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Abstract Soil–rock mixture (SRM) is a unique type of geomaterial characterized by a heterogeneous composition and a

complicated structure. It is intractable for the continuum-based soil and rock mechanics theories to accurately characterize

and predict the SRM’s mechanical properties. This study reports a novel numerical method incorporating microfocus

computed tomography and PFC3D codes to probe the deformation and failure processes of SRM. The three-dimensional

(3D) PFC models that represent the SRM’s complex structures were built. By simulating the entire failure process in

PFC3D, the SRM’s strength, elastic modulus and crack growth were obtained. The influence of rock ratios on the SRM’s

strength, deformation and failure processes, as well as its internal mesoscale mechanism, were analyzed. By comparing

simulation results with experimental data, it was verified that the 3D PFC models were in good agreement with SRM’s real

structure and the SRM’s compression process, deformation and failure patterns; its intrinsic mesomechanism can be

effectively analyzed based on such 3D PFC models.

Keywords Soil–rock mixture (SRM) � PFC3D model � Three-dimensional structure � Microfocus computed tomography

(lCT) � Failure mechanism � Crack growth

1 Introduction

Soil–rock mixture (SRM) is a unique type of heterogeneous

and discontinuous geomaterial that is composed of fine soil

and coarse rock gravels. Structurally, SRM is a

combination of a continuous microstructure between soil

particles and a discontinuous macrostructure between soil

particles and rock gravels, making the physical and

mechanical properties of SRM distinct from those of soil

and rock gravels (Zhong 1994; Yin 1998; Li et al. 2004;

Liao et al. 2006). This unique geomaterial has captured

attention in civil and infrastructure engineering applica-

tions, such as hydropower construction (Casagli et al.

2003), landslide monitoring (Li et al. 2007; Xu and Hu

2008), backfill engineering (Börgesson et al. 2003), and

transportation engineering (Zhao et al. 2006), among other

applications. Especially, geological hazards caused by

landslide and debris flow occurred frequently and resulted

in serious casualty and great economic losses (Heim 1882;

Shang et al. 2001; Xu et al. 2009). Thus, it is important to

well understand and accurately describe the strength,

deformation and failure behavior of SRM to ensure the

safety and stability of engineering applications.

To disclose the failure behavior and governing mecha-

nisms of SRM, pioneer investigations have been conducted
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in both theory and engineering practice. Regarding in situ

investigations, the deformation and failure properties of

SRM were analyzed by the horizontal push-shear in situ

tests, and the strength was reported to have a close relation

with the rock shape and soil cohesiveness (He 2004). The

concept of the average sliding surface, which is used to

calculate the strength parameters, and the concept of the

key diameter, which is important for determining the

cohesion value, were put forward (Xu et al. 2006). The

mechanical properties of SRM were found to be closely

related to the rock content, mainly predominated by the

staggered structure of the rock blocks (Xu et al. 2011). To

probe the deformation and failure properties of SRM under

cyclic loads, an in situ horizontal push-shear cycle test was

performed (Xu et al. 2008a). The shear-strength calculating

methods were proposed, and the liquefaction resistance and

permeability properties of SRM were studied (Lin et al.

2004; Chen et al. 2012).

Studies involving laboratory tests were mainly focused

on the impact of SRM components such as the composition

and distribution of particle size, rock content and moisture

condition on the macro-mechanical properties of SRM. For

instance, a direct shear test was performed on rock–soil

mixtures with different porosities, and the shear strength

was found to depend largely on the aggregation degree of

the rocks and soil (Vallejo and Mawby 2000). The rainfall-

induced SRM landslide was reproduced by utilizing the

self-developed laboratory experimental apparatus, and the

observed failure phenomena revealed that the landslide

failure mode depended greatly on the grain size and fine

particle content (Wang and Sassa 2003). The effect of

gravel content on SRM shear properties was also investi-

gated (Kuenza et al. 2004; Xu et al. 2008b; Ouyang et al.

