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There are many well-developed weathered diorite-porphyrites, except main rocks, in
the Jurong pumped storage power station of Jiangsu Province, China. Due to different
geological environments, diorite-porphyrites emerged by invading faults and can alter
from weakly weathered to strongly weathered in less than half a year, which directly
affected the safety and stability of hydraulic structures. Therefore, it is important to study
the mechanical properties of diorite-porphyrites with different degrees of weathering.
The main purpose of this paper is to investigate the effects of the different degrees of
weathering on the shear behavior and the mechanical properties of diorite-porphyrites.
Experimental and numerical direct shear tests were performed under normal stresses
of 0.54, 0.77, 1.53, and 2.30 MPa on strongly weathered, moderately weathered, and
weakly weathered samples, respectively. The test results show that with the increase
of the degree of weathering, the chemical composition changed; the cohesion and the
internal friction angle both decreased. Crack initiation, propagation, and coalescence
were all observed with the numerical simulations using two-dimensional particle flow
code (PFC2D). The numerical results are in good agreement with the experimental
results, and this numerical approach can reproduce the shear behavior of the weathered
diorite-porphyrites under different shear conditions. Based on the gradient of the pre-
peak stage, the peak stress, and the residual stress, the shear stress–displacement
curves can be categorized into three types: type A (mostly for the strongly weathered
diorite-porphyrite), type B (mostly for the moderately weathered diorite-porphyrite), and
type C (mostly for the weakly weathered diorite-porphyrite). A set of microparameters
that can properly simulate the weathered diorite-porphyrites in PFC2D was proposed,
which can be applied in the engineering simulation for further analysis.

Keywords: diorite-porphyrite, degree of weathering, direct shear tests, strength properties, numerical simulation

INTRODUCTION

Weathering is widespread in nature. Generally, there are two basic categories of weathering.
Mechanical weathering is accomplished by the physical forces that break rocks into smaller and
smaller pieces without changing the rock’s mineral composition. Chemical weathering involves
the chemical transformation of rock into one or more new compounds. Both types of weathering
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reduce the strength of rocks (Carroll, 2012). The mechanical and
chemical weathering processes usually work simultaneously in
nature and reinforce each other. Mechanical weathering which
is caused by expansion, resulting from unloading or excavation
and salt crystal growth, is the focus in the field of geotechnical
engineering. The mechanical weathering forces work to pry
apart grains and enlarge fractures. The most important factor of
chemical weathering is water. Oxygen dissolved in water oxidizes
iron-rich minerals, and carbon dioxide dissolved in water forms
carbonic acid, which attacks and alters the rock. Cracks that
are exploited by mechanical weathering will increase the surface
area exposed to chemical action, thus amplifying the rate of
disintegration. Chemical weathering contributes to mechanical
weathering by weakening the outer portions of some rocks,
which, in turn, makes them more susceptible to being broken by
the mechanical weathering processes (Lutgens et al., 2014).

However, different rocks are composed of different minerals
and different structures, which lead to the different weathering
rates of rocks. The weathering front does not propagate in a
uniform way. It preferably follows the joints and other weak
zones (Colman, 1981; Lin et al., 2019b). Hence, there are many
weak intercalations caused by weathering in the rock mass (Bons
et al., 2012). The weak intercalation is the main weak surface
which controls rock stability and strongly influences the stability
of the rock masses in geotechnical engineering projects such as an
underground excavation. The mechanical response of the weak
intercalation to weathering becomes a hot topic for geotechnical
engineers (Fei et al., 2010; Zelin et al., 2016; Zhang et al., 2018;
Zhao et al., 2018a). To obtain the deformation and shear strength
of a weathering rock, researchers have attempted to develop
some new apparatus and methods (Sun et al., 2004; Duan et al.,
2017; Vlastelica et al., 2017; Chen and Lin, 2019). Treatments
like freezing–thawing cycles, drying–wetting cycles, and cooling–
heating cycles were applied on various rocks, including granite,
marl, and mudstone, to simulate the weathering process (Özbek,
1998; Miščević and Vlastelica, 2010; Li et al., 2011; Zeng
et al., 2018). These laboratory experiments showed that the
compressive strength, the shear strength, and the tensile strength
generally decrease after the weathering treatments, mainly owing
to the generation of intergranular microcracks at the interfaces
between the different minerals.

