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Abstract: Rammed earth construction is an ancient technique using local soils that are compacted to form structural elements. This method
has attracted renewed interest throughout the world due to its social, economic, and environmental benefits. This paper furthers the under-
standing of rammed earth as an engineering material. A local soil is selected as representative of readily available matrix material and its
suitability is studied by conducting compression, tension, bending, and durability tests on the end product. The viability of using a natural soil
with high fines content is adopted as one of the key target elements of this research. The effect of using varied percentages of two stabilizers,
cement and natural lime, on the mechanical properties of rammed earth is also assessed. Additionally, the efficacy of reinforcement using
hemp fibers to improve tensile properties is investigated. Experimental results show that natural soils with high fines content are a viable
construction material when stabilized by a combination of lime and cement. For this optimal combination, the compressive strength improves
roughly threefold and the durability performance is enhanced to acceptable levels. Furthermore, the combination of 6% chemical stabilization
and 0.75% fiber reinforcement is found to provide optimal benefits in imparting tensile strength and toughness to rammed earth. The obtained
improvements are on the order of 500% and 30,000% in the tensile strength and toughness, respectively. DOI: 10.1061/(ASCE)MT.1943-

5533.0002481. © 2018 American Society of Civil Engineers.

Introduction

Technological advancements result in innovations in construction
materials and/or the enhancement of their quality; however, parallel
to these advancements are the depletion of scarce resources and a
deterioration of sensitive environmental settings. These drawbacks
engendered a drive to utilize alternative and/or sustainable con-
struction materials. Among these alternate materials, earth has
gained in popularity because it is readily available and reusable.
Earth construction generally employs local soils that are stabilized
and/or compacted to produce blocks or walls. The high demand for
houses further exacerbates the drawbacks of using conventional
material and favors the use of on-site soils. The utilization of local
earth material reduces transportation costs, carbon emissions, and
embodied energy; increases the availability of quality housing; and
enhances the local economy (Jayasinghe and Kamaladasa 2007;
Milani and Labaki 2012; Schexnayder et al. 2013; Ciancio et al.
2014; Kariyawasam and Jayasinghe 2016; Khadka and Shakya
2016; Gallipoli et al. 2017). This technology is thus energy effi-
cient, affordable, and sustainable (Waziri et al. 2013).

The oldest records of earth construction date back to 10,000
BCE in Mesopotamia. Archeological remains indicate that the
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Phoenicians used raw earth for construction in Tyre, Sidon, and
Ugarit and later spread this technique across the Mediterranean
(Heathcote 1995; Schexnayder et al. 2013; Simenson 2013;
Gallipoli et al. 2017). Among the most popular earth construction
techniques is rammed earth (Maniatidis and Walker 2008). The
most ancient forms of rammed earth were unstabilized, i.e., the soil
was used without additives. However, some ancient civilizations
stabilized the soil using lime to improve its mechanical properties.
In more-recent applications, the soil is stabilized through inclusion
of other inorganic additives, e.g., cement (Ciancio et al. 2013;
Beckett and Ciancio 2014). Other advances in rammed earth in-
clude using mechanical rammers, developing prefabricated
rammed earth walls, and reinforcing the soil with steel or fibers
(Gallipoli et al. 2017).

Despite becoming an archaic technique after the rise of modern
materials, earth construction has witnessed a significant resurgence
in the past few years. The shift toward using natural materials
which are virtually ubiquitous and associated with low carbon
emissions led to a keen interest in promoting research on earth con-
struction (Milani and Labaki 2012; Ciancio and Augarde 2013;
Gallipoli et al. 2017). According to Simenson (2013), the aim
of these research efforts is to advance the engineering understand-
ing and design of earth structures, convince the general public that
they are sturdy, improve this ancient technique to meet the require-
ments of modern building codes, and address the limitations that
confine their adoption.

This paper studies the engineering characteristics of rammed
earth and examines its suitability as a building material by con-
ducting compression, tension, bending, and durability tests. The
work focuses on assessing the prevailing criteria for selecting a
suitable soil for earth construction, studying the effects of replacing
cement with lime on the properties of rammed earth, investigating
the use of reinforcing fibers to enhance tensile and/or flexural
strength and toughness, and correlating the results of durabil-
ity tests.
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Literature Review

Applications of soil modification for construction projects are
commonplace in the fields of ground improvement, pavements,
and earth structures (Burroughs 2006). Although much research
has focused on soil modification for various applications, limited
studies exist for the use of soil as a building material (Ciancio and
Augarde 2013). Although the knowledge from other fields is ger-
mane to earth structures, because the soil properties and modifica-
tion methods are similar, differences may arise from the limits on
performance parameters, compactive effort and method, lifetime
exposure, and size of the construction unit (Burroughs 2006;
Reddy and Kumar 201 1a). Therefore, knowledge from other fields
should be used warily in earth structures. This also applies to the
knowledge from various methods within earth construction, such as
embankments, compressed blocks, and rammed earth walls.

The key performance characteristics which have to be met by
the modified soil material vary depending on the specific engineer-
ing application. Compressive, tensile, flexural, and shear strength;
durability performance; California bearing ratio (CBR) value; per-
meability coefficient; and thermal conductivity are some of these
properties. For rammed earth walls, the most important character-
istics are compressive strength and durability (Reddy and Kumar
2011a; Alskif 2016). Although tensile strength and thermal con-
ductivity are also important, less attention is given to them by
researchers and industry standards (Bui et al. 2014b).

All building codes specify a minimum requirement for the com-
pressive strength and almost all researchers who assessed the
suitability of rammed earth conducted compression tests on cubic,
prismatic, and/or cylindrical specimens (Venkatarama Reddy et al.
2017). However, discrepancies exist between different studies
on the recommended sample dimensions and aspect ratios.
Maniatidis and Walker (2008) reported wide variations in the un-
confined compressive strength (UCS) of small-scale cylinders, full-
scale prisms, and walls. These were attributed to differences in the
compaction energy, dry density, moisture content, and soil grading.
In an effort to avoid such differences, Reddy and Kumar (2011c)
tested prisms, wallettes, and 1-story-high walls with aspect ratios
between 2 and 20 while controlling dry density and moisture con-
tent. They reported a reduction in strength of nearly 30% due to
variations in the aspect ratio. However, Venkatarama Reddy et al.
(2017) showed a negligible reduction in the strength as the aspect
ratio increased from 2 to 5.81. Accordingly, they recommended
testing cylinders with an aspect ratio of 2 without applying any
reduction factor.

