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Abstract: In this study, the uniaxial compressive mechanical properties of earth materials are tested,
and the effects of four influencing factors, such as shape, size, curing age, and loading rate, on
the strength, damage pattern, and stress-strain curve of the specimens are analyzed. The standard
uniaxially compressed specimen size and the recommended loading rate are proposed for the
earth specimens. The uniaxial compressive constitutive equations of earth materials are modified
on the basis of the Illampas constitutive equation. By fitting the results of this study and typical
literature tests, the applicability of the modified constitutive equation form to the uniaxial compressive
test curves of soils in different regions of China based on standard sizes is verified. Finally, the
formulae for calculating the parameters related to the constitutive equation of earth materials are
established. In its application, only the compressive strength of 100-mm-cubic standard specimens
with a curing age of 28 d needs to be measured to calculate and determine the specific values of the
relevant parameters of the constitutive equation. This is a good reference value for promoting the
development of computational analysis methods for earth structures and promoting the engineering
design applications of earth structures.

Keywords: earth materials; uniaxial compression test; constitutive equation; curve shape parameters;
peak compressive strain

1. Introduction

With the improvement of environmental concerns all over the world, sustainable
development has attracted much attention in the construction industry. People urgently
need a low-cost, reusable, energy-saving, and environment-friendly building material to
replace the industrial building materials with high pollution and high energy consump-
tion [1]. Earth as a natural construction material has been widely used throughout the
world since ancient times. It has many advantages, such as easy use of local materials,
low cost, energy savings, environmental protection, and simple construction. Therefore,
under the background of international sustainable development, it will burst out with
new vitality with the development of science and technology [2,3]. According to statistics,
approximately 30% of the world’s population still lives in houses built of earth materials.
The strength of earth materials is low (compressive strength of 0.5-7 MPa), nevertheless,
they are perfectly suitable for low-rise buildings of 1-3 stories and even more [4]. Therefore,
in some developing countries (especially low-income countries), this occupancy ratio is
more than 50% [5,6]. In China, it is also conservatively estimated that more than 60 million
people live in earth buildings [7]. However, there are some common problems in earth
structures, such as large material discreteness, weak structural measures, imperfect seismic
calculation and analysis methods, and so on. Earth structures were seriously damaged
in previous destructive earthquakes, such as the 2008 Wenchuan M8.0 earthquake [§], the
2010 Yushu M7.1 earthquake [9], and the Haiti M7.0 earthquake [10]. This poses a great
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threat to the safety of people’s lives and property, seriously restricting the development
of earth structures [11,12]. Among them, the constitutive equation of earth under uniaxial
compression, as an expression to describe the full stress-strain response of earth specimens
under uniaxial compression, is an indispensable physical equation in nonlinear analysis
and numerical simulation of earth structure. Its establishment played an important role in
the development of calculation, analysis, and design methods for earth structures, and it
has been widely studied by scholars.

At present, research on earth materials focuses on material modification. The me-
chanical properties and durability of earth materials are enhanced by adding different
components to them [13-15]. It is important to note that there is a distinct lack of offi-
cial international guidelines for laboratory testing of earth materials. Therefore, both the
determination of the mechanical properties of materials, such as compressive, flexural
and bending resistance, and the durability testing of earth materials (spray test, drip test,
etc.) are borrowed from the test methods used for industrial construction materials [16,17].
Their applicability to earth materials is open to debate. The conclusions obtained from
related studies are often difficult to compare because of the different shapes and sizes
of the specimens. Therefore, it is necessary to study the mechanical properties of earth
materials from the perspective of experimental test methods. A new contribution to the
establishment of relevant experimental test standards is needed.

The determination of uniaxial compressive strength test methods for earth materials
is still an open problem. The establishment of uniaxial compressive constitutive equa-
tions for earth materials has also been studied by some researchers. Adorni. et al. and
Aguilar. et al. [18,19], respectively, carried out uniaxial compression tests on adobe bricks
in archeological relics of Turkmenistan and Peru, and established the uniaxial compres-
sion test equations suitable for adobe bricks based on the test results. Illampas et al. [20]
carried out uniaxial compression tests on adobe blocks with different shapes and sizes.
The influence of the inherent inhomogeneity of earth material on the mechanical proper-
ties of adobe is emphasized, and finally the constitutive equation describing the strength
and deformation characteristics of adobe under uniaxial compression is established. Lan
Guangi et al. [1] carried out uniaxial compression tests on earth blocks under different
working conditions, put forward the recommended loading rate and standard specimen
size for uniaxial compression tests of earth materials, and established the constitutive
equation of earth materials. Rodriguez-Mariscal et al. [21] carried out uniaxial compres-
sion tests on brick, cubic, prismatic, and cylindrical specimens. They believed that the
uniaxial compressive strength of earth specimens should not be obtained from the existing
shape and size correction coefficients of other materials. At the same time, the constitutive
equations of specimens with different sizes under uniaxial compression were established
according to their own test results. From the above literature, it can be seen that the shape,
size, curing age, and loading rate of the specimen are the factors affecting the uniaxial
compression performance of earth materials that have been widely studied by scholars
because there is no complete consensus on the uniaxial compression test method. Most of
the uniaxial compression constitutive equations of earth materials proposed by scholars
are based on fitting the test data obtained by themselves [1,18-21]. Whether it has wide
applicability and statistical significance-based methods for calculating parameters related
to constitutive equations has not received attention by scholars.

