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ARTICLE INFO ABSTRACT
Keywords: This experimental study analyzes the seismic behavior of rammed earth walls with Arundo donax
Rammed earth natural fiber inclusions, also called "cana brava” (REWC), and without inclusions (REW). The

Arundo donax natural fiber
Cyclic testing
Push and pull tests

experimental program consists of two stages: physical and mechanical characterization of ma-
terials, where properties such as particle size, density, Atterberg limits, and compressive and
flexural strength were determined; and dynamic tests, which included compressive and cyclic
load tests on REW and REWC walls. The walls were subjected to cyclic loading with derivatives
between 0.2 % and 1.4 % in-plane combined with a constant vertical compressive stress of 13 kPa
to simulate seismic forces in the presence of gravity loads. The results regarding loading, hys-
teretic response, energy dissipation, stiffness degradation, and failure mode are compared. In
addition, the envelope curves of the load-displacement hysteretic responses are analyzed using a
capacity spectrum approach. It is observed that the inclusion of Arundo donax natural fiber
negatively affects the mechanical properties of the walls and their hysteretic response. It is also
observed that the energy dissipation is affected by the inclusion of Arundo donax natural fiber.
However, the stiffness behavior is similar in all the walls. Rigid body failure modes are identified
in all the walls, but the walls, including Arundo donax natural fiber, form failure planes that
divide the wall into two bodies.

1. Introduction

The production of conventional building materials requires 30-40 % of the total world energy, which has a negative impact on the
environment [1]. Using locally available materials and improving traditional techniques is essential to promote sustainable
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development. The rammed earth wall (REW) method is an ancestral technique used to compact wet soil in layers of 15-20 cm thickness
in a wooden formwork [2,3]. Originating in Europe, this method spread throughout the American continent during the colonial era;
however, during the 19th century, it declined due to using new materials such as cement. It has now re-emerged due to its sustain-
ability, low cost, and ability to regulate temperature [4]. To construct these walls, a soil with a specific composition composed of
10-40 % clay, 10-40 % silt, and 35-65 % sand and fine gravel is required [2,3].

In the last decade, the use of various additives in the construction of rammed earth walls has been investigated. Among the most
studied cementing agents are cement [5], lime [6], limestone [7], and blast furnace slag [8]. These cementitious agents bind particles
and provide cohesion to construction mixtures, thus improving the strength and durability of the constructed elements.

On the other hand, in recent years, research has also been carried out into the incorporation of fibers in the construction of footing
walling, using materials such as textiles [9], jute [10], coconut [10], wool [11], polypropylene fibers and steel [12]. These materials
are integrated into rammed earth walls to improve their flexural strength and durability, which is crucial for strengthening earth
structures and increasing their resistance to seismic loads.

The study of REW walls has mainly focused on mechanical behavior, emphasizing strength and durability [13]. In addition, thermal
studies have been initiated to analyze the responses to temperature changes and the energy efficiency of these materials [11].

In developing countries, research has focused on how non-additive reinforced rammed earth walls (REW) respond to seismic
motions, using mathematical models to predict structural responses [14]. Although some studies have employed simplified methods
with static equivalents to evaluate the seismic response of REW [15], dynamic and pseudo-static methods are more accurate in
simulating actual earthquake conditions [16]. However, the ancestral techniques of constructing rammed earth walls with the hori-
zontal inclusion of Arundo donax have been little studied.

This research is focused on analyzing the construction technique of rammed earth walls with the inclusion of Arundo donax natural
fiber (REWC) used in the department of Santander, Colombia. This technique is currently used in areas of medium-high seismic risk,
including historic centers. However, no standards or guidelines exist to evaluate the mechanical and dynamic behavior of new earth
constructions under cyclic loading in the region.

