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Abstract

Soil-rock mixture (SRM) shows complicated mechanical behaviors due to their complex compositions and structures, leading to
challenging instability problems during the construction process. Typical SRM are composed of rocks with high strength and fine
grained soils, and the mechanical characteristic is largely controlled by the rock block proportion (RBP) and component
properties. It is noted that the rock sizes of natural SRM make it difficult for laboratory or in situ tests. There are few studies
on empirical formulas to predict the mechanical characteristics of SRM. In this study, the nonlinear relationship between SRM
shear strength and RBP was investigated, and an empirical formula predicting the shear strength of mixtures consisted of strong
rocks and a weak soil matrix was proposed. For this purpose, a database of shear strength and uniaxial compressive strength
(UCS) of SRM with different RBPs was built firstly on the basis of the laboratory test results from previous literatures. In order to
focus on the interactions of rock blocks and soil matrix in SRM, a RBP range of 30-90% was set as the applicable range of the
empirical formula and both of the compositions are held to provide shear resistance in the applicable range. Subsequently, a
nonlinear equation to calculate the shear strength of SRM with RBP range of 30-90% was proposed using regression analysis
considering the strengths of components and soil-rock contact faces. Several representative properties of rocks and soil matrix,
such as RBP, UCS of the matrix (UCS,,)), and the friction angle of the blocks (¢p0ck), Were chosen as the input parameters based
on the mechanical properties of SRM. An additional parameter “A” was used to describe the connect strengths of the soil-rock
contact faces. In addition, uniaxial compression tests and large-scale direct shear tests were performed on the Taoyuan SRM
samples. The test results and other measured data from the database were used to compare with the corresponding estimated
values. The results demonstrated that the empirical approach could predict the shear strength with R* = 0.75 and can be
considered a practical tool in engineering designs when mechanical tests are not available.
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Introduction

Soil and rock mixture (SRM) is one of typical anisotropy geo-
materials existing in many construction projects, such as tun-
nels, dams, and slopes. The complex shear behavior of the
SRM will cause challenging problems, such as instability
problems and project delays, during design and construction
of structures in or on them. Determining the strength parame-
ters of geo-materials is a crucial prerequisite for evaluating the
safety of engineering works in the design stage. The strength
parameters could be characterized through mechanical tests
and numerical methods. The complex geology environments
add difficulties to in situ tests. Laboratory tests of SRM put
forward a higher requirement for the dimension of test equip-
ment. The disturbance of sampling and limitations of speci-
men size reduce the reliability of laboratory tests, and unrep-
resentative mechanical characteristics may be obtained. In
contrast, the empirical method is much easier and more suit-
able to obtain the objective parameters in engineering projects.
The empirical formula is one of common tools to obtain the
material properties based on the test results or other data from
previous studies with a reference of classification systems and
engineering experience. In recent studies, the strength predic-
tions of geo-materials have been one of the most attractive
questions, and most of these predictions are focused on jointed
rock masses. There have been fewer attempts to study the
strength predictions of special complex geo-materials com-
posed of rock blocks and soils. The strength of chaotic mix-
tures is controlled by the compositions and internal structures,
which brings about the uncertainty to the mechanical proper-
ties and unknown parameters used in the empirical method.
Because of the heterogeneous components and difficulties en-
countered in mechanical mechanism analyses, the prediction
of the strengths of the mixed geological rock blocks, such as
mélange, weathered fault rock, coarse pyroclastic rock, and
agglomerate, is still a creative research to be explored.
Laboratory tests on SRM show that these types of inhomo-
geneous mixtures are consisted of high-strength rock blocks
(e.g., sand, gravels, boulders, and bobbles) and fine grained
particles. The considerable strength or stiffness contrast be-
tween rock blocks and soils is a remarkable feature of SRM.
Lindquist (1994) suggested that the criterion ratio of stiffness
between two components should be 2.0 and that the recom-
mended criterion ratio of the uniaxial compressive strength
(UCS) is 1.5. Different contents of rock blocks (or soils)
would change the structure inside and load transfer mecha-
nism because of the strength contrast between rock blocks
and soils, resulting in different mechanical characteristics.
Thus, rock block proportion (RBP) is a key factor to the shear
strength of the mixture. Over the past few years, a number of
tests have been devoted to characterizing the influence of RBP
on strength and deformation. Zhao et al. (2016) adopted five
types of composite soil samples for uniaxial compressive tests
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and found that the disturbance of specimen integrity and in-
crease of weak soil-rock contact faces attributed to the in-
crease of RBP leads to a decrease in uniaxial compressive
strength (UCS). Similar conclusions were obtained by
Kahraman and Alber (2006). Several researchers have inves-
tigated the effect of RBP on the SRM shear strength. Donaghe
and Torrey (1979) found that the friction angle of SRM in-
creased with an increasing RBP by performing triaxial com-
pression tests. Wang et al. (2018) suggested that the strength
of geo-material with 50% RBP was much higher than those of
other contents. The results also indicated that the interlock
effect could improve the strength of soil-rock contact faces
and the overall material. Holtz and Willard (1956) focused
on the shear resistance of gravel-clay mixtures and the shear
strength showed an incremental trend with RBP varying from
0 to 65%. Gao et al. (2014) found that the internal friction
angle and cohesion were strongly affected before the critical
RBP by weight threshold of 70%. The large-scale direct shear
tests results have revealed that when RBP changed from 25 to
70%, the rock blocks inside could enhance the strength of the
entire material and improve its geo-mechanical advantage
(Lindquist and Goodman 1994; Xu et al. 2011). Vallejo and
Zhou (1994) noted that the shear strength of mixture of kao-
linite clay and sand was governed by clay matrix when the
sand content is less than 50%, and the sand fraction would
control the shear behavior while the sand content was more
than 80%. Laboratory tests conducted on mixtures of glass
beads by Vallejo (2001) showed that when the concentration
of the large beads was between 40 and 70%, the shear strength
was controlled by the large beads partially. Dupla et al. (2007)
indicated that the volumetric fraction of gravel had an impact
on the material failure characteristics of coarse-grained soils.
The laboratory investigations performed by Wickland
(Wickland et al. 2006) showed that a desirable RBP could fill
the void space in the waste rocks based on particle density
theory and produced the maximum density mixture and
strength. These studies above show that the increment of
RBP would have different influences on strength at different
stages, and there are obvious RBP thresholds in strength var-
iations. On the one hand, rock blocks could provide friction
and strength for the overall material. On the other hand, rock
content increasing would lead to the increase of soil-rock con-
tact faces. In SRM, the contact faces are known to be the one
of important factors controlling failure behavior. The weak
soil-rock contact face is prone to break and accelerate the
crack propagations inside the material under external loading,
finally leading to the destruction of the entire specimen via a
tortuous shear band. The strength of contact faces could be
related to the combination of the two components. Hence, the
mechanical characteristics of the SRM are closely related with
the properties and proportions of the two components.