In this research work, uniaxial compression tests are carried out on earth specimens
with different shapes (cylinders and cubes), different sizes (100 mm, 70.7 mm, and 150 mm
cubes), different curing ages (14 d, 21 d, and 28 d), and different loading rates (0.2 mm,
1.0 mm, and 3.0 mm). The effects of the above factors on the failure shape, strength,
and coefficient of variation of earth specimens are investigated. The proposed method
for uniaxial compression testing of earth materials is put forward. On the basis of the
existing typical constitutive equation of earth, the Illampas constitutive equation, which
can better reflect the mechanical characteristics of earth, is selected and modified. The
applicability of the modified constitutive equation is verified by fitting the stress-strain
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curve of the uniaxial compression test in this study and the related representative literature.
The shape parameters of the constitutive equation curve and peak compressive strain
calculation equations based on standard specimens characterized by compressive strength
are established. The established constitutive equation is widely applicable, and the relevant
parameters can be determined only by obtaining the measured compressive strength
of an earth specimen. This is a good reference value to promote the development of
computational analysis methods for earth structures and to facilitate the engineering design
applications of earth structures.

2. Uniaxial Compression Test on Earth Materials
2.1. Selection and Preparation of Specimens

A reasonable selection of earth materials is a prerequisite for ensuring the good
mechanical properties of the earth structure. The soil used in this experiment was obtained
from the region of Shihezi in China, which was traditionally used to make clay bricks
in the past. The soil was passed through a 2-mm standard sieve to remove the debris
and impurities incorporated in it. The main components of the test soil samples were
detected using an X-ray fluorescence analyzer of the S8 TIGER series (Figure 1a). The main
components of the soil sample are shown in Table 1. To analyze the mineral composition
in the earth materials, a Smartlab 9 kw X-ray diffractometer from RIGAKU was used to
test the soil samples. The test apparatus is shown in Figure 1b. The test conditions were
Cu K« radiation, operated at 40 kV-150 mA, step size = 0.02° and a scan range 20 from 3°
to 80°. Before testing, the test soil sample was crushed and passed through a 200-mesh
sieve, then poured into the sample tray, and the sample surface was treated with frosted
glass to ensure a smooth surface. The X-ray diffraction pattern of the tested soil is shown in
Figure 2.

(a) (b)
Figure 1. Testing instruments: (a) X-ray fluorescence analyzer; (b) X-ray diffractometer.

Table 1. Main components of soil.

Chemical Compositions

Si02 A1203 CaO Fe203 MgO K20 NaZO Ti02 P205 SO3

Content (%)

59.49 17.4 7.58 5.393 39 2.89 1.79 0.678 0.346 0.191

The soil sample Atterberg limit used was tested with reference to the Chinese standard
“Standard for Geotechnical Test Methods” [22] (GB/T 50123-2019). The basic physical
properties, such as maximum dry density and optimum water content, were measured
using the light compaction test [22], and the results are shown in Table 2.
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Figure 2. X-ray diffraction pattern of the earth materials.

Table 2. Basic physical properties of earth materials.

Granulometry Atterberg Limits Maximur‘n Dry Density Optimal Water
Clay (%) Silt (%) Sand (%) LL @) PLw) Pl oDy @em-s) Content (%)
d<5pm 5pum<d<75pum 75um <d < 4500 pm ° ° ° (g-em~3)
19 39 42 363 235 12.8 2.04 1.66 23

LL = liquid limit; PL = plastic limit; PI = plasticity index; dry density: the density measured when the formed
maximum dry density specimen is placed in the oven at a temperature of 65-70 °C and baked to a constant weight.

Figure 3 shows the particle size distribution curves of the earth materials used in this
experiment and in the related literature [1,14,19,23-28]. The obtained curves were also
compared with the particle size range recommended by CRATerre (Centre de Recherche
en Architecture en Terre) [29] for making compacted soil specimens. It can be seen that
the particle size distribution curves of the earth materials used in this experiment and
in the related literature are basically between the upper and lower limits of the particle
sizes given by them, and no correction of the soil particle sizes is required. According to
ASTM D2487 [30], the composition of the soil was 19% clay particles (<5 um), 39% powder
particles (5-75 um), and 42% sand (754500 pum). The total amount of clay particles and
powder particles is 58% > 50%, which is a fine-grained soil.
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Figure 3. Grain size distribution curve of soil [1,14,19,23-29].
Figure 4 shows a plastic diagram of the soil used in this test and related

literature [1,14,19,23,26-28]. In Figure 4, it can be seen that the soil used in this test has
a liquid limit LL = 36.3% < 50% and a plasticity index PI = 12.8 > 11.899, which is a low
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liquid limit clay [24]. It is characterized by high cohesiveness and low compressibility. This
is consistent with the type of soil used in related studies. It suggests that the selection of the
soil in this study basically meets the requirements for the construction of earth structures
and is somewhat representative.
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Figure 4. Soil plasticity diagram. (CL = low liquid limit clay; CH = high liquid limit clay; ML = low
liquid limit powder soil; and MH = high liquid limit powder soil.) [1,14,19,23,26-28].