Currently, the combination of physical tests and numerical
simulations has become an efficient method to carry out research
in the area of rock mechanics (Sun et al., 2014; Fan et al., 2018;
Wang et al., 2019a). The two-dimensional commercial discrete
element method (DEM) program particle flow code (PFC2D) was
first introduced by Cundall and Strack (1979) and has become
an important numerical analysis tool to simulate the mechanical
behavior of a granular material (Potyondy and Cundall, 2004; Lin
et al., 2019a; Wang et al., 2019b). In the process of numerical
simulation, the rock materials are represented by 2D dense
packing assembly of rigid circular particles. The particles are
bonded at their contact points. There are two basic bonding
models: a contact-bond model, which can only resist the force,
and a parallel-bond model, which can resist both the force
and the moment. The contact force and the moment between
two particles are computed based on their overlap and relative

moments. When the component of the contact force exceeds
either the tensile strength or the shear bond strength, the bond
breaks and damage occurs. Optimized methods of building a
microscaled model and calibration of microscopic parameters
have been raised to overcome the disadvantages of the particle
flow method (Yoon, 2007; Shi et al., 2019). Therefore, PFC can
be used to monitor the number and the location of microcracks
in the numerical samples; the form and the coalescence of
microcracks can also be presented. Hu et al. (2017) used PFC to
simulate the failure behavior of mudded weak interlayer during
the direct shear tests. The strain-softening characteristics of the
weak interlayers were found, and the shear strength indexes
were predicted, which can provide help for judging the slope
stability. Zhao et al. (2018b) investigated the thermal effect on the
granites using experimental Brazilian tensile tests and numerical
simulations, and they found that heat advection is an important
factor in weakening the strength of granite.

As a permanent deformation zone, the weak intercalation
formed by weathering has poor support capability (Zhao et al.,
2014; Le et al., 2018). Therefore, the weak interlayer is a poor
rock mass system with variable thickness and weak mechanical
properties, which plays a controlling role in the stability of the
dam foundation against sliding and seepage. The instability of the
lots of the dam foundation and the arch dam abutment are caused
by the weak interlayer (Espada et al., 2018). For example, in
Gezhouba Dam Hydropower Station, shear dislocation occurred
in the foundation pit wall rock due to the weak interlayer (Naiqi
and Wei, 1991), and the instability risk in the Xiluodu arch dam
abutment was also improved by the soft interlayer (Liu et al.,
2013). Moreover, one of the factors which lead to the stability of
the large, deep underground caverns is the weak interlayer caused
by weathering. Because of the low shear strength of tuff breccia,
the weak interlayer makes it difficult to excavate the underground
caverns safely in the Baihetan Hydropower Station (Dai et al.,
2016). In the thermo-hydro-chemical environment, the weak
interlayer can seriously damage the shape of the Yunying salt
cavern (Meng et al., 2016).

In previous researches, little attention has been paid to
the mechanical properties of naturally weathering rocks,
and the weak intercalation of diorite-porphyrites has not
been considered. In the field of Jurong pumped storage
power station, a large number of diorite-porphyrite dikes
are filled in with dolomite. The degree of weathering of
the diorite-porphyrites that are exposed in the exploratory
tunnels altered a lot during the excavation of the tunnel,
changing from being weakly weathered to being strongly
weathered in less than half a year. The stability of the
reservoir slope and the water delivery tunnel is seriously
affected by this weathered diorite-porphyrite weak interlayer.
Therefore, in this paper, direct shear tests were conducted
on the weathering diorite-porphyrites collected from Jurong
pumped storage power station. The main aim of this study
is to investigate the weathering effect on the shear behavior
and the mechanical properties of diorite-porphyrites with
similar mineralogical compositions but with different
degrees of weathering. Laboratory tests to determine the
shear strength parameters of the weathering rocks were

Frontiers in Earth Science | www.frontiersin.org 2 January 2020 | Volume 7 | Article 352

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-07-00352 January 22, 2020 Time: 17:45 # 3

Fan et al. Diorite-Porphyrites With Different Weathered Degrees

performed on the diorite-porphyrites samples collected from
the field. By numerical direct shear tests using PFC2D, a set
of parameters that can correctly simulate the weathering
diorite-porphyrites was proposed. The experimental results
can help to evaluate the stability of the underground caverns
and the dam foundations in Jurong pumped storage power
station. Moreover, the microparameters can be used as a
reference for the study of the weathering diorite-porphyrite in
PFC2D in the future.