It should be noted that the large-dimensional equipment
with loading system is necessary for mechanical tests of
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SRM contained a large gravel particles. Empirical method
could provide strength parameters more conveniently, using
a few parameters based on material classifications or simple
mechanical test results. The most important aspect of fitting
the empirical formula is to select the appropriate input param-
eters. The practicability of the predicted formula increases
when the input parameters are easy to obtain. The existing
prediction equations are mainly applicable for jointed rock
masses based on strength failure criteria proposed by Hoek
and Brown in 1980 (Tian et al. 2018; Ulusay and Erguler
2012; Catane et al. 2008). Different kinds of rock mass clas-
sifications have been developed considering other influence
factors, such as weathering degree (Basu et al. 2009; Dasaka
and Zhang 2012), surface morphology (Usefzadeh et al. 2013;
Singh and Basu 2016), and discontinuities. The Geological
Strength Index (GSI) proposed by Hoek has also been contin-
ually improved (Hong et al. 2017). More attentions need to be
paid on the predictions of strength of SRM, in order to gener-
alize an empirical formula similar to those for jointed rock
blocks mixed with soil.

According to the fundamental laws proposed by Weibel in
1980, the value of RBP could be collected through convenient
observations such as linear (such as scanlines or drill core) or
areal (outcrops, geological maps, and image analysis) mea-
surements. Therefore, the RBP of a debris or colluvium slope
could also be measured. The test data collected from other
SRM studies have showed that there is a nonlinear relation-
ship between shear strength and RBP. Kalender et al. (2014)
introduced an empirical approach that obtained the strength of
bimrock for contents from 0 to 100% based on the model test
data of Lindquist (1994), Alstinsoy (2006), and Coskun
(2010). However, the interlock effect between rock blocks in
SRM with a high RBP is obvious, and the material could be
addressed as a jointed rock mass mixed with soil. The shear
resistance is almost provided by the rock blocks. The mixture
with a low RBP is composed of the soil matrix with a few
gravel particles floating inside, and the mechanical properties
are partial to the soil matrix. Thus, the formula to predict shear
strength of SRM with the entire RBP range is not necessary
and may lead to a loss of accuracy. A suitable range of RBP is
necessary to choose to identify the shear strength supported by
rock blocks and soil matrix both.

In this study, an empirical approach to estimate SRM shear
strength based on its RBP was proposed on the basis of the
mechanical properties of rock blocks and soil matrix. First, the
strength data of laboratory and in situ tests were collected from
previous studies to build a SRM strength parameter database.
Second, an applicable range of RBP was set to study the SRM
strength properties provided by rock blocks and soil matrix
both. Then, a nonlinear formula was suggested for the estima-
tion of the shear strength of SRM with different RBPs. The
properties of components and soil-rock contact faces were
also considered in determining the input parameters of

formula to describe its influence on the overall geo-material.
Several uniaxial compression tests and direct shear tests were
performed, and the prediction accuracy of the empirical ap-
proach was validated with laboratory tests and data from the
database, which proved its applicability and practicability.

Mechanical behavior and database of SRM

The empirical approach to predict SRM shear strength in this
paper was established on a large number of test data as the
foundation to ensure accuracy and universal applicability. The
literature review presents that SRM mechanical behaviors
show complex variation trends under the affection of several
factors and RBP is the most remarkable influence factor. Most
of laboratory and in situ tests also focused on the effect of
RBP on the mechanical properties and failure mecha-
nism of SRM, which is the easiest variable to control
in mechanical tests. Therefore, an SRM database of the
shear strength and UCS of SRM with different RBPs is
expected to be built in this study.