Although recommendations for compressive strength testing are
varied, those for durability are even more disparate. Durability is
the ability of the material to resist the destructive action of weath-
ering, which results from rain, frost, temperature changes, and/or
wind. Given the various natural weathering actions, researchers
have adopted diverse tests, including spraying high-pressure water
onto samples for a certain amount of time to measure erosion
rates, subjecting samples to repeated cycles of wetting-drying or
freezing-thawing to determine percentage mass loss, soaking sam-
ples in water to calculate water absorption, and testing the compres-
sive strength of soaked and dry samples to obtain the ratio of wet to
dry strength (Heathcote 1995). Other durability tests include initial
rate of absorption, sorptivity, shrinkage, and long-term natural
weathering.

Lateral loads due to wind and earthquakes and communication
openings such as windows necessitate evaluating the tensile strength
of rammed earth by conducting direct tension, splitting tension,
and bending tests (Narloch et al. 2015a; Araki et al. 2016). The
most commonly used test by researchers for rammed earth is the
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splitting tension. However, Namikawa and Kosekii (2007) showed
that splitting tension tests underestimate the tensile strength due to
shear stresses induced below the loading strip. Conversely, bending
tests overestimate the tensile strength due to strain-softening behav-
ior on the tensile side. Based on this evidence, Araki et al. (2016)
assessed the difference between direct and splitting tension tests for
rammed earth. They concluded that direct tests should be conducted
to evaluate the tensile strength at layer interfaces, whereas splitting
tests are better suited for evaluating the strength within a com-
pacted layer.

Notwithstanding the many advantages of rammed earth, the
adoption of this technique in mainstream construction practice is
still frustrated by a number of limitations, including the lack of co-
gent criteria for soil selection, inadequacy of local soils, deteriora-
tion under the action of natural weathering, loss of strength when
exposed to water, negligible tensile strength, and inability to dis-
sipate energy upon cracking (Jayasinghe and Kamaladasa 2007;
Tripura and Singh 2015; Khadka and Shakya 2016; Gallipoli
et al. 2017). Many research efforts aimed at addressing these issues
are discussed hereinafter.

The study of rammed earth is actually a study of the perfor-
mance of soil. Accordingly, extensive research has been conducted
on the effect of soil properties. The majority of standards, guide-
lines, and scientific studies in the literature recommend soil suit-
ability criteria based on the particle-size distribution (Ciancio
et al. 2013). Although granular soils with low fines content (less
than 40%) could be identified as a typical requirement, there exist
wide and sometimes contradictory constraints and/or ranges for the
different particle sizes (Tripura and Singh 2015). For example, the
recommended sand content spans a broad range from 10 to 80%.
Additionally, whereas Webb et al. (1950), Fitzmaurice (1958), and
Houben and Guillard (1994) recommended less than 20% clay,
McHenry (1984) and Walker (1995) agreed on a clay content of
20-35%.

This disagreement pushed researchers to assess the reliability of
current guidelines and to conclude that recommendations based
simply on particle-size distribution are lacking. Ciancio et al.
(2013) tested 10 soils that complied with common grading recom-
mendations, of which 5 did not meet the strength criterion. Con-
sequently, they concluded that assessment based on soil gradation
alone is insufficient. Burroughs (20006), in a series of studies on 219
stabilization experiments, showed that particle-size distribution
should be used only as a second discriminator for soil suitability.
Narloch et al. (2015b), through tests on three soils with almost the
same grain-size distribution, reported differences in the compres-
sive strength as high as 50%. Jiménez Delgado and Guerrero
(2007), in a review of more than 20 technical documents and stan-
dards, concluded that comparing percentages of different particle
sizes is not a reliable method for assessing soil suitability because
of the wide variability in the recommended limits.

This evidence of the inadequacy of particle-size distributions to
predict soil suitability questions their use in current recommenda-
tions for granular soils and soils with low fines content. Previous
studies have shown that the clay mineralogy, rather than the fines
content, is a better determinant of behavior. In one such study,
Burroughs (2006) demonstrated that the fines content shows no
ability to distinguish soils suitable for rammed earth. Surprisingly,
all soils with a fines content more than 50% met the required
strength, whereas a good portion of those with a fines content less
than 20% were deemed unsuitable. This was mainly attributed to
the less active clay minerals found in the soils having high fines
content. In summary, research has shown that interlocking (which
is the strength determined from the particle-size distribution) is not
the only source of strength; suction in pores and clay type are other
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Fig. 1. Suitability of soils tested for use in rammed earth based on
different soils tested in the literature.

major determinants of strength. The importance of suction is often
ignored, and most guidelines do not account for it explicitly
(Ciancio et al. 2013). Moreover, although researchers agree that
suction is of paramount importance for unstabilized rammed earth,
conclusions regarding its contribution to the strength of stabilized
rammed earth often vary (Bui et al. 2014a).

In order to further assess the influence of fines content on soil
suitability, the authors conducted a review of around 300 different
soils found in over 50 scientific reports, journal and conference pa-
pers, and other articles. The soils were classified based on their
fines content (clay plus silt fractions) and then subsumed under
three categories: suitable, unsuitable, and no information. The suit-
ability of stabilized and unstabilized rammed earth was judged
against compressive strength criteria of 2 and 1 MPa, respectively,
as proposed by Ciancio et al. (2013) based on a review of different
building codes. The review (Fig. 1) clearly shows that (1) there is a
lack of studies on soils with a fines content more than 40%;
(2) drawing a solid conclusion on soil suitability based on fines
content alone is not possible; and (3) natural soils with high fines
content can be suitable for rammed earth.

Some unsuitable soils could be improved by adding chemical
stabilizers (Jayasinghe and Kamaladasa 2007; Reddy and Kumar
2011a; Tripura and Singh 2015; Kariyawasam and Jayasinghe
2016; Khadka and Shakya 2016). Although numerous additives
have been used, only cement stabilization has been thoroughly in-
vestigated, to the exclusion of others. For example, Maniatidis and
Walker (2003) reported that there are only few studies on lime sta-
bilization. However, Ciancio et al. (2014) emphasized that lime can
be a more efficient stabilizer than cement for rammed earth. Addi-
tionally, the use of combinations of stabilizers has not received
widespread attention, although Burroughs (2001) noted the advan-
tage of combining stabilizers because one stabilizer compensates
for the lack of effectiveness of another in treating a particular char-
acteristic of a given soil. One such example is a study by Nagaraj
et al. (2014) on compressed earth blocks. They found that the
combination of cement and lime was very beneficial in imparting
strength to the blocks, compared with using cement only. Recent
developments also suggest stabilization using alkali-activated
binders, which are associated with lower carbon emission com-
pared with chemical stabilizers (Palomo et al. 1999).
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In an effort to address the tensile strength and energy dissipation
limitations, primeval practices led researchers to assess the efficacy
of soil reinforcement. Ancient techniques of earth construction
such as adobes involve adding straw to reduce shrinkage cracks.
More recently, research in the fields of ground improvement and
pavements have promoted soil reinforcement techniques to en-
hance tensile strength and toughness. However, despite these suc-
cessful studies on soil reinforcement, there is a paucity of research
on its implementation in rammed earth, and the results obtained
so far are inconclusive or unencouraging (Simenson 2013). For ex-
ample, Alskif (2016) observed a slight reduction in the flexural
strength of rammed earth beams wrapped with burlap cloth and
fiber mesh, which was attributed to the weak bonding between the
reinforcement and the soil. Bernat-Maso et al. (2016) confirmed the
inefficacy of textile fiber grid reinforcement. However, although
the flexural strength was not significantly improved, results showed
an increase in toughness ranging between 260 and 12,000%.
Simenson (2013) obtained similar results in an investigation of
the use of synthetic plastic fibers. That study attributed the ineffec-
tual results to the low stiffness of the fibers, which was not enough
to prevent the onset and propagation of cracks. The presence of the
fibers however, provided the secondary benefit of keeping the
material bound together and thus increasing the postpeak residual
strength.