ROCK SPECIMENS AND TESTING
PROCEDURE

Material and Sample Preparation
The sampling locality is in the region surrounding the upper
reservoir of Jurong pumped storage power station, which is
located in the Jiangsu Province, Southeastern China (Figure 1).
At the micrometer scale, the diorite-porphyrite samples are
mainly constituted of quartz, feldspar, calcite, dolomite, chlorite,
mica, and pyrite. The diorite-porphyrite specimens used for the
direct shear tests were cylinder-shaped, with a height of 50 mm
and a diameter of 50 mm. As shown in Figure 2, cylindrical
samples of 50 mm in diameter (Figure 2B) were first cored from
an original rock block (Figure 2A), and then the cylindrical
samples were cut to a final height of 50 mm and polished at both
ends for the laboratory tests (Figures 2C,D). Due to the difficulty
in obtaining a large number of good-quality samples from a single

rock block, a total of 45 samples were produced from the diorite-
porphyrite blocks, respectively. The samples were stored in dry
air at room temperature before the mechanical tests.

Weathering Classification of the Samples
Figure 3 shows the process of evaluating the degree of weathering
of the diorite-porphyrite samples. The degree of weathering of
the samples was categorized according to the Chinese standard
method for investigation of geotechnical engineering (GB 50021-
2001) (Ministry of Housing and Urban-Rural Development,
2009). As shown in Figure 3A, the chemical analyses were
firstly performed on six diorite-porphyrite blocks collected
from the exploratory tunnels, named PD2, PD4, and PD5.
The chemical compositions of the six intact diorite-porphyrite
blocks were analyzed and are presented in Figure 3B. The
average distribution of the chemical composition in the diorite-
porphyrite samples is SiO2 – 49 ± 15% of the rock, Al2O3 –
14 ± 2% of the rock, and Fe2O3, CaO, MgO – 7 ± 4% of the rock;
the ancillary minerals constituting of K2O, Na2O, and SO3 were
less than 4%. According to their content of Na2O, the samples
were divided into two groups: the unaltered group and the altered
group. The unaltered diorite-porphyrite group contains Na2O,
while the altered diorite-porphyrite group does not. For the six
blocks, samples PD2-45 and PD2-75 are the unaltered specimens,
and they were directly classified as weakly weathered samples.
On the contrary, samples PD2-84, PD2-347, PD4-55, and PD5-
70 are the altered specimens, which should be further categorized
according to the integrity of the rock mass.

FIGURE 1 | (a) Geological location of Jurong pumped storage power station. (b) Weathered diorite-porphyrite on the ground. (c) Weathered diorite-porphyrite in the
exploratory tunnel PD2. (d) Weathered diorite-porphyrite in the exploratory tunnel PD4.
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FIGURE 2 | The process of preparing the test samples. (a) Original rock samples. (b) Drilling rock samples. (c) Grinding rock samples. (d) Final rock samples.

FIGURE 3 | Evaluation of the degree of weathering. (A) Process for determining the degree of weathering. (B) Chemical composition of the content of samples.

Structure evaluation was then carried out on the
altered diorite-porphyrite group. In accordance with the
recommendations of the Chinese standard method and the
rock mass structure characteristic in the field, the rock sample
collected from broken rock mass with abundant weathering
fissures was identified as a strongly weathered sample, and
the rock sample collected from the rock mass with a small
number of weathering fissures was identified as a moderately
weathered sample.

Test Procedure
In order to obtain a reference value of normal stress for the direct
shear tests, nine samples of different degrees of weathering were
randomly selected from the total of 45 samples for the uniaxial
compression test. The obtained results are given in Figure 4.
Figure 4 shows that the average uniaxial compressive strength
of the nine samples is 7.65 MPa (SW – strongly weathered,
σc < 5 MPa; MW – moderately weathered, 5 MPa < σc < 10 MPa;
and WW – weakly weathered, σc > 10 MPa). Furthermore, 7,

10, 20, and 30% of the uniaxial compressive strength (0.54, 0.77,
1.53, and 2.30 MPa) were chosen as the normal stress in the
direct shear tests.

