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As a special kind of soil is widely distributed in Loess Plateau of northwest China, it is difficult to use for growing crops and has
poor structural property. According to local arid climate, the best utilization of the soil is as earthen construction material and it
has been used for thousands of years. To research and improve the mechanical properties, the study investigates the response of soil
with cement, lime, sand, and straw as admixtures to compressive loading. The influence on compressive strength and ductility of
additives in different proportions is compared and analysed. The experimental data is also used for the formulation of dimensionless
and generalized models describing the raw soil and modified soil’s full stress-strain response. The models can be applied to soil and
modified soil in Loess Plateau with variable strength and deformation characteristics and therefore may be exploited for earthen

construction design and nonlinear structural analyses.

1. Introduction

It is estimated that 30 percent of the world’s population
currently live or work in earthen structures [1, 2] and the
proportion rises to 36 percent in China. As an environmental
friendly material, with superior thermal performance, lower
cost, and abundant availability, earthen materials have been
used in construction of shelters for thousands of years [3].
Earthen construction is also a part of the world’s cultural
heritage. The world-famous cave-houses and Hakka resi-
dential architecture are typical examples in China, and the
unique building culture also influences folk art. Nowadays,
the promotion of sustainable development has put pressure
on all industries, including the construction industry to
use suitable methods to protect the environment. Due to
current global concerns for sustainable development that
have arisen from extensive environmental problems such as
climate change and the impoverishment of resources coupled
with the rapid pace of technological advancement within
the building sector, interest in alternative building materials
such as earth has developed [4-6]. Researches on earthen
construction and local soil as building material have received
growing attention from the scientific community in the past
20 years.

As one of traditional building materials, the soil in the
Loess Plateau region which is widely distributed in the
northwest of China, different from soil in other regions of
China (northeastern black soil, northern rocky mountain
soil, southeastern red soil, etc.), is difficult to be used for
growing crops. This kind of soil is highly collapsible, which
will lead to serious distortion and asymmetrical settlement,
so that the Loess Plateau became one of the most serious
soil erosion regions all over the world. And this is another
reason why this kind of soil has been used as building material
for thousands of years. However, the characteristics of soil
in Loess Plateau also lead to poor structural properties and
adversely affect the seismic performance of local earthen
constructions. For seeking sustainable development, one of
the key issues is how to make use of the loess resource in
northwest China and improve the mechanical property as
building material.

A reliable assessment of the material's compressive
strength, as well as of its stress-strain response, is required
in efficient design and appraisal of earthen structures. For
many centuries, construction based on unbaked earth had
developed to take advantage of the material’s relatively
high compressive strength. Though other parameters, such
as density, frost resistance, and water absorption, may be
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TABLE 1: Mass ratio of additives in specimens.
Admixture Cement Sand Lime Straw
4% 5% 5% 0.5%
Mass ratio 8% 15% 10% 1%
12% 25% 15%

specified in design, compressive strength has become a
basic and generally accepted unit of measurement to specify
the quality of materials [7]. Minke suggested that, for dry
building elements made of earth, a compressive strength of
2-5MPa should be required [8]. Significant researches have
been conducted to examine the possibility of improving the
mechanical properties of soil modified by adding varying
percentages of admixtures [3, 9, 10]. However, different
from other building materials, there is a distinct lack of
formal technical guidance concerning the laboratory testing
of compression test procedures for soil material [11, 12]. The
mechanical properties of materials are affected by the method
of specimen fabrication, dimensional effects, the chosen
loading system, and whether specimens are tested wet or dry.

According to the dry climate of northwest China, to
obtain the best performance of soil materials, the soil in
Loess Plateau was traditionally compacted into walls at
optimum moisture content (OMC) nearby. In the past, the
soil material might be mixed with a little additive in some
cases that maybe wheat straw, lime, or even sand which
depend on local conditions. This paper investigates experi-
mentally compressive behaviour of raw soil and modified soil
specimens produced at OMC. The modified soil specimens
include soil with cement, lime, sand, and straw in different
proportion independently. The results are used to formulate
nondimensionalized models which are capable of describing
the full stress-strain response. Based on that, the generalized
stress-strain equations are proposed for design purpose
and widespread application. The outcomes of this work are
deemed particularly useful to researchers and practitioners
working in the field of earthen construction and soil material.