The SRM samples in database were mostly collected from
the large-scale accumulated bodies in southwestern China.
The test data from other regions such as shale-limestone cha-
otic mixtures from Italy (Coli et al. 2011) and gravel deposits
around central Taiwan, China (Chang and Cheng 2014) were
also involved in database. In fact, most of the SRM samples
share the similar fabric, characterized by a fine-grained matrix,
often constituted by silty sandy or clay, containing floating
rock blocks. It is noted that the types of matrix are similar
for natural SRM samples in databases based on the geology
summary. The matrix of mixtures is mainly composed of gray-
clay or sand, with the value of UCS smaller than 30 MPa. The
rock fragments are mainly 2.0-60 mm in size, and are com-
posed mostly of irregular-shaped strongly weathered lime-
stone, mudstone, and sandstone. The tests of volcanic soils
and artificial aggregates were also selected. The connection
strengths (bonds) between soil matrix and rock blocks are
relatively low, which bring about the initial failure occur-
rences of contact faces under loading. Considering the scale
limit of test apparatus to avoid scale effect, the maximum
particle size SRM material in this paper was smaller than 60
mm. A summary of information about the UCS and shear
strength database established in this study is given as follows.

The UCS values of the soil matrix and SRM with different
RBPs are both collected for the analysis. The normalized UCS
value was proposed as the ratio of the UCS value of SRM and
soil matrix, which could decrease the strength gaps due to the
soil matrix properties. Figure 1 shows the normalized UCS
values of SRM samples with different volumetric block pro-
portions (VBPs), and it is clear that UCS decreases
nonlinearly as the VBP increases. However, Sonmez et al.
(2006) presented an opposite trend of welded volcanic
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Fig. 1 Normalized UCSggry; with
different VBPs
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bimrocks with an additional VBP. The difference could be
explained by the source of strength of welded bimrocks. The
connect strength of soil-rock contact faces in welded bimrock
is much stronger than that of natural SRM, and VBP increas-
ing provides a strength supply for the overall material. In this
study, the natural SRM samples were chosen and the discrep-
ancies in UCSgry descending degree between different SRM
samples could be found in Fig. 1. In addition, the failure mor-
phology for SRM specimens was also discussed, which sug-
gested that the number of main cracks and secondary cracks
surrounding the rock blocks increase.

The information acquired from the uniaxial compression
tests above revealed that the normalized UCSggry, is relevant
with VBP and component properties. The failure patterns with
different VBPs show that the strength of weak contact faces
could control crack propagations and affect the shear resis-
tance of overall geo-material. In summary, UCSgry has a
non-negligible relationship with mechanical characteristics
of components, such as different shapes, roughnesses, and
friction (repose) angles of rock blocks and other mechanical
parameters of soil matrix. The shape and roundness of rock
blocks are relative qualitative factors. In order to reduce
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uncertain variables and human factors in calculating
UCSsrm, the shape and roundness of the rock blocks could
be replaced with the friction or repose angles.

The shear strength of SRM in database has an obvious
nonlinear association with the changes in RBP. The laboratory
shear test data performed by Hu in 2014 were shown as an
example in the study to analyze the variations of SRM shear
strength and mechanical parameters of SRM. The RBP was
set as rock content data, which is defined as the ratio of the
rock block mass to the total mass of SRM. Figure 2 a reflects
that the shear strength increases in a similar wave trend with
the increase of RBP under different normal stresses. It is noted
that the increase stage starts at around RBP = 30% when the
rock block started to carry the shear force with soil matrix
together. The corresponding RBP at the end of strength-
ascending stage is positively correlated with the normal stress.
A higher normal stress such as 300 kPa results in an increase
of the compaction and friction between rock blocks and soil
matrix effectively. Therefore, the shear strength kept rising
with RBP larger than 40% under 300 kPa. It is found that there
is a decline period after the RBP is larger than 50~60% under
150 kPa and 250 kPa. The reason for the decline period is that
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Fig. 2 The relation between a shear strength and b mechanical properties and the RBP (Hu 2014)

the replacement of soil matrix with rock blocks would in-
crease the number of soil-rock contact faces and reduce the
cohesion of SRM provided by the soil matrix. Similar test
conclusions were presented by Xu et al. (2008) and Chang
and Phantachang (2016).

Figure 2 b reveals that 30% and 70% are two key RBP for
SRM and there are clear turning points in strength parameters
of SRM when the RBP was between 30 and 70%. For the low-
RBP (RBP = ~30%) and high-RBP (RBP =~ 70%) SRM, the
increment of RBP had a slight impact on the cohesion and
friction angle. The rock blocks inside the SRM change from
floating into framework-forming during the variation of RBP,
which results in the substitution of rock blocks for soil matrix
and improves the friction angle of the overall SRM. However,
a large number of soil-rock contact faces are also created in the
process. The weak strength of contact faces would accel-
erate the initiation and propagation of cracks. Therefore,
RBP has positive and negative impacts on the shear
strength. In addition, the differences in the strength
among different SRM samples demonstrate that the prop-
erties of components also have a decisive effect on the
mechanical properties and should be considered in
predicting the strength of SRM.

