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In order to investigate the influence of end effect on the waste-soil sample strength under uniaxial compression, the influence law
of end effect on the uniaxial compression strength is numerically simulated by the FLAC3D software, and the reliability of the
numerical model is verified by comparing it with the test results. Based on the above model, the influence of end effect on the
lateral displacement and stress state of waste-soil samples is simulated, and the formation mechanism of end effect under
uniaxial compression is revealed. The results show that, when the friction coefficient increases from 0 to 0.4, the uniaxial
compression strength and percentage of triaxial compression units first increase rapidly and then slowly and then finally
remain invariant. With the increase of the friction coefficient, the lateral displacement of the sample is significantly reduced.
On the end surface, the nearer to the edge one is, the greater the decrease is. The triaxial compression region on the axis
section is triangular in distribution; with the increase of the friction coefficient, this region increases first rapidly and then
slowly and then finally remains invariant. The end effect produces lateral compression stress by reducing the lateral
displacement of the end surface of samples, and lateral compression stress causes the sample to enter the triaxial compression
state. With the increase of the friction coefficient, the triaxial compression region increases gradually, and thus, the uniaxial
compression strength of the entire sample increases.

1. Introduction

A waste dump is an important part of the open-pit mining,
whose component materials are the topsoil and rock
removed during open-pit mining, and it sometimes includes
recoverable surface ores and lean ores [1, 2]. In recent years,
disasters of different scales have occurred in many open-pit
mine waste dumps, such as Dagushan iron ore [3], Basund-
hara coal mine [4], and “South Field” lignite mine [5], which
has caused different economic losses and even casualties.
The uniaxial compression strength of waste-soil is the most
important factor in determining the dump stability, so an
accurate measurement of uniaxial compressive strength of
waste-soil sample is essential [6, 7]. However, because of
the friction between the bearing plate and waste-soil sample
in the uniaxial compression experiment, the uneven stress
distribution, triaxial compression region, and tensile region
will arise locally [8, 9]. The above phenomena will have a

bad effect on the accurate measurement of waste-soil sample
parameters and the study of the failure mechanism [10].
Therefore, it is of great significance to study the end effect
of waste-soil samples under uniaxial compression.

Many scholars have conducted theoretical and experi-
mental studies on the process of the end effect under uniax-
ial compression. Liang et al. [11] studied the end effect and
failure mode and found that Kp had similar effects as Ks
while Kn had relatively less influence on the failure strength.
Yu et al. [12] found that the effect of end friction on strength
is weakened to a certain extent by reducing the friction coef-
ficient between the indenter and the end face of the speci-
men. Xu et al. [13] studied the influence of the end effect
on rock strength in true triaxial compression and conducted
that any enhancement to the rock strength with the increase
of σ2 can be attributed to the end effect. Pan et al. [14] sim-
ulated the failure process under uniaxial compression with
EPCA2D and found that the attempt to improve the
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experimental quality by reducing the frictions was unreli-
able. Feng et al. [15] revealed the influence mechanism of
end effect in a true triaxial compression test. Hou et al.
[16] used FLAC3D to simulate the failure process under uni-
axial compression and found that the end effect made the
axial stress at the end surface of the sample present a para-
bolic distribution. Jin et al. [17] simulated the dynamic com-
pression behavior of the concrete under low strain rate
conditions and found that the end effect changed the uniax-
ial stress state and damage distribution of the concrete,
which improved the uniaxial compression strength obvi-
ously. Shi and Li [18] conducted true triaxial simulation
experiments and came to the conclusion that the end effect
could produce false intermediate principal stress to increase
the maximum failure stress. Liu et al. [19] discussed the evo-
lutionary rule of flaws in rock and its effect on the macrome-
chanical uniaxial compression strength (UCS).

In general, the existence of the end effect in uniaxial
compression experiments has been confirmed by many
scholars and experts. However, research on the formation
mechanism and influence process of the end effect is limited.
To further study the formation mechanism of the end effect,
a uniaxial compression model under different friction coeffi-

cients is established firstly. Then, through uniaxial compres-
sion experiments, the variation law of uniaxial compression
strength with friction coefficient is obtained, and the reliabil-
ity of the model is verified. On this basis, the present paper
uses a numerical simulation method to study the stress-
strain state of waste-soil samples, and the formation mecha-
nism and influence process of the end effect are summarized.
The objectives of this paper are the following: (1) to obtain
the variation law of uniaxial compression strength with fric-
tion coefficient; (2) to discover the stress-strain state of
waste-soil samples under different friction coefficients; and
(3) to reveal the formation mechanism of the end effect in
uniaxial compression. The main contribution of this study
is revealing the formation mechanism, evolutionary process,
critical friction coefficient, and failure pattern of the end
effect under uniaxial compression, which provides a refer-
ence for reducing and eliminating the end effect.