2. Materials and Methods

2.1. Materials. For the specimens’ production, the soil mate-
rials are obtained from the suburb of Yanan city located
in Loess Plateau which is the typical sample of Chinese
northwest loess and often used locally as construction
material. Besides the traditional additives (lime, sand, and
straw), Ordinary Portland Cement was also adopted for
this study. The mass ratio of every additive is under three
different proportions and determined by related researches
or traditional ways (shown in Table 1). Among them, the
specimens of soil with 1.5% straw cannot be fabricated due
to unconsolidated materials. Thus, there are 12 groups of raw
soil and modified soil specimens and each group consisted of
10 specimens. Cement was grade OPC 32.5 (Yaoxian Cement
Plant) and other materials were sourced locally. The straw
was dried wheat straw and chopped into lengths of 20 mm
to 30 mm before mixed.
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2.2. Preparation of Test Specimens. Before mixed, the natural
soil constituents were prepared by initially being air-dried
and then the lumps of dried soil were broken down manually
and then sieved to remove particles exceeding 4.75mm in
laboratory. To obtain a stabilised soil, a homogeneous mixture
was made by blending the required amount of additive with
sifted soil in a tray before adding water. The required amount
of water was obtained based on the OMC of raw soil and
modified soil which was evaluated by test (Table 2).

Based on the current geotechnical engineering test
method and criteria (GB/T 50123-1999) [13], the well-blended
mixture was poured into three layers to be compacted in a
mould of internal diameter 102 mm and height 116 mm with a
collar of 70 mm attached thereto (Figure 1). The compaction
energy was 604 kJ-m™>, which was consistent with Chinese
and other international standards. After that, the collar was
removed and the extra soil was trimmed to make it level with
the top of the mould. Then the specimens were demoulded
and air-dried under the laboratory conditions at 20-25°C for
60 days before testing the compressive strength (Figure 2).
The size of the cylindrical specimens was 102 mm in diameter
and 116 mm in height.

2.3. Testing of Compressive Strength. The compressive tests
were undertaken in the Building Material Laboratory at
Chang’an University. A universal compression testing mac-
hine (YA-300) with a maximum load of 300 kN was used in
the testing procedure to apply stress at a rate of 0.1kN-s™".
The load-displacement curves were output by the electrohy-
draulic servocontrol system (GTC350).

3. Experimental Results and Discussion

3.1. Modes of Failure in Compression. Compressive failure
of cylinders was characterized by bulging and formation
of near-vertical surface cracks [11]. Accordingly, the failure
modes can be divided into three categories: raw soil, sand soil,
and straw soil. Those of cement soil and lime soil are basically
similar with raw soil (Figure 3). In this category, cracks
occurred at the top of the specimens and then extended to
the middle. At maximum compressive stress, several vertical
cracks ran through the whole specimen and the blocks
between vertical cracks spalled oft (Figure 3(a)). The remains
of the specimen were similar and in the shape of an hourglass
(Figure 3(b)). Besides, cement soil specimens were of better
quality and the cracks therein appeared later than those in
specimens of raw soil and lime soil.

For sand soil, after cracks appeared, there were more
vertical cracks which were distributed evenly over the sample
surface. While at maximum compressive stress, there were
obviously more vertical cracks than raw soil at the sample
surface (Figure 4(a)). But the exfoliation of specimens was
less than raw soil specimens during failure process, and the
diameter of failure specimens is lager (Figure 4(b)).

Differing from other groups, straw specimens had a
larger deformation at maximum compressive stress. And the
specimens did not instantly fail after that, and they were sub-
jected to significant additional deformation before structural
collapse (Figure 5(a)). The wheat straw in specimens snapped
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TABLE 2: OMC of raw soil and modified soil.

. . . Cement Lime Sand Straw
Modified soil Raw soil
4% 8% 12% 5% 10% 15% 5% 15% 25% 0.5% 1%
Optimum moisture content/% 18.2 19.8 20.4 21.4 22.0 22.1 22.2 174 174 17.2 18.3 18.4
Maximum dry density/g cm” 1.72 1.69 1.67 1.67 1.58 1.57 1.56 175 1.78 1.79 1.68 1.65
Collar Mould Base

(a) Components of mould

(b) Assembled mould

FIGURE 1: Mould of specimens.