This experimental study analyzes the seismic behavior of rammed earth walls with Arundo donax natural fiber inclusions (REWC)
and without inclusions (REW). The behavior of the walls was evaluated under cyclic loads with derivatives between 0.2 % and 1.4 %,
combined with a constant vertical compressive stress of 13 kPa, which simulates the load of a housing roof. The research makes three
contributions to the scientific community. First, a physical and mechanical analysis of the sustainable and traditional material,
including the soil and the natural fiber of Arundo donax, is carried out. Secondly, a study of the structural behavior of the REW and
REWC under cyclic loads that simulate the high seismic risk is analyzed. Thirdly, in the absence of specific regulations for new
construction and detailed studies on the seismic behavior of REWC walls under cyclic loading in the study region. This research
provides crucial data to indicate the risk of implementing the REWC technique and possible improvements to develop safer and
sustainable earth construction buildings.

2. Experimental program
2.1. Materials and methods

The study’s objective is to investigate the effect of including Arundo donax natural fiber on the cyclic resistance of the rammed
earth walls. REW construction uses sustainable local materials; however, proper particle distribution and density of the compacted
material are important. The choice of material is crucial for durability, compaction, and strength. Proper particle distribution is based
on a balanced ratio of 10-40 % clay, 10-40 % silt, 35-65 % sand, and 10-20 % fine gravel, as recommended in sources [17]. The
balanced ratio is crucial to balance fine, medium, and coarse particles, as fine particles provide cohesion and coarse particles provide
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Fig. 1. Soil granulometric curve.
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stability and strength [18].

Fig. 1 shows the grain size distribution of two materials considered for REW construction, classified according to the SUCS system
based on their size, liquid limit, and plastic limit. One soil is identified as silty sand (SM), while the other is low-plasticity clay (CL).

Table 1 shows the percentages of each soil’s liquid limit, plastic limit, plasticity index, fines content, sands, and gravels. Low-
plasticity clayey soil was preferred for the walls because of its higher gradation and higher fine particle content. A medium to high
clay content is beneficial for the cohesion of the sand particles without causing excessive shrinkage during drying, thus improving the
strength and water-holding capacity of the material [19]. In addition, previous research suggests that a medium sand content increases
soil durability, permeability, and density [20].

The Proctor test determined the maximum dry density and optimum soil moisture, obtaining values of 1.78 g/cm® and 18 %,
respectively. These results are consistent with previous research on earthen walls. For example, in Iran, a moisture content between
14.61 % and 20.67 % was obtained, with maximum dry densities between 1.65 g/cm® and 1.79 g/cm?® [21]; in Portugal, moisture
content between 17 % and 21 % was found, with maximum dry densities between 1.94 g/cm® and 2.1 g/cm? [22]; in Canada, moisture
content between 14.23 % and 20. 58 %, with maximum dry densities between 1.64 g/cm® and 1.79 g/cm® [23]; in Saudi Arabia,
moisture contents between 15.55 % and 24.07 % were obtained, with maximum dry densities between 1.60 g/cm® and 1.76 g/cm®
[24]; and in India, moisture contents between 14.88 % and 25.87 % were reported, with maximum dry densities between 1.60 g/cm®
and 1.78 g/cm3 [25]. In the direct shear test, friction angle (18.77°) and cohesion (5.34 kN/rnz) values consistent with other in-
vestigations were obtained [26,27].

Table 2 shows the results of compression and flexural tests on compression mold (CM), REW, and REWC samples with a 30-day
drying period. The data show a decrease in compressive and flexural strength with the inclusion of natural Arundo donax fiber.
These values are similar to the results of other authors; for example, in Bhutan, it was obtained between 0.55 and 1.65 MPa in simple
compression [15]; in Portugal, between 0.77 and 1.25 MPa in simple compression and 0.32-0.53 MPa in flexure [14]; in Australia,
between 0. 4-0.84 MPa in simple compression [28]; in France, between 0.246 and 0.7 MPa in simple compression and 0.11-0.4 MPa in
bending [29]; and in Peru, between 0.25 and 0.58 MPa in simple compression and 0.08-0.2 MPa in bending [30].

Gynerium sagittatum, commonly called the natural fiber of Arundo donax or “cana brava,” is used in Colombia to make handicrafts
and construct earthen houses. In Santander, Colombia, it is used in the ancestral technique of including natural Arundo donax fiber in
building rammed earth walls to improve their strength and flexibility. Despite its long tradition, its effectiveness has not yet been
demonstrated. However, previous research on using natural fibers exists, such as [31-37].