Objectives and Scope

Despite recent advances, the engineering understanding of rammed

earth is still in its elementary stages. Many limitations and short-

comings of existing codes and practices were identified through the
literature review, primarily:

* Rammed earth recommendations are generally for granular
soils. The fact that natural soils are likely to be rich in fines
pushed practitioners to modify and/or improve the soil by add-
ing sand or fine gravel. This practice, however, defies the pur-
pose of using readily available, on-site materials and entails
extra costs and transportation. If local soils, even those with high
fines content, can be deemed or rendered suitable, the impact on
their use as a cheap, readily available, and sustainable alterna-
tive could be substantial.

e The use of lime as a stabilizer in rammed earth has not been
systematically investigated. Additionally, the use of a combina-
tion of cement and lime was assessed by only one study and
only for compressed blocks.

* The attempts at improving the flexural strength of rammed earth
have yielded modest results to date. Furthermore, limited re-
search exists on the use of natural fibers for this purpose.

e Available durability tests are disparate and quite demanding
from a time and/or setup perspective.

This study was undertaken in an effort to address these limita-
tions and further advance the understanding of the behavior of
stabilized and reinforced rammed earth. Specifically, this paper:
* Assesses the suitability of a natural soil with high fines content

for rammed earth construction;

* Supplements the limited studies on lime stabilization and inves-
tigates the effectiveness of combining cement and lime for
rammed earth applications;

* Studies the effect of natural fibers on the tensile and flexural
properties of rammed earth; and

e Correlates results from wetting-drying cycles and wet to dry
strength ratio tests to address durability questions and requirements.
The work was completed in two phases: the first phase obtained

an optimum stabilizing mix, which was then used in the second
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Table 1. Experimental program detailing mix designations, materials (percentage by weight of dry soil), and tests

Materials Tests

Mix designation Cement (%) Lime (%) Hemp fiber (%) Compression Tension Bending Durability
C-0 0 0 0 X X X —
Cc4 4 0 0 X X — X
C-6 6 0 0 X X — X
C-8 8 0 0 X X — X
LC-2 2 4 0 X X X X
LC-4 4 4 0 X X — X
HF-0.75 0 0 0.75 — X X —
HF-1.25 0 0 1.25 — X X

SHF-0.75 2 4 0.75 — X X —
SHF-1.25 2 4 1.25 — X X —

Note: X denotes test was conducted. For unreinforced mixes, C and L refer to cement and lime, respectively. The number represents the percentage of cement.
For reinforced mixes, HF and SHF designate chemically unstabilized and stabilized mixes, respectively; the number represents the percentage of fibers.

phase, which focused on the effect of fiber reinforcement. In the
first phase, one type of soil was used and mixed with different per-
centages by weight of various stabilizing additives. The minimum
recommended stabilization in earth building codes is 3.5% cement
(Tripura and Singh 2015). A trial sample on the sourced soil with
10% cement added had a 7-day UCS of 3.12 MPa, which is more
than the code-required 28-day UCS of 2 MPa (Ciancio et al. 2013).
As such, the total percentage of stabilizers used in preparing the
samples was varied between 4 and 8%, resulting in five different
mix designs with cement only and/or a combination of cement and
lime (Table 1). The resulting properties for each mix were inves-
tigated by conducting compression, tension, and durability tests.
Compressive and tensile strengths were studied in both oven-dried
and wet states; three replicate samples were tested in each state.
Two samples from each mix were also tested under cyclic wetting-
drying. Control specimens containing soil only were also cast and
tested for comparison purposes. Wet strength and durability tests
were not conducted on the chemically unstabilized control samples
because they would completely disintegrate in water.

Based on the results of the first phase, the mix with the lowest
stabilizer content that met the performance criteria was selected for
reinforcement. This mix was reinforced with 4-cm-long hemp fibers
(with an aspect ratio of around 100) at two fiber contents: 0.75 and
1.25% by weight. The chemically stabilized mixes, referred to here-
inafter as stabilized and labeled SHF, were tested in tension and
bending in both dry and wet states. Unstabilized mixes (labeled
HF) were also tested at the same fiber contents in tension and bend-
ing but only in the dry state. Additionally, bending tests were con-
ducted on the control mix (C-0) and the stabilized unreinforced mix
(LC-2). Table 1 gives full details of the testing program.

Materials

Soil

In this study, soil was obtained soil from an excavation at a site in
eastern Lebanon. The soil was passed through a 12.5-mm sieve
before characterization because the maximum allowed gravel size
should be one-sixth the diameter of the testing samples, which
was 100 mm (ASTM 2016). Sieve analysis, hydrometer, Atterberg
limits, specific gravity, and modified Proctor compaction tests were
conducted according to ASTM procedures (ASTM 2007, 2012,
2014, 2017a). Linear shrinkage tests were also conducted following
the procedures proposed by the British Standards Institute (BSI
1990). Table 2 presents the results of the soil characterization tests.
The soil was classified as inorganic clay of low plasticity (CL)
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Table 2. Properties of natural soil used

Property Value
Textural composition

Gravel (>4.75 mm) (%) 9

Sand (4.75-0.075 mm) (%) 15

Silt (0.075-0.002 mm) (%) 36

Clay (<0.002 mm) (%) 40
Atterberg limits

Liquid limit, LL (%) 42

Plastic limit, PL (%) 20

Plasticity index, PI (%) 22
Compaction characteristics

Optimum moisture content, OMC (%) 18

Maximum dry density, p, (kg/m?®) 1,750
Specific gravity 2.71
Linear shrinkage (%) 10
Predominant clay mineral Illite

according to the Unified Soil Classification System (USCS). The
soil had a relatively high fines content to meet the objectives of this
study and a linear shrinkage less than 11%, which is the maximum
value recommended by Burroughs (2008). Mineralogical analyses
allowed for the identification of the clay minerals as predominantly
illite.

Cement

Type I portland cement was used in this study because it is readily
available in Lebanon and because special properties associated with
other cement types were not required.