A servo-control testing system (YZ-30B) was employed for
the direct shear tests. At the beginning of the shear tests, the
normal load is firstly applied to a specific value mentioned above
to maintain a constant normal force. Then, the shear load with a
horizontal loading rate of 0.2–0.4 kN/s is applied to the diorite-
porphyrite samples during the direct shear tests. The shear load
is finished when the shear displacement reaches 4 mm, and the
shear stress–displacement curve is recorded for further analysis.

EXPERIMENTAL RESULTS

Shear Stress–Displacement Curves
Figure 5 shows the typical shear stress–displacement
curves of diorite-porphyrite specimens with different
degrees of weathering. It can be seen from Figure 5 that
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FIGURE 4 | Uniaxial compressive strength of the tested rock samples.

the shear strength corresponding to the normal stress
is also larger for the samples with a milder degree of
weathering, which indicates that the weakly weathered diorite-
porphyrite is more brittle than the moderately weathered

TABLE 1 | Shear strength of diorite-porphyrite samples with different
degrees of weathering.

Weathered
degree

Sample
no.

Shear strength

σ = 0.54
MPa

σ = 0.77
MPa

σ = 1.53
MPa

σ = 2.30
MPa

Strongly weathered
(SW)

SW1 0.44 0.73 1.29 1.59

SW2 0.54 0.56 0.76 0.95

SW3 0.64 1.01 2.35 2.09

Average 0.54 0.77 1.47 1.54

Moderately
weathered (MW)

MW1 2.29 3.16 4.55 5.00

MW2 1.64 2.37 2.07 3.21

MW3 2.08 2.77 3.58 5.12

Average 2.00 2.77 3.40 4.44

Weakly weathered
(WW)

WW1 3.08 3.73 4.81 5.34

WW2 3.50 3.63 5.11 5.89

WW3 2.99 3.13 4.94 5.68

Average 3.19 3.50 4.95 5.64

and the strongly weathered samples. This observation was
predictable because of the low alteration of the mineral
composition. Indeed, of the 36 samples, the strongly
weathered samples had the lowest shear strength under

FIGURE 5 | Shear stress–displacement curves of weathered diorite-porphyrite specimens under direct shear tests.
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the normal stress of 0.54 MPa. The average shear strength
decreased with the magnitude of the degree of weathering,
which indicated that weathering can affect the shear strength
of diorite-porphyrite.

Macro-Mechanical Parameters
Table 1 shows the shear strength of the direct shear tests on the
diorite-porphyrite samples with different degrees of weathering.
From Table 1, it can be seen that, under the normal stress
of 0.54, 0.77, 1.53, and 2.30 MPa, the respective average shear
strength values of the strongly weathered diorite-porphyrite
samples are 0.54, 0.77, 1.47, and 1.54 MPa, the respective
average shear strength values of the moderately weathered
diorite-porphyrite samples are 2.00, 2.77, 3.40, and 4.44 MPa,
and the average shear strength values of the weakly weathered
diorite-porphyrite samples are 3.19, 3.50, 4.95, and 5.64 MPa,

respectively. Generally, the shear strength increases with the
normal stress. This phenomenon was observed for most samples,
except for samples SW3 and MW2. The exceptional cases were
related to the tiny discontinuities in the weathered diorite-
porphyrite samples.

According to the Mohr–Coulomb criterion, the variations of
cohesion and internal friction angle with the degree of weathering
are shown in Table 2 and Figure 6. Both the cohesion and
the internal friction angle of the three types of the diorite-
porphyrite samples exhibit a monotonous increasing trend with
the decreasing degree of weathering. The specimens with strong,
moderate, and weak degrees of weathering had average cohesion
values of 0.32, 1.52, and 2.47 MPa, respectively. It is also observed
from Figure 6 that the diorite-porphyrite samples with these
three degrees of weathering had average internal friction angles
of 29.30◦, 49.75◦, and 55.06◦, respectively.

TABLE 2 | Shear strength parameter of weathered diorite–porphyrite samples according to the Mohr–Coulomb criterion.