2. Problem Description and Methodology

2.1. Problem Description. The problem description is given
in Figure 1. During the uniaxial compression of the waste-
soil sample, the uncoordinated deformation between the
waste-soil sample and bearing plate is caused by the friction
between them, which results in the formation of a stress
hoop on the end surface and the rise of a “funnel-shaped”
stress area (see Figure 1) [20]. Due to the horizontal con-
straint on the end surface of waste-soil samples, the com-
pression stress (+) is formed in two triangular areas that
contact the bearing plates AB and DE. Due to the decrease
of the end constraint, the tensile stress (-) is formed in the
middle part of the waste-soil sample [21]. The above uneven
stress distribution will lead to the increase of the uniaxial
compression strength of waste-soil samples, which will bring
adverse effects on the accurate measurement of waste-soil
sample parameters and the study of the rock failure
mechanism.

2.2. Simulation of Sample-Plate Interface. Compared with
other mechanical models, a linear Coulomb shear strength
model can better simulate the transfer of stress and deforma-
tion between different material interfaces, so the interfaces
between samples and plates are characterized by a linear
Coulomb shear strength model in this study [22–24]. Inter-
faces have the properties of friction, cohesion, dilation, nor-
mal and shear stiffness, and tensile and shear bond strength.
Figure 2 illustrates the components of the constitutive model
acting at an interface node (P).

The normal and shear forces that describe the elastic
interface response are determined by the following equa-
tions:

F t+Δtð Þ
n = knμnA + σnA,

F t+Δtð Þ
si = F tð Þ

si + knΔμ
t+ 1/2ð ÞΔtð Þ
si A + σsiA,

ð1Þ

where Fðt+ΔtÞ
n and Fðt+ΔtÞ

si are the normal and shear force at
time ðt + ΔtÞ, respectively, μn is the absolute normal pene-
tration of the interface node into target face, Δμsi is the
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Figure 1: Stress distribution of waste-soil sample in uniaxial
compression.
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ks = shear stiffness
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Figure 2: Components of the interface constitutive model. (Note:
this figure is reproduced from Shuwei Sun et al. 2016.)
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incremental relative shear displacement vector, kn and ks are
the normal and shear stiffness, respectively, σn is the addi-
tional normal stress added due to interface stress initializa-
tion, σsi is the additional shear stress vector due to
interface stress initialization, and A is the representative area
associated with an interface node.

In this study, the use of an interface element covers the
sample-plate separation, and nonlinear analysis is carried
out; the value for the interface stiffness should be high
enough to minimize the contribution of those elements to
the accumulated displacements. A good rule-of-thumb is
that kn and ks should be set to at least ten times the equiva-
lent stiffness of the stiffest neighboring zone [25]. To satisfy
this requirement, kn and ks for the interface elements are
both set equal to 0.2GPam-1 in the current analyses. These
values were also adopted by Comodromos and Papadopou-
lou [26] in their benchmark test on interface elements.

2.3. Modeling of Uniaxial Compression. The numerical
model uses cylindrical waste-soil samples with dimensions
of 50mm × 100mm; the bearing plate’s size is 100mm ×
100mm × 10mm [27]. As shown in Figure 3, the blue part
represents the waste-soil sample, whereas the green part
indicates the bearing plate; the coordinate origin is located
at the geometric center of the specimen. These two media,
with 483003 grid-points and 460800 zones, compose the cal-
culation model [28, 29]. The interface between the bearing
plate and the waste-soil sample is used to simulate the

roughness between the bearing plate and the waste-soil sam-
ple [30]. The tangent of the internal friction angle of contact
surfaces changes within 0~0.5, and the variation gradient is
0.1. In the numerical simulations, the sample loading mode
is uniform distribution displacement loading on the bottom
surface with a loading speed of 1:2 × 10−6 m/step. The Mohr-
Coulomb failure criterion is adopted as the calculation prin-
ciple. Tables 1 and 2 list the model calculation parameters
[31, 32]. The cohesive forces of the waste-soil sample and
contact surface are expressed by Cs and Cc, respectively,
and the internal friction angle of the waste-soil sample and
contact surface are expressed by φs and φc, respectively.