Since there is no unified test standard for the forming and manufacturing method
and size of the specimens in the uniaxial compression test of earth materials in various
countries. Therefore, we refer to the European standard “Design of Concrete Structures-
Part 1-1: General rules and rules for buildings” (EN1992-1-1) [31], the Chinese standard
“Standard for basic performance test methods of construction mortar” (JGJ/T70-2009) [32],
the New Zealand standard “Engineering Design of Earth Buildings” (NZ54297:2020) [33],
and the Chinese standard “Standard for Geotechnical Test Methods” (GB/T 50123-2019) [22]
to determine the shape dimensions of the studied test specimens as 150-mm, 70.7-mm,
100-mm-cubic test specimens and 102 mm diameter and 116 mm height cylindrical test
specimens, respectively. A total of eight groups of specimens were designed and fabricated
for the test (Table 3).

Table 3. Uniaxial compression test under different working conditions.

Specimen label Spec1(111111i111) Type ](d;alil;glfjllt )e Curlzig) Age Quantity
Yq02-14-0.2 @102 x 116 0.2 14 6
Yi02-21-0.2 102 x 116 0.2 21 6
Y0p-28-0.2 ®102 x 116 0.2 28 6
L100-28-0.2 100 x 100 x 100 0.2 28 6
L109-28-1.0 100 x 100 x 100 1.0 28 6
L100-28-3.0 100 x 100 x 100 3.0 28 6
L0.7-28-0.2 70.7 x 70.7 x 70.7 0.2 28 6
L150-28-0.2 150 x 150 x 150 0.2 28 6

Y102-14(21 and 28)-0.2 represents the cylindrical specimens with a diameter of 102 mm and a height of 116 mm, the
curing age is 14(21 and 28) d and the loading rate is 0.2 mm-min~!; L;09-28-0.2(1.0) represents the cube specimens
with side lengths of 100 mm. The curing age is 28 days, and the loading rate is 0.2(1.0, 3.0) mm-min~!; Ly 7-28-0.2
represents the cube specimens with side lengths of 70.7 mm. The curing age is 28 days, and the loading rate is
0.2 mm-min~1; L159-28-0.2 represents the cube specimens with side lengths of 150 mm. The curing age is 28 days,
and the loading rate is 0.2 mm-min~!; ®: the diameter of a circle.
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The earth specimens were fabricated by the light compaction method [22] with refer-

ence to the Chinese standard “Standard for Geotechnical Test Methods” (GB/T 50123-2019),
and the fabrication details are as follows:

1.

The sieved soil material is dried in an oven, and the optimum water content is used
as the control index to add water to mix the earth material. Then, it is sealed with a
cling film and left to stand for one hour so that the moisture is evenly distributed in
the earth material.

Filling the mold with wet soil, using manual compaction in multiple layers, the
compaction height of each layer is approximately 38 mm, and the compaction work W
is 592.2 kJ-m 3. The number of times of compaction per layer and the number of layers
of compaction are calculated according to Equation (1), and the results are shown in
Table 4 to ensure that the specimen is formed under a more uniform standard and
achieves the maximum dry density. After each layer of compaction, the surface of the
compacted soil is roughened to ensure close contact between the surfaces.

where W is the compaction work, kJ-m~3; m is the weight of the hammer, taken as
2.5 Kg; h is the drop height of the hammer, taken as 305 mm; g is the acceleration of
gravity, taken as 9.8 m-s~2; 1 is the number of layers of compaction; s is the number
of compactions per layer; and V is the volume of the test block, cm3.

After the specimen is created, in order to slow down the initial water loss and harden-
ing rate of the specimen and prevent cracking, it is covered with a cling film. To ensure
that the specimens could be hardened at 28 d, the conservation method was referred
to in [34]. The conservation was carried out in a laboratory at a temperature of 30 °C
(&5 °C) and a humidity of 55-60%. To ensure the quality of demolding, it was carried
out after 3 days of curing (after the specimens had obtained some of their strength).
The average water content of the specimens at 14 d, 21 d, and 28 d was 8.8%, 4.3%,
and 3.5%, respectively. The densities of 70.7 mm, 100 mm, and 150 mm cubic speci-
mens and ®102 x 116 cylindrical specimens at 28 d were 1.69 g-cm~3, 1.70 g-cm 3,
1.71 g-em 3, and 1.70 g-cm 3. This indicates that the specimens are basically hardened.

Table 4. Light compaction method operating parameters.