Lime

Natural hydraulic lime was also used in this study (NHL 3.5).
This type was selected because it is natural and is considered to
be a green building material. Although a comparison of the sustain-
ability of lime and that of cement found conflicting results in the
literature, mainly because of different soil types, available raw
materials, and transportation, lime stabilization is receiving wider
attention because it is related to the preservation of heritage con-
struction (Ciancio et al. 2014).

Hemp Fiber

The fibers used in this study were natural fibers, specifically hemp
fibers, which are a variety of the Cannabis sativa plant species. The
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Table 3. Properties of the hemp fibers used

Property Value
Specific gravity 1.4
Ultimate tensile strength (MPa) 276
Elastic modulus (GPa) 21.7
Thickness (mm) 0.13
Width (mm) 0.65
Equivalent diameter (mm) 0.41

hemp was supplied by Hemp-Traders, Paramount, California, in the
form of raw long fibers. The fibers were soaked in a sodium
hydroxide solution (NaOH) at 6% by weight for 48 h to remove
all organic impurities. After treatment, the fibers were washed with
water and left to dry. The fibers were then cut manually to the re-
quired length. Visual inspection of the fibers showed that they had a
rectangular cross section. A statistical analysis of a random set of
250 fibers was conducted to determine their average width and
thickness. The fibers had a uniform thickness of 0.13 mm and
an average width of 0.65 mm, with a standard deviation of
0.42 mm. Mechanical properties (tensile strength and elastic modu-
lus) were determined in the laboratory by running pull-out tests on
20 randomly chosen fibers. Table 3 presents the properties of the
hemp fibers.

Methodology
Casting Procedures

Cylinders

The cylinders were cast in a metal mold 100 mm in diameter and
200 mm high. The soil was brought in its natural wet state, oven
dried, and pulverized to break the clay clods. Initially, the dried soil
was mixed with the requisite quantities of cement and lime before
adding an amount of tap water equal to the optimum moisture con-
tent (OMC). All samples were compacted at the OMC of the soil
because our tests established that there is a negligible difference
between the OMC obtained with and without stabilizers. For the
case of reinforced samples, once the soil-water—additive mix at-
tained a uniform consistency, fibers were gradually added to obtain
a final homogenous mixture with well-distributed and untangled
fibers. The wet soil-stabilizer (with or without fibers) mix was then
compacted in the mold in three layers using an automatic Proctor
machine with a modified compaction energy of 1,320 kN - m/m?>.
The top of each compacted layer was scarified before adding the
material of the subsequent layer to prevent strength reduction at
layer interfaces. After the compaction process, the upper uneven
surface of the samples was trimmed using a straightedge. Then
the samples were extracted from the mold using a hydraulic jack,
wrapped with plastic film to prevent water loss, and left to cure
at ambient conditions for 28 days. Unstabilized samples were
wrapped for 7 days to allow for moisture stabilization. After curing,
the specimens were dried in an oven at 55°C until a constant mass
was reached. Samples tested for durability were cured for 7 days
without drying, as required by the testing procedures.

Beams

The beams were cast using a metal mold with a length of 400 mm, a
width of 100 mm, and a height of 76 mm, as defined in ASTM C67
(ASTM 2017b). Similar casting procedures to those of the cylin-
ders were adopted except that a manual compaction hammer was
used to compact the samples. The compaction of the beams was
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achieved in three layers using the same compaction energy per
volume used for compacting the cylinders.

Testing Procedures

Unconfined Compression Test

The cylinders were tested in compression in accordance with
ASTM D5102 and D2166 for stabilized and unstabilized speci-
mens, respectively (ASTM 2009, 2016). Both standards require
the same procedure and differ only in the stress calculations. Cyl-
inders were tested in a displacement-controlled machine at a rate of
1 mm/min until failure. A load cell and four LVDT sensors were
used to measure force and displacements, respectively, and to verify
the repeatability of the results. Fig. 2(a) shows the test setup.
Tests were conducted in a dry state after drying the samples in
an oven and in a wet state by completely submerging them in water
for 24 h. Representative samples were collected from the failed
specimens to measure the moisture content, w, at time of testing.

Splitting Tension Test

The splitting tensile strength (STS) of the cylinders was determined
in accordance with ASTM C496 (ASTM 2011). This standard is for
cylindrical concrete specimens; however, similar procedures were
applied for compacted soil samples. The cylinders were placed
horizontally between two steel bearing plates and tested at a dis-
placement rate of 0.5 mm/min until failure. Testing was conducted
in both dry and wet states.

Modulus of Rupture Test

The beams were tested under three-point loading in accordance
with ASTM C67, which includes standard test methods for
sampling and testing brick and structural clay members (ASTM
2017b). The beams were put in a flat position on two cold-rolled
steel cylindrical supports which were spaced 6.75 cm from each
end and fixed to prevent rotation. The span between supports
was 26.5 cm. A third cold-rolled steel cylinder was placed above
the beam at its midspan. The beams were tested in both dry and
saturated conditions in a displacement-controlled test at a rate of
0.5 mm/min.

Durability Test

Twelve wetting-drying cycles were performed in accordance with
ASTM D559 (ASTM 2015) to assess the durability of the material.
Two samples from each mix were immersed in water for 5 h and

(b)

Fig. 2. Unconfined compressive strength test: (a) test setup; and
(b) failure pattern.
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Table 4. Summary results of unconfined compression strength test

Wet state

Wet/dry

ps (kg/m®) w (%) f. MPa) CV (%) &, (%) E(MPa) stength

Dry state
Mix  py (kg/m’) w (%) fo MPa) CV (%) ¢, (%) E (MPa)
C-0 1,760 5.4 1.30 7.7 3.0 40
C-4 1,780 6.4 2.54 6.3 24 140
C-6 1,750 9.2 3.82 4.5 2.6 210
C-8 1,750 7.1 4.30 6.5 23 250
LC-2 1,720 8.4 3.71 7.2 22 250
LC-4 1,740 9.3 4.84 9.8 2.0 355

1,750 19.4 0.77 6.5 2.0 50 0.30
1,770 18.5 1.45 6.9 1.5 125 0.38
1,780 17.7 2.10 9.6 1.5 225 0.49
1,720 19.0 1.49 8.1 1.7 130 0.40
1,740 18.9 2.16 3.7 1.7 180 0.45

then dried in an oven at 71°C for 42 h. The procedure was repeated
for 12 cycles. After each cycle, one sample from each mix was
brushed to remove the loose material. The total percentage of mass
loss was taken as a measure of durability performance. In addition,
UCS tests were conducted on samples that did not show excessive
damage after the completion of the durability test in order to assess
the impact of the degradation cycles on strength.

