increase and reach to 0.16% for 20%
FA.

5. All mixtures have linear shrinkage complied with the
standard requirement of linear shrinkage (0.5%) [51].

6. The compressive strength reduction percentages due
to wetting and drying cycles were decrease as FA
level increase where it reaches to 84% for 0%FA,
while it is equal to 37.3% for 20% FA.

7. It can be observed from the SEM that pore size
decrease due to addition of 5%, 10%, 15%, and 20%
fly ash, which led to improve the strength and
reduction in dry shrinkage as a result of filler and
pozzolanic effect of FA.
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