In numerical calculations, the axial force is determined
using the integral approach at the location with the same z
-coordinate. The axial force is divided by the cross-
sectional area to determine the axial stress [33–35]. Peak
points of stress-strain curves are selected as failure points
to study the relationship between the end effect and the uni-
axial compression strength.

3. Validation of the Calculation Model

First, uniaxial compression strengths of waste-soil samples
under the different friction coefficients are measured by uni-
axial compression tests in this paper. Then, the reliability of
the numerical analysis model and analysis method is verified
by comparing the consistency between the test results and
the simulation results [36, 37]. On this basis, the formation
mechanism of the end effect is studied by numerical
simulation.

3.1. Materials. The chemical composition of test soil samples
has a great influence on the friction coefficient between the
end surface and the waste-soil sample. The friction coeffi-
cient needs to be measured accurately to verify the reliability
of the numerical model; it is necessary to give the chemical
composition in detail. Three kinds of materials including
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Figure 3: Numerical model. (a) Three-dimension view. (b) Elevation view. (c) Top view.

Table 1: Table of mechanical parameters of the model.

Material Bulk modulus (Pa) Shear modulus (Pa) Cohesion (MPa) Friction angle (°) Dilation angle (°)

Waste-soil sample 2 × 102 1 × 102 2.558 36 10

Bearing plate 2× 105 1× 105

Table 2: Table of mechanical parameters of the contact surface.

Material
Cohesion
(MPa)

Friction
angle (°)

Normal
stiffness
(GPam-1)

Tangential
stiffness
(GPam-1)

Contact
surface

0 0-27 0.2 0.2
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the waste-soil, binder, and water were used in this research.
The waste-soil utilized in this study is from a gold ore pro-
cess plant of Guizhou Jinfeng Mining Limited (see
Figure 4(a)), its absolute density is 2.59 t/m3, its packing
density is 1.6 t/m3, its stopping angle is 35°, and its water
content is less than 0.25%, so it can be identified as dry sand.
The mineral composition of the waste-soil mainly includes
quartz, chlorite, calcite, diopside, and a small amount of gyp-
sum, pyrite, and sericite. The chemical composition of the
waste-soil mainly includes SiO2, Al2O3, CaO, FeO, and
MgO. The particle size distribution of the waste-soil mea-
sured by the LS-C(IIA)-type laser particle sizer at China

University of Mining and Technology (Beijing) is shown in
Figure 5(a). The effective particle sizes of the waste-soil are
D10 = 14:55 μm, D30 = 26:6 μm, D90 = 82:3 μm, and D97
= 106:71μm; the constrained particle size is D60 = 54:27 μ
m; the medium size D50 = 38:30 μm; the nonuniformity fac-
tor is φ = 3:73; and the curvature coefficient is Cu = 0:896, so
the waste-soil belongs to the fine-grained soil.

The binder used in this study is the Portland cement of
32.5MPa (P.O. 32.5, see Figure 4(b)). The chemical compo-
sition of the binder mainly includes CaO, SiO2, Al2O3,
Fe2O3, and MgO. The particle size distribution of the binder

(a) (b)

Figure 4: The (a) waste-soil and (b) binder used in this test.
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Figure 5: Particle size distribution of (a) waste-soil and (b) binder.

Figure 6: Samples.
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Figure 7: Sketch map of slope balance method.

4 Geofluids



is shown in Figure 5(b). The effective particle sizes of the
binder are D10 = 7:48 μm, D30 = 12:26μm, D90 = 29:60μ
m, and D97 = 34:54 μm; the constrained particle size is D
60 = 25:30μm; the medium size is D50 = 20:39 μm; the non-
uniformity factor is φ = 3:38, and the curvature coefficient is
Cu = 0:794. The water used in this study is common tap
water.