Results and Analysis

Unconfined Compressive Strength

Table 4 presents the ultimate dry and wet compressive strengths
(fcu) of all the samples. All reported values represent the mean
of three duplicate specimens. The coefficients of variation (CV)
were less than 10%, indicating good repeatability of the results.
All stabilized mixes satisfied the minimum compressive strength
criterion of 2 MPa. Some researchers have reported higher
strengths. Ciancio et al. (2013) achieved close to 10 MPa strength
in one mix; however, they suggested that any compressive strength
higher than 0.2 MPa would be sufficient to prevent failure at the
base of a rammed earth wall.

Fig. 3 presents the average stress-strain plots for all mixes tested
in the dry state. All samples showed some initial straining at rel-
atively low stresses, probably as a result of the closure of fine
shrinkage/drying cracks in the specimen. This initial phase was fol-
lowed by a stiffer, somewhat linear/elastic response as strains in-
creased steadily with applied stresses up to about 85% of the
ultimate strength. Beyond this point, the stabilized specimen exhib-
ited stiffness reduction over a narrow range until the ultimate stress,
which was followed by softening prior to collapse/failure. Most of

W

Stress (MPa)
[\®)

Strain (%)

Fig. 3. Stress-strain curves from unconfined compression tests on
specimens tested in dry state.
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these curves showed a brittle behavior, which could be attributed to
the breakage and loss of the cementitious bonds between the soil
particles. This is in contrast to the control samples (unstabilized;
C-0), which presented a more ductile response. Maniatidis and
Walker (2008) and Reddy and Kumar (2011b) reported similar
stress-strain responses.

Effect of Stabilizer Content
Both dry and wet compressive strengths increased with the stabi-
lizer percentage, irrespective of the stabilizer type/mix used
(Table 4). In fact, with the addition of the maximum stabilizer con-
tent adopted in this study (8% by weight), f ., increased by 230% if
the additive was cement only and by 270% if the additive consisted
of cement and lime. The hydration products of cement and lime
enhanced the rigidity of the samples by forming water-insoluble
bonds between soil particles. The strength improvements observed
in the samples tested dry were mirrored by similar, although not
equal, gains in the specimens tested in the wet state. This was attrib-
uted to the fact that the cementitious bonds developed are insoluble.
Similar improvements were observed in values of the elastic
modulus (E) for both dry and wet states (Table 4). The elastic
modulus was calculated from the slope of the stress-strain curve
within the elastic portion (Alskif 2016). The results showed an in-
crease in E with stabilizer content irrespective of the stabilizer/mix
used. The strains at ultimate stress (g,) were between 2% and 3%
for all samples tested.

Effect of Stabilizer Type

This study investigated the introduction of lime in rammed earth con-
struction materials. The effect of substituting a portion of the cement
stabilizer with lime was studied by comparing the response of spec-
imens prepared with the same total stabilizer percentage but with
different proportions of cement versus lime. Specimen C-6 (6% ce-
ment) was compared with Specimen LC-2 (4% lime + 2% cement),
and Specimen C-8 (8% cement) was compared with Specimen LC-4
(4% lime + 4% cement). An examination of the respective uncon-
fined compressive strengths showed that Specimens LC-2 and C-6
had approximately the same strengths, whereas Specimen LC-4
exhibited an f, 12.5% greater than the C-8 specimens. The effec-
tiveness of lime in enhancing strength may be attributed to high clay
minerals content (40%) in the matrix soil, which undergo pozzolanic
reactions with lime, thus forming various additional types of cemen-
titious products. The benefit of the presence of lime was also evident
in increasing the elastic modulus by 20%—-40% in samples tested in
the dry state. This represents an enhancement in rigidity compared
with equivalent samples stabilized with cement only. The effect,
however, was not sustained in the wet state, because results from
the samples stabilized with lime/cement mixtures were slightly more
compressible than their equivalent counterparts in which cement
alone was used. In essence, it can be concluded that mixes with ce-
ment only and those with cement and lime have, in general, com-
parable performance. Although this might be specific to the soil
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and materials used, it is a very interesting and useful finding because
it suggests that the amount of cement used in rammed earth construc-
tion can be reduced by substitution with lime.

Effect of Saturation: Wet versus Dry Specimens

Saturation reduced f,, by more than 50% for all mixes tested. The
reduction was more substantial at lower stabilizer contents. At these
low additive ranges, it could be stipulated that there were more un-
coated soil particles, given the high soil fines content (75%), and
thus high surface area. The uncoated clay minerals absorbed water,
causing reductions in strength, i.e., at lower stabilizer content, the
water content was higher and consequently the strength reduction
was higher. Strength reduction, also expressed as the ratio of wet to
dry strength, is reported by researchers as a measure of durability.
Ratios above 0.33 indicate good performance (Heathcote 1995;
Tripura and Singh 2015). The ratios obtained in this study indicated
that all mixes satisfied this criterion, except C-4, which had the low-
est stabilizer content (Table 4). Based on these results, it follows
that the use of stabilizer contents greater than 4% by weight are
recommended for acceptable durability performance of rammed
earth material prepared from soils rich in fines similar to that
adopted in this study. This recommendation is in line with obser-
vations made by Tripura and Singh (2015).

Failure Pattern

The failure in both the dry and wet states was typical shear failure,
in which the inclined crack connects the two opposite sides of the
sample. Fig. 2(b) shows the failure pattern.

Splitting Tensile Strength

The characterization of the tensile strength (f,,) is important for
addressing concerns related to seismic performance of rammed
earth. This study obtained f,, for control soil samples and stabi-
lized specimens (using both cement and lime/cement mixes). In
addition, sets of samples reinforced with natural hemp fibers were
prepared with and without stabilization and tested to determine
their splitting tensile strengths. Table 5 presents the full test results
for cylindrical specimens, dry and wet.

Effect of Stabilizer Content

For unreinforced specimens, the increase in stabilizer content in-
creased the splitting tensile strength in both dry and wet states. This
observation is in line with the effects documented in the unconfined
compression tests, and was similarly attributed to the hydration by-
products of the stabilizing agents. However, the difference in tensile
strength between Mixes C-6 and C-8 was negligible in both dry and
wet specimens. Closer scrutiny of the results shows that this effect
may be attributed to a lower achieved sample density in Mix C-8.

Table 5. Results of splitting tension strength test

Maniatidis and Walker (2008) and Beckett and Ciancio (2014),
among others, previously reported such effects of density on
strength. The results (Table 5) also clearly indicate that replacing
cement with lime did not significantly affect the measured split ten-
sile strength of the equivalent samples at equal stabilizer content. In
fact, for cement-stabilized specimens, the maximum improvement
was 110%, and that for specimens stabilized with both cement and
lime was approximately 120%. Despite the apparently large im-
provement, the tensile strengths achieved were modest, on the order
of 0.3 MPa, and as such the tensile strengths achieved for unrein-
forced stabilized rammed earth remain low.