An empirical approach to predicting the shear
strength of SRM

According to the variation characteristics of strength behav-
iors of SRM discussed above, there are obvious RBP thresh-
olds for the shear strength dominator material. Soil matrix
with different RBPs may form different soil skeleton struc-
tures and micro-porosities and hence present different stress-
strain behaviors. For the low-RBP mixtures (RBP is less than
25-30%), a small number of rock blocks are floating in the
matrix discretely. Shear resistance of the geo-material is main-
ly attributed to the soil matrix, and slight change could be

found under the various RBP. When the RBP increases over
than a high bound (70-90%), SRM would transfer into heavi-
ly broken rock mass mixtures, with angular or rounded rock
pieces inside. An applicable range of RBP as 30-90% was set
in this study to describe the SRM strength provided by rock
blocks and soil matrix simultaneously. The RBP range was
proposed based on the variation regularity of shear strength in
the database and mechanical mechanisms from the literature
reviews. The mechanical properties of the geo-material with
RBP lower than 30% have many similarities to the pure soil
matrix, and the shear strength could be calculated based on the
Mohr-Coulomb criterion. The material strength with more
than 90% RBP could be obtained based on Hoek-Brown cri-
terion (Hoek et al. 2002). Therefore, the empirical approach is
only for SRM with RBP between 30 and 90%, which focuses
on the coupled influence of the rock blocks and soil matrix on
the mechanical properties of SRM. In this approach, SRM
with all range of RBP could be calculated without large-
scale laboratory and in situ tests.

The structures of natural SRM are usually complicated and
anisotropy. The angular rock blocks of SRM with low RBP
are floating in the soil matrix and poorly interlocked. The
behavior of SRM with a high RBP is similar to the behavior
of block/disturbed or disintegrated jointed rocks, and the rock
skeleton mostly controls the shear resistance (Khalili et al.
2010). The mechanical characteristics of the latter are usually
modeled using the Hoek-Brown criterion, which has gained a
wide acceptance in estimating the strength characteristics of
rock masses (Hoek et al. 2002; Hoek and Brown 2018). Hoek-
Brown failure criterion is one of the most common criterions
to estimate the mechanical behavior of typical rock masses.
Both intact rocks and discontinuities are characterized based
on Geological Strength Index (GSI). The nonlinear Hoek-
Brown criterion provides a reference for the empirical formula
of SRM. In this study, UCS values of SRM with various VBP
is also necessary for the calculation by reference to the Hoek-
Brown criterion.

@ Springer
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The empirical formula to predict UCSsg

Kalender et al. (2014) developed a preliminary approach to
predict the UCS of bimrock based on laboratory results and
other studies. The formula is as follows:

A-ATw
A-1

UCSpim/UCS,, = (1)

In Eq. 1, UCS,,, and UCSy,;,,, are the uniaxial compressive
strength of the soil matrix and bimrock, respectively. The pa-
rameter “A” is an important variable controlling the declining
trend of strength with the addition of VBP. To keep the for-
mula calculable, “A” is selected to be 0.999 instead of 1.
Figure 1 shows that the curve with a higher “A” has a smaller
decreasing degree during the preliminary and middle increas-
ing periods of VBP. As can be seen, a high value of “A” means
that the influence of VBP increasing on UCSggry, is small, and
the contact faces could offer a part of strength for the overall
material. Thus, parameter “A” could be defined as a variable
to represent the strength of the soil-rock contact faces, which
could also be called as the connect strength between the rock
blocks and soil matrix. The strength of contact faces in
unwelded SRM is weak due to the strength contrast between
components and is highly dependent on the composition prop-
erties, such as the type of matrix and the angularity and round-
ness of rocks. In this paper, the compressive strength of the
matrix and the roundness (or repose angle) of rocks are used to
determine corresponding parameter “A.”

The empirical formula to predicting the shear
strength of SRM

According to the literature reviews above, the variation trend
of SRM shear strength is mainly controlled by RBP, and the
strength of soil matrix and rock block also affects the shear
strength to a certain extent. Therefore, the influence factors
mentioned above should be involved in the prediction formu-
la. More than 100 groups of SRM mechanical test data were
used to establish the empirical formula. Even though other
SRM properties, such as particle distribution and density, have
some associations with SRM strength, the relevant test data is
limited and inaccurate results might be obtained. To improve
the practicability of the formula and reduce unknown input
parameters as much as possible, the formula to predict the
shear strength behavior of SRM with different RBPs was
studied. Properties of soil matrix and rock blocks were in-
volved during deriving the formula to exhibit the influence
of both components.