2010). Considering the nonlinear properties of SRM, the

fractal theory was applied to study the strength properties

of SRM (Shu et al. 2009). The needle penetration resis-

tance, uniaxial compressive strength, tensile strength and

elasticity modulus of clay-bearing rocks with different

water contents were explored by laboratory tests, and a

method for estimating the clay-bearing rock strength and

deformability was proposed (Erguler and Ulusay 2009).

The effect of saturation on the elastic wave velocity of

clay–rock samples was studied, and the applicability of

classical models was verified (Ghorbani et al. 2009). On

the basis of high-resolution microfocus computed tomog-

raphy (lCT) techniques, the generation, evolution and

coalescence of internal fractures of SRM specimens with

four different rock contents were explored, and the internal

damage evolution mechanism and the influence of the rock

content on SRM mechanical properties were analyzed (Sun

et al. 2012, 2014a, b).

Different methods of numerical research, such as the

finite element method (FEM), the finite difference method

(DFM), and the discrete element method (DEM), were used

to analyze the deformation and failure properties of SRM.

For example, based on FEM, a mathematical model for the

rain infiltration in the rock–soil slop has been established

and solved (Liu et al. 2005). The large-scale direct shear

tests of inhomogeneous SRM were simulated through

FEM, and three types of failure models during the failure

process were proposed (Xu et al. 2007). Based on DFM,

the control function of the shape and distribution charac-

teristics of a rock block on SRM deformation failure was

explored by FLAC3D, and the relationship between elastic

modulus and rock content was presented (You 2002). The

thermo-hydromechanical behavior of Callovo–Oxfordian

claystone was investigated by FLAC3D through a three-

dimensional (3D) simulation of an in situ heating experi-

ment, and a set of basic parameters involved in thermo-

hydro-mechanical processes were discussed (Bian et al.

2012). Based on DEM, a stochastic PFC3D model of SRM

was established, and a numerical experiment was con-

ducted to verify the structural effect on the shear-push

deformation damage (He et al. 2009). The failure process

of SRM during a biaxial test was simulated using PFC3D

(Cheng et al. 2010). A complete integration of the 3D

fracture system, which linked the 3D fracture system into a

2D PFC model, was provided, and a 3D SRM model was

subsequently formed to analyze the stress–structure inter-

action on the stability of vertical excavations in hard rock

(Hadjigeorgiou et al. 2009). The relationship between

moisture content and the process of loosening deposit

forming in the mud-rock flow was revealed by PFC2D (Hu

et al. 2010).

It is noteworthy that the geometry and distribution of

rock gravels inside SRM are complex, and the most

essential attribute is that SRM’s composition and structure

are highly heterogeneous and discontinuous, which causes

not only the particularity of its deformation and failure

mechanism but also the significant difference between

analysis methods for SRM and those for conventional soil

mechanics or rock mechanics. Conventional continuum-

based theories of soil mechanics or rock mechanics are

difficultly applied to accurately describe the deformation

and failure behaviors of this special geomaterial whose

properties are between those of homogeneous soil and

those of rock fragments (Xu and Zhang 2013; Sun et al.

2014c). For those theories or analysis methods that were

not based on the essential attribute of SRM, it would

inevitably be difficult to provide scientific bases and

effective ways to evaluate the stability of the geomaterial.

Regarding SRM experimental research, restraints exist in

both in situ field tests and laboratory tests. For instance,

in situ field tests greatly rely on the experimental apparatus

and environmental conditions, for which the test durations

are limited. In most cases, field tests can only obtain the
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macro mechanical properties, making it difficult to reveal

the intrinsic meso-mechanism of the SRM deformation and

failure process. Laboratory tests focusing on SRM’s

internal structures have been performed using laser scan-

ning (Lanaro and Tolppanen 2002), digital photography

(Yue et al. 2003) and CT techniques (Sun et al. 2012; Sun

et al. 2014a). As a nondestructive technique, CT scanning

is more preferable for studying SRM’s complex structure.

However, CT image processing is a challenging, time-

consuming work, the quality of which has a large influence

on the subsequent analytical results. In addition, it is

expensive to obtain CT images of SRM’s entire deforma-

tion and failure process through advanced 3D CT mea-

surement techniques (Spanne et al. 1994; Coker et al.