3.2. Sample Preparation. The process of waste-soil sample
preparation can be divided into three main parts: mortar
mixing, molding, and sample maintenance [38–42]. (1) Pour
the waste-soil and cementing agent into the mixing pot and
stir evenly, and then add tap water into the mixing pot and
stir evenly again. The mass ratio of water, cementing agent,
and waste-soil is 7.6 : 1 : 10. Stir the slurry with a 5K5SS-
type lifting multifunction mixer at low speed for 2 minutes,
and then pause for 1 minute. Scrape the slurry on the mixing
blades and on the wall of the mixing pot into the mixing pot,
and then upturn the bottom slurry. Stir the slurry at high
speed for 4 minutes. Complete the mixing and close the
machine. (2) Pour the uniform-mixed slurry into the cylin-
drical test mold. The diameter of the cylindrical test mold
is 5 cm, and the height is 10 cm. Then, tamp the slurry with

a tamping bar along the periphery of the test mold. Each
waste-soil sample is tamped 30 times, and 20 instances of
manual vibration are needed to drive out the bubbles in
the slurry. Then, take a small amount of slurry to fill up
the test mold, use a small scraper to smooth the surface, seal
the test mold with a plastic cover, and seal the plastic cover
with waterproof tape to prevent evaporation of the water in
the mold. The test mold is finished and placed in a horizon-
tal position. (3) Place the test mold in the thermostat box
with a temperature of 20 ± 1°C and a relative humidity ≥
90%. One day later, disassemble the test mold and remove
the waste-soil sample, and then leave the waste-soil sample
in the thermostat box for 28 days.

The waste-soil sample taken from the thermostat box
may have an irregular shape because of the settlement phe-
nomenon and small breakage during the process of taking
out the block. Therefore, certain processing is needed, espe-
cially the upper section of the waste-soil sample, which
needs to be smoothed with the metal scraper, to ensure that
the load applied to the waste-soil sample is uniform when
the mechanical properties are tested. Put the rapidly proc-
essed waste-soil sample into a sealed bag to limit the humid-
ity change. Test waste-soil samples are shown in Figure 6.

3.3. Experiment Scheme. In the uniaxial compression test, the
friction coefficient between the end surface and the waste-
soil sample is adjusted by changing the surface roughness
of the bearing plate and applying different types of lubricat-
ing oil; the friction coefficient is measured by the slope bal-
ance method (see Figure 7) [43, 44]. The gravity, slope
support force, and friction force of the waste-soil sample
are expressed by mg, Fn, and Ff , respectively; f1 and f2 are
the components of the gravity along and perpendicular to
the slope, respectively. For testing convenience, a cube
waste-soil sample with a size of 4 cm is adopted to measure
the friction coefficient. Adjust the slope (bearing plate) angle
(θ) to ensure that the waste-soil sample is in the critical slid-
ing state, at which point there are

Ff = f1 =mg sin θ,
Fn = f2 =mg cos θ,
Ff = μFn,

ð2Þ

So the conclusion of μ = tan θ is drawn. Due to the lim-
itations of the experimental conditions, the case of μ = tan
θ = 0:02 is considered a complete smooth contact.

The uniaxial compression experiment was carried out
using a TYE-300D-type cement mortar compression bend-
ing test machine (see Figure 8) at China University of Min-
ing and Technology (Beijing), and the loading rate is
0.1 kN/s. In the process of testing, the test machine can
record the load applied to the waste-soil sample at any time.
When the waste-soil sample suddenly breaks down, the
maximum load of the waste-soil sample is recorded, the test
machine shuts down automatically, and the corresponding
strength is the uniaxial compression strength of the waste-
soil sample [45].

Figure 8: TYE-300D type test machine.
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3.4. Test Results. Figure 9 shows the uniaxial compression
strength of waste-soil samples with the friction coefficient
varying from 0 to 0.5. When the end surface of the waste-
soil sample is smooth (tan φc = 0), the uniaxial compression
strength is 10.06MPa. When the friction coefficient is within
the range 0-0.4, the uniaxial compression strength sharply
increases from 10.06MPa to 10.6MPa with the increase of
the friction coefficient. After the friction coefficient reaches
0.4, the uniaxial compression strength remains 10.6MPa
invariantly, and the end friction has no further influence
on the uniaxial compression strength. The curve slope ini-
tially remains invariant and then gradually decreases to 0.
The maximum slope of the curve is 1.39MPa, which indi-
cates that, when the friction coefficient increases by 1%,
the compression strength increases by 13.9 kPa. The result
of the uniaxial compression test is almost the same as that
of the numerical analysis, which verifies the reliability of
the numerical analysis model and analysis method. The uni-
axial compression strength curve also indicates that the end
effect enhances the axial load capacity of the waste-soil sam-
ples significantly.

