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Abstract
The impact of different joint inclinations on the earth pressure was extensively carried out in this study, using Universal Distinct Element Code (UDEC) which is
based on discrete element method. Numerical parametric investigations, which considered varying joint inclinations and rock types, were conducted after the
numerical method had been veri ed through a physical model test. The joint angles considered ranged from 0º to 90º in the interval of 5º and the rock types
are hard, slightly and moderately weathered rocks. The results of the analyses were subjected to statistical analysis using analysis of variance (ANOVA) at 5%
level of signi cance, and compared with empirical earth pressure envelope for sand ground. The comparisons showed that earth pressures in rock ground are
substantially varied from those in sand ground. The result of ANOVA revealed that joint inclinations have statistically signi cant effect on magnitude of the
earth pressure, and practitioners should consider this factor while designing retaining structure in rock masses.

Introduction
Several researches have investigated the earth pressure induced on the retaining structures through experimental, analytical and numerical studies (Terzaghi,
1934; 1936; Peck, 1969; Tschebotarioff, 1973; Lambe and Whitman, 1978; Potts and Foure, 1986; Wong et al., 1997; Haashash and Whittle, 2002; Worden and
Achmus, 2013). Most of these studies mainly focused on soil grounds. The apparent empirical earth pressure envelopes proposed by Peck (1969) and
Tschebotarioff (1973) are frequently used in practice for the design of the retaining structures installed in sand and clay soils (Fig. 1). Also, some works have
assessed earth pressures induced on the retention walls in ground with multiple layers of soils and rocks (Lee and Jeon, 1993; Hong and Yoon, 1995; Jeong
and Kim, 1997; Yoo, 2001; Gan et al., 2017; Zeng et al., 2018; Jeon and Lee, 2018; Fu et al., 2019). But these assessments only compared the earth pressures
measured in multi-layered soils with the earth pressure proposed by Peck while the in uence of varying properties of joint (inclinations, orientations, spacing,
shear conditions, cohesive strengths, number of joint sets etc) were not considered. Since the previous researches (Peck, 1969; Tschebotarioff, 1973; Wong et
al., 1997; Haashash and Whittle, 2002; Worden and Achmus, 2013) are mostly hinged on earth pressure assessments from soil grounds, it is not clear if the
results of these researches can be used for rock strata. Accordingly, it is hard to nd researches that have investigated earth pressures on the excavation walls
installed rock ground with systematic joints. In the same way, Lee (2001 and 2004) suggested that the systematic study of the earth pressure magnitude and
distribution on the retaining structures installed in rock masses are urgently required to investigate the impact of joint characteristics on earth pressure.
Rock has frequent joints, which characteristics varied signi cantly according to formation and weather conditions (Lee, 2001; Son and Adedokun, 2014a & b).
Because joint characteristics affect to a greater extent the overall behaviour of the rock mass, it is important to consider its effects when assessing earth
pressure on the retaining structures in rock masses. However, some researches had recently assessed earth pressures on the excavation walls in rock masses
with systematic joints (Son, 2013; Son and Park, 2014; Son and Adedokun, 2015; 2016; 2017) and reported that earth pressures are larger for rock ground
compared to soil ground when rocks and joints are under poor conditions like joint sliding and weathered rock conditions. In contrast, earth pressures are
smaller than the ones in soil ground when the rock strata are under good and fair conditions.
Therefore, this study presents an extensive study to the previous one (Son and Adedokun, 2015) on the effect of joint inclinations on earth pressures in rock
masses, and its ndings are expected to provide a better understanding of the impact of joint inclinations and rock types on earth pressure against the
retaining structures installed in rock masses.

Numerical Studies
The numerical method used in this study has been veri ed with the numerical test of physical model test presented in the previous study by Son and Park
(2014), which is also presented in Figure 2. This numerical method was conducted to extensively investigate the impact of joint inclinations (0-90º) under
different rock types on earth pressure against the excavation wall installed in rock mass. The angles of joint were measured from the horizontal plane in the
counter clockwise direction, and the spacing of the joints assumed to be 1 m (with one joint set). Table 1 presents the wall and rock characteristics used in the
analyses. The characteristics of the rocks were determined using some data published by Bienniawski (1976), Hoek and Brown (1988), and Goodman (1989).
The Rock Mass Rating (RMR) for hard rock with good joint conditions and 1 m joint spacing was calculated in line with Bieniawski’s (1989) method. The
elastic modulus of the rock mass Em was then determined from the equation Em = 2RMR-100 proposed by Bienniawski (1976). This value was used to
compute the joint normal and shear stiffness for the numerical studies as shown in equations 1 and 2, respectively.