FIGURE 2: Air-cured specimens.

and could be heard in all loading process. Following the
completion of the compression tests, the specimens had not
fully disintegrated (Figure 5(b)). This can be justified, to some
extent: straw fibres held together some significant parts of the
soil matrix, delaying failure.

3.2. Stress-Strain Behaviour and Ultimate Compressive Stren-
gth. Test results are summarized in Table 3. Compression
stress-strain curves were plotted and one typical curve for raw
soil and each kind of additive are picked up and shown in
Figure 6, to contrast the effects of different additive.

The compressive strength of raw soil reached 3.10 MPa
and the peak strain was 0.00202. Actually, the strength
is generally acceptable but of high discreteness with the
variation coeflicient 0.1947. It means, as building material, raw
soil has an unstable mechanical property, while the variation
coeflicient of other modified soil groups all decreased signif-
icantly that is around 0.1 basically.

There is obvious effect of cement to improve the com-
pressive strength and specimens of soil with 12% cement
had the best compressive strength in the test (6.55MPa,
an increase of up to 111.3% compared with raw soil). Data
produced by various researchers show linear correlation
between compressive strength and cement content [7] which
also exists in this test. The peak strain was unaffected by
cement content and kept 0.020 around same as raw soil (not
exceed 5%). As a typical inorganic cementitious mineral,
the cement reacts with active silica and alumina in loess
microspheres and then converted them into calcium silicate
hydrate (CSH) gel and calcium aluminate hydrate (CAH)
gel [14]. These water-stable compounds can improve the
compressive strength of earthen materials by increasing the
bond strength between internal structures.

Sand added to the loess can improve the gradation and
the quality of the earthen construction material and then
improved its compressive strength. The effect, in magnitude,
ranked second to that of cement, and the strain increased by
sand content. Similar to coarse aggregate in concrete, there
is an optimal proportion for improving the degree of density.
Therefore, in the test, the compressive strength first increases
and then decreases with the increase of sand content and soil
with 15% sand got the highest strength.

The straw added to the soil cannot increase the compres-
sive strength but, as a reinforcing agent, the deformability of
specimens was better than any other groups. As the cracks
are growing, straw hindered relative slippage of damaged sec-
tions and prevented soil block deformation, thus restraining
crack development and improving the ultimate strain. The
peak strain of soil with 1.0% straw was 0.0423 which has an
increase of 109.4% compared with raw soil.

The lime reacts with the moisture in the soil and the
compounds created in hydration reaction can improve the
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(a) Ultimate load (b) Failure mode

FIGURE 3: Raw soil, cement soil, and lime soil specimens.

(a) Ultimate load (b) Failure mode

FIGURE 4: Sand soil specimens.

(a) Ultimate load (b) Failure mode

FIGURE 5: Straw soil specimens.

TABLE 3: Mean compressive strength and peak strain.

. . . Cement Lime Sand Straw
Modified soil Raw soil
4% 8% 12% 5% 10% 15% 5% 15% 25% 05% 1.0%
Cracking load/kN 13.82 18.13 3254 3329 1295 1267 1198 1547 16.26 1533 10.89 10.24
Ultimate load/kN 25.32 3488 43.86 5349 2532 2524 2540 3700 3765 3691 2556 24.99
Ultimate compressive strength/MPa  3.10 427 537 655 310 3.09 311 453 461 452 313  3.06
Variation coefficient/% 19.47 9.94 12.89 8.11 11.43 9.07 6.15 10.85 739 3.77 7.45 8.04

Peak strain/% 2.02 204  2.08 1.90 167 208  2.63 212 233 269 297 423
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Compressive strength (MPa)

0 1 2 3 4 5 6 7
Strain (%)

—e— Raw soil —— 15% sand
—a— 12% cement

—A— 10% lime

—x— 1% straw

FIGURE 6: Stress-strain curves: specimens with different admixtures.

bonding with soil particles [15]. But, in this test, no matter
specimens with 5%, 10%, and 15% lime, the mean compressive
strength shows no increasing and the peak stain has no
obvious regularity, either. It might be related to low levels of
moisture content in soil sample. It is shown that the lime is not
suitable for being added in soil in Loess Plateau as building
materials, at least, as additive alone.

