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/is paper presents a study on the failure strength criterion of terrace slope reinforcement materials, such as lean cemented sand
and gravel (LCSG) material, under a triaxial stress state. Cement content and confining pressure were selected as major factors to
investigate their influence on the peak stress of terrace slope reinforcement materials based on experimental results and data from
the literature. /e mechanical properties of the LCSG samples, with cement contents of 60, 80, and 90 kg/m3, and noncemented
sand and gravel materials were tested under four confining pressure levels (namely, 300, 600, 1000, and 1500 kPa). /e results
show that the strength of LCSG material improves as the confining pressure increases. When the confining pressure exceeds
1200 kPa, the rate of increase of the strength for LCSG material and other cemented grained materials declines generally. /e
material strength displays a linear increase with the growth of the cement content. When the axial load rises up to a certain value,
damage will occur at the particle cemented site near the shear plane, and the resistance stress generated by the cementation shows a
trend of growth first and then attenuation, and concurrently, the friction between particles increases by degrees. Based on the
identified strength characteristics of LCSG material under different cement contents and confining pressures, a new strength
criterion that incorporates the frictional strengths and the cementing strengths is proposed for LCSG and other similar materials.
/e results of this work can provide an important theoretical basis for the stability calculation of terrace slopes and LCSG dams.

1. Introduction

In China, most regions from the south of the Qinling
Mountains and to the north of the Bashan Mountains are
earth-rock mountainous areas where 81% of the cultivated
land is sloping land. Owing to the climatic conditions in
these regions, heavy rainfall and frequent rainstorms occur
for extended periods of time, resulting in severe soil erosion.
Accordingly, the local government has implemented mea-
sures to transform the sloping farmlands and build level
terraces to prevent soil and water loss. /ese level terraces
are of concern to the production growth of local grains and
for guaranteeing the satisfactory livelihoods of local resi-
dents. However, most terraced ridges are formed by artificial
tamping that are liable to collapse considering the charac-
teristics of soil and stone materials, the slope condition, the

construction technology adopted, and unreasonable human
activities./ematerial solidification method, which involves
the addition of materials such as cement [1], high polymer
[2], zeolite stabilizer [3], natural calcarenite [4], lime [5],
bacteria, and other microorganisms [6] to improve the
strength and stability of the gravel or soil, is used to reinforce
the slopes [7]. /e materials formed on the basis of the
aforementioned method are essentially cemented sand and
gravel, cemented coarse soil, and other cemented granular
materials.

/e mechanical properties of the reinforcement mate-
rials are utilized to analyze the stability of a slope theoret-
ically, especially the strength criterion, which is used to
analyze the failure criteria of the materials under various
stress states and is helpful for the structural calculation of
terrace slopes. Previous studies have revised the existing
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classical strength criteria and proposed several new strength
criteria by carrying out triaxial tests on specific reinforce-
ment materials. Mola-Abasi et al. [3] investigated the po-
tential of a zeolite stabilizer known as an additive material to
improve the unconfined compression strength, failure, and
chemical properties of cemented sand. Coop and Atkinson
[4] investigated strength properties of artificially cemented
carbonate by triaxial tests at confining pressures of up to
9MPa. With the increase of the cement content of artificially
cemented carbonate, the peak strength increases which
agrees well with this framework of other cemented soils.
Ding et al. [8] conducted triaxial compression tests aiming at
analyzing the relationship among the shear strength char-
acteristics of solidified dredged materials, cement content,
and confining pressure and then proposed a strength cri-
terion for solidified dredged materials that accounted for the
strength evolution mechanism. Li et al. [9] modified the
Mohr–Coulomb (M-C) criterion through triaxial com-
pression tests of artificially cemented sand and elaborated on
the influence of the cement content. Kongsukprasert et al.
[10] conducted a triaxial compression strength test on lean
cemented sand and gravel (LCSG) materials and studied the
effects of factors such as water content, curing agent content,
dry density, curing period, and shear force on their strength.
Wu et al. [11] analyzed the influence of curing age and
confining pressure on the shear strength of LCSG materials
through triaxial tests, modified the M-C criterion, and then
developed a strength criterion considering curing age. Amini
and Hamidi [12] researched the effect of the cement content
on the cohesion and internal friction angle values based on
the M-C criterion and triaxial compression tests on LCSG.
Clough et al. [13] andWang [14] took the aggregate contents
and confining pressures as the variables to determine their
impact on the shear strength values of LCSG; however, no
strength criterion that accounted for the aggregate content
was proposed. Yang et al. [15, 16] found the influence of
cement content, confining pressure, and aggregate content
on the strength according to test research results and not
only modified the M-C criterion but also proposed a new
strength criterion for LCSG materials. Wei et al. [17] con-
cluded from triaxial tests on LCSG materials under con-
fining pressures of 0–2500 kPa that the peak strength
increased as the confining pressure increased, but the
magnitude of the increment decreased gradually. According
to the aforementioned studies, the strength criteria of LCSG
materials, cement soil, and other reinforcement materials are
typically directly revised according to various forms of the
classical strength criteria. /e strength criterion above has
different forms, and most of them are obtained by directly
fitting the strength and confining pressure. For the areas
with abundant soil and stone materials, it is difficult to
reasonably verify the slope reinforcement there based on the
strength criterion of a specific cemented soil material or
improved stone material given by existing references.
/erefore, it is indispensable to establish a unified strength
criterion.