Specimen Type (mm) V (cm3) n s
$102 x 116 9474 3 25

100 x 100 x 100 1000 3 26
70.7 x 70.7 x 70.7 353.4 2 14
150 x 150 x 150 3375.0 4 67

2.2. Test Device and Procedure

The uniaxial compression test of the earth material was performed by an electronic

universal pressure tester of type Changchun CSS-44300. The test device is shown in Figure 5.
Before starting the test, the specimen was first checked for completeness, and the severely
damaged specimen was discarded. Then, plaster was evenly applied to the upper and
lower surfaces of the specimen to reduce the influence of the platen restraint effect. Before
the formal loading, the test was prepressed three times with a 1 kN load to ensure the
normal operation of the press and close contact with the specimen. The displacement
loading method is used, and the loading rates are shown in Table 3. The load-displacement
curve was output from the computer system.
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(b) (c)

Figure 5. Specimen loading diagram: (a) loading instrument; (b) cube specimen; and (c) cylindri-
cal specimen.

2.3. Experimental Results and Discussion

The failure phenomena of the specimens are shown in Figures 6 and 7. It can be seen
that the failure process and test phenomena of the cubic and cylindrical specimens are
similar. At the early stage of the test, the specimen block did not change significantly with
the increase in the load. When the load reached 55% of the peak load, fine cracks appeared
in the corners of the cubic specimen and expanded rapidly. The cylindrical specimens
showed small vertical cracks at the loaded end that extended to the lower part. When
the load increased to its peak, there were several wide cracks through the surface of each
specimen, and the skin swelled off. As the displacement continued to increase, the load
continued to decrease. The cracks on the surface of the specimen fully developed, and the
soil at the edge was flaked off, and the specimen was damaged due to the loss of its bearing
capacity. The final failure pattern of all specimens is basically an hourglass-shaped.

(b)

Figure 6. Test typical mode of failure in uniaxial compression for a cubic specimen: (a) middle stage
of loading; (b) load to peak load; and (c) failure stage.

(@) (b)

Figure 7. Test typical mode of failure in an uniaxial compression for cylindrical specimen: (a) middle

stage of loading; (b) load to peak load; and (c) failure stage.
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The mean compressive strength, peak compressive strain, and coefficient of variation

of the specimens obtained under different working conditions, such as different curing
ages, shapes, sizes, and loading rates, are shown in Table 5. The comparison of the
compressive strength and the coefficient of variation of the strength of the specimens under
different working conditions are shown in Figures 8 and 9, respectively. From Table 5 and
Figures 8 and 9, the following rules can be drawn:

The compressive strength of the specimens increased with the increase in curing age.
The compressive strengths of specimens Y19p-14-0.2, Y1(2-21-0.2, and Y;(,-28-0.2 were
59% and 76% of 28 d at 14 d and 21 d, respectively. The reason is that the longer
the age, the more sufficient the water loss hardening reaction inside the specimen.
The internal soil particles have higher cohesion, stronger compactness, and higher
compressive strength.

With the increase in size, the strength of the specimen first increased and then de-
creased. A 100-mm-cube specimen had the highest strength, and the effect of the size
factor on the compressive strength was more significant. A 70.7-mm-cube had 96%
of the compressive strength of a 100-mm-cube. A 150-mm-cube had only 83% of the
compressive strength of a 100-mm-cube.

The specimen shape and loading rate have a slight effect on the compressive strength.
The compressive strength of cylindrical specimens was 5.6% lower than that of
cubic specimens. The compressive strengths of specimens with loading rates of
0.2 mm-min~! and 3.0 mm-min~! were 95.3% and 102.6% of the compressive strengths
of specimens with 1 mm-min~!, respectively. The strength differences of the specimens
were all within the range of 6%.

It is recommended to use a 100 mm x 100 mm x 100 mm cube with a curing age of
28 d as the standard specimen. Then, 1.0 mm-min~! was adopted as the recommended
loading rate for uniaxial compression testing of earth materials. As can be seen from
Figure 9, the strength coefficient of variation of the specimens under the above test
conditions is minimal, and the test results are relatively stable.

Table 5. Average compressive strength and peak compressive strain of earth specimen.

Specimen Label fem (MPa) of Ccv £pr
Y102-14-0.2 1.83 0.206 0.113 0.0199
Y102-21-0.2 233 0.270 0.116 0.0205
Y102-28-0.2 3.05 0.314 0.103 0.0248
L10p-28-0.2 3.26 0.280 0.086 0.0232
L100-28-1.0 3.42 0.256 0.075 0.0251
L100-28-3.0 3.51 0.319 0.091 0.0225
L797-28-0.2 3.11 0.286 0.092 0.0208
L150-28-0.2 2.68 0.361 0.135 0.0275

fom is the average compressive strength; oy is the standard deviation of strength; CV is the coefficient of intensity
variation; and &, is the peak compressive strain.