4. Stress-Strain Relationship under
Uniaxial Compression

4.1. Nondimensionalized Stress-Strain Equation. Using results
obtained from tests, stress-strain relations describing raw
soil and soil with cement, sand, and straw responses to
compressive loading were developed. To propose equations
applicable to soil of Chinese northwest loess with varying
load-bearing and deformation capacities, stress and strain
values were normalised. Hence, the stress and strain of each
specimen were dealt with by a dimensionless method: the
normal stress o, was divided by the peak stress o, (y = 0./0,)
and the axial strain . was divided by the peak strain ¢, (x =
e./€)-

In previous researches on soil material or adobe, third-
order polynomials were often adopted to capture the non-
linear behaviour in the rising step [11, 16]. But, in this test,
polynomial function was found not to accurately describe
the concave down at the beginning of loading. Therefore, in
this paper, a quadratic exponential function was used to fit
the rising step of soil and modified soil curves. To ensure
the validity of the equations, the following constraints were
imposed: (a) the curves passed through the origin (x = y =
0), (b) the curves passed the point at which o. = ¢, and
& = & (x = y = 1), and (c) the ascending branch and
descending branch were considered as two separate strain
intervals and the continuity of the curve is enforced at their
common point (x = y = 1). The optimization problem
was solved using standard MATLAB optimization routines,
which yield the following fitted curves.

5
1.2 ¢
Yy
x
—— Experimental data
— Equation (1)
FIGURE 7: Dimensionless stress-strain curves: raw soil.
(1) Raw Soil and Cement Soil
2
e 3T (<)
y= ¢))

15-05x (x>1).

By comparing (1) with experimental data from raw soil,
a satisfactory R? of 0.90 was achieved, which indicated that
stresses are well predicted by (1), as is graphically verified in
Figure 7.

With the different percentage of cement, the cement soil
specimens were showed to be similar to the raw soil during
the load process (Section 3.1). By the calculation, (1) was also
applied to cement soil and, compared with experimental data,
R* of 4%, 8%, and 12% cement soil was 0.96, 0.88, and 0.92,
respectively. It indicated that the stress-strain relationship of
cement soil was matched well with (1), especially for the rising
step. An excellent correspondence similar to Figure 8 was
obtained.

(2) Sand Soil. The dimensionless stress-strain curves of sand
soil and straw soil were inapplicable with (1). Parameter m, of
the rising part is brought into the model and (2) derived as
follows:

e(—5.3+0.02m5)><(x—1)2 (x<1)

y= )
1.5 - 0.5x (x>1).

my is the mass percentage of sand in the specimen. Here,
myq in 5%, 15%, and 25% sand soil specimens was 5, 15, and
25, respectively. For mg = 0, (2) is transformed into (1). The
graphical representation of (2) and normalised stress-strain
experimental data are shown in Figure 9. The determination
coefficient R? reached 0.96, 0.88, and 0.91 for 5%, 15%, and
25% sand soil, respectively.
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—— Experimental data
— Equation (1)

(a) 4% cement
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1.2 ¢

—— Experimental data
— Equation (1)

(b) 8% cement

—— Experimental data
— Equation (1)

(c) 12% cement

FIGURE 8: Dimensionless stress-strain curves of cement soil.

(3) Straw Soil. For straw soil specimens, besides that parame-
ter my is brought into the rising part, the descending branch
also needed to be adjusted. Equation (3) is as follows:

e(—5‘3+ms‘)><(x—1)2 (x<1)

y= (3)
1.4 — 0.4x (x=>1),

where m, is the mass percentage of straw in a specimen.
In this test, mg of 0.5% and 1.0% straw soil specimens was
0.5 and 1.0. Equation (3) matched the experimental data
(Figure 10) and a satisfactory R* which reached 0.90 and 0.85
was achieved.

It can be inferred that the rising step of stress-strain
curves of soil and modified soil in the test had an increasing
tendency which slowed down first and then became faster
under compression. The proposed equations can reflect the

mechanical properties of soil in Loess Plateau well and
support references for other earthen construction materials.

4.2. Generalized Stress-Strain Equations. For design purposes
and widespread application, it is necessary to predict the
peak compressive strength and strain for raw soil and various
modified soil cases. The generalized stress-strain equations
for raw soil in Loess Plateau and feasible modified soil
are proposed based on the general regularity analysed in
Section 3.2 and nondimensionalized equation in Section 4.1.