M-C strength criterion is widely utilized because of its
simple mathematical expression and clear physical meaning.
To accurately reflect the decay law of slope strength, the

respective reduction factors of cohesive force c and friction
angle φ are applied for the M-C strength criterion. Chen
et al. [18, 19] assumed that slope stability coefficient Fs was
the weighted average of cohesion reduction coefficient and
friction angle reduction coefficient, whose weight was used
to represent the proportion of cohesion and friction angle,
and thus proposed an improved double-strength reduction
method. Various modifications to the M-C strength crite-
rion have been proposed to reflect the characteristics of
geotechnical materials [11, 20–24]. For instance, in some
studies, the linear criteria were revised to nonlinear criteria
according to material test results, while in others, the M-C
strength criterion was modified, and binary mediummodels
for structural soil and other similar materials were proposed.
/e binary medium model [23, 25–27] considers the ma-
terial as a binary medium composed of a cementation el-
ement (structure) and a friction element (damaged body).
/e structural change in the deformation process is ab-
stracted as structural gradual damage, which is then
transformed into a damaged body. Similar to structural soil,
LCSG materials have certain cemented properties. However,
they are mainly provided by cemented materials such as
cement and fly ash, rather than produced by structural
action. Whether it is appropriate to directly simulate the
strength characteristics of LCSG via binary medium mod-
eling remains to be discussed.

Aiming at providing a theoretical basis for the stability
calculation of the terrace slope of reinforcement materials
such as LCSG material, the strength and failure character-
istics of these cemented materials under different cement
contents and confining pressures were analyzed in this
study. Based on the M-C strength criterion and binary
medium theory, a new strength criterion that incorporates
the frictional strengths and the cementing strengths was
proposed for the LCSG material and cemented soil.

2. Materials and Methods

2.1. Raw Materials and Mix Ratio. Natural sand and gravel,
as shown in Figure 1(a), were employed as the aggregates in
the large-scale triaxial consolidated drained shear test of the
LCSG material. /e gradation of the aggregates is shown in
Figure 2. /e aggregate particle size was varying from
0.075mm to 60mm, and the aggregate distributions are
exhibited in Table 1./e sample preparation density for the
aggregates was maintained at 2.29 g/cm3. /e LCSG ma-
terials containing cementing agents of 60, 80, and 90 kg/m3

were researched, respectively, in order to accurately de-
termine the degree of improvement of the cement content
on the mechanical properties of the sand and gravel ma-
terial. /e cemented materials, as shown in Figure 1(a),
consisted of dry cement (PO 42.5R) and secondary dry fly
ash collected from power plants around Nanjing, China,
respectively, which were mixed in accordance with a mass
ratio of 3 : 2. /e cement contents for the LCSG materials
with cementing agents of 60, 80, and 90 kg/m3 are 36, 48,
and 54 kg/m3, respectively, and the fly ash contents are 24,
32, and 36 kg/m3, respectively. /e water-binder ratio was
fixed at 0.8.
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2.2. Test Sample Preparation. A cylindrical LCSG specimen
with a diameter of 300mm and a height of 700mm was
prepared. /e specimen preparation procedure is detailed
below, which has a comprehensive precision index higher
than 1%.