1996).

Despite that numerical simulation has become a pow-

erful tool to study SRM’s deformation and failure proper-

ties, some challenges need to be tackled. Generally, most

of SRM’s numerical models cannot accurately represent

the real, complex 3D structure of SRM. The problems of

SRM’s discontinuous structures and crack propagation also

pose certain limitations to SRM numerical research (Sun

et al. 2014b). Recently, PFC3D (Itasca_Consulting_Group

1999a, c) has been used to model complicated problems in

solid mechanics and granular flow. Compared with other

simulation programs, PFC is markedly superior for mod-

eling rock size gradation and distribution, as well as the

interaction of rock blocks inside SRM (Zhou et al. 2000; Fu

et al. 2004; Luo et al. 2008; Fakhimi 2009; Ding et al.

2010, 2012). However, problems remain with respect to

building PFC models that can represent SRM’s real

structure. At present, the most SRM models based on PFC

are the stochastic structure models in which the rock blocks

are generated according to the particles’ self-organization

on the macroscopic statistical level (You and Tang 2002;

He 2004; Gan and Kamlah 2010; Liu et al. 2013). In some

models, the rock blocks are created based on the two-di-

mensional (2D) representation of real SRM structure (Xu

et al. 2007; Ding et al. 2010; Zhou et al. 2013). Few 3D

PFC models with real rock geometry of SRM are available.

However, in other research fields, PFC has also been uti-

lized to simulate 3D blocks with irregular geometry. Lu

et al. proposed a modeling method in which overlapping

balls were used to form clumps using a simple procedure

that controls the sphericity, angularity and surface texture

of the clump to model the real ballast particles (Lu and

McDowell 2007). Using a high-resolution scanner, You

et al. (2008) captured the 2D microstructure of the asphalt

concrete mixture, and a 3D model at a depth of 32 mm was

generated by using four 2D models, each of which was

duplicated 12 times, approximately 8 mm deep. To simu-

late the real asphalt mixtures of different aggregate gra-

dations, shapes and angularity distributions, Yu and Shen

established a DEM particle library with representative

particles that were generated by clumping tens of balls

together in PFC3D to match the scanning image obtained

from the tests (Yu and Shen 2012, 2013). Subsequently,

particles of different sizes could be selected from this

particle library to generate the specimen model. Although

great achievements have been made in modeling the real

3D materials containing blocks with irregular shapes, dif-

ferences still exist between the internal structure of the

generated model and the real sample, and it is difficult to

determine the corresponding prototype tests of the real

sample for comparison with simulations of these models.

Therefore, generating PFC3D models that can reflect

SRM’s real heterogeneity and irregular structure, as well as

conduct a numerical simulation of SRM’s deformation,

failure and crack propagation process based on such a real

3D model, remains a great challenge.

To solve the remaining problems in numerically char-

acterizing the mechanical properties and failure mecha-

nisms of SRM, we propose using a lCT technique to

acquire the real structural information of SRM samples and

constructing a 3D SRM model in PFC3D to represent

SRM’s real heterogeneity and irregular structure. By

applying PFC3D code to simulate the entire failure pro-

cesses of SRM cylinders under uniaxial compressive loads,

we attained and analyzed the mechanical properties,

including strength, elastic modulus, and deformability, and

the failure behaviors, such as 3D crack initiation, growth

and distribution, gravel movement, of SRM. The influences

of rock ratios (0%, 10%, 20%, 30% and 50%) on the

strength, deformation and failure modes, as well as its

internal meso-mechanism, of SRM were discussed. In

contrast to building a stochastic structural model, the pro-

posed approach enables conducting numerical simulation

and evaluation of SRM’s properties based on real 3D

structural models, which are undoubtedly closer to the

actual situation.