Sample no. Intercept Slope R2 Shear strength parameter

Value Standard deviation Value Standard deviation c (MPa) ϕ (◦)

SW1 0.18779 0.13171 0.64180 0.09027 0.96194 0.19 32.69

SW2 0.39327 0.01880 0.24064 0.01293 0.99426 0.39 13.53

SW3 0.37898 0.54612 0.88990 0.37430 0.73865 0.38 41.67

Average 0.32001 – 0.59078 – 0.89828 0.32 29.30

MW1 1.82886 0.47904 1.49505 0.32832 0.91203 1.83 56.22

MW2 1.43269 0.47407 0.69246 0.32491 0.69429 1.43 34.70

MW3 1.30396 0.24379 1.62143 0.16709 0.97920 1.31 58.34

Average 1.52184 – 1.26965 – 0.86184 1.52 49.75

WW1 2.63720 0.30616 1.24732 0.20984 0.94643 2.64 51.28

WW2 2.68060 0.22248 1.44117 0.15248 0.97810 2.68 55.24

WW3 2.07573 0.33255 1.64146 0.22792 0.96287 2.08 58.65

Average 2.46451 – 1.44332 – 0.96247 2.47 55.06

BA

FIGURE 6 | Shear strength parameters of samples according to the Mohr–Coulomb criterion. (A) Direct shear test results and Mohr–Coulomb fits. (B) Cohesion and
internal friction angle of the samples.

Frontiers in Earth Science | www.frontiersin.org 6 January 2020 | Volume 7 | Article 352

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-07-00352 January 22, 2020 Time: 17:45 # 7

Fan et al. Diorite-Porphyrites With Different Weathered Degrees

NUMERICAL MODELING AND
SIMULATED RESULTS

Numerical Model and Micro-Parameters
The cohesion and the internal friction angle of weathering
diorite-porphyrite have been obtained using specimens by
experimental tests, and numerical simulation should be
conducted to illustrate the distribution of the contact force
and the initiation, propagation, and coalescence of microcracks
for further analysis. Considering the calculation efficiency, a
two-dimensional commercial DEM program particle flow code
(PFC2D) was used in this section. In the numerical simulation,
the size of the sample is 5 cm × 5 cm. Taking into account the
computing time, 7,555 fine-grained particles with a minimum
radius of 0.25 mm and a maximum radius of 0.4 mm were
generated to simulate the rock sample.

The determination of the microparameters in the numerical
simulation software is of great importance, which is related to
the accuracy of engineering analysis in the future. Corresponding
to the indoor laboratory tests in section “Rock Specimens and
Testing Procedure”, three types of numerical diorite-porphyrite
models were considered in this numerical study: (1) NSW for
the strongly weathered diorite-porphyrite, (2) NMW for the
moderately weathered diorite-porphyrite, and (3) NWW for the
weakly weathered diorite-porphyrite. Mechanical weathering can
reduce the modulus and the density of the rock, so different
effective modulus and density were adopted to simulate the
effects of physical weathering. Chemical weathering can reduce
the bond strength on the mineral surfaces (Grgic et al., 2013),
and thus different parallel bond parameters, especially the tensile
strength and the cohesion, were adopted to simulate the chemical
weathering of the diorite-porphyrite samples.

Uniaxial compression tests were firstly performed to calibrate
the microscopic parameters on the numerical specimens. The
calibration process of microscopic parameters was performed by
a trial-and-error method. In the laboratory tests, the uniaxial
compressive strength of the strongly weathered, the moderately
weathered, and the weakly weathered samples is 4.08, 7.17, and
11.70 MPa, respectively. In the numerical tests, the uniaxial
compressive strength of the strongly weathered, the moderately

TABLE 3 | Microscopic parameters of three types of numerical
diorite-porphyrite samples.

Microscopic parameters NSW NMW NWW

Effective modulus, emod (GPa) 0.09 0.1 0.2

Ratio of normal to shear stiffness of the particle,
kratio

1.0 1.0 1.0

Particle friction coefficient, fric 1.0 1.0 1.0

Bond effective modulus, pb_emod (GPa) 0.09 0.1 0.2

Ratio of normal to shear stiffness of the parallel
bond, pb_kratio

1.0 1.0 1.0

Tensile strength, pb_ten (MPa) 4.5 6.0 7.0

Cohesion, pb_coh (MPa) 1.5 3.0 5.0

Friction angle, pb_fa (◦) 60 60 60

Density (kg/m3) 2,500 2,600 2,700

weathered, and the weakly weathered samples is 4.14, 7.39, and
12.10 MPa, respectively. Note that the errors of the uniaxial
compressive strength between the numerical models and the
experimental specimens are less than 4% (1.47% for the strongly
weathered model, 3.07% for the moderately weathered model,
and 3.42% for the weakly weathered model), so the calibration
achievements can be adopted for the numerical direct shear tests.