Considering the similarity between SRM and jointed rock
masses, the shear strength failure criterion for jointed rock
masses could be utilized as a reference for SRM. Traditional
Hoek-Brown criterion is expressed in terms of the major and
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minor principle stresses, and the Mohr envelope is related to
normal stress and shear strength. Therefore, a statistical curve
fitting process was used to derive an equivalent Mohr enve-
lope defined by the equation (Hoek and Brown 1997):

= Aoy <i —T)B 2)

Oci

where A and B are material constants, o, is the uniaxial com-
pressive strength of the intact rock pieces. 7 could be defined
by the equation:

= (mb—m) /2 (3)

where my, is the value of the Hoek-Brown constant m for the rock
mass, s is a constant which depend upon the characteristics of the
rock mass. In order to use the Hoek-Brown criterion for estimat-
ing the stress of jointed mass, three necessary properties of rock
mass have to be obtained: (1) UCS of intact rock pieces; (2) the
value of Hoek-Brown constant 1; (3) the value of GSL.

The empirical formula in the paper was evaluated from the
Eq. 2 given by:

o —T)B @)

TSRM = DUC(SRM) <C Gesrr)
c(SRM

where oqsrar) 1s the value of UCSgsry and C, B, and T are
parameters used to describe the influence of RBP on strength
and assumed to be related with RBP to reduce calculated cost.
The parameter values could be obtained by Egs. 5 to 7:

4736.277-3237.7y 4+ 552.3  0.3<y < 0.5
C = { 6007.8vy°—~7744.8v +2487.9 0.5<v< 0.7  (5)
1928.47°-2980.3y + 1151.6  0.7<v<0.9

~1.94~ 4 1.59 03<y< 0.5
B =< —24.967* +32.1999.24 0.5<y < 0.7 (6)
—53.067* + 83.89-31.59 0.7<7<0.9

846~°—674.67y + 124.47 03<y< 0.5
T =1 —126.9% +132.089-35.64  0.5<y< 0.7 (7)
—232.184* 4 376.477-155.13  0.7<~7<0.9

The v in Eq. 5-7 is defined as = RBP/100. The functions
of C, B, and T are all piecewise functions and the segmental
regions of RBP are the same. The strength parameters in da-
tabase show an apparent extremely high or low value at
around 30% and 70% RBP, which are in accordance with
piecewise threshold. The calculation range of + is set from
0.3 to 0.9, in which both rock blocks and soil matrix would
participate in the shear strength of SRM.
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The Geological Strength Index (GSI) is a necessary index
in generalized Hoek-Brown criterion and provides a system
for estimating the reduction in rock mass strength by consid-
ering the surface conditions and structures of the rock masses
(Hoek et al. 2002). The previous studies have shown that the
mechanical properties of contact faces have dominating influ-
ence on destruction path and crack propagation. Therefore, the
GSI of SRM has been improved by taking the effect of soil-
rock contact face properties into consideration. The rock frag-
ments in SRM under natural condition are disintegrated and
heavily weathered mixed with grain soils. According to the
introduction above the surface condition could influence the
strength of contact faces and SRM both. In this paper, the
qualitative description of surface condition was replaced by
the roundness and friction of rocks. Except the surface condi-
tion, the property of soil matrix is the other contributing factor
of contact face mechanical properties. Moreover, the number
of soil-rock contact faces is controlled by RBP. As a conse-
quence, parameter “G” is proposed as the value of the GSI of
SRM with different RBPs based on the mechanical character-
istics of SRM. It is noted that the parameter is related to RBP
and parameter “A,” which reflect bond (contact) strength be-
tween rock blocks and soil matrix according to the definition.
A practical guide for parameter “G” is illustrated in Fig. 3,
which was built on the basis of back-calculated shear strength
from the database. Figure 3 reveals that the parameter “G”
could be considered a compensation parameter for the strength
reduction due to the contact face occurrences. Figure 1

not Applicable

RBP (%)

0.1 1 10 100
parameter A

Fig. 3 A practical guide for the selection of “G” on the basis of RBP and
parameter “A”

presents that the curve with a higher “A” has a faster descend-
ing degree in UCS during the high RBP period, with the cor-
responding a higher “G” was chosen based in Fig. 4. The
value of “G” is highly dependent on the connect strength
and RBP, and when contact strength is relatively high, a larger
“G” should appear at the last period of RBP increasing.

The parameter “D” could be considered an adjusted param-
eter related to component properties, which was obtained by
nonlinear fitting with the help of parameters “A” and “G,”
which also reveals the combination in strength of rock block,
soil matrix, and weak contact face. Figure 1 reveals that dif-
ferent “A” values could lead to different decrease degree of
UCS and A =1 is an obvious boundary. The function of
parameter “D” was divided into three parts with a range of
“A”as 0 <A< 1,1 <A<20, and 20 < A. During the calcu-
lation in each period, parameters my, s, and @ were used to
normalized one variable to keep the same order of magnitude.
In this method, the difference due to matrix types could be
solved. The calculation equations are listed in Table 1. The
details of the procedure are given in Fig. 4.

Validation of the empirical strength formula
for critical RBP

The empirical approach to predict the shear strength of SRM
in this study is applicable for materials with RBP ranging from
30 to 90%. As previously mentioned, the strength of mixtures
with RBP less than 30% and greater than 90% could be ob-
tained by the Mohr-Coulomb (M-C) criterion and the Hoek-
Brown (HB) criterion, respectively. Hence, for the mixtures
with RBP = 30% and 90%, the prediction values of the em-
pirical approach should be coincident with the results of M-C
and HB criteria to make sure the continuity and effectiveness
at the calculation boundaries. Several groups of SRM with
RBP of 30% and 90% from database were chosen to test,
and results are represented in Fig. 5. The relation between
predicted and calculated values was obtained as y = 1.1x with
a correlation coefficient of R = 0.93 for the material with RBP
= 30%, and the relation for SRM with the high RBP is y =
0.94x with R? = 0.92. Figure 5 reveals the practicability of the
approach and the consistency with M-C and HB criterions for
the collected data. Thus, the combination of the empirical
approach and the M-C and HB criteria could predict the shear
strength of SRM for the whole range of RBP.