This paper is organized as follows: Sect. 2 outlines the

specimen preparation, CT scanning procedures and iden-

tification methods for acquiring structural information of

SRM. Section 3 presents the SRM modeling method in

PFC3D and the setup for numerical simulation of SRM’s

deformation and failure process under uniaxial compres-

sion tests. Section 4 discusses the simulation results from

different aspects, including failure modes, crack growth

and distribution, rock translation and rotation, and strength

and modulus. To verify the simulation, the numerical

results are compared with the CT experimental results.

Conclusions are presented in Sect. 5.
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2 Computed tomography identification
and acquisition

2.1 Specimen preparation

Thirty cylindrical specimens of 33 mm in diameter and

66 mm in height were prepared. Fifteen of the specimens

were tested to acquire the uniaxial compressive strengths,

elastic modulus and deformation characteristics, ten were

scanned to identify the internal fractures of SRM when

loaded, and the remaining five were prepared as standbys.

Five different rock ratios (i.e., 0%, 10%, 20%, 30%, and

50%) of SRM were tested. For every rock ratio, there were

three specimens for uniaxial compressive tests and two

specimens for CT tests. The rock ratio refers to the pro-

portion of gravel mass to overall mass of SRM. Table 1

lists the ingredients of SRM. The soil component consists

of 10% sand (0.5–1 mm) and 90% loess (\ 0.5 mm). The

rock component comprises small-size gravels (1–4 mm)

and large-size gravels (4–7 mm). The water content refers

to the ratio of water mass to soil mass, as shown in Table 1.

2.2 CT image processing and acquisition

of structural information

To acquire the failure characteristics of SRM when loaded,

we employed a CT machine to scan the entire structures of

fractured specimens that experienced various loads. During

the CT investigation, six loading stages of the uniaxial

compression (i.e., unload, 40% pre-peak, 70% pre- peak,

peak, 70% post-peak, and 40% post-peak) were applied

simultaneously with CT scanning using a self-designed

loading device, as shown in Fig. 1. At every loading stage,

1024 CT horizontal cross-section images of 550 9 550

pixels with a resolution of 72 lm per pixel were obtained.

Figure 2, as an example, displays one original CT image of

a 50% rock ratio specimen.

The quality of the original CT images is far from being

able to meet the requirements of precise image analysis and

data acquisition. To improve image quality, we applied the

special image processing measures as follows:

(1) Noise removal. There were several noises randomly

distributed in the original CT images and some slight

ring artifacts, which caused great difficulty in

recognizing detailed SRM information. Therefore,

a Gaussian filter was used to remove noises and ring

artifacts first.

(2) Multiple-threshold segmentation. Every component

of SRM, considered homogeneous, is supposed to

have the same gray value. Through multiple-thresh-

old segmentation, images were redrawn with three

colors (black, gray and white). The black portions

represent the fracture and outer space of the spec-

imen; the gray portions indicate soil, and the white

portions refer to rock gravels.

(3) Gray value compensation. Another problem was that

the gray value in the CT image was found to be

greater at the specimen edge. In other words, as the

distance between a certain pixel point and the image

center becomes larger, the gray value of that pixel

tends to be large. This phenomenon was verified by

the statistics obtained from the specimen at a rock

ratio of 0%, whose gray values were supposed to be

the same in the image but were not. To relieve this

negative impact, based on the statistics, we calcu-

lated the pixel-value difference that each pixel

requires to be compensated. A computer program

was developed to automatically determine compen-

sation for correcting gray-value of each point. The

images were improved through the gray-value

correction.

(4) Partial smoothing. A partial smoothing program was

applied to smooth the rock edge without affecting

detailed information on the fractures inside the SRM.

This program was accomplished by applying the

median filter to the image, which only includes the

rock information that was extracted from the mul-

tiple-threshold segmented image. Then, the

Fig. 1 The loading apparatus mounted on the CT objective stage

Table 1 SRM ingredients

Rock ratio (%) 0 10 20 30 50

Soil ratio (%) 100 90 80 70 50

Small-size rock ratio (%) 0 7 14 21 35

Large-size rock ratio (%) 0 3 6 9 15

Initial water content (%) 15 15 15 15 15

Final water content upon testing (%) 6 6 6 6 6
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smoothed rock image and multiple-threshold seg-

mented image were combined to obtain the result.

