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This paper presents a numerical procedure to explore how hydraulic conductivity anisotropy and
strength anisotropy affect the stability of stratified, poorly cemented rock slopes. The results provide
information about the anisotropic characteristics of the medium, including the orientation of bedding
planes, the anisotropic ratios of the hydraulic conductivity and the geological significance of the hydrau-

lic conductivity anisotropy on the pore water pressure (PWP) estimation of finite slopes. Neglecting the
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hydraulic conductivity anisotropy of a slope with horizontal layers leads to a 40% overestimation of the
safety factor. For a dip slope with inclined layers with 0 = 30°, including the strength anisotropy caused a
25% reduction of the safety factor compared to the cases which isotropic strength is assumed. This paper
highlights the importance of the hydraulic-conductivity anisotropy and the strength anisotropy on the
stability of stratified, poorly cemented rock slopes.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Poorly cemented conglomerate, sandstone, siltstone, mudstone
and shale are dominant formations distributed throughout the out-
er zone of the western foothills of Taiwan (hereafter outer foothill
zone; the western portion of Taiwan’s western foothills). Fig. 1
shows the location of the outer foothill zone. Gently warped Plio-
cene to Pleistocene sedimentary rocks crop out in these regions.
Yen et al. [1] reported several slope failures triggered by heavy
rainfall during the construction of a highway in northwestern
Taiwan, an area in which rainfall triggered landslide is quite com-
mon. Among others, a multiple retrogressive landslide of the outer
foothill zone near Hsin-Chu County in northwestern Taiwan is a
typical case. There were nine events of slope movement be re-
ported from 1935 to 1993 after heavy rainfall [2]. The failed slopes
were composed of stratified, poorly cemented sandstone, siltstone,
mudstone and shale with a dip angle of approximately 5°. A stream
passes through the toe of the active landslide area. Springs on the
surface of slopes indicate the presence of groundwater discharge.

Three features are critical for analyzing the groundwater flow
and the stability of a slope composed of stratified and poorly
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cemented rocks distributed in the northern portion of the outer
foothill zone: (1) poorly cemented rocks are nearly soil-like; (2)
joints are rarely observed in the field; and (3) stratified rocks are
heterogeneous and anisotropic. These features are discussed in de-
tail in the following section.

First, the uniaxial compressive strength of poorly cemented
rocks distributed in the northern portion of the outer foothill zone
is usually less than 5 MPa (as shown in Table 1 [3]). Usually, extre-
mely weak materials are difficult to be sampled and tested. The
representative strength of the soft rocks could be even lower than
the value listed in Table 1. These rocks can be categorized from
very weak to extremely weak [4]. Consequently, poorly cemented
rocks are nearly soil-like.

Second, although it has been found that the structural features of
the inner zone of Taiwan’s western foothills (hereafter inner foothill
zone; the eastern portion of Taiwan’s western foothills) involve
imbricate thrusting and asymmetric folding, contradistinctively,
faulting is less prevalent and folds are fairly broad and gentle in
the outer foothill zone [5]. Biq [6] suggested that the structural fea-
tures of the outer foothill zone were produced in response to the
impetus of allochthonous glide blocks that have come to rest on
the inner foothill zone. As a result, the spacing of joints in most of
the poorly cemented rocks is extremely wide (as shown in Fig. 2).
Because the poorly cemented rocks are soil-like, the stressed joints
in poorly cemented rocks would tend to be sealed. That is, the influ-
ence of joints on groundwater flow becomes less significant as the
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Table 1
Uniaxial compressive strength of poorly cemented rocks distributed in the northern
portion of the outer foothill zone [3].

Pleistocene Yangmei Toukoshan Tananwan
formation formation formation

Sandstone  3.40 MPa 3.10 MPa 0.39 MPa

Mudstone  2.80 MPa 2.60 MPa (Siltstone)

depth gradually increases. Combining features (1) and (2) discussed
above, the characteristics of groundwater flow in poorly cemented
rock slopes are quite different from those in hard-jointed rock slopes
where dominating types of groundwater flow are primarily conduit
and fissure flows. For poorly cemented rocks, Huang et al. [7]

showed that the in situ hydraulic conductivity from Lugeion tests
of sandstones in Hsin-Chu County was almost within the same order
as that derived from laboratory tests. Similar results were also
observed for Navajo sandstone [8]. Brace [9] concluded that frac-
tures might play a minor hydrologic role for certain argillaceous
rocks and sandstone. Consequently, it is reasonable to assume that
the groundwater flow in poorly cemented rock slopes is likely dom-
inated by intergranular flow. Hence, Darcy’s law is valid.