Where kn = joint normal stiffness, ks = joint shear stiffness, Em is the rock mass elastic modulus, Gm represents the shear modulus of the rock mass, Er is the
elastic modulus of the intact rock, Gr is the shear modulus of the intact rock and s represents the joint spacing.
The rock mass elastic moduli for slightly and moderately weathered rocks were determined by reducing the rock mass elastic modulus for hard rock by factor
of 10 and 100 respectively. The joint normal and shear stiffness of this rock were then computed using the same procedures discussed above. Son and Yoon
(2011) gave the detailed explanations for the assessment of these properties. The strut axial stiffness used for the numerical test was estimated using
equation 3.
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Where, Ksup = strut axial stiffness, A = cross sectional area of a strut (300 x 300 x 10 x 15mm H-section), E = elastic modulus of strut, L = half of the strut
length, Space = strut horizontal spacing, = the installation angle of strut (zero in horizontal installation).
Table 1. The properties of the wall, rocks, joints and interfaces used in the analyses
Rock and Joint
Rock type

Wall

Rock

EI

Er

(Mpa.m4)

(MPa)

Hard
Slightly
weathered

23.20

Moderately
weathered

Rock-Wall interface

Joint
n

γt

Joint

c, st

f

fr

kn

ks

c, st

d

kn

ks

(MN/m3)

condition

(MPa)

(°)

(°)

(MPa/m)

(MPa/m)

(MPa)

(°)

(MPa/m)

(MPa/m

1.0x105

0.2

2.7x10-2

Good

0

50

35

2.33x105

0.96x105

0

33

2.33x105

0.96x1

1.0x104

0.22

2.6x10-2

Fair

0

40

32

2.33x104

0.96x104

0

27

2.33x104

0.96x1

1.0x103

0.25

2.5x10-2

Poor

0

35

31.5

2.33x103

0.96x103

0

23

2.33x103

0.96x1

EI = Wall bending stiffness, Er = Intact rock elastic modulus, n = Poisson’s ratio, γt = Unit weight of intact rock, c = Joint or interface cohesion, st = Joint or
interface tensile strength, f= Joint friction angle, fr= Joint residual friction angle, d = Interface friction angle, kn = Joint or interface normal stiffness, ks = Joint
or interface shear stiffness
To evaluate the properties of rock masses controlled by joints, the study employed a two dimensional Universal Distinct Element Code, UDEC (2004) that can
allow for substantial displacements to be generated between the rock blocks. UDEC is a numerical modelling code used by geotechnical, civil and mining
engineers in analysis, testing and design of engineering structures and materials. This code was developed to accommodate all kinds of geotechnical
engineering projects where analyses of jointed or blocky systems are required, and can also be used for the advanced soil and rock analyses (Itasca, 2014). In
this numerical simulation, the wall, struts and rocks were modelled as distinct elastic units due to the simplicity of the elastic model. The interfaces and joints
between rock blocks and walls were simulated using Coulomb slip model, in which the contact loses strength and sliding occurs when the contact shear stress
exceeds the contact shear strength.
To re ect a typical deep excavation size and wall height, the study used 68.8 m x 31.5 m as the model dimension while a 20.5 m deep soldier pile and timber
lagging wall, which is the excavation wall, was used as shown in Figure 3. The width of excavation was taken to be 20 m. Strut supported systems were
adopted in line Peck’s earth pressure that was used in comparison with the results of this study. To re ect typical excavation procedures in the eld, eight
excavation steps (Figure 4) were performed to obtain magnitude of earth pressure. Prior to conducting rst stage of excavation, the rst equilibrium level was
achieved using the at-rest pressure coe cient and the boundary condition was roller for both the vertical and horizontal boundaries. After ensuring the rst
equilibrium condition, the displacements were reset to zero. The exaction wall was then installed to a depth of 20.5 m. The rst excavation was carried out to a
depth 1.0 m and this was followed by the rst strut installation at 0.5 m above the excavation line. There was additional excavation every 3 m after the rst
excavation in line with general excavation procedure, and this was followed by the installation of strut at every 3 m interval. Wall stabilization was secured
after each excavation step and the nal excavation was carried out up to 19.0 m as shown in Figure 5.
Albeit the shape of general excavation wall has little in uence on wall movement and earth pressure in the eld if the wall bending stiffness is equivalent,
numerical tests can have an ample impact on the results due to a stress concentration in modelling. However, it is hard to completely model the structural
form of a typical wall using numerical study. As a way of addressing this issue, the wall used was transformed into a simple section that represent the
equivalent wall bending stiffness (Figure 5 and Equation 4).

Where Ep = elastic modulus of the soldier pile, Ew = elastic modulus of the timber lagging, Et = elastic modulus of the transformed section, Ip = second moment
of area for the soldier pile, Iw = moment of inertia of the timber lagging, It = moment of inertia for the transformed section, Np = number of soldier pile per unit
metre and Nw = unity.