(5) Noisy-points elimination. Noisy points still existed

in a disorderly fashion in the image after applied

multi-threshold segmentation. To remove the noisy

points, we applied the following measures to the

preprocessed images. Define L as a length threshold.

By detecting each portion with the same gray value

in the image, the projected length (L1 and L2) in the

X and Y directions of the portion were obtained. If

both L1 and L2 were less than L, the color of that

portion was replaced by its surrounding color.

(6) Background extraction. Using multi- threshold seg-

mentation is not enough to separate all of the

specimen components clearly. When the fracture and

outer space of the specimen have almost the same

performance when scanned by the CT technique,

their gray values are close to each other, sometimes

even mixed, which are difficult to distinguish from

each other. Thus, a computer program of regional

morphological segmentations was developed to

identify and extract the fractures. As a result, the

black portions represent the fractures, and the outer

space was given the color of light gray.

Figure 3 illustrates the results of CT images processing

and acquisition, including noise removal, multiple-thresh-

old segmentation, gray value compensation, partial

Fig. 2 The original CT image

Fig. 3 Illustration of CT image processing, identification and acquisition (a–f represent the imaging results of noise removal, multiple-threshold

segmentation, gray value compensation, partial smoothing, noisy-particle elimination and background extraction, respectively)

130 Y. Ju et al.

123



smoothing, noisy- point elimination, and fracture

extraction.

3 PFC3D modeling and simulation

3.1 PFC3D modeling

The SRM model can be considered the combination of a

soil model and a rock model. The basic PFC3D modeling

procedure is as follows: First, we build a soil model with

balls randomly distributed; next, we select a certain group

of balls that belong to the rock according to the real rock

information; and finally, we combine this group of balls to

represent the rock gravels. We will subsequently take one

rock as an example to illustrate the specific modeling

methods in PFC3D, as follows:

Step 1: Generate walls in PFC3D to build a closed

cylindrical space, which has the same size as the actual

specimen. Then, generate randomly distributed balls inside

the space using the GENERATE command to create the

pure soil model. The ball radius in our model is set at

0.5 mm; consequently, the soil model has 37,925 balls in

total. This step is shown in Fig. 4.

Step 2: Input the processed CT images into the MIMICS

platform to reconstruct the CT model, which has the same

structure as the prototype specimen. Then, draw the vol-

ume mesh of a certain rock gravel to obtain the mesh nodes

information, as shown in Fig. 5. By conducting the sec-

ondary development with FISH programming, the rock

volume mesh is input into PFC3D.

Step 3: Using FISH programming, the centroid infor-

mation of every ball in the soil model is read, and the

distance between the ball centroid and the rock mesh node

is calculated. If this distance is sufficiently small so that the

centroid is close enough to the node, this ball will be

considered to belong to the rock. Using this method, a

group of balls belonging to a certain rock will be selected.

Step 4: Use the CLUMP command to combine that

group of balls to represent a certain rock gravel inside

SRM, as shown in Fig. 6.

The above steps demonstrate how to build the single

rock model. Using this method, we can draw the volume

mesh of all the rock inside SRM together and then build the

whole SRM model. Figure 7 shows the rock volume mesh

of SRM with a 30% rock ratio, and Fig. 8 displays the final

PFC3D model of SRM with a 30% rock ratio. In Fig. 8, the

white color represents soil particles, and the other colors

represent rock particles. In this SRM model, all the rock

gravels are generated in one step, according to the CT

reconstruction model. Each rock clump has its own unique

shape resembling the counterpart rocks in the real SRM

specimen. The biggest advantage is that simulation results

conducted with this model can be compared with the

experimental results produced by the corresponding spec-

imen. Furthermore, the generating procedure is very simple

because all the manipulating steps have been integrated

into one program.