Y g5=14-0.2 Y ,-21-0.2 [EZ2Y ,,-28-0.2 [_IL,(-28-0.2
L o-28-1.0 [ITT7IL, 0y—28-3.0 ==L, —28-1.0 EEEHIL ;~28-1.0
4

JSon/MPa

342351
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Figure 8. Comparative diagram of compressive strength of specimens under different working conditions.
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Figure 9. Coefficient of variation of compressive strength of specimens under different working

conditions.

2.4. Experimental Stress-Strain Curve

The uniaxial compressive stress-strain curves of the earth material for different work-
ing conditions are given in Figure 10. The stress and strain results for the whole process of
loading are obtained according to the load and displacement data collected during the test
and processed using the following equations:

o= @
=4 ©

where ¢ is the axial stress corresponding to each level of loading during the uniaxial
compression test of the earth material, Mpa; F is the axial force applied at each level of
loading, kN; A is the initial cross-sectional area of the specimen, mm?; ¢ is the axial strain
corresponding to each level of loading during the uniaxial compression test of the earth
material; Al is the displacement deformation under compression at each level of loading,
mm; | is the initial height of the specimen, mm.

——1L
+Y
4

~28-0.2 —0— L, ,~28—1.0—8— L, -28-3.0—— Y ,~28-0.2
~14-0.2——Y ), ~21-0.2—8— L, ,-28-0.2 —0— L, ,-28-0.2

100

100

O 1 I I
0.00 0.01 0.02 e 0.03 0.04 0.05

Figure 10. Average stress-strain curves of eight groups of specimens.

In Figure 10, it can be seen that the stress-strain curves of the eight groups of speci-
mens basically follow the same trend. It consists of two parts: the rising section and the
descending section. In the ascending section, there is an initial concave section, i.e., the
slope of the curve in the ascending section first increases and then decreases. Due to the
gentle curve transition, it can be excluded that the formation of the initial under-concave
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section was caused by the poor contact between the specimen and the loaded end. This
feature is also shown in [35]. It can be seen that the initial depression of the stress-strain
curve is typical for earth materials. The formation is due to the production process and
natural maintenance method of the earth specimen, which will make more initial pores
and fine cracks exist inside the specimen. Under the action of a small vertical load, the fine
cracks and pores will be first closed and filled by squeezing. That is, the test block is rapidly
compressed and deformed under a smaller load. This is characterized in the stress-strain
curve as an initial underconcave section.

In conclusion, we take the ratio of the axial stress o to the peak stress op (y = 0/ 0pr)
in uniaxial compression of the earth material as the vertical coordinate, and the ratio of the
axial compressive strain ¢ to the peak compressive strain epy (x = €/¢pr) as the horizontal
coordinate. The typical uniaxially compressed dimensionless stress-strain curve of the
earth material is finally obtained, as shown in Figure 11. The curve can be divided into four
distinct phases, which are: the initial under-concave section (0 < x < x,), the elastic growth
section (xa < x < xp,), the yielding stage (x, < x < xc), and the damage stage (x. < x < xq).
The four characteristic points a, b, ¢, and d on the curve are defined as: point a is the
specimen micro-crack and pore pressure density point; point b is the specimen yield point;
point c is the specimen peak strength point; and point d is the specimen failure point.

le | |
) -

Yield stage Failure stage

cl1,1
Elastic growth sgCtion |

o X Xy Xg Xq
X=¢€le,,

Figure 11. Typical curve of dimensionless stress-strain of earth materials under uniaxial compression.

3. Uniaxial Compressive Constitutive Equation Establishment
3.1. Proposition of Modified Constitutive Equation

Based on their own experiments, many scholars put forward the corresponding con-
stitutive equation of earth materials under uniaxial compression. There were mainly
rational fractions proposed by Adorni [18] and piecewise functions proposed by Zhang
Youchao [35], lllampas [20], and Zhong Jiging [36].

By comparison, we found that the stress-strain curve obtained by fitting the constitu-
tive equation (Equation (4)) of Illampas [20] can better characterize the initial depression of
the rising section of the stress-strain curve of the earth materials. However, Equation (4)
depicts a curve at y = 1 with x = 1.07, which is not consistent with the characteristics of the
stress-strain curve in dimensionless form, so it was corrected. That is, both the rising and
descending section functions satisfied the condition at x = 1 and y = 1. Then, we substituted
y = 0/0pr and x = ¢/¢&pr. The final obtained uniaxial compressive constitutive equation
form of the earth material is shown in Equation (5).

£ £)2 &3 < £ <
T al(gpr)_'—bl(gpr) +§1(€pr) 3 (0= Epr =1) 4)
%pr a2 +ba(g;) +aals) +da(s)” (5,21

where a1, by, and c; are the shape parameters of the rising section curve; a5, by, ¢, and d; are
the shape parameters of the descending section curve; o is the axial stress corresponding to
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each level of loading during the uniaxial compressive test of the earth materials, (Mpa);
Opr is the peak compressive strength of the uniaxial compressive test of the earth materials,
(Mpa); &pr is the peak compressive strain corresponding to the peak compressive strength.

o Ja(E)ruE)+ A-a-b)(E) OsEsn o
B |mtbh(E)ta(E) +1-a-h-o)(E)’ (&21)

It can be seen from Equation (5) that whether the modified constitutive equation can be
applied to structural calculation and analysis still needs to be verified by the applicability
of the constitutive equation to the existing representative test curves. It is also necessary to
establish the methods for taking the parameters of the rising and descending sections and
the peak compressive strain of the present constitutive equation.