Validation evaluations of the proposed
empirical strength approach for SRM

The additional laboratory uniaxial compression tests and di-
rect shear tests were performed in this study to observe the
effect on strength of different RBP. The test data were incor-
porated in the database to validate availability of empirical

@ Springer



2430

Z. Zhang et al.

Input parameters

Rock block
Rock block content (RBP/VBP)
Friction angle of rock (¢;,.¢)

Soil
Uniaxial compression strength of
soil matrix (UCS,,)

'

Select parameter 4 based on the friction angle of rock and UCS,,.

L 2

Obtain parameter G according to
practical guide based on 4 and RBP.

VBP

‘ 1 4-47
Obtain parameter C, B and UCSg,, /UCS, = ———
T based on RBP. Obtain parameter D according to G, 4 4-1

and RBP.
!
3
(o3
Tsrar = D O (srar) c -r
O (srr)

Fig. 4 The flow diagram of the empirical approach to obtain the shear strength of SRM

formula. The SRM samples were collected from a colluvium
slope near the Taoyuan-Jinshajiang bridge site, which is locat-
ed in Yunnan Province, China (Fig. 6). The lithological com-
position of the SRM in the study area is complicated (includ-
ing weathered limestone, silty clay, and siltstone). The size of
the specimen for the uniaxial compression test is 125 mm x
61.8 mm and the size of the specimen for the direct shear test
is 500 mm % 500 mm x 400 mm. The particle size distribution
of the SRM for test is shown in Fig. 7, and the diameter
threshold between soil and rock particle of SRM in Taoyuan
is set to 2 mm.

Test procedures

Seven SRM specimens were prepared within the VBP range
from 0 to 30% for the uniaxial compression tests. To make
specimen molding more convenient, the water content of the
soil matrix was maintained at the optimal water content of
17.8%. The rock blocks with particle sizes ranging from 2 to
10 mm were selected (Fig. 8) to meet the required ratio of
specimen height to maximum diameter particle size in uniax-
ial compression test and avoid boundary effect. The materials
were mixed adequately to ensure that the rock blocks were
uniformly distributed and compacted layer by layer to obtain a
dense packing. The specimens were molded after 24-h

consolidation. The soil triaxial compression apparatus was
used for the uniaxial compression test. A high VBP (more
than 30%) would add difficulties to sample molding during
the specimen preparation process. Therefore, the VBP for uni-
axial compression test was limited to 30% in this study. The
grain size distributions of uniaxial compression test specimens
are shown in Fig. 9a. The compression tests were carried out
under strain control at a constant rate of 0.368 per min. The
loading stopped when the specimen was fully destroyed.
The direct shear test was performed using the large-scale
direct shear equipment with a large shear box size (500
mm*500 mm*400 mm) and a computer-controlled data ac-
quisition system. The maximum horizon force and displace-
ment are 1000 kN and 90 mm, respectively. The loading force
control and data collection are performed by a computerized
electro-hydraulic servo control system, which records the ver-
tical loading force and displacements, horizontal shear dis-
placements, and the force of the upper and lower shear boxes.
The dry density of the samples was maintained at 1.9 g/cm®
with a water content of 1.73% (natural water content). The
direct shear tests were performed with various RBP range of
0 to 100% under different normal stress (100, 200, 400, 600,
and 800 kPa) and the particle size distribution curves of sam-
ples were shown in Fig. 9b. The sample was compacted after
each of the three layers added to the shear box. During the

Table 1 The summary of calculation equations of my, s, @, and D under different “A”
my K a D
0<A< my= exp (—G) s = (%)A a= % D= O.Ia(smb/a)o'o2
1 </i < my= exp (—G) s = (g’—g)A/z“ a —mbs2 D=0.045x g *17°
20 i(ll my, = 75 s = (%)ﬁ a= IOO% D = 0.064(mpe? [5) 025
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Fig. 5 Prediction performance of the empirical SRM approach with a RBP = 30% and b RBP = 90%

process of filling the shear box, each layer was compacted by
a rubber hammer. Before filling the next layer, the surface was
scratched to improve the homogeneity of layers and keep the
rocks in random orientations. At the end of this process, a
layer of fine soil was placed on the top of the sample to ensure
uniform application of the loading force. After consolidation
under a small stable vertical force for more than 6 h, the
horizontal loading system started moving the lower shear
box at a speed of 2 mm/min and stopped when the horizontal
displacement reached 75 mm.