Effect of Reinforcement

In an effort to enhance the tensile strength of rammed earth spec-
imens, natural fibers (hemp) were used in this study. The improve-
ments in f,, were much more significant for both reinforced
chemically stabilized and unstabilized specimens (Table 5). The
addition of 0.75% hemp fibers improved f,, by 150% and
460% for unstabilized and stabilized specimens, respectively, com-
pared with the control C-0 specimen. When the fiber content was
increased to 1.25%, these respective improvements increased to
200% and 500%. Therefore the combination of fiber reinforcement
and chemical stabilization was highly effective in enhancing the
tensile strength of rammed earth specimens. In summary, the split
tensile strengths increased only by 0.07 MPa with the addition of
4% lime and 2% cement and by 0.24 MPa with the addition
of 0.75% hemp fibers (both compared with C-0). However, the
combination of lime, cement, and hemp fibers increased f,, by
0.73 MPa. Greater levels of improvement were observed in speci-
men reinforced with 1.25% hemp fibers. These improvements
could be attributed to the increased bonding and enhanced interfa-
cial shear resistance between the fibers and the soil in the presence
of cementation resulting from the stabilizing agents, as suggested
by Tang et al. (2007).

Although increasing the fiber content from 0.75% to 1.25%
yielded higher measured tensile strengths, the improvement can
be considered nominal. The improvement was not proportional
to the increase in fiber content because the returns from adding fi-
bers quickly diminished. For example, f,, in the dry state only in-
creased by 20% and 8% when the fiber content was increased from
0.75% to 1.25% for chemically stabilized and unstabilized mixes,
respectively. These observations suggest the presence of an optimal
fiber content at which the return on the effort and cost of adding
fibers can be maximized. Identifying an optimal fiber content
would require additional testing at different fiber contents, which
was not within the scope of this paper. Abou Diab et al. (2016)
conducted an extensive study with the same hemp fiber, but for
ground improvement purposes.

Dry state

Wet state

Wet/dry
Mix py (kg/m’) w (%) 1 (MPa) CV (%) py (kg/m?) w (%) 1 (MPa) CV (%) strength
C-0 1,750 3.9 0.16 5.0 — — — — —
C-4 1,720 8.6 0.18 53 1,775 18.0 0.07 2.5 0.39
C-6 1,790 7.9 0.31 9.0 1,810 17.1 0.18 3.1 0.58
C-8 1,705 11.2 0.33 0.9 1,740 19.0 0.19 7.7 0.58
LC-2 1,750 7.0 0.23 6.7 1,750 18.6 0.13 6.8 0.57
LC-4 1,760 9.2 0.35 11.5 1,740 18.3 0.18 9.8 0.51
HF-0.75 1,775 7.4 0.40 19.9 — — — — —
HF-1.25 1,760 10.3 0.48 29.1 — — — — —
SHF-0.75 1,770 11.3 0.89 1.7 1,790 19.1 0.36 1.9 0.40
SHF-1.25 1,745 11.6 0.96 32 1,760 19.9 0.47 4.2 0.49
© ASCE 04018273-7 J. Mater. Civ. Eng.
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(@) (b)

Fig. 4. Typical failure pattern under splitting tension: (a) unreinforced;
and (b) fiber-reinforced.

Effect of Saturation: Wet versus Dry Specimens

The reduction in the split tensile strength upon wetting was be-
tween 40% and 60% for all mixes. Mix C-4 had the highest strength
reduction (60%) for unreinforced mixes, which was attributed to
the low stabilizer content, as mentioned previously. The results also
suggest that reinforced mixes had higher strength reduction, which
could be attributed to the fact that much of their strength is fric-
tional (between the fibers and the soil matrix), and which is signifi-
cantly reduced upon wetting.

Failure Pattern

Split tensile tests generally cause the samples to fail with an ideal
vertical crack. This crack was clearly visible in unreinforced sam-
ples [Fig. 4(a)]. However, the presence of fibers caused the samples
to experience large deformations resulting in several minor cracks
in addition to the main vertical crack [Fig. 4(b)]. It is this effect, in
which fibers intercept and halt or delay cracking in the specimen
tested, which enhanced the tensile resistance of the reinforced spec-
imens and improved their responses to such loading conditions.
Cristelo et al. (2017) reported similar failure patterns.

Modulus of Rupture

Three-point flexural tests on rammed earth beams were conducted
to determine the flexural strength, o, also referred to as the modu-
lus of rupture (MoR). The bending tests thus conducted allowed
for a direct characterization of the flexural response/strength of
rammed earth sills and beams in terms of the MoR and the tough-
ness index (TT). The TI was interpreted as the area under the force
versus the midspan deflection curve, as discussed by Bernat-Maso
et al. (2016). Table 6 presents the results of all bending tests con-
ducted as part of this study. Chemical stabilization using a combi-
nation of 4% lime and 2% cement improved MoR and TI by 170
and 480%, respectively. The higher TI was due to the increase in
the MoR, rather than to an enhanced ability of the material to carry

Table 6. Results of modulus of rupture test

load after cracking. This is evident in the load-displacement curves
(Fig. 5). Therefore, although chemical stabilization alone improved
the flexural strength, the material still had no ability to absorb
energy after cracking, and alternative modifications should be
investigated.

Load-Displacement Curves

The load-displacement curves in Fig. 5 show three different types
of behavior. Mixes C-0 and LC-2 exhibited a brittle postpeak re-
sponse, because the displacement increased linearly with applied
load until reaching an ultimate value, beyond which sudden failure
ensued. This behavior is typical for soil-cement mixtures which in
effect yield brittle materials. For Mixes HF-0.75 and HF-1.25,
which were reinforced with natural fibers but had no added chemi-
cal stabilizers, the elastic range was followed by strain-softening.
The ability of the beams to take additional displacement after reach-
ing the peak load was attributed to the effect of the fiber inclusions,
which kept the material bonded together postpeak, but without
allowing it to resist any additional loads. In contrast, chemically
stabilized fiber-reinforced Mixes SHF-0.75 and 1.25 showed a
strain-hardening behavior following the elastic range as the load
increased beyond the elastic portion, which was then followed
by a gradual softening with displacement.

The main difference between unreinforced and reinforced mixes
was the behavior following the elastic region. Whereas the load-
resistance of unreinforced beams suddenly decreased to 0, the pres-
ence of fibers apparently intercepted cracks as they initiated and
arrested their development, impeding further opening and propaga-
tion of cracks and thus increasing the ductility of the beams. With
the addition of chemical stabilizers to the reinforced mixes, signifi-
cant improvements were obtained in the MoR, with a clear differ-
ence in the postyielding behavior. Fiber-reinforced chemically
unstabilized mixes showed strain-softening following the elastic
region, whereas strain-hardening was observed for stabilized rein-
forced mixes. This difference could be attributed to the increased
bonding strength between the fibers and soil matrix as a result of
the creation of the hydration/cementitious products of cement and
lime at the fiber—soil interface. Tang et al. (2007) investigated the
micromechanical properties of the fiber—soil interface in the pres-
ence of a cementing agent using scanning electron microscopy
(SEM) and found that networklike crystals wrap the fibers tightly,
thus increasing the reinforcement benefit significantly. On the other
hand, and in the absence of any cementing agent, the bonding
strength between the fiber and soil matrix is relatively low and
the movement/slippage of fibers is not restricted. As such, fibers
would start failing early by pull-out and slippage. The failure mech-
anisms are further discussed subsequently.