The results of the physical and mechanical characterization of the cross and longitudinal sections of Arundo donax reed used in the
REWC can be observed in Table 3. The density of the Arundo donax is, on average, 1.28 g/cm3, the tensile strength is 28.84 MPa, and
the flexural strength is 0.05 MPa. These results are consistent with research; for example [32], obtained a tensile strength between
168.23 MPa and 59.8 MPa, an elastic modulus between 3.53 and 1.60 GPa, a deformation between 43.17 and 17.7 %, and a density of
1.29 g/cm?® [38].

2.2. Manufacture of walls made of rammed earth

Rammed earth walls need foundations to protect them from humidity and prevent displacement [26,39]. In the past, large rocks,
lime, sand, and flat stones were used to create a solid and uniform foundation to support loads and prevent settlement [40]. Today,
foundation beams constructed of steel-reinforced concrete are used [41]. A 2.10m x 0.15m x 0.5m steel-reinforced foundation plate
and 21 MPa concrete were used (Fig. 2 left), with steel formwork placed on top to construct the walls (Fig. 2 right).

Four walls were constructed for the cyclic test: two walls of compacted soil only as a reference (REW) and two walls with the
inclusion of Arundo donax natural fiber (REWC). Approximately 500 kg of CL was used to fabricate each earth wall. The manual
process for the REW walls included mixing the material with 20 % water to obtain optimum humidity and compacting it with a hand
rammer every 10 cm until a height of 2m was obtained according to the regional technique.

The fabrication of the REWC walls followed the same procedure, compacting layers of 10 cm up to 40 cm. Then, 135 cm and 23 mm
diameter longitudinal sections of Arundo donax natural fiber were incorporated, with a separation of 10 cm between them (Fig. 3 left).
Subsequently, the compaction process was repeated until a height of 40 cm was achieved, including 35 cm and 25 mm diameter cross
sections of Arundo donax natural fiber, separated every 10 cm (Fig. 3 right). This procedure was repeated by interspersing longitudinal
and transverse sections until a total height of 2 m was reached. The walls were dried for 30 days, which can affect the strength pa-
rameters due to temperature and humidity variation [40]. Once the drying period was over, both sides of the walls were covered with
lime, and a grid was drawn to detect deformations during the tests.

2.3. Test configuration and instrumentation

Cyclic lateral load tests were carried out on the stepped slurry walls with a hydraulic actuator positioned at 1.70 m, using a steel

Table 1

Physical properties of soils.
Soil LL (%) LP (%) 1P (%) LC (%) Fines content (%) Sand content (%) Gravel of content (%)
SM 39 35.67 4.13 12.5 48.92 50.46 0.62
CL 45.16 20.19 24.97 14.5 52.62 43.93 0.44
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Table 2

Soil mechanical characterization, REW, and REWC.
Type of Number of Dimensions (cm)  Compressive stress Young’s module E Shear stress Cu Tensile stress
sample samples (MPa) (MPa) (MPa) (MPa)
CM 10 30x15 0.31 63.64 0.155 0.105
REW 900x200x 1000  0.64 117.33 0.32 -
REWC 2 900x200x1000  0.48 64.76 0.24 -

Table 3

Physical and mechanical characterization of Arundo donax.
Type of sample Number of samples ~ Diameter (cm)  Tensile stress (MPa) ~ Traction stress (MPa) ~ Density (g/cm®)
Longitudinal sections of 135 cm of Arundo donax 5 22.68 0.04 24.39 1.33
Transverse sections of 35 cm of Arundo donax 5 25.66 0.06 33.3 1.23

Fig. 3. Arundo donax left: Longitudinal sections and right: transversal sections.

frame hinged at all joints (Fig. 4 left). This frame was mainly used to avoid local failures in the interaction between the wall and the
hydraulic actuator, as well as to evaluate the actual behavior of the REW [18].