Test results and discussions

The stress-strain curves of SRM with different VBP are illus-
trated in Fig. 10, and the variation trends of curves of different
specimens are approximately similar. The axial stress in-
creases firstly after declining within the loading process and
the increase of VBP would bring down the peak axial stress.
The ascent rate of the curve becomes much slower for the
SRM with a higher VBP, and the axial strain corresponding

& T By IS Lt

Fig. 6 Photos of SRM in the field in Taoyuan

to the peak axial stress keep decreasing as the VBP changes
from 0 to 30%. Figure 10 shows that cracks initiate in the
middle of the specimen at the peak axial stress and then prop-
agate through the whole specimen, resulting in the destruction
of SRM sample. The specimen with a higher VBP often
formed more disordered cracks and tortuous failure surfaces
because the random distributions of the rock blocks would
obstruct cracks extending. The existence of rock blocks would
destroy the integrity of SRM samples, and evolving contact
faces raise the possibility of sample destruction under normal
loading without confined stress. The values of UCSgrys of
different VBP are plotted on Fig. 11 and an exponential rela-
tion between UCSgry and VBP is proposed in Eq. 8:

UCSspy = 801.51¢ 0017VEP (8)

Figure 12 presents the shear stress-strain curves with dif-
ferent RBPs as 0%, 40%, 60%, and 100% under various nor-
mal stresses. The results show that the RBP has a great effect
on SRM shear strength, and under the same normal stress, the
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Fig. 7 Particle size distribution of natural SRM
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Fig. 8 SRM blocks for the
uniaxial compression tests
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Fig. 9 Particle size distribution of the SRM samples in a uniaxial compression test and b direct shear test

shear strength increases as the RBP increases. Under the low  rock blocks is obvious only in the SRM with the high RBP.
normal stress (Fig. 12a), the difference in peak shear strength ~ The rolling and movement of blocks inside the mixture under
between RBP = 100 and 60% is the most apparent to be ~ low normal stress occurred much more easily. There are many
observed as about 100 kPa. This result indicates that under a  voids in the SRM samples with RBP less than 60% under the
relative low normal loading, the shear strength provided by =~ low normal loading, which lead to a loose and unstable

Fig. 10 The relation between —— VBP=0% — — VBP=10%—--=VBP=25%----VBP=30%
axial stress and strain
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Fig. 11 The relation between UCSgry and VBP

structure inside. Under high normal stress (Fig. 12¢), SRM
specimen was compacted continually during the shearing pro-
cess, which could improve the interaction between the two
components. Therefore, the shear strength is more sensitive

to RBP and has increased obviously since the RBP increased
from 0 to 40% as shown in Fig. 12c.

The curve rose approximately in a linear trend at the begin-
ning of the shearing process, which exhibited a plastic stage
with the development of shear deformation until the yield
stress was reached. The strain-softening could be observed
in Fig. 12a, especially in the low-RBP SRM samples.
Figure 12 b and c present the occurrences of strain-
hardening of high-RBP SRM under high normal stress. The
rock blocks in high-RBP SRM or under the high normal stress
started to interlock and erode each other after the initial yield
stage, and the shear stress started to increase again.

The relationship between RBP and shear strength was also
studied, and the results are presented in Fig. 13. Under the low
normal stress of 200 kPa, the shear strength increased with the
increases of RBP ranging from 0 to 70% and had a sudden
decrease to 173.4 kPa at RBP = 90%. Under the high normal
stress such as 600 kPa, the shear strength keeps increasing for
the samples as RBP ranging from 40 to 100%. But there is an
obvious wave trend in shear strength as RBP increases from 0
to 40% under normal stress as 400 kPa and 600 kPa. Such

a ——RBP=0% ----- RBP=40% b ——RBP-0% ----- RBP-40%
300 — —-—-=RBP=60% —-—-- RBP=100% 350 — —-—--RBP=60%--- RBP=100%
5 300 AR o o g PR P A
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Fig. 12 The relation between shear stress and displacement under different normal stresses. a 200 kPa. b 400 kPa. ¢ 600 kPa
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—(—200 kPa —O—400 kPa —/5— 600 kPa bimrock, the contact strength between rock blocks and soil

400 — matrix is much higher in the bimrock than the SRM. In order

to validate the generality of the formula in predicting

= 350+ UCSgrn, several measured and predicted UCSggry, values

& from database were prepared. The predicted performance of

= 300} Taoyuan SRM and other data is presented in Fig. 14. It could

Eﬁ be found that the predicted UCSggry values according to Eq. 1

g 250 | were close to the measured values. The relation between the

% O,’/O predicted values and measured values is y = 0.96x, with R* =

L 200 0.96. Consequently, the formula could be used as the reference

Z of UCS values for SRM by taking component mechanical
150 = properties and RBP into account.