As mentioned, the peak strain g, of raw soil and cement
soil with different proportions remains stable and around
0.020. And according to the linear correlation between
compressive strength and cement content in the test and
other researches, the parameters of cement soil equation
were determined (Figure 11). The generalized stress-strain
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12r 12r
y
—— Experimental data —— Experimental data
— Equation (2) — Equation (2)
(a) 5% sand (b) 15% sand
127
y
X
—— Experimental data
— Equation (2)
(c) 25% sand
FIGURE 9: Dimensionless stress-strain curves of sand soil.
equations for raw soil and cement soil are shown in (4)-(6). (2) Cement Soil
As mg and mg, m_ is the mass percentage of cement in
. . . 2
specimens. m_ of the 4%, 8%, and 12% cement soil specimens (3.1 +0.29m_) e~>3/%7D) (e<g)
is 4, 8, and 12. For m_. = 0 which means for soil without _ (6)
cement, (6) is turned into (4). (3.1+0.29m,) (1.5 - 0.5£> (e>¢),
&
1) Raw Soil
@ €,c = 0.020. )
—5.3(&:/50—1)2 <
3.1e (e <) For sand and straw soil, at maximum compressive stress,
Or = 4.65 - 1.55% (e>¢) @ the peak strain increased with additive content. According
£ - or to the experimental data, the peak strain of sand soil (g )
and straw soil (g, ) both have linear correlation with additive
€, = 0.020. (5) ;

content (Figure 12). Therefore, the equation of &) and ¢
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y
x x
—— Experimental data —— Experimental data
— Equation (3) — Equation (3)
(a) 0.5% wheat straw (b) 1% wheat straw
FIGURE 10: Dimensionless stress-strain curves of straw soil.
7 r 10 —
6 -
5 L
= 4r =
a a
2 =)
o 3L S
2L
2 -
1L
0 0 I I 1 )
0 0 0.04 0.08 0.12 0.16
€ Mass ratio
—— Raw soil -=-= 8% cement soil
=== 4% cement soil --- 12% cement soil
(a) Stress-strain curve (b) Compressive strength with different cement content

FIGURE 11: Relationships between stress-strain and cement content.

needs to be adjusted by bringing parameter mg and my in  (3) Sand Soil
(9) and (11). The ultimate compressive strength of straw soil
remains unchanged by adding straw content and (10) was

given based on (3). For stress-strain equation of soil with 4,6(753+0.02m) (el 1)" (e<g)

sand, as mentioned in Section 3.2, the relationship between Oy 150 = e (8)
stress and sand content does not match the linear trend and 6.9-23— (e>¢),

the changing laws cannot be convincible determined by three %

proportions of sand and soil; (8) is given useable only for soil 3

with 15% sand as it is recommended. €os = (0'020 +0.3x10 ms) : ©)
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€

0.01 L L !

0 0.1 0.2 0.3

Mass ratio

(a) Sand soil

€

0.05

0.04

0.03

0.01

0 1 1 J
0 0.005 0.01 0.015

Mass ratio

(b) Straw soil

FIGURE 12: Relationships between stress and additive content of sand soil and straw soil.

(4) Straw Soil

3‘16(—53‘*’"51)(5/50_1)2 (8 < 80)
o, = (10)
T a34-1245 (e>¢),
&
€0 = (0.020 + 0.021my,) . (11)

5. Conclusions

To improve the mechanical property of soil in Loess Plateau
as building material, the experimental research of 120 raw soil
and modified soil specimens that were under compression
test was carried out. Based on the characteristics of soil and
local conditions, specimens were made at OMC and fully
dried (8 to 10 weeks) in the laboratory. The method and results
offer references for the modification of loess and soil in other
regions considering the lack of internationally accepted stan-
dardised testing procedures specifically referring to unfired
clay materials.

The mechanical properties under compression of soil in
Loess Plateau and modified soil were obtained. It indicated
that cement can significantly improve compressive strength,
while the straw fibres were used to improve the ductility of soil
material, but the mass ratio of straw should not exceed 1.0%.
Sand was added to improve the particle distribution and soil
with 15% sand achieved the best results in the test. Lime is not
suitable for being added in this kind of soil as additive alone.

The constitutive model developed for describing the
stress-strain behaviour under compression is well-fitted to
the experimental data. The dimensionless and generalized
model is based on a quadratic exponential function with
parameters adjusted for additive content. It is anticipated
that the proposed model can have applications in earthen

construction designs and analytical nonlinear engineering
computations.
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