4. Calculation Results

4.1. Influence of End Effect on Lateral Displacement. The end
effect directly affects the lateral displacement at the end of
the waste-soil sample. Figure 10 shows the lateral displace-
ment of the waste-soil sample with the coordinate of z = −
50mm. When the end surface is smooth (tan φc = 0), the lat-
eral displacement of each node on the end surface is outward
along the radius; the displacement isoline is a set of vertical
parallel lines with uniform distribution. The closer to the
center of the end surface one is, the smaller the lateral dis-

placement is; the lateral displacement increases with the
increase of distance from the center point, with the maxi-
mum displacement of 1:08 × 10−3 m. With the increase of
the friction coefficient, isolines near the center first concave
inward, forming a W shape; then, marginal isolines concave
inward, forming a set of contour lines with a W shape. As
the friction coefficient increases from 0 to 0.4, the displace-
ment of each node of the end surface decreases; the maxi-
mum lateral displacement decreases from 1:08 × 10−3 m to
1:63 × 10−4 m. After the friction coefficient reaches 0.4, the
end friction has no further influence on the lateral displace-
ment. This phenomenon indicates that the end friction sig-
nificantly prevents lateral deformation of the waste-soil
sample; the closer to the edge one is, the greater the influence
of the end friction is.

4.2. Influence of End Effect on Principal Stress State. In this
paper, the region where the maximum principal stress, the
minimum principal stress, and the intermediate principal
stress are compression stress is defined as the triaxial com-
pression zone. The distribution of triaxial compression
zones along the axis section is shown in Figure 11, and the
green part represents the triaxial compression zone. When
the end surface is smooth, all of the regions are almost ten-
sile stress zones, and this is the reason why the failure mode
of the waste-soil sample is columnar cleavage. When the
friction coefficient varies from 0 to 0.4, the triaxial compres-
sion regions on the axial section are approximately two isos-
celes triangles whose apex angle is approximately 74°.
Triaxial compression regions in a three-dimensional space
are two cones whose bottoms are end surfaces of the
waste-soil sample. With the increase of the friction coeffi-
cient, the base and height of the isosceles triangle increase,
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Figure 10: Isoline of lateral displacement. (a) tan φc = 0. (b) tan φc = 0:1. (c) tan φc = 0:2. (d) tan φc = 0:3. (e) tan φc = 0:4. (f) tan φc = 0:5.
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while the ratio of the height to the base remains constant.
The increase rate of the height and base of the isosceles tri-
angle gradually decreases to 0. When the friction coefficient
reaches 0.4, the top and bottom triangles are joined together,
and the triaxial compression zone remains unchanged. This
is the reason why the failure mode of the waste-soil sample is
transformed from columnar cleavage to conical shear frac-
ture with the contact surface varying from smooth to rough.

In addition, the change of triaxial compression regions
directly affects the number of triaxial compression units. In
this paper, the change of triaxial compression units is
described by the percentage of triaxial compression units
to total units, and the number of triaxial compression units
is counted by the homemade FISH function. The percentage
of triaxial compression units is presented in Figure 12. When
the end surface is smooth, there are almost no triaxial com-

pression units, and the percentage of triaxial compression
units is essentially equal to 0. When the friction coefficient
increases from 0 to 0.3, the percentage of triaxial compres-
sion units increases linearly, and the percentage value
increases from 0 to 28.42%. When the friction coefficient
increases from 0.3 to 0.4, the percentage of triaxial compres-
sion units shows an upward trend from 28.42% to 32.91%,
but the increase rate gradually decreases to 0. After the fric-
tion coefficient reaches the threshold of 0.4, the percentage
of triaxial compression units does not increase with the
increase of the friction coefficient.

5. Analysis and Discussion

From the calculation results shown in Figures 9 and 12, uni-
axial compression strength has a similar change tendency

(a) (b) (c)

(d) (e) (f)

Figure 11: Distribution of triaxial compression area. (a) tan φc = 0. (b) tan φc = 0:1. (c) tan φc = 0:2. (d) tan φc = 0:3. (e) tan φc = 0:4. (f)
tan φc = 0:5.
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with the percentage of triaxial compression units. The percent-
age increment of triaxial compression units and the uniaxial
compression strength increment show an obvious linear rela-
tionship (see Figure 13). As shown in Figure 13, the vertical
axis represents the increment of uniaxial compression strength
between the rough and smooth end surface; the horizontal axis
represents the increment of triaxial compression units
between the rough and smooth end surface. Via linear fitting,
the correlation coefficients of the simple fitting are determined
to be equal to 0.991, which proves the reliability of the fitting.
Figure 13 also shows that the corresponding slope is
1.6488MPa, which indicates that, when the triaxial compres-
sion units increase by 1%, the uniaxial compression strength
increases by 16.4882kPa. This finding indicates that the end
effect enhances the axial load capacity of the waste-soil sam-
ples by increasing the triaxial compression units.