3.2. Applicability of the Modified Constitutive Equation

Since there is no standard test method for the uniaxial compression test of earth
materials, the existing constitutive equations are obtained by fitting the test data obtained
by the researcher himself. There are few studies on the wide applicability of the equations.
Therefore, the purpose of this study is to establish a constitutive equation of earth materials
under uniaxial compression that is suitable in different regions of China. The stress-strain
curve of the earth materials compression test in this paper and related typical literature in
China is fitted with the proposed modified constitutive equation to verify its applicability.
Considering that the material modification will have a large effect on the physicochemical
properties of the earth materials, which in turn will lead to a large change in the compressive
stress-strain curve trend compared to the unmodified earth material [37]. Additionally, the
test loading rate has a lower effect on the strength coefficient of variation. Therefore, in
screening data samples from relevant literature, the effect of loading rate is not considered.
The uniaxial compressive test curves of 100-mm-cubic standard specimens with a curing
age of 28 d composed of unmodified earth materials (later referred to as earth materials)
were selected for fitting to evaluate the applicability of the modified constitutive equations.

Based on this, 14 sets of 94 uniaxial compressive test curves of earth materials from
different regions were extracted from the four articles that satisfied the above conditions [34,
36,38,39]. The original curves have been plotted in Figure 12. Among them, soil samples
were taken from Xinjiang, Shanxi, Fujian, and Heilongjiang, where the earth’s structure
is widely prevalent [36]. The basic physical properties of earth materials from different
regions used in the related literature are given in Table 6. Since the particle size range of the
earth materials is missing in the relevant literature, only the Atterberg limit as well as the
maximum dry density and optimum water content of the earth materials are listed in the
table. It can be seen that all earth materials are low-liquid-limit clays. This is also consistent
with the earth materials selected in this paper and related studies.

Table 6. Related literature and basic physical properties of earth materials.

. Atterberg Limits . . Maximum Dry Optimal
Source Region Type of Soil Forming Method Density Moisture
LL (%) PL(%) PI(%) (g-cm~3) Content (%)

This test Xinjiang 36.3 23.5 12.8 Light compaction method 2.04 23.0
[38] Shanxi 33.6 17.2 16.4 Jack compaction 1.90 18.2
[34] Shanxi 26.0 15.0 11.0 Jack compaction 2.04 18.2
[34] Xinjiang 25.5 13.6 119 Low liquid Jack compaction 2.14 145
[34] Fujian 45.0 26.0 19.0 limit clay Jack compaction 1.74 29.0
[34] Heilongjiang 28.5 14.0 145 Jack compaction 2.00 16.3
[36] Shanxi 26.0 15.0 11.0 Jack compaction 2.04 18.2
[39] Shanxi 26.0 15.0 11.0 Jack compaction 2.04 18.2
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Figure 12. Summary of the original uniaxial compressive stress-strain curves in the related literature:
(a) Earth from Xinjiang; (b) Earth from Shanxi; (c) Earth from Fujian; and (d) Earth from Heilongjiang.
First, the test constitutive curve was normalized. Then, the equations were fitted
according to the least squares principle using Origin 8.5 software to determine the values of
the curve shape parameters for the rising and descending sections of each literature-fitted
curve. Finally, the fitting effect of the present constitutive equation is judged according to
the coefficient of determination R?. The results of the curve shape parameter calculation
are shown in Table 7. The fitting curves with the largest and smallest R? in this study and
typical literature are shown in Figure 13.
Table 7. Fitting parameters of constitutive equation of different earth specimens.
. . . . ips Rising Section Descending Section
Specimen Source Region  Specimen Working Condition a by R2 a b, o R2
This test Xinjiang L100-28-0.2 0.274 2.363 0.995 —2.505 8.808 —7.013 0.895
This test Xinjiang L100-28-1.0 0.219 2.332 0.997 —2.010 7.056 —5.190 0.927
This test Xinjiang L100-28-3.0 0.271 2.319 0.983 —2.204 7.476 —5.056 0.911
[38] Shanxi L10p-28-3.0 0.308 2.302 0998  —2.850 9.199  —6.845 0.919
[34] Shanxi L100-28-2.0 0.374 2.208 0.993 —2.801 10.463 —9.125 0.863
[34] Xinjiang L100-28-2.0 0.302 2.181 0.991 —2.701 9.341 —7.403 0.949
[34] Fujian L100-28-2.0 —0.110 3.193 0.995 —-1.720 —-7.506  —6.495 0.902
[34] Heilongjiang L100-28-2.0 0.250 2.660 0.984 —2.010 8.402 —7.378 0.788
[36] Shanxi L100-28-3.0 0.402 2.021 0.994 —2.303 8.768 —7.406 0.873
[36] Shanxi L100-28-1.0 0.201 2.271 0.986 —2.340 10.493 —10.228 0.841
[39] Shanxi L100-28-0.5 0.330 2.036 0.987 —2.520 9.436 —7.693 0.834
[39] Shanxi L100-28-1.0 0.420 1.691 0.983 —2.901 9.938 —7.693 0.929
[39] Shanxi L100-28-5.0 0.302 2278 0.993 —2.746 9.523 —7.811 0.925
[39] Shanxi L100-28-7.0 0.346 2.150 0.996 —2.784  10.096 —8.549 0.846