(1) /e amounts of cement, fly ash, sand, gravel, and
water required for each specimen were calculated
according to the mix proportion requirements of
cemented sand, and then these components were
mixed.

(2) /e mixture was divided into five layers into the
cylindrical mold, as shown in Figure 1(b). Each layer
was vibrated, grounded, and compacted. After the
fifth mixture layer was rolled, the sample of LCSG
material was formed.

(3) Two specimens were prepared for each test to im-
prove the accuracy of the test results. /e specimens
were cured at 20± 2°C for 28 days. Wu et al. [11]
believed that the strength of LCSGmaterials had met
the engineering requirements after curing for 28
days, and the strength of materials beyond 28 days
had not been substantially improved. /erefore, the

experimental curing age of such materials was
generally set as 28 days. /e specimens were fixed
with a rubber sleeve to prevent them from falling or
damaging the testing machine.

2.3. Test Equipment and Process. /e large-scale triaxial
consolidated drained shear test on LCSG was carried out
using the static and dynamic triaxial test instrument as
shown in Figure 1(b). /e test instrument consisted of five
parts, namely, the hydraulic station and digital signal ele-
ment, load cell, triaxial pressure chamber, pressure/volume
controller, and cylinder software. /e maximum confining
pressure and axial load were 4MPa and 1500 kN, respec-
tively. /e test was conducted according to the guidelines
specified in SL237-1999 [28]. /e comprehensive accuracy
index of the instrument was greater than 1%. In this study,
the axial displacement was measured by a grating dis-
placement sensor with an accuracy of 0.01mm, and the axial
strain was obtained by the ratio of axial displacement to axial
dimension. /e volumetric strain can be calculated by the
ratio of the drained volume of the specimen to its own
volume.

/e specimens were allowed to stand for 2 or 3 h prior to
the triaxial tests. /ey were then saturated using the vacuum
pumping saturation method [29] for LCSG materials,
thereby ensuring that the saturation exceeded 95%. /e
large-scale triaxial consolidated drained shear tests were
launched under four confining pressures: 300, 600, 1000, and
1500 kPa, respectively. /e reason for selecting these values
of confining pressures is that they conform to the state of
stress for all engineering applications of LCSG material
including slope reinforcement and dam construction at
present. Furthermore, it was ensured that the loading would
be halted once the axial strain reached a value of 15%. /e
specimen after the test is shown in Figure 3.

3. Results and Discussion

Figure 4 gives the triaxial shear test results for the non-
cemented sand and gravel and LCSG with cement contents
of 60, 80, and 90 kg/m3, respectively, under different

(a) (b) (c)

Figure 1: Raw materials and mix ratio. (a) Raw materials. (b) Cylindrical mold. (c) /e static and dynamic triaxial test instrument.
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Figure 2: Gradation of the aggregates.
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confining pressures. /e deviatoric stress, especially peak
deviatoric stress called peak shear strength of LCSGmaterial,
grew significantly larger as the cement content increased
under a fixed confining pressure. /e stress-strain curves of
the LCSG material under different cement contents are
strain softening, which differ from the hardening curves of
noncemented sand and gravel material. In contrast, the
stress-strain curve of the structural loess is similar to that of
the remolded loess without the strain-softening phenome-
non [30]. /e main reason for this difference is that the
LCSG materials contain cement and fly ash, which can
cement the particles and improve the strength of the sand
and gravel materials, while the internal resistance of the
structural loess is mainly the frictional resistance, and the
damage resistance of the cement in it is negligible. To further
study the strength characteristics of the LCSG material, it is
necessary to understand its failure mechanism. In recent
studies, Huo [31] used Particle Flow Code (PFC) software to
simulate the uniaxial shear tests of the cemented coarse-
grained soil, and the shear process is shown in Figure 5.
Chen [32] used the multiphysics lattice discrete particle

model (M-LDPM) to conduct a microscopic numerical
simulation of a triaxial shear test of the cemented sand and
gravel materials, the failure process of which is shown in
Figure 6. Combined with the aforementioned numerical
simulation results of those similar materials and the mac-
roscopic variation characteristics of the specimen for LCSG
material observed by those large-scale triaxial consolidated
drained shear tests, we believe that the failure process of
LCSG materials and similar materials should be shown in
Figure 7. /e LCSG material begins to undergo cementation
damage under a certain confining pressure, and then the
damaged loose particles are subjected to extrusion and
friction until the LCSG material is destroyed. Macroscopi-
cally, the damaged area gradually becomes larger, forming a
shear zone.