The applied compressive load was 13 kPa at the top of the wall, simulating the vertical load generated by the roof of a rammed-
earth house, like how it was performed [40]. This load was applied by concrete beams with the help of a crane. Other authors applied
higher loads to the wall to restrain movement and prevent rocking. Among them, Miccoli et al., applied compressive stress of 0.56
N/mm2 [42], Romanazzi et al., of 0.3 MPa [22] and Wangmo et al., of 0.1 MPa to their L-shaped wall [15]. However, the purpose of the
research was not to evaluate the shear strength of the walls but to evaluate the failure modes against seismic loads, so it was considered

pertinent first not to restrict the movement and second to apply an actual load generated by the roof of a house.

Finally, two LDVT (Linear Differential Displacement Transformer) transducers were installed on a concrete column to measure the
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Fig. 4. Left: Equipment configuration and right: Cyclic test.

wall displacement during cyclic load tests. Due to equipment limitations, the movement was limited to a maximum drift of 1.4 % of the
total wall height. The cyclic horizontal push and pull loads are exerted by a hydraulic actuator connected to a reaction wall at the top.
The displacement control of the cyclic lateral load test was performed visually through the monitor of the hydraulic unit until the
maximum drift was reached (Fig. 4 left).

Similar instrumentation has been used in previous investigations to evaluate the strength of walls made of various materials,
including polypropylene fibers [7], steel plates [9], steel rods, steel mesh [26], wood [38], glass fibers [15], cement, lime, or fly ash
[27].

In the push and pull test, horizontal cyclic displacements of increasing amplitude of 3.8 mm were applied for each step, corre-
sponding to a drift of 0.2 %, repeated three times for each displacement amplitude until a drift of 1.4 % was reached (Fig. 4 right). This
value was calculated considering the limited displacement range of (3.8 mm-22.6 mm).

3. Results and discussion

The walls were subjected to the inverse cyclic displacement protocol, based on FEMA 461 [43] it is shown in Fig. 5. This protocol
started with cycles of 3.8 mm amplitude (equivalent to 0.2 % drift), which were subsequently increased by the same amount until
failure was reached with a drift of 1.4 % for REW walls and 1 % for REWC walls. Consistent with the methodology used by Rame-
zanpour et al., in his research [27] Three complete displacement cycles were used to evaluate each configuration of the push-pull force
relationship.

Fig. 6 represents the maximum push and pull loads, which differ because of damage in reverse loading cycles, agreeing with
Miccoli’s results [44]. In the push test, resistance to movement must be overcome, while in the pull, the weight of the wall acts as an
additional force requiring less force, in line with Vatani’s findings [37]. Rammed earth walls showed varying strength and deformation
capacities under cyclic thrust and tensile loads. REW tended to have higher load-bearing capacities in both thrust and tension
compared to REWC. This suggests that the inclusion of natural fibers in horizontal positions may significantly affect the strength and
behavior of the wall under cyclic loading due to differences in the tensile strength and ductility of the material.
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Fig. 5. Reverse cyclic loading protocol.
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During cyclic loading, the relationship between maximum displacement and force was monitored in real-time to obtain the hys-
teretic responses of all walls. The horizontal load hysteresis loops and the corresponding displacement obtained from the cyclic curves
for each load step are shown in Fig. 7. According to Miccoli et al. [44], the shape of the hysteresis loops is typical of shear failure due to
limited sliding of the rammed earth layers, where the occurrence of cracks was presented at a drift of 0.69 % and the maximum drift
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Fig. 7. Cyclic load-displacement curve; a) RWE 1, b) REW 2, ¢) REW 3 and d) REW 4.
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reached was 1.47 %. The load and displacement capacities for REW 1 are 29.2 kN - 26.88 mm (push) and 20.5 kN - 26.64 mm (pull)
(Fig. 7-a). Wall REW 2 recorded in Fig. 7-b load capacities of 24.5 kN with a maximum push displacement of 27.14 mm and 23.5 kN
with a maximum pull displacement of 27.23 mm.