Note: L100-28-0.2 (0.5, 1.0, 2.0, 3.0, 5.0, 7.0) represents the cube specimens with side length of 100 mm. The curing
age is 28 days, and the loading rate is 0.2 (0.5, 1.0, 2.0, 3.0, 5.0, 7.0) mm-min~!.
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Figure 13. Fitting of the constitutive equation to the literature test curve: (a) This test Lg9-28-1.0
(Xinjiang); (b) This test L19-28-0.2 (Xinjiang); (c) [34] L1090-28-2.0 (Xinjiang); and (d) [34] L1g9-28-2.0
(Heilongjiang).

The following patterns can be observed in Table 7 and Figure 13:

There are certain differences in the values of the parameters of the shape of the
constitutive equation curves of the standard specimens in different regions. At the
same loading rate, the best-fitting results of the constitutive equation were obtained
for the soil in Xinjiang. The R? of the ascending section is 0.991, and the R? of the
descending section is 0.949. The fitting effect of the constitutive equation for the soil
in Heilongjiang is relatively lower. The reason for this is that the earth material in
Heilongjiang is mainly black soil, which contains more humus [40], further aggravating
the inhomogeneity of the earth material. Considering that soils containing humus
are not suitable for use in building structures and that the agricultural value of black
soil is greater than the value of building materials, the use of black soil as a building
material is not recommended.

The present constitutive equation is a good fit for the rising section of the uniaxial
compression test curve, and the descending section is relatively slightly lower. Take
the Heilongjiang test data, where the fit is weakest, as an example. The R? of the
ascending section is 0.983, and the R? of the descending section is 0.788. The main
reason for the relatively low fit of the shape parameter of the descending section is
the inhomogeneity of the composition of the earth material and the obvious brittle
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damage characteristics. Additionally, the damage development process is significantly
affected by the manufacturing process and test method.

e  The overall fit of the modified form of the constitutive equation to the uniaxial compres-
sive test curves of the earth material is good. The average R? value of the ascending
segment curve is 0.991, and the average R? value of the descending segment curve is
0.886. It shows that it has good applicability to the test data under the conditions of
100-mm-cubic standard specimens with a 28-d curing age. In addition, it can be seen
from Figure 13 that the fitted curve is continuous and smooth, which can better reflect
the characteristics of the initial under-concave in the rising section of the curve. The ba-
sic characteristics of x = 1 and y = 1 are met at the segment point from the rising section
to the descending section, and the transition is smooth. The curve of the descending
section can better reflect the stress-strain trend of the material damage process.

4. The Values of the Parameters of the Constitutive Equation
4.1. Curve Shape Parameters

In the previous paper, the modified uniaxial compressive constitutive equation was
fitted and analyzed using the uniaxial compressive test curves of the earth from relevant
typical Chinese literature to verify its applicability. However, it can be seen from Table 7
that the shape parameters of the constitutive equation obtained by different test curves are
different. To facilitate the application, further construction of the method for taking values
of each parameter in the present constitutive equation is needed. It has been shown [1,36]
that the trend and shape parameter values of the compressive stress-strain curve of the earth
are affected to different degrees by factors, such as material composition, specimen shape,
size, loading rate, and curing age. Additionally, the effects of different factors are reflected
in changes in the compressive strength values of the earth materials. Therefore, based on
the test sample data, a method for calculating the shape parameters of the constitutive
equation curve based on compressive strength characterization is established in this study.

Firstly, the dimensionless stress-strain curves were obtained by normalizing the data
of the 94 curve samples extracted in the previous paper. Then, the curve shape parameters
of each sample were obtained by fitting them using the modified constitutive equation in
this paper. Finally, by conducting a regression analysis between the obtained sample curve
shape parameters and the compressive strength values, the expressions for calculating
the curve shape parameters based on the compressive strength characterization were
established. Among them, the curve obtained by fitting the compressive strength to the
curve shape parameter for these 94 samples is shown in Figure 14. The equations for
calculating the curve shape parameters are shown in Table 8.

Table 8. Calculation formula for the shape parameters of the constitutive equation curve.