The end effect directly reduces the lateral displacement
near the end surface. The lateral compression stress (σ3) is
caused by restricting the lateral expansion of waste-soil sam-
ples, so the smaller the lateral displacement is, the greater the

lateral compression stress is. It is known from the lateral dis-
placement distribution of waste-soil samples (see Figure 10)
that, the closer to the end surface one is, the greater the lat-
eral compression stress is; the greater the roughness of the
contact surface is, the greater the lateral compression stress
is. Accordingly, the principal stress state of samples under
different contact surface parameters is shown in Figure 11.
Compression stress is positive while tensile stress is negative
in geotechnical mechanics, so the Mohr strength curve and
Mohr circle can be described in Figure 14. The formulas
for the Mohr circle and Mohr strength curve are
ðσ − ððσ1 + σ3Þ/2ÞÞ2 + τ2 = ðσ1 − σ3Þ2/4 and τ = σ tan φ + C,
respectively. When the distance from the Mohr circle’s cen-
ter to the strength curve is greater than the Mohr circle’s
radius, that is, Δ = d − r, the waste-soil sample is in the elas-
tic stage; otherwise, shear failure occurs in the waste-soil
sample. By substituting rock mechanics parameters
(φs = 36° and Cs = 2:558MPa) into the above equations, we
can get Δ = 0:7939σ3 − 0:2601σ1 + 2:0694. When the lateral
stress (σ3) is greater than 0, greater axial stress (σ1) is
required to make the Δ less than 0, so the lateral compres-
sion stress can improve the axial compression strength of
the waste-soil sample. This is why the uniaxial compression
strength and triaxial compression units have the same varia-
tion tendency and linear increments.

Through the above analysis, the formation mechanism of
the end effect is described as follows. The end effect produces
lateral compression stress by reducing the lateral displacement
of the end surface of waste-soil samples, and the lateral com-
pression stress makes the waste-soil sample locally enter the
triaxial compression state. With the increase of the friction
coefficient of the end surface, the triaxial compression region
increases gradually, and thus, the uniaxial compression
strength of the entire waste-soil sample is increased.

6. Conclusions

In this paper, the formation mechanism of the end effect in
uniaxial compression was revealed through uniaxial
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compression tests and by simulating the uniaxial compres-
sion process of cylindrical waste-soil samples under different
contact surface parameters using a finite difference tech-
nique (FLAC3D). The following findings are obtained:

(1) When the friction coefficient increases from 0 to 0.3,
the uniaxial compression strength linearly increases
from 10.06MPa to 10.52MPa. When the friction
coefficient increases from 0.3 to 0.4, the uniaxial
compression strength gradually increases from
10.52MPa to 10.6MPa. After the friction coefficient
reaches 0.4, the uniaxial compression strength
remains invariant at 10.6MPa

(2) With the increase of the friction coefficient, the lat-
eral displacement of the waste-soil sample decreases
significantly. On the end surface of the waste-soil
sample, the nearer to the edge one is, the greater
the decrease is, and the isoline of the lateral displace-
ment is transformed from a parallel line to a W-
shaped curve

(3) The triaxial compression region on the axis section is
a triangle whose base is the end surface of the waste-
soil sample. When the friction coefficient increases
from 0 to 0.4, the triangle area increases first rapidly
and then slowly. After the friction coefficient reaches
the threshold of 0.4, the triaxial compression region
remains constant. With the increase of the friction
coefficient, the uniaxial compression strength and
triaxial compression units have the same variation
tendency and linear increments

(4) The end effect produces the lateral compression
stress by reducing the lateral displacement of the
end surface of the waste-soil samples, and the lateral
compression stress makes the waste-soil sample
locally enter the triaxial compression state. With
the increase of the friction coefficient of the end sur-
face, the triaxial compression region increases gradu-
ally, and thus, the uniaxial compression strength of
the entire waste-soil sample increases
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