Walls REWC 3 and REWC 4 reached a drift of 0.8 and 1 %, respectively, producing a localized shear failure in the first Arundo donax
natural fiber inclusion. In wall REWC 3, the maximum push load was 12.3 kN with a displacement of 26.28 mm, and the maximum pull
load was 24.5 kN with a displacement of 26.45 mm (Fig. 7-c). In wall REWC 4, the load capacities of 17.6 kN (push) with a
displacement of 19.92 mm and 16.7 kN (pull) with a displacement of 19.86 mm were recorded (Fig. 7-d). The resistance of the walls to
cyclic loads is attributed to the mechanical properties of the component materials, such as compressive strength, flexural strength,
cohesion, friction, and elastic modulus.

As the loading cycle progresses, the hysteretic curves initially show a brief period of linear elasticity that widens with increasing
drift. According to Zhou et al. [45], this widening of the loops is due to the dissipation of microcosmic cracks induced by the energy
applied during horizontal cyclic loading. The hysteresis envelope curves are based on the first cycle of each displacement amplitude,
reflecting a consistency like that observed in the results of Miccoli et al., [44]. Arslan et al. [46], suggests that this behavior indicates
the presence of plastic deformations and energy dissipation in the form of heat, attributable to friction and internal deformation of the
material. In the REWC, a significant reduction in strength was observed under cyclic loading. Hysteresis loops showed a typical shear
failure, indicating limited sliding between the rammed earth layers where the natural fibers were included and a lower capacity to
resist deformations. Compared to the REW, the REWCs exhibited markedly lower load-bearing capacities, underlining the crucial
influence of the material’s mechanical properties on their structural behavior under dynamic conditions.

Fig. 8 represents the lateral load-displacement envelope of the walls; these curves were obtained by connecting the maximum
points of the first cycles of the loading history in both directions. As stated by Romanazzi et al. [14], although there is asymmetry in the
hysteresis curves, the analysis exclusively centers on the maximum horizontal loads in the force quadrant and horizontal displace-
ments, thereby streamlining the evaluation of structural capacity under lateral loads. To investigate the effect of including Arundo
donax natural fiber on the lateral load capacity, two specimens should be compared with their REW counterpart. All walls behaved
similarly, moving as rigid bodies with drifts between 0.2 % and 1.4 %. Ramezanpour et al. [47], notes that typically, the failure modes
observed during the can be classified as rocking and shear [27]. In the study, it was observed that REWs walls did not reach failure.
However, REWC wall 3 was found to fail with a 1 % drift, supporting a load of 22.3 kN, while REWC wall 4 failed with a drift of 0.8 %
under a load of 17.6 kN. This could be the result of a lower cohesion between the compacted soil layers and the fibers. This lower
cohesion facilitates sliding and crack formation under cyclic loading. In addition, it has been suggested that the asymmetry in the
hysteresis curves could be attributed to different behaviors in the thrust and tensile directions. Miccoli et al. [44], points out that this
phenomenon is frequent in walls built with heterogeneous materials such as rammed earth.

One measure of a structure’s resistance to seismic loading is its ability to dissipate seismic energy. As noted by Ramezanpour et al.
[27], and Sakr et al. [48], in cyclic loading, dissipated energy is defined as the energy lost during each hysteretic cycle. The dissipation
energy is specified as the area under the force-displacement hysteresis envelope curve [48]. The total energy dissipation capacity (E¢q)
is calculated by summing the energy absorbed during each load cycle (Eg;), as seen in Equation (1).

Eq=) Ea ey

Fig. 9 shows the variation of the total dissipated energy as a function of lateral drift for the tested walls. REW wall 1 reached the
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Fig. 8. Load-displacement envelope curves of test walls.
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accumulated dissipated energy of 5008.11 kNmm, while REW wall 2 reached 3593.49 kNmm. On the other hand, wall 3 and wall 4
experienced a notable reduction in dissipated energy, with values of 2477.57 kNmm and 1845.68 kNmm, respectively. This shows that
unreinforced rammed earth walls absorb and dissipate more energy during load cycles, improving seismic resistance, while the in-
clusion of Arundo donax fibers reduced the energy dissipation capacity having an adverse effect.
Arslan et al. [46], describes the use of stiffness degradation to the overall response of the test specimens. Stiffness is calculated
through the slope of the load-deflection curve joining the positive and negative peaks obtained during the tests using equation (2)
F —F

Ki=—"r—7- )
b oD,

Where F; y F; are the maximum loads corresponding to displacements D;” y D; in the push and pull directions.