To explore the reasons of this strength enhancement,
referred to the treatment method of triaxial test curves of the
hardfill material at different curing ages byWu et al. [11], the
difference of the deviatoric stress between LCSG materials
and noncemented sand and gravel material under the same
axial strain is calculated and shown in Figure 8. At the initial
stage of axial loading, the difference of the deviatoric stress of
LCSG material with varying confining pressure or cemented
content exists, which indicates that the cemented material in
the LCSG material rapidly begins to act as a cohesive
component under small strains. With the increase of axial
strain, the difference of the deviatoric stress becomes greater,
explaining that the cemented part of LCSG resists the load
from the initial stage of loading, and the resistance increases
as the loading adds. When the difference of deviatoric stress
reaches the peak value of the curve, the resistance of the
cemented part is the most obvious. /en, the difference of
the deviatoric stress starts attenuation, reflecting that the
effect of the cemented part reduces, and the deviatoric stress
is mainly caused by friction./us, the gradual destruction of
the cemented material enhances the influence of the friction
between particles. /e cohesive and internal frictional forces
in the LCSG material develop stepwise with variations in the
axial stress, the phenomenon of which resembles the
properties of structural loess [30]. In addition, under the
same confining pressure, the difference of the deviatoric
stress corresponding to the same axial strain enlarges with
the increase of the cement content. /e results show that the
greater the amount of cementation, the stronger the ce-
mentation resistance with the same deformation.

Combined with the deviatoric stress in Figures 4 and 8, it
is seen that the differences of the peak deviatoric stress
between noncemented sand and gravel and LCSG material
with cement contents of 60, 80, and 90 kg/m3 under a
confining pressure of 300 kPa are 1.31%, 1.51%, and 1.29%,
respectively, while the corresponding differences of the peak
deviatoric stress in Figure 8 are 1.28%, 1.34%, and 1.17%,

Figure 3: /e specimen after the large-scale triaxial consolidated
drained shear test.

Table 1: Details of the aggregates.

Name
Content

0-1 (mm) 1–5 (mm) 5–10 (mm) 10–20 (mm) 20–40 (mm) 40–60 (mm)
Sand and gravel (kg/m3) 286.25 206.1 261.06 377.85 567.92 590.82
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respectively, indicating that, under a confining pressure of
300 kPa, the differences of the peak deviatoric stress of
cemented sand and gravel are greater than those of the
specimen under failure. /e partial cementation and other
partial contacts of the LCSG material particles at low
pressure mainly reflect that the cementation and frictional
resistance increase with the growth of the deformation.
However, when the confining pressure is over 600 kPa, the
differences of the peak deviatoric stress of LCSGmaterial are
smaller than those of the specimen under failure. It can be
explained that the weak cementation resistance of the LCSG
material attains the limit earlier, and the frictional resistance
becomes the main force earlier than that of the LCSG
material. /erefore, as the confining pressure augments,
more particles near the shear zone can resist the external
force, and the macroscopic strength value becomes greater.
When the confining pressure is at a certain value, the higher
the cement content of LCSG material is, the harder it is to
separate the cemented particles, and the macroscopic
strength value increases as well.