Effect of Reinforcement

It is clear from the results in Table 6 and the preceding discussion
that the inclusion of fibers as reinforcing elements in the rammed
earth material significantly enhanced both flexural strength and

Dry state Wet state Wi
et/dry
Mix pa (kg/m?) w (%) or (MPa) TI (J) pa (kg/m?) w (%) or (MPa) strength
C-0 1,780 32 0.25 60 — — — —
LC-2 1,860 2.5 0.67 346 1,770 16.7 0.14 0.21
HF-0.75 1,825 4.7 0.56 3,395 — — — —
HF-1.25 1,745 53 0.42 3,990 — — — —
SHF-0.75 1,810 8.5 1.02 11,925 1,780 20.0 0.32 0.31
SHF-1.25 1,830 74 1.34 22,500 1,770 19.9 0.34 0.25
© ASCE 04018273-8 J. Mater. Civ. Eng.
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Fig. 5. Flexural load-displacement relations in dry state.

toughness. The addition of hemp fibers improved MoR by between
70% and 440%, with higher improvements achieved at higher fiber
contents and for chemically stabilized mixes. The increase in the
toughness index was much more substantial in all cases, with im-
provements reaching as high as 37,000% for chemically stabi-
lized mixes.

The increase in fiber content from 0.75% to 1.25% increased the
MoR in the dry and wet states by 30% and 6%, respectively. How-
ever, for chemically unstabilized mixes, the MoR was lower in the
mix with higher fiber content. The results also show that the dry
density of Mix HF-0.75 (1,825 kg/m?®) was higher than that of Mix
HF-1.25 (1,745 kg/m?). As such, a potential explanation for the
lower measured strength of HF-1.25 than of HF-0.75 could be
the attributed to the lower dry density of the latter. This observation
was also reported in the cylindrical samples in split tensile tests, and
requires further research and validation.

eaf vmrirm st ¥, 1200

(a)

Effect of Saturation: Wet versus Dry

The reduction in MoR upon immersing the beams in water for 24 h
was in the range 70%-80% for all reinforced and unreinforced
mixes. The MoR appeared to be more vulnerable to saturation than
was the split tensile strength. Further investigation and studies are
needed in this regard to elucidate the effect of saturation on the
tensile strength of rammed earth composites as determined from
various tests.

Failure Pattern

The failure patterns and mechanisms observed in the beam spec-
imens tested in flexure were consistent with the load-displacement
behaviors. Unreinforced mixes failed once a crack initiated at the
middle of the beam [Fig. 6(a)]. Reinforced unstabilized mixes,
which showed strain-softening, did not completely fail because
of the presence of fibers, which served as bridges between the
cracked sides of the beam [Fig. 6(b)]. However, as the displacement
increased, fiber slippage on either side of the cracks was observed.
This failure, referred to as interfacial shear failure (pull-out), oc-
curred because the applied tensile load exceeded the interfacial
shear resistance of the fibers. The interfacial shear resistance results
from the bonding strength and friction. Because the bonding
strength between the soil and fibers is relatively low, the fibers ex-
perienced large relative movements and lost most of their anchor-
age until totally slipping [Fig. 7(a)]. In the presence of cement and
lime, cementation and, consequently, higher bonding strength pre-
vented fibers from slipping, allowing for a more efficient load trans-
fer to the fibers. The fibers kept holding across openings/cracks
until their tensile strengths were reached, which caused them to
rupture [Fig. 7(b)]. Some of fibers in Fig. 7(b) show possible signs
of elongation, roughening, and thinning. Fig. 6(c) shows the overall
failure of the reinforced chemically stabilized mix. Tang et al.
(2007), Wang et al. (2016), and Cristelo et al. (2017) reported
similar observations.

oA et s e m ey st v B Tl

()

Fig. 6. Failure patterns under three-point bending: (a) unreinforced chemically stabilized Mix LC-2; (b) reinforced chemically unstabilized Mix

HF-0.75; and (c) reinforced chemically stabilized Mix SHF-0.75.
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Fig. 7. Fiber failure mechanisms: (a) interfacial shear failure for rein-
forced chemically unstabilized mix; and (b) rupture for reinforced
chemically stabilized mix.

Correlation of STS and MoR

Although it was not possible to definitely assess the suggestion
by Namikawa and Kosekii (2007) that splitting tension tests under-
estimate the tensile strength, whereas bending tests overestimate it,
mainly because direct tension tests were not conducted, it is clear
that the split tensile strength results were lower than the corre-
sponding moduli of rupture for all tested mixes. Nonetheless, both
tests showed similar trends, and therefore the tensile strength could
possibly be obtained from either test while accounting for the test
effect as reported by Namikawa and Kosekii (2007). This is
an area of inquiry which will benefit from further testing and
elaboration.

Durability Resistance

One of the main concerns associated with the use of earthen ma-
terials in construction is associated with their durability perfor-
mance as they are exposed to repeated cycles of loading and/or

variable environmental conditions. To address this aspect of the
behavior of rammed earth specimens tested in this study, all the
unreinforced mixes were subjected to cyclic wetting and drying.
For each mix, two samples were tested, of which one was scratched
to remove loosened material. Most scratched samples suffered mi-
nor particle loss and erosion, except C-4, for which the deteriora-
tion was significant all across the surface [Fig. 8(a)]. For the
samples that were not scratched, C-8 and LC-4, which had the
highest stabilizer content, showed no deterioration; C-6 and
LC-2 showed minor losses, with C-6 undergoing more deteriora-
tion; and C-4 suffered severe damage when the bottom of the
cylinder detached after the 11th cycle [Fig. 8(b)].

Percentage Mass Loss

The percentage mass loss was calculated for the scratched samples
(Fig. 9). The results indicate that durability improved at higher sta-
bilizer content. The recommended limit for maximum mass loss is
between 5% and 10%, depending on the type of the structure and its
expected lifetime (Heathcote 1995). For either 5% or 10%, the re-
sults indicated that only C-4 had low-durability performance. This
conforms to the results of the wet to dry compressive strength ratio,
in which only C-4 did not meet the recommended strength ratio
criterion. Additionally, the results showed that samples stabilized
with cement and lime and those stabilized with cement only had
comparable mass losses. This again suggests that for some soils,
the amount of cement used in rammed earth construction can be
reduced by substitution with lime without undermining durability
performance.