FIGURE 7 | Failure stages of models with different degrees of weathering.
(A) Strongly weathered model. (B) Moderately weathered model. (C) Weakly
weathered model.
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The microscopic parameters of the three types of numerical
diorite-porphyrite models are listed in Table 3.

Direct shear tests were performed on the numerical models
under the normal stress of 0.54, 0.77, 1.53, and 2.30 MPa,
respectively. To ensure that the specimens remain in a quasi-
static equilibrium state, a horizontal velocity of 0.02 m/s was
applied on the upper shear box, and the lower shear box
was kept stationary. Bond breakage and shear stress were
monitored by the history command in PFC until the shear
displacement reaches 4 mm.

Analysis of the Crack Evolution Process
Figure 7 shows the morphology, the contact force chain, and
the fractures of the numerical models with different degrees
of weathering. The initiation, propagation, and coalescence of
microcracks can be observed from Figure 7. In the figure of
contact force chain, the blue color stands for the compressive
force, while the red color stands for the tensile force. In the figure
of fractures, the red points stand for the shear crack, while the
blue points stand for the tensile crack. It can be seen that the
number of microcracks decreases as the degree of weathering
decreases, which indicates that the shear strength increases with
the decrease of the degree of weathering.

It is observed that the microcracks are initiated at around two
edges of the shear boxes. The contact force chain shows that the
concentration of stress occurs at the edge of the two shear boxes.
The tensile cracks obviously increase with the increase of the
degree of weathering. Moreover, the increased rate of the tensile
crack numbers after the peak strength is obviously higher than
that of shear crack numbers. At the final state, i.e., the shear
displacement reaches the maximum at 4 mm, for the strongly
weathered specimens, the cracks run through the upper and
the lower edges of the specimen, reflecting the looseness of the
rock samples. Furthermore, comparing the crack in the weakly
weathered samples to that in the moderately weathered samples,
the length becomes small and the number becomes reduced,
reflecting the integrality of the weakly weathered rock samples.

Numerically Simulated Shear
Stress–Displacement Curves
Figure 8 shows the shear stress–displacement curves of the
diorite-porphyrite models with different degrees of weathering. It
can be seen that the shear strength of the specimen with a specific
degree of weathering generally increased with an increase in the
normal stress. The shear stress curves show similar trends, with
an increase up to the peak followed by a decrease to the residual

FIGURE 8 | Shear stress–displacement curves of numerical models under direct shear tests.
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TABLE 4 | Shear strength parameters of the numerical diorite-porphyrite model.

Sample Shear strength (MPa) Shear strength R2

no. parameters

σ = 0.54
MPa

σ = 0.77
MPa

σ = 1.53
MPa

σ = 2.30
MPa

c
(MPa)

ϕ (◦)

NSW 0.58 0.77 1.34 1.86 0.21 35.70 0.9993

NMW 1.97 2.35 2.95 4.32 1.62 39.71 0.9819

NWW 2.76 3.30 4.32 5.00 2.25 50.99 0.9694

stress. For the strongly weathered specimens, the shear stress–
displacement curve shows a relatively flat trend under a low
normal stress. Moreover, with the increase of the normal stress,
the difference between the residual shear strength and the peak
shear strength increases gradually. For both of the moderately
weathered and the slightly weathered specimens, there are typical
peak points in the shear stress–displacement curves under the
different normal stresses. After the specimens were destroyed, the
shear stress declined quickly to the residual stress. Moreover, it
can also be observed in Figure 8 that the shear displacements at
the peak strengths of the slightly weathered specimens are greater
than those of the moderately weathered specimens.

From Figure 8, it can be seen that the shear strength of
the strongly weathered models is much lower than that of
the moderately weathered and the weakly weathered models
regardless of the normal stress. The shape of the shear stress–
displacement curve of the moderately weathered model is similar
to that of the weakly weathered model under the different
normal stresses. With the decrease of the degree of weathering,
the shear displacement at the peak stress decreases, indicating
that the stiffness of the specimen increases. After the shear
failure, the residual strength changes stably in the same interval
with the increase of the shear displacement, regardless of the
degree of weathering.