To verify the effectiveness of SRM PFC3D models, the

cross section of the PFC3D model was cut out for
Fig. 4 Soil particle model

Fig. 5 Volume mesh information of a rock gravel

Fig. 6 Single rock model
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comparison with the CT image. Figure 9a illustrates one

cross-section of the PFC3D model. Figure 9b displays the

original CT image. In addition, Fig. 9c shows the com-

parison between the cross section of the PFC3D model and

the prototype CT image. It is shown that the PFC3D model

can reflect the real heterogeneity and irregular structure of

SRM.

Some investigations indicate that SRM can be consid-

ered a system that comprises soil, rock and a soil/rock

interface. The interface strength has a large influence on

SRM’s deformation and failure properties (Wang and Li

2014; Wang et al. 2014). Consequently, it would be rea-

sonable to consider the soil/rock interface in the model. In

PFC3D, there will be a ‘‘contact’’ between one ball and its

neighboring ball. If two balls contact each other, the

‘‘contact’’ will be active. Otherwise, the ‘‘contact’’ will be

inactive. By giving the ‘‘contact’’ a certain bond, the whole

model will perform as an entirety. Alternatively, the balls

in the model will perform discretely. Consequently, if a

different contact type can be separated, the soil/rock

interface will be modeled. Using FISH programming, the

active ‘‘contacts’’ between soil particle and rock particle or

between rock particle and rock particle were selected.

Figure 10 demonstrates the 2D soil/rock interface and

contacts, and Fig. 11 illustrates the 3D soil/rock interface

in which panel (a) is the 3D rock geometry and panel (b) is

the soil/rock interfaces and contacts surrounding the rock.

By giving different bond strengths for the different contact

types, the soil/rock interface will be modeled.

3.2 Calculation setup and parameters

The boundary condition was set according to the SRM

uniaxial compressive tests. The lateral walls were deleted

to eliminate lateral confinement. In addition, the bottom

Fig. 7 Volume meshes for rocks

Fig. 8 A complete PFC3D model of SRM with a 30% rock ratio. The

white color represents soil particles, and the other colors represent

rock particles

Fig. 9 Comparison between the selected cross section of the PFC3D model and the prototype CT image, a the cross section truncated from the

constructed PFC3D model, b the prototype CT image of the selected cross section, c comparing the rock gravels that are represented in PFC3D

model with the real ones that are shown in the CT image
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wall was fixed, while the top wall had a velocity to apply a

displacement load.

In PFC3D, it is considerably difficult to determine the

appropriate values of meso-level parameters of particles

because the values cannot be directly obtained by labora-

tory tests, field measurements or theoretical calculations.

Our solution is to numerically test the models by a trial and

to adjust the values of the meso-level parameters of parti-

cles until the test results are in accord with those of real

samples. In this study, the meso-level parameters of the

SRM model in PFC3D were tested and obtained according

to the method recommended by the Itasca Corporation

Consulting Group and other scholars to save adjusting time

(Itasca_Consulting_Group 1999b; Kulatilake et al. 2001;

Potyondy and Cundall 2004; Cho et al. 2007; Guo et al.

2013). Considering that the stiffness of rock gravels in our

test is much larger than that of soil, in the simulation, rock

particles are combined by the CLUMP command making

every rock model a rigid body that will not break apart. The

‘‘contact bond’’ mode is set to define the bond between two

balls contacting each other. The meso-level parameters of

the soil model applied in our simulation are shown in

Table 2. In the natural state, different conditions may yield

different interface types. Some interfaces have weak bonds

with low strength, while others have strong bonds with

high strength (Wang and Li 2014; Wang et al. 2014). In our

simulation, it is difficult to determine the interface strength

before specific investigation. Therefore, currently, we only

set the parameters of the soil/rock contact bond to be the

same as those of the soil/soil contact bond. Figure 12

illustrates the initial PFC3D models.

4 Simulation results and analyses

4.1 Failure processes and patterns

Figure 13 shows the failure patterns of SRM models with

different rock ratios, in which blue and green disks repre-

sent tensile and shear fractures or cracks. The SRM models

exhibit lateral expansion owing to the vertical displacement

loading. The cracks tend to develop longitudinally and

obliquely. Furthermore, in some models, shear zones form.