Figure 9 shows the relationship between the failure strength
and the confining pressure of LCSG material. /e strengths of
the cemented and noncemented sand and gravel materials
differ distinctly under the same confining pressure, illustrating
that the cementation of the LCSG material significantly affects
the shear strength from the beginning and contributes toward
the cohesive component of shear resistance. /e cemented
block between the grains is compressed and damaged under
the influence of the external load. Although the cemented
strength of the LCSG mixture plays an important role when
subjected to a low confining pressure, the residual cemented
material acts as a cohesive component in the LCSG material
with increasing confining pressure. /e strength of the LCSG
material improves nonlinearly. Wei et al. [17] increased the
confining pressure to 3000kPa in their tests and observed that
the shear strength of the LCSG mixture increased with in-
creasing confining pressure; however, the magnitude of the
increment decreased significantly, which is consistent with the
results of this study. Moreover, the strength of other rein-
forcement materials, such as high polymer rockfill and cement
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Figure 4: /e stress-strain curves for different confining pressures. (a) 300 kPa. (b) 600 kPa. (c) 1000 kPa. (d) 1500 kPa.
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soil, also increases as the confining pressure accumulates, albeit
accompanied by a slight reduction in the incrementmagnitude.
Material particles are more prone to damage, and the bonding
damage resistance near the failure point of these materials
tends a diminution; hence, the peak strength of these materials
increases nonlinearly as the confining pressure grows. /e

linear relationship between strength and confining pressure
under the same cement content reported by Yang et al. [15] was
suitable for a small range of confining pressure lower than
1200 kPa. In summary, when the confining pressure is small, a
straight line can reflect the relationship between the shear
strength of the LCSG material and the confining pressure.
However, when the confining pressure is high, the calculated
value using the linear equation is greater than the real test value,
such as in the test results of Wei et al. [17]. In order to put
forward a general strength criterion, we believe the nonlinear
relation could reflect its strength characteristics better.

4. Strength Criterion

/e results and discussion of LCSG material demonstrate that
the shear strengths of the cemented sand and gravelmixture, the
cemented soil, and other reinforcementmaterials are composed
of resistance to cementation and friction between particles. /e
effect of cementation on the strength of LCSGmaterial is much
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Figure 5: Difference of deviatoric stress between LCSG and noncemented sand and gravel. (a) 300kPa. (b) 600kPa. (c) 1000kPa. (d) 1500kPa.

Figure 6:/e shear failure process of cemented coarse-grained soil
[31].
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greater than the effect of damage resistance on the strength of
loess [30]. And it is untoward to determine the shear contri-
bution in the binarymediummodel. Hence, the binarymedium
model for structured soil is not the optimal choice to reflect the
strength characteristics of LCSGmaterial. It is essential to seek a
simple and reasonable strength criterion that can describe the
bonding and frictional strengths of LCSG material.

On the basis of the foregoing results as shown in
Figures 4–9, the strength qf of the LCSG material, the
cemented soil, and other reinforcement materials can be
expressed as follows:

qf � f + A, (1)

where f is the stress value caused by resistance to friction and
A is the cementation factor which is the stress value resisting
the cementation of the cement.

As indicated by Figure 9, the relationship between the
strength of cemented granular materials including LCSG
material and the confining pressure can be described as

qf � B · Pa
σ3 + Pa

Pa
 

n

+ A. (2)

Here, B, n, and A are dimensionless parameters; Pa is the
standard atmospheric pressure; B · Pa is the product of B
with Pa, representing the strength of the material without

cementation (A� 0) when the confining pressure is 0; n
represents the growth index of the initial modulus.

In order to verify the accuracy of equation (3), the test
results of various reinforcement materials and their corre-
sponding calculated values are shown in Figure 10. It can be
observed from the figure that, according to equation (3), the
strength calculation values of LCSG material, high polymer
rockfill material, and cemented soil are roughly the same as
the corresponding experimental results. /is indicates that
the new nonlinear strength criterion is suitable for the
strength prediction of different types of reinforcement
materials.

/e influence of parameters A, B, and n from equation
(3) on the strength was studied by utilizing the data from the
LCSG material by Wei et al. [17]. /e values of A, B, and n
were equal to 601.2 kPa, 18.24, and 0.51, respectively. During
the analysis of one parameter, the other parameters were
kept constant./e influence of strength parametersA, B, and
n on the variations in the peak strength of the cemented sand
and gravel under the confining pressure is shown in Fig-
ure 11. Increasing the value of parameter A results in an
augment in the predicted value of the corresponding
strength, as shown in Figure 11(a); however, the form of the
strength criterion remains unchanged. It is evident from
Figure 11(b) that the predicted strength increases as the
value of B adds. With the increment of the confining

(a)

Shear band

(b)

Figure 7: /e shear failure process of cemented coarse-grained soil. (a) Internal particles. (b) /e surface of the specimen [32].
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Figure 8: (a) /e failure mode and (b) the failure mechanisms of the LCSG.
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pressure, the effect of parameter B on the strength of the
LCSG material exceeds that of parameter A. /us, the
magnitude of the strength increment gradually increases.
Magnifying the value of n under small confining pressures
leads to a slight increase in the corresponding predicted
strength, as exhibited in Figure 11(c). /e predicted strength
value increases noticeably as the confining pressure grows.
In conclusion, parameter A is only related to the cementi-
tious content, while parameters B and n are affected by the
confining pressure, especially the high confining pressure.