Numerically Simulated
Macro-Mechanical Parameters
Table 4 is a list of the shear strengths obtained by the numerical
experiments in this research. From Table 4, it is clear that the
shear strength of the diorite-porphyrites specimens with different
degrees of weathering shows a similar increasing trend with the
increase of the normal stress. With the decrease of the degree of
weathering, the shear strength increased from 0.58, 0.77, 1.34,
and 1.86 MPa to 2.76, 3.30, 4.32, and 5.00 MPa when the normal
stresses are 0.54, 0.77, 1.53, and 2.30 MPa, respectively. The shear
strength parameters with the different weathering numerical
models are also shown in Table 4. The cohesion and the internal
friction angle of the numerical strongly weathered models, the
moderately weathered models, and the weakly weathered models
are 0.21 MPa and 35.70◦ (R2 value of 0.9993), 1.62 MPa and
39.71◦ (R2 value of 0.9819), and 2.25 MPa and 50.99◦ (R2 value
of 0.9694), respectively. The coefficients of determinations are all
above 0.96, which show the linear relationship between the shear
strength and the normal stress.

Figure 9A shows the relationship of the shear strength with
the normal stress in the models of the different degrees of
weathering. Figure 9B shows the cohesion and the internal
friction angle of the models of the different degrees of weathering.
It can be seen from Figure 9 that with the decrease of the
degree of weathering, the shear strength of the specimen increases
gradually, and the difference between the different grades is also
approximately equal. The cohesion and the internal friction angle
of the models of the different degrees of weathering increase
obviously with the decrease of the degree of weathering. From
the perspective of growth rate, the increase rate of the cohesion
is bigger than that of the internal friction angle from the strongly
weathered model to the moderately weathered model, while in
the moderately weathered stage to the weakly weathered stage,
the growth rate of the cohesion is smaller than that of the
internal friction angle.

FIGURE 9 | Shear strength parameters of numerical models according to the Mohr–Coulomb criterion. (A) Direct shear test results and Mohr–Coulomb fits.
(B) Cohesion and internal friction angle.
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DISCUSSION

Figure 10 compares the status of the models of the different
degrees of weathering after experiencing the shear process at the

different normal stresses between the experiment and the PFC
simulation. From Figure 10, it can be observed that the fracture
patterns simulated by PFC2D are in good agreement with the
results of the experiment.

FIGURE 10 | Crack morphology of the different weathered samples after experiencing shear process at different normal stresses. (A) Strongly weathered samples.
(B) Moderately weathered samples. (C) Weakly weathered samples.

Frontiers in Earth Science | www.frontiersin.org 10 January 2020 | Volume 7 | Article 352

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-07-00352 January 22, 2020 Time: 17:45 # 11

Fan et al. Diorite-Porphyrites With Different Weathered Degrees

A major failure surface and a secondary failure surface can
be observed in each model. With the decrease of the degree
of weathering, the failure surfaces become obvious gradually.
Meanwhile, with the increase of the normal stress, the secondary
failure surfaces become obvious. Under the same normal force,
the length of the fracture becomes shorter when the degree of
weathering weakens, which indicates the integrity of the rock
sample. Due to the calcite fracture surface in the natural rock
mass, there are some tiny shear failure surfaces in the natural
models, which reduce the shear strength of the natural diorite-
porphyrite models.

Based on Figure 10, we can conclude that the agreement
between the experiment and the numerical simulations is
impressive. It reflects the failure behavior of the weathered
diorite-porphyrite sample in the direct shear test appropriately.
To better understand the mechanical properties of the weathered
diorite-porphyrite samples, typical types of shear stress–
displacement curves were summarized from all of the 72
shear stress–displacement curves in the experimental and the
numerical tests, which are shown in Figure 11.

Figure 11A shows the process of determining the typical
curves of the shear stress versus the shear displacement for the

experimental tests and the numerical simulations. For the shear
stress–displacement curve, there are three basic features. The first
feature is the gradient of the pre-peak stage, which represents
the modulus of the material. The second feature is the peak
stress, which represents the shear strength of the rock. The third
feature is the steepness of the descending portion of the curve,
which is a measure of the brittleness. Based on the three features,
the shear stress–displacement curves of the diorite-porphyrite
samples with different degrees of weathering, under various
normal stresses, can be divided into three types:

(1) Type A – As shown in Figure 11B, there is no obvious peak
value in this type of curve. The significant curve of this type
is observed from the strongly weathered samples when the
normal stress is relatively low (as shown in Figures 5, 8).
When the normal stress is 0.54 MPa, the whole curve is
relatively smoother; the residual shear strength is similar
to the peak shear strength.