Fig. 10 shows a steady decrease in the stiffness of all walls as the drift ratio increases, this loss of stiffness is due to cumulative
damage caused by drift in each cycle. REW 1, REW 2 and REWC 3 achieved similar maximum stiffness values of 3.9 kN/mm, 3.07 kN/
mm and 3.38 kN/mm, respectively. But the maximum stiffness of REWC 4 was notably lower, with a value of 2.1 kN/mm. According to
Tripura et al. [49], in structures such as rammed earth walls, where strength and stiffness are key against lateral forces, horizontal
fibers do not effectively reinforce in the critical direction. Stiffness depends on the fibers to resist vertical or oblique forces, where
vertical fibers may offer better reinforcement.

The test walls presented a rigid behavior evidenced in Fig. 10 by their failure pattern. This behavior is due to the mechanical
properties of the materials, such as tensile strength, compressive strength, and elastic modulus. REW 1 and REW 2 swayed during the
test and showed cracks at the tip, but did not fail, behaving as a rigid body (Fig. 11). The unreinforced rammed earth wall showed a
relatively greater capacity to resist deformations without fracturing, evidencing its inherent structural robustness.

REWC 3 and REWC 4 swayed and presented horizontal cracks, which generated a failure surface with a drift of 0.8 %. The failure
mode identified was shear in the first layer of Arundo donax natural fiber inclusion 40 cm from the foot of the wall. The intercalation of
these natural fibers created a plane of weakness that experienced progressive shear at each drift cycle, culminating in failure, as shown
in Fig. 12.

Currently, there is little documentation on the use of Arundo donax, cane, bamboo or other similar materials as reinforcement in
rammed earth walls. Variations are significant depending on the country and technique used. For example, in Peru, the 2017 standard
E.080 specifies the use of Arundo donax (diameter 25 mm) in adobe constructions with horizontal reinforcements every 40 cm
transversely, every 18 cm longitudinally and every 35 cm vertically [50]. On the other hand, in India, the I1S13837:1993 standard
mentions horizontal and vertical reinforcements, suggesting the use of bamboo mesh without specifying dimensions [51]. Finally, in
Colombia, the only section of the seismic resistant standard called AIS 610-EP-17 focuses on heritage buildings with wood, steel or
plastic reinforcements, excluding reed reinforcements and not applying to new constructions [52].

Standards such as NBC 204:1994 [53], NZS 4297:1998 [54] and ASTM E2392-M10:2010 [55] recommend horizontal reinforce-
ment with concrete or steel to resist seismic forces, although in rural areas the use of bamboo or wood may be necessary due to cost and
supply constraints. However, it is cautioned that horizontal reinforcing bars could weaken the structure and cause cracks, affecting the
shear strength of the walls [56]. In contrast, vertical reinforcement, which is more common, uses steel and concrete to protect
structural integrity and prevent separation between the walls and the foundation from seismic forces.

The analysis revealed that the technique of incorporating Arundo donax in the horizontal layer in the region of Santander,
Colombia, generates failure planes that affect the structural resistance of the wall against cyclic loads. As an improvement, it is
suggested to study the vertical inclusion of Arundo donax or to combine vertical steel reinforcement with Arundo donax in the hor-
izontal layer. These options could redistribute the internal forces of the wall and strengthen its capacity to resist and dissipate energy
under dynamic loads. Tripura et al. [12], investigated a similar case with treaded rammed earth walls, using bamboo for horizontal
reinforcement and steel for vertical reinforcement, demonstrating its effectiveness in low-rise constructions.