Shape Parameter Fitting Equation
o a1 = —0.0768f2 + 0.6076 f — 0.8198
by by = 0.2729f2 — 1.9406 f + 5.572
a ap = 1.0544f2 — 5.6251 f + 4.4891
by by = —2.1019f2 + 11.376 f. — 5.9548
& ¢y = 1.615f2 — 8.7239f. + 4.3801

As can be seen in Figure 14 and Table 8, the compressive strengths of the earth
specimens are concentrated in the range of 1-4 MPa. There is a nonlinear relationship
between each curve parameter and the compressive strength, which can be expressed as
a quadratic polynomial function. Among them, the coefficients of determination R? of
the rising section parameters a; and by are 0.834 and 0.802, respectively, and the average
value is 0.818, which is a relatively good fit. The coefficients of determination R? of the
parameters ap, by, and c; of the descending section are 0.779, 0.777, and 0.717, respectively,
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with a mean value of 0.758, which is a relatively lower fit. However, it is acceptable in view
of the slightly discrete earth material.

Fitting curve R’=0.834 = Parameter point Fitting curve R’=0.802

0.6 |= Parameter point

4 3 L
1 2 3 4
J/MPa f/MPa
(@) (b)
. . ) 12
ol Parameter point Fitting curve R*=0.779 = Parameter point ——Fitting curve R-0.777

= Parameter point Fitting curve R?=(.717

1 R
fC/MPa

(e)

Figure 14. Compressive strength and curve shape parameter fitting curves: (a) ay; (b) by; (c) az; (d) by;
and (e) ¢,.

4.2. Peak Compressive Strain

The peak compressive strain is the strain value corresponding to the peak compres-
sive strength on the uniaxial compressive stress-strain curve of the material. As seen in
Equation (5), the application of the uniaxial compressive constitutive equation for earth
materials should also obtain the peak compressive strain of earth. [41] shows that the
peak strain of the material is related to the peak compressive strength. Therefore, the
relationship equation between compressive strength and peak compressive strain can be
established by fitting the peak compressive strain and compressive strength to the uniaxial
compressive test curve of 94 samples. The fitted curves are shown in Figure 15, and the
formula for calculating peak compressive strain based on compressive strength is shown in
Equation (6).

epr = 0.0027f. 4 0.0167 (6)
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Figure 15. Fitting curve of compressive strength and peak compressive strain.

As can be seen in Figure 15, with the growth of compressive strength fc, the law of lin-
ear growth of peak compressive strain ¢p; is very obvious. The coefficient of determination
R? between the modified compressive strength fc and the corresponding peak compressive
strain e, of the earth specimens is 0.666. There is a certain dispersion between the test data
points and the fitted curve, and it increases with increasing strength. The main reason is
that the specimens are created in different ways in the literature (geotechnical compaction
method, jack compaction method, etc.). This has no significant effect on the overall trend of
the compressive stress-strain curve. However, it will make the initial degree of compacting
inside the specimen material different, which will have a greater influence on the length of
the initial concave section of the curve and thus on the peak compressive strain. In view of
the fact that there is no unified standard for the production of earth specimens, and that
it is influenced by artificial factors in practical engineering. The peak compressive strain
fitting formula proposed in this study still has practical value.

5. Conclusions

Based on the uniaxial compression test results of 48 earth specimens in eight groups,
this study investigates the uniaxial compression test for four typical working conditions
with different shapes, sizes, curing ages, and loading rates. The proposed uniaxial com-
pression test method for earth materials is described. A modified uniaxial compressive
constitutive equation for earth materials is established. Based on the verification of its
applicability to soils in different regions of China, the calculation method of the relevant
parameters of the constitutive equation for the earth is established. The conclusions are
as follows:

1.  The uniaxial compressive strength of earth specimens increases significantly with
the increase in curing age and shows a trend of first increasing and then decreasing
with the increase in size. It is relatively little influenced by the shape and loading
rate of the specimen. The uniaxial compressive test with 100-mm-cubic specimens at
28 d of curing age and 1 mm-min~! loading rate can obtain stable test results with a
small coefficient of variation of strength, which is recommended as the standard test
method for the uniaxial compressive test of earth materials.

2. Based on Illampas’s constitutive equation, the modified constitutive equation of
earth materials under uniaxial compression can better meet the compression failure
mechanics and deformation characteristics of earth materials. It is a good fit for the
uniaxial compressive test data of 100-mm-cubic standard specimens maintained for
28 d. It has good applicability to soils in different regions of China.

3. The calculation methods for the shape parameters of the rising and descending section
curves and the peak compressive strain of the uniaxial compressive constitutive equa-
tion of the earth material under the condition of a 100-mm-cubic standard specimen
at the age of 28 d of curing are established. The average values of the coefficients of
determination R? for the shape parameters of the rising and descending sections of
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the curve are 0.818 and 0.758, respectively, and the coefficient of determination R? for
the peak compressive strain is 0.666, which is a good overall fit.

4. The modified constitutive equation and the calculation method for curve shape pa-
rameters and peak compressive strain are put forward. In the application, only the
compressive strength of 100-mm-cubic standard specimens at 28 d curing age is mea-
sured, and the specific values of the relevant parameters of the constitutive equation
can be calculated and determined. This is a good reference value to promote the
development of computational analysis methods for earth structures and to facilitate
the engineering design applications of earth structures.
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