In the comparison between the predicted values of the shear

100 | L | L I | strength of Taoyuan SRM and other test data from database,

0 20 40 60 80 100
Rock block proportion, RBP (%)

Fig. 13 The relation between shear strength and RBP

variations in strength could be explained by the functions of
rock blocks in the geo-material. It is known that the shear
strength of SRM is composed of the cohesion mainly provid-
ed by soil matrix and the friction supplied by component in-
teractions. At the start stage of RBP increasing, the roundness
and strength of rock blocks provided friction for the overall
material, leading to the increase of strength. The increase of
rock blocks took the place of the soil matrix, resulting in the
decrease of cohesion. A sudden drop in shear strength could
be found since the increment in friction effects provided by
rock blocks is smaller than the decrease in cohesion, resulting
in the loss of soil matrix. The rock blocks gradually build the
skeleton of the mixture as the RBP changes from 30 to 70%
and shear strength is dominated by both rock blocks and soils.
The false cohesion induced by the interaction of soil matrix
and rock blocks appeared, and under high normal stress, the
compaction and interlock effect is more obvious. The occur-
rence of the second turning point of shear strength is attributed
to the increase of contact faces with weak strength and the
voids inside SRM samples under the low normal stress.

Validation evaluations of predicted values
and measured values

To evaluate the validation of the empirical approach to SRM
shear strength, the predicted values of SRM samples in data-
base were compared with the corresponding laboratory test
results. According to the results of uniaxial compression tests
and large-scale direct shear tests, the value of UCS,, is
816.24 kPa and the friction angle of the rock block is 28.7°.
The parameter “A” could be obtained as 0.49. Equation 1 was
proposed based on several bimrock uniaxial compression
tests, and there are differences in soil matrix between bimrock
and SRM. According to concepts and definitions of SRM and
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which focused on the fitting degree of the RBP ranging from
30 to 90%, a relation of y = 0.98x was determined with the
correlation coefficient of R* = 0.75. Figure 15 indicates that
most of the predicted values were larger by about 50—100 kPa
than the measured values. The error in the estimation of the
shear strength of SRM demonstrated a few restrictions in the
prediction under high normal stress. It should be noted that the
predicted shear strength in this paper was calculated only ac-
cording to RBP and part of mechanical properties of compo-
nents. However, the real mechanical behaviors of SRM are
complex and influenced by many other factors, such as the
spatial distribution of rock blocks and the size of samples.

W This study
® Xiluodu reservoir test data (Hu et al., 2015; Hu, 2014)
A Bimrock test data (Lindquist, 1994)
W Soil and rock mixture test data (Wangand Li, 2015)
<0 soil and rock aggregate test data (Wang et al., 2015)
P Bimtest in-situ test data (Coli etal., 2011)
@ Model test data (Altinsoy, 2006)
) Model test data,100mm diameter (Afifipour and Moarefvand, 2014)
Rock and soil aggregatetest data (Feng et al., 2006)
9 Gravel deposits test data (Chang and Cheng, 2014)
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This study

Xiluodu reservoir test data (Hu et al. 2015; Hu 2014)

Xiazaimi S-RM slope in situ test data (Xu et al. 2011)

Large direct shear test data (Deng 2016)
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In situ large direct shear test data (Yang etal. 2010)
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Therefore, many factors should still be considered in the em-
pirical approach to improve the accuracy of the results and
represent the mechanical character of the SRM.

Consequently, the strength parameters and UCS values of
SRM predicted by the empirical formula are much higher than
the parameters in reality. The accuracy of the approach has
been validated by the test data in database, and the error in
estimation for strength parameters is acceptable as the refer-
ence in design stage of engineering projects.

Conclusions

Due to the difficulties in the preparation of standard core sam-
ples and high cost of large-scale mechanical tests, the possi-
bility of utilizing an empirical approach to predict the UCS
and shear strength of SRM was investigated. For this purpose,
more than 100 groups of SRM mechanical test results were
collected from well-documented literatures. After systematic
analysis of geological background and shear behaviors of
SRM, an empirical formula to predict SRM shear strength

within a certain range of RBP was proposed with nonlinear
regression of the available data. Furthermore, several groups
of uniaxial compression tests and direct shear tests were per-
formed with different RBP by using the SRM collected from
Yunnan. Then, the predicted values of SRM in database were
validated satisfactorily by the measured values, which proved
that the approach could determine the SRM strength in a more
practical and convenient way.

The previous studies show that the variation in the RBP
would result in the transition of material structures. The spatial
distribution of rock blocks change from floating in the matrix
to rock-skeleton as the RBP increases. The strength character-
istics of SRM are closely related with RBP, and the dominant
component of SRM which provides the primary shear resis-
tance for SRM would change with various RBP. This study
focuses on the variations of shear strength with the RBP range
0f 30-90%, and the shear strength is assumed to be provided
by rock blocks and soil matrix both in the selected range.

An empirical formula was proposed from this study to es-
timate the shear strength of natural SRM based on the exper-
imental results in database. In order to describe the mechanical
characteristics of SRM, the influence of RBP, mechanical
properties of components, and soil-rock contact faces were
considered in defining input parameters of the formula. The
accuracy of the suggested relation was evaluated using the
uniaxial compression tests and direct shear test results, with
R? values of 0.96 and 0.75, respectively, which showed the
availability of empirical approach could be proved in estimat-
ing the SRM shear strength with different RBP values.

There are still improvements and simplifications to be
made to the SRM empirical approach in predicting shear
strength. It is necessary to study the nonlinear trend of shear
strength as a function of factors other than the RBP, such as
particle size, sample density, and rock orientation. Moreover,
future studies should focus on the interactions between the
rocks and soils and the uncertainties to better understand the
impact of the rock block content on the strength behaviors of
SRM.
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