Considering the effect of the cement content, A in
equation (2) can be rewritten as the function of cementing
strength considering the influence of the cement content Cc;
when Cc is 0, A is 0; B · Pa(σ3 + Pa/Pa)n is the function of
the strength due to friction.

In order to reveal the relationship between A and Cc,
take LCSG material as an example. /e peak strength of the

noncemented sand and gravel was subtracted from the peak
strengths of LCSGmaterial with different cement contents to
determine the difference of peak strength Δqf as shown in
Figure 12. And the difference of peak strength Δqf of LCSG
material with a specific cement content under different
confining pressures is essentially the same. /erefore, the
average value of the difference of peak strength Δqf can be
considered as A as shown in Figure 13. /e relationship
between A and Cc can be expressed as

A(Cc) � k1
Cc

Cc0
, (3)

where k1 is the increase intensity of the relative cement
content, with the unit of kPa, and Cc0 is the reference cement
content, taken as 1 kg/m3.

/e linear relation of equation (3) shows that the
function A increases linearly with the increase of the
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cement content, and only A in equation (3) is affected by
the cement content. /us, the strength of LCSG material
increases linearly with the increase of the cement content
under the same confining pressure.

A comparison between the experimental and the pre-
dicted strength values of the LCSG material with different

cement contents is illustrated in Figure 14. /e predicted
values of the nonlinear strength criterion, which account
for the influence of the cement content, are consistent with
the experimental values. /is confirms that the proposed
strength criterion can accurately predict the strengths of
the LCSG material with different cement contents under
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Figure 11: Influence of strength parameters on prediction results of the strength criteria. (a) Parameter A. (b) Parameter B. (c) Parameter n.
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varying confining pressures. In addition, it reflects that the
strength increases linearly with the augment of the cement
content.

5. Conclusions

In this study, by conducting a laboratory triaxial consoli-
dated drained shear test of cemented granular materials such
as LCSG materials and noncemented sand and gravel ma-
terials, the strength variation law of such materials under
different cement contents and confining pressures was ex-
amined. /e main conclusions are drawn as follows:

(1) When the stress between particles is greater than its
cemented strength, failure occurs at the cementation
of particles. /en, the particle friction resists the
continued load, while the remaining cemented
particles continue to provide cohesion against the
continued load. /e constantly increasing axial
loading gradually damages the internal cementation
point of the cylindrical specimen, resulting in the
formation of an internal cross shear band.

(2) With an increase in confining pressure, failure
readily occurs at the cementation of the LCSG
material particles. When the stress of the LCSG
material reaches the peak strength, the strength
generated by the cementation first increases and then
declines, and the frictional strength keeps a gradual
growth.

(3) /e relationship between the peak strength and the
confining pressure should be nonlinear. /e peak
strength of the LCSG material increases linearly as
the cement content adds, and the rate of increase is
not affected by the confining pressure.

(4) Based on the experimental analysis and discussion
results, combined with the M-C criterion and the
binary medium model, a nonlinear relation between
the strength and the confining pressure of cemented
granular materials including LCSG, which can reveal
the cementing property and friction, is proposed in
this paper. By changing the cement content, a
strength criterion of cemented gravel material
considering the effect of cement content and con-
fining pressure was obtained.

/ese results can provide an important theoretical basis
for calculations in terrace slope or other slope reinforcement
engineering for the regions in rich earth and rockmixture, in
addition to the existing numerical modeling of high LCSG
dam structures. However, at present, those cemented coarse-
grained materials including LCSG material have not been
analyzed by SEM, and its detailed mesomechanism cannot
be fully mastered, which will be promoted in future research
of those materials by us.
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