Impact Of Joint Inclinations
The impact of joint inclinations on earth pressure magnitude and distribution in rock mass was investigated. To comprehensively study the in uence of joint
inclinations, the joint angles considered, ranged from 0º to 90º in the interval of 5º and the results of the investigation are discussed below.
Figures 6 and 7 compare the apparent and total earth pressures for hard rock with different joint inclination angles, respectively. For joint inclinations between
0 and 40º which induced no joint sliding, the induced earth pressures were quite small and much lesser than the Peck’s empirical earth pressure for sand
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ground. The pressure increased slightly with increase of joint angles and the ratio of the total earth pressure values, which is the ratio of apparent earth
pressure to Peck’s earth pressure, increased from 0.01 to 0.07. However, for joint angles around 60º, the apparent earth pressure increased and had the
maximum value as a result of joint sliding that occurred when shear stress at the joints exceeded its strength. In this case, the apparent earth pressure values
were higher than Peck’s earth pressure at the upper part, though the earth pressure values reduced down the depth as result of increased con ned pressure
down the excavation. The ratio of the total earth pressure values, where joint sliding occurred (joint angles around 60º), ranged between 0.59 and 0.72. After
the maximum value, the apparent earth pressures decreased with joint inclination angle. For higher joint inclinations, the ratio of the total earth pressures
between the apparent earth pressures induced from the numerical tests compared to Peck’s earth pressure varied from 0.27 to 0.47. The apparent earth
pressures for joint inclinations between 85 and 90º were very small and similar to those of 0 - 40º. These results clearly showed that joint inclination angles
have signi cant effect on earth pressures most especially when rocks are in the state of joint sliding. The induced earth pressures became higher with
increase of joint angles, reached highest value around joint inclination angle of 60º (i.e between 55 and 60º), and it then became lowered with further increase
of joint inclination angle.
Figures 8 and 9 compare the apparent and total earth pressures for slightly weathered rock with different joint inclination angles, respectively. The apparent
earth pressures for the joint inclination angles, where no sliding was induced at the joint, were slightly higher than those of hard rock for the same joint angles
but lower than the Peck’s empirical earth pressure. The total earth pressure ratio for the numerical tests increased slightly from 0.11 to 0.56 for joint inclination
angles. For joint angles around 60º, the induced apparent earth pressure increased with increase in joint inclination angle with the maximum value occurring
between the joint inclination angles of 55º and 60º. The earth pressures were fairly higher than those of hard rock with the same joint angles. Similar to hard
rock, the apparent earth pressures were higher than Peck’s earth pressure at the upper part, but decreased down the depth due to increase in con ne pressure
with depth. The total earth pressure ratios for these joint inclination angles ranged between 0.72 and 0.84. For higher joint inclination angles, the total earth
pressure ratio between the apparent earth pressures induced from the numerical tests and Peck’s earth pressure ranged from 0.27 to 0.47. The apparent earth
pressures for joint inclination angles between 85 and 90º were very small and similar to those of joint angles between 0 and 35º.
Figures 10 and 11 compare the apparent and total earth pressures for moderately weathered rock due to different joint inclination angles, respectively. The
induced earth pressures increased with increase of joint angles form 0 to around 60º and the apparent earth pressure then decreased beyond this angle. The
ratio of the total earth pressures for these joint angles varied from 0.58 to 0.94. The earth pressure values were substantially higher when compared to those
of hard and slightly weathered rocks regardless of joint angles because of higher block deformation tendency in moderately weathered rock. These clearly
indicated that earth pressure increased considerably as the rock deteriorated more, whereas the in uence of joint inclinations decreased. This is evident from
the results of the statistical analysis shown in Table 2 with an increase in p-value or a decrease in Fcal (calculated variance ratio) as the rock conditions
became worsen. In order words, the impact of joint angles and joint sliding is more evident and statistically signi cant in hard rock than slightly and
moderately weathered rock types.
Table 2: One way ANOVA showing the impact of joint inclination on earth pressure magnitude

Rock type

Source of Variation

Degree of freedom

Fcal

P-value

F crit

Remark

Hard

Joint inclination angle

1

48.06626

4.02E-08

4.113165

SS

Slightly weathered

1

47.78044

4.28E-08

4.113165

SS

Moderately weathered

1

46.9998

5.08E-08

4.113165

SS

Fcal = calculated variance ratio, Fcrit = stipulated ratio of variance, P-value = probability value,
SS = Statistically Signi cantly

Conclusions
The impact of different joint angles on earth pressure magnitude and distribution on the excavation wall installed in rock masses was investigated. Results
clearly showed that joint angles and rock types have signi cant effect on the magnitude of earth pressure in rock masses.
The earth pressure increased with increasing joint inclinations and became highest around joint inclination angle of 60º as a result joint sliding that occurred
when the shear stress at the joints exceeded its strength.
As a result of higher tendency of block deformation in moderately weathered rock, the induced apparent earth pressures were substantially higher when
compared with those of hard and slightly weathered rocks, but the impact of joint angles and joint sliding is more evident and statistically signi cant in hard
rock than slightly and moderately weathered rock types.
The comparisons of the earth pressure in sand and rock ground showed that earth pressures in rock ground are substantially varied from those in sand
ground. They are substantially higher in rock ground when the rock conditions are very poor but much lower than that of sand when rock is under good and
fair conditions. Therefore, effects of rock and joint conditions and characteristics are very important when designing retaining structure for rock masses.
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