Strength Retention

A key question is the degree to which the damage resulting from
wetting-drying cycles reduces strength. To address this question, all
unbroken/integral samples after the wetting-drying cycles were
tested under compression. These tests allowed for determining
the strength retention, which is defined as the ratio of the strength
after durability testing to that prior to any cycles. Fig. 10 shows the
compressive strength results and Table 7 presents the correspond-
ing strength retention values.

A counterintuitive observation is that C-8 appeared to exhibit
greater strength after the durability tests, with or without scratch-
ing, than the initial reference value. These results may be due to the
enhanced curing of cement when soaked in water and placed in the
oven under high temperatures without being completely dried, as
reported by Nagaraj et al. (2016). Arrigoni et al. (2017) attributed
the increase in strength to hydration reactions of unreacted addi-
tives with the additional water available at each durability cycle.
On the other hand, all other samples showed a reduction in strength,
with LC-2 having an optimum strength retention value in the
scratched samples (94%) and LC-4 suffering no reduction in

(@)

(b)

Fig. 8. Status of samples after durability test: (a) with scratching; and (b) without scratching.
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Fig. 9. Mass loss of different mixes after durability cycles.
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Fig. 10. Compressive strength results before and after durability
testing.

Table 7. Summary of unconfined compression strength test on samples
subjected to wetting and drying cycles

With scratching Without scratching

Strength Strength
Mix feu (MPa) retention (%) feu (MPa) retention (%)
C-4 1.94 76 — —
C-6 3.38 88 3.47 91
C-8 5.64 131 492 114
LC-2 3.27 94 2.88 83
LC-4 3.86 80 4.80 99

the unscratched samples (100% retention). Although Arrigoni
et al. (2017) reported an increase in compressive strengths for
lime-stabilized mixes after wetting-drying cycles, their mixes were
cured for 28 days before starting the durability test and for addi-
tional 7 days after the durability test. The samples tested herein
were only cured for 7 days before starting the durability test. Hence,
the additional curing by Arrigoni et al. (2017) might explain the
increased strength obtained.
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Fig. 11. Correlation of durability test results: mass loss from wetting-
drying cycles and wet-to-dry strength ratio.

Correlation of Durability Tests

The results showed a strong correlation of the durability results
from the wetting-drying cycles and wet to dry compressive
strength ratios (Fig. 11). In both tests, the only mix which did
not meet required criteria was specimen Mix C-4. Moreover,
mixes with lower mass loss from durability cycles had higher
wet to dry strength. Therefore, a key observation based on the
testing program conducted as part of this study is that equally re-
liable durability performance evaluation can be obtained through
the simple wet to dry strength tests rather than the wetting-drying
cycles, which require 4 weeks of testing. The data and relations in
Fig. 11 indicate acceptable ratios of 0.3—0.35 for the range of al-
lowable percentage mass loss reported in the literature (5%—10%).
These ratios are in remarkable agreement with the findings of
Heathcote (1995), who reported an acceptable minimum value
of 0.33. Whereas the relation between mass loss and wet:dry
strength ratio may be specific to the soil used in this study, it
is believed that the existence of similar correlations or ranges
thereof is an area of inquiry that would benefit from future
research.

Conclusions

Over the last few decades, the drive to implement sustainability
principles in modern construction renewed interest in old earth-
construction practices and techniques. In this regard, the majority
of currently available guidelines, standards, and scientific studies
recommend soil suitability criteria based solely on the particle-size
distribution, with soils having a relatively large percentage of fines
deemed to be unsuitable for rammed earth application. A compre-
hensive review of the literature showed no strong correlation
between soil gradation and the suitability of a soil to be used as
the matrix material in rammed earth applications. As a result, a
need was identified to further investigate soils which are considered
to be unsuitable simply based on their fines content, and as such to
possibly expand the range of natural soils which can be used in
earth construction.

This paper studied the viability of natural soils with high fines
content as a construction material through a comprehensive exper-
imental program consisting of 137 tests aimed at characterizing the
compressive strength, tensile strength, flexural strength, and
durability properties of rammed soil. The study investigated the ef-
fect of adding cement, lime, and natural fibers. Based on the results,
the following conclusions can be drawn:
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e The soil, which had 76% fines in its composition, exhibited
average compressive strength values of 1.30 MPa in the dry
state. With the addition of 4%—8% cement and/or lime, the com-
pressive strength increased to between 2.54 and 4.84 MPa in the
dry state and 0.77 and 2.16 MPa in the wet state, rendering the
soil a viable option for rammed earth applications.

* The experimental results clearly demonstrated the advantage
of using lime as a replacement for cement. The most efficient
chemical stabilization scheme was a combination of 4% lime
and 2% cement. For this optimal combination, the compressive
strength improved by 190% and the strength retention after dur-
ability cycles was 94%. Moreover, the durability performance
was enhanced to acceptable levels.

* The tensile properties of the rammed soil (STS, MoR, and TI)
were not improved effectively by chemical stabilization techni-
ques alone. However, combining chemical stabilization with fi-
ber reinforcement significantly enhanced the tensile properties,
with the addition of 2% cement, 4% lime, and 0.75% fibers ex-
hibiting maximum improvement of 460%, 310%, and 20,000%
for the STS, MoR, and TI, respectively.

» Splitting tensile tests and bending tests showed similar improve-
ment trends in the tensile strength properties in all mixes, lead-
ing to the conclusion that the tensile strength can be obtained
from either test. Because cylinders can be cast, handled, and
tested with less effort and simpler equipment than beams, it
is recommended that the tensile strength properties of rammed
earth be obtained from simple splitting tests.

e Durability assessment of rammed earth from results of wetting-
drying cycles that lasted 4 weeks and the results of the wet:dry
compressive strength ratio test that can be conducted in 24 h
showed a strong correlation. Thus, it is recommended that dur-
ability performance be simply evaluated by immersing the sam-
ples in water for 24 h and then testing them in compression to
calculate the wet to dry strength ratio.

Although the preceding conclusions may be specific to the soil
and materials used in this research, it can be concluded with cer-
tainty that natural soils with a high percentage of fines can be used
in rammed earth applications if they are stabilized with relatively
low percentages of cement and/or lime. More importantly, the use
of rammed earth can be extended to structural elements that may be
subjected to bending or tensile stresses if the soil is reinforced
with discrete randomly distributed fibers. This is mainly needed
for assessing the seismic performance of rammed earth structures.
The combined use of lime and natural fibers (hemp, in this case) is
perfectly compliant with sustainability criteria which are sought in
many contemporary projects.

Finally, it is recommended that additional research and
experimental testing programs be conducted in future studies
to encourage practitioners to adopt rammed earth construction
techniques. The effect of saturation and density on tensile
strength and the durability of fiber-reinforced mixes need to
be thoroughly addressed. Fiber-reinforced lime-stabilized natural
soils are promising and sustainable construction materials that
deserve further investigation and adoption in common construc-
tion applications.
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