4. Conclusions

This study carried out research on ancestral technique of rammed earth walls with inclusion of Arundo donax fiber performed in
Santander, Colombia. The soil material used in the construction of rammed earth walls is essential to provide physical, mechanical and
durability properties to the structure. A suitable proportion between 20 % and 40 % clay and between 60 % and 80 % sand in the mix is
recommended. Clay provides cohesion and plasticity to the mix, while sand provides strength and stability. Insufficient clay affects the
quality and durability of the wall, while too much clay produces a sticky, difficult-to-work mixture. Sand alone prevents the formation
of a strong, durable structure. The combination of clay and sand in a homogeneous mixture allows for a solid and resistant structure
with ideal compaction and malleability.

REW 2 presented a higher moisture content than the optimum established by the moisture-density ratio test, which explains the
variability of the results between REW 1 and REW 2. It is essential to achieve the optimum moisture content by means of the Proctor
test in the construction of masonry walls, since this has a direct impact on the strength and durability of the wall. Too much dryness or
humidity can lead to deformation, collapse or cracking.

The instrumentation and the base of the walls performed optimally, thanks to the articulated frame that allowed movement under
cyclic loads without causing local failures due to the hydraulic actuator. Despite limitations in displacement measurement, the LDVT
transducers demonstrated accuracy, providing reliable data on the structural behavior of the walls.

The REWC walls demonstrated lower load carrying capacity under cyclic loads according to the FEMA 461 protocol compared to
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Fig. 11. Failure pattern REW Rigid body.

the REW walls. REWC walls achieved 12.3 kN and 24.5 kN in thrust and tension, respectively, while REW walls showed higher ca-
pacities of 29.2 kN and 20.5 kN under the same loading conditions.
The results of the study show that there is a difference between the maximum cyclic push and pull loads, which is because of the
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Fig. 12. REWC failure pattern failure plane.

damage that occurs during the reverse loading cycles. The difference is that in the push test the resistance to movement must be
overcome, whereas in the pull test the weight of the wall adds additional force, which requires less effort.

The hysteresis plots show that REW 1 and REW 2 have a better capacity to resist lateral cyclic loads than REWC 3 and REWC 4. This
is because the latter have longitudinal and cross sections that weaken the wall, creating a progressive plane of weakness in thrust and
backward movements. All the walls have a similar behavior for a drift between 0.2 % and 0.8 % in terms of load capacity and dissipated
energy. However, REWC 3 and REWC 4 failed with a drift of 0.8 % and 1 %, respectively, causing the division of the wall into two
independent sections that behave as rigid bodies, where the upper section slides and rotates due to the load exerted.

During the cyclic displacement tests, it was observed that the REWC walls showed a typical form of shear failure, evidencing a less
robust performance in strength and deformation capacity compared to the REW walls. This is attributed to the inclusion of Arundo
donax fibers, which introduce planes of weakness and affect the cohesion between the rammed earth layers, facilitating crack for-
mation and slippage under dynamic loads.

The energy dissipation plots provide information on which element behaves more rigidly by showing which element required more
work to be displaced. REW 1 and REW 2 had the highest cumulative dissipated energy, while REWC 3 and REWC 4 experienced a
noticeable reduction in dissipated energy by reaching drifts of 0.8 % and 1 %, respectively, prior to failure. REW walls demonstrated a
greater capacity to absorb and dissipate energy during load cycling, with significantly higher cumulative dissipated energy values
compared to REWC walls. This highlights the importance of evaluating the impact of natural fiber inclusion on the seismic response
and structural safety of rammed earth walls.

The structural stiffness of all walls gradually decreased with increasing lateral drift, due to cumulative damage during loading
cycles. The REWC walls, especially REWC 4, exhibited noticeably lower maximum stiffness compared to the REW walls, suggesting a
less effective structural response to lateral loads.

The inclusion of natural fibers such as Arundo donax in rammed earth walls should be optimized to mitigate adverse effects on
structural strength and seismic load bearing capacity. The use of this construction method is not appropriate for the study region, and
the lack of regulations in new earth construction carries risks. It is recommended to investigate strategies that include Arundo donax
vertically or combined with vertical reinforcement to improve strength and seismic response.
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