(2) Type B – As shown in Figure 11B, there is a peak in this
type of curve, but not as conspicuous as the one in type C.
This type of curve can be defined as an inconspicuous peak
curve due to the step curve after reaching the peak stress.

FIGURE 11 | Classification of the shear stress–displacement curves. (A) Process for determining the type of curve. (B) Three types of the shear stress–displacement
curve.
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The difference between the residual strength and the peak
strength is bigger than type A but less than type C.

(3) Type C – This type of curve is a common one of the
shear stress–displacement curve, which can be observed
in the three types of weathering samples, especially in the
weakly weathered and the moderately weathered samples.
As shown in Figure 11B, a significant peak is observed in
this type of curve as a consequence of shearing off; the shear
stress reduced rapidly to the residual strength.

For the strongly weathered diorite-porphyrite samples, the
shear stress–displacement curves are mostly of type A. When the
normal stress is small, the shape of type A is typical. As the normal
stress increases, the curve changes to type B. That is to say, when
the strongly weathered sample is under a big normal stress, the
decrease of the shear stress becomes bigger in the post-peak stage.

For the moderately weathered diorite-porphyrite samples,
the shear stress–displacement curves are mostly of type B. The
difference between the peak strength and the residual strength
of the moderately weathered samples is larger than that of the
strongly weathered samples, whether the normal stress is high
or low. After the shear failure of the specimen, the shear stress
decreases significantly, and the rate of decline is very large,
especially in the case of the high normal stress.

For the weakly weathered diorite-porphyrite samples, most of
the shear stress–displacement curves belong to type C. In the
initial stage, the rock sample is in the elastic stage; with the
increase in the shear displacement, the shear stress increases,
and the increase rate gradually grows. The shear stress decreases
obviously as the shear displacement increases in the post-peak
stage. In the residual strength stage, the shear stress remains
stable at a lower level.

CONCLUSION

The aim of the present study was to provide an analysis of
the mechanical properties of the diorite-porphyrite samples with
different degrees of weathering under the direct shear test.
For that purpose, comparisons of mechanical properties and
failure modes between the specimens with different degrees of
weathering are made. The following conclusions were drawn
from the experimental and the numerical results:

(1) At the micrometer scale, the diorite-porphyrite samples
gathered from Jurong pumped storage power station are
mainly constituted of quartz, feldspar, calcite, dolomite,
chlorite, mica, and pyrite. Weathering has changed the
chemical composition of the diorite-porphyrite samples.
The unaltered diorite-porphyrite contains Na2O, while the
altered diorite-porphyrite does not.

(2) The shear stress–displacement curve of the strongly
weathered, the moderately weathered, and the weakly
weathered samples can be summarized into three types:
exponential curve (type A), non-obvious peak curve (type
B), and obvious peak curve (type C). Moreover, the post-
peak shear stress of type C falls faster to the residual stress
than the shear stress of type B.

(3) With the same degree of weathering, the shear stress
increases as the normal stress increases from 0.54 to
2.30 MPa. Moreover, there is a significant fluctuation
in the shear stress–displacement curve when the normal
stress is relatively high. For the strongly weathered diorite-
porphyrite, the type of shear stress–displacement curve
is the exponential curve (type A). The shear stress–
displacement curve for the moderately weathered diorite-
porphyrite can be divided into the non-obvious peak
curve (type B) and the obvious peak curve (type C).
Moreover, the obvious peak curve (type C) could effectively
fit the shear stress–displacement curve of the weakly
weathered diorite-porphyrite.

(4) Based on the experimental tests, the DEM model of the
diorite-porphyrite specimen is established by the particle
flow code 2D (PFC2D) to obtain a set of microparameters
which can effectively simulate the weathering diorite-
porphyrite. The simulation results show a good agreement
with the experimental results. As the degree of weathering
weakened, the cohesion and the internal friction angle
became larger. Affected by rock mass heterogeneity, the
fluctuation of the test results is more significant than
the numerical results for the same samples under the
same normal stress.

This experiment has yielded some conclusions on the
mechanical response of diorite-porphyrite with different degrees
of weathering, and a set of microparameters which can simulate
the mechanical property of weathering diorite-porphyrite
in PFC2D has been obtained; it would be useful when
simulating the weathering diorite-porphyrite for engineering
analysis in the future.
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