Comparing the SRM failure patterns in PFC3D with those

obtained through CT tests, as shown in Fig. 14, some

similarities were observed in the failure patterns, thereby

verifying the effectiveness of the simulation results.

4.2 Crack growth

In PFC3D, the bond between two particles will fail due to

its normal or shear strength being exceeded. Then, the

microcrack initiates, the geometry and location of which

are determined by the sizes and current locations of the two

parent particles from which the microcrack originated. This

means that once two particles break, a microcrack initiates.

However, due to the resolution limitation, CT scanning

cannot reveal these tiny cracks. Therefore, to maintain

Fig. 10 Illustration of 2D soil/rock interfaces and contacts

Fig. 11 Illustration of 3D soil/rock interfaces and contacts, a 3D rock

geometry, b soil/rock interfaces and contacts surrounding the rock

Table 2 Meso-level parameters of the soil model

Particle parameters Contact bond parameters

Particle density (kg/m3) 1776 Mean normal strength

(MPa)

0.41

Particle contact module

(GPa)

0.12 SD of the normal strength

(MPa)

0.06

Particle normal/shear

stiffness

3.5 Mean shear strength (MPa) 0.82

Particle friction

coefficient

0.6 SD of the shear strength

(MPa)

0.12
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Fig. 12 Initial PFC models (Light yellow and gray represent the soil particles and rock particles, respectively; a–e represent rock ratios of 0%,

10%, 20%, 30% and 50%, respectively)

Fig. 13 Failure patterns of the PFC3D models with various rock ratios (images a–e represent rock ratios of 0%, 10%, 20%, 30% and 50%,

respectively)

Fig. 14 Failure patterns of the prototype models acquired through CT scan (images a–e represent rock ratios of 0%, 10%, 20%, 30% and 50%,

respectively), in which dark blue color indicates the fractures or cracks when loaded
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consistency with our CT tests, tiny cracks in PFC3D were

eliminated by FISH programming. This means that if the

distance between two broken particles in the PFC model is

smaller than 72 lm (the resolution of our CT scanning), the

microcrack will not appear in the simulation results.

To investigate the properties of crack growth, six load-

ing stages were simulated, which are 40% pre-peak, 70%

pre-peak, peak, 70% post-peak, 40% post-peak, and 20%

post-peak, as shown in Fig. 15. According to the simula-

tion results, there were few cracks before the peak load was

reached; thus, we only selected certain simulation stages to

show. Figures 16 and 17 illustrate the 3D crack growth in

the PFC3D and CT scan tests, respectively. Moreover,

similarities were found between these two groups of ima-

ges. To further study the behavior of crack growth, a group

of vertical sections of SRM models were attained, as

illustrated in Fig. 18. By comparing cracks in different

loading stages, it was found that before the peak load was

reached, there were few cracks; however, once the peak

load was reached, a few cracks emerged. As the loading

continued, some big, scattered cracks occurred; then, some

portions of the cracks connected with each other, forming

the penetrating cracks. A comparison of cracks in SRM

models with different rock ratios revealed that when the

rock ratio was low (0% and 10%), the SRMs were mainly

controlled by soil. Obvious shear zones and large con-

nected cracks were inside the models. When the rock ratio

was high (20%, 30% and 50%), because of the rock

influence, the cracks mainly had a short length and were

concentrated in certain portions near the model edge. In

addition, there were no obvious shear zones.

4.3 Rock translation and rotation

The simulation results revealed that rock gravels inside the

SRM had translated and rotated during the loading process.

To clearly present and analyze the particle movement

inside SRM, a partial region of the vertical section of the

unloading 50% rock ratio SRM was enlarged, and different

colors were used to represent different rocks in that region,

as shown in Fig. 19. Figure 20 demonstrates the rock

movement within the region (panel) of concern during the

loading process. Panels (a)–(c) reveal that before the peak

load was reached, the rock gravels mostly moved down-

ward, indicating that the SRM was compressed and there

were few rotations and horizontal translations. From panel

Fig. 15 Illustration of the loading and simulation stages

cFig. 16 PFC3D simulation results of 3D crack growth in SRM

(Transparent light gray represents soil particles, and opaque dark gray

indicates rock particles; the blue and green disks represent tensile

cracks and shear cracks, respectively. The rows from a–e represent

five different rock ratios of 0%, 10%, 20%, 30% and 50%,

respectively. The images from left to right of each row show the

crack distribution and growth when the applied load reached the

levels of null, peak load, 70% post-peak load, 40% post-peak load and

20% post-peak load; in addition, the rock particles of the null load are

marked according to the CT images.)
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(d) to panel (f), when the peak load was reached, the rock

gravels exhibited obvious horizontal translation, as well as

some rotation, which indicated the lateral expansion of

SRM. Taking the green rock gravel as an example, during

the loading process, its position became closer to the bot-

tom and right side of the image, which meant that the green

rock gravel was translated vertically and horizontally.

From panel (d) to panel (f), a green particle became pro-

gressively larger, which indicated that the green rock

gravel was rotated or translated perpendicularly to the

image. Obvious rock rotation of the pink and red rock

gravels can be observed in panels (e) and (f).

4.4 Strength and elastic modulus

Table 3 compares the results of strength and elastic mod-

ulus of the numerical simulation with those of the CT tests.

It is shown that, unfortunately, a difference exists between

the numerical simulation results and the CT experiment

results. The causes for this inconsistency, from authors’

points of view, are possibly due to: (1) the loading pro-

cesses were not identical. The load was applied piecewise

in the CT tests but continuously in the simulation, and (2)

the strength of the soil/rock interface may not be consistent

with the real value. Setting the parameters of the soil/rock

interface to be identical to those of the soil/soil contact

bond could have some influence on the results. These

problems are expected to be solved in future studies.

5 Conclusions

This paper proposed a novel numerical method to construct

a three-dimensional SRM model in PFC3D representing

the real complex structure of SRM. A lCT technique was

used to acquire the real structural information and to

identify the entire deformation and failure processes of

SRM under uniaxial compressive loads. We developed an

image-processing program to improve CT images and to

extract the internal structure information of SRM speci-

mens. By conducting the secondary development with

FISH programming in the PFC3D platform, the real 3D

SRM structure models were built using the attained CT

information. Each rock clump in the model has its own

unique shape resembling the counterpart rocks in the real

SRM specimen. The comparison between the PFC3D

model and the prototype shows good consistency. The real

heterogeneity and irregular structure of SRM can be rep-

resented by the PFC model.

Fig. 17 CT images of 3D crack distribution and growth in SRM (Blue, dark gray and transparent light gray represent the crack, rock and soil,

respectively. Rows a and b show the crack distribution and growth when the applied load reached the levels of peak load and 40% post-peak

load)
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Fig. 18 Vertical sectional representations of 3D crack distribution and growth in PFC3D models of SRM (Light yellow and gray represent soil

particles and rock particles, respectively, while the short lines with the other dark color refer to cracks. Rows a–e represent five different rock

ratios of 0%, 10%, 20%, 30%, and 50%, respectively. The images from left to right of each row show the crack distribution and growth when the

applied load reached the levels of null, peak load, 70% post-peak load, 40% post-peak load and 20% post-peak load. The rock geometries at the

unload stage are marked according to the CT images)
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Based on the PFC models, the entire compression-in-

duced failure process was simulated in PFC3D. The results

revealed that the SRM failure patterns in the numerical

simulation and CT tests have much similarity. Based on the

simulation results, it can be concluded that the rock ratio is

an important factor that influences the SRM failure patterns

Fig. 19 Partial enlargement panel showing the positions of rock particles

Fig. 20 Illustration of rock translation and rotation (Panels a–f refer to 40% peak load, 70% peak load, peak load, 70% post-peak load, 40%

post-peak load, and 20% post-peak load, respectively)

Numerical analysis of the failure process of soil–rock mixtures through computed tomography… 139

123



and mechanisms. Furthermore, PFC3D shows great

advantages in simulating the translation and rotation of

particles or blocks.
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