Third, poorly cemented rocks in the northern portion of the
outer foothill zone are stratified and therefore heterogeneous. Thin,
alternating beds of shale, siltstone and sandstone are common in
the northern portion of the outer foothill zone (as shown in
Fig. 3). Table 2 shows some typical laboratory values of the
measured hydraulic conductivities of Pliocene to Pleistocene
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=
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| Inner foothill zone
1l Quter foothill zone

% : location of failed slope

near Hsiu-Chu County

TROPIC OF CANCER

Fig. 1. Location of Taiwan's western foothills. The inner foothill zone and the outer foothill zone are the eastern portion and western portion of Taiwan's western foothills,
respectively. Poorly cemented conglomerate, sandstone, siltstone, mudstone and shale are the dominant formations distributed throughout the northern portion of the outer
foothill zone. Thick, massive mudstone crops out in the southern portion of the outer foothill zone.
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Fig. 2. Poorly cemented rocks in the northern portion of the outer foothill zone.
Massive sandstone crops out in an open cut near Hsin-Chu County, Taiwan. The
imperceptible joints and uniform weathering condition indicate the groundwater in
this region is likely dominated by intergranular flow.

Fig. 3. Poorly cemented, thin, alternating beds of shale and sandstone in the
northern portion of the outer foothill zone.

sedimentary rocks distributed in northwestern Taiwan under
steady flow conditions [10-12]. The hydraulic conductivity values
of silty-shale to shaly-siltstone samples range from 107° to
107! cm/s. In comparison, hydraulic conductivity values of sand-
stones are generally higher, ranging from 10~3 to 10~° cm/s.

To numerically analyze groundwater flow within a slope com-
posed of stratified cemented rock, a dense mesh is required to
determine the boundaries of each layer. However, this approach
may become intractable and time-consuming when the slope is
comprised of alternating beds with many extremely thin layers.
When the heterogeneous medium can be replaced by a homoge-
nous medium with anisotropy by introducing a set of overall
equivalent hydraulic conductivities, only a low-density mesh is re-
quired. Dong et al. [13] validated the notion of representing thin
alternating beds of stratified, poorly cemented rocks as an equiva-
lent anisotropic medium for groundwater flow analysis in finite
slopes. Fig. 4 shows the equipotentials, flow lines and phreatic sur-
faces for the heterogeneous and equivalent anisotropic slopes. The
stratified medium (in Fig. 4a) comprises several layers of two iso-
tropic materials that have the same thickness (t; = t; = 0.45 m). The

Table 2
Typical values of the hydraulic conductivity of poorly cemented rocks distributed in
the northern portion of the outer foothill zone [10-12].

Late Pleistocene to Sandstone

early Pliocene

Pan and Chen [10]
Chen et al. [11]
Dong et al. [12]

Shaly-siltstone to
silty-shale

1075-10"3 cm/s -
107°-10"° cm/s 1071°-10"7 cm/s
107°-10~*cm/s 10~"'-10"% cm/s

hydraulic conductivities of these two materials are k;= 107> cm/s
and k;=10"7cm/s, respectively. Theoretically, the equivalent
hydraulic conductivities (Ky),q,; and (ky )., in the principal direc-
tions of the stratified medium are directly derived [14] as follows:

1
(K )equi = [CE) (ki -t + ki - t] (1)
tr+t
(ky')equi = % . (2)

173
ki + ki

The hydraulic conductivities in principal directions of the
equivalently homogenous anisotropic medium (Fig. 4b) are
(Ke)oqui = 5.05 x 10 — 6 cm/s and(ky ),,; = 1.98 x 1077 cm/s.
Based on Fig. 4, it is evidence that for thin, alternating beds of strat-
ified, poorly cemented rock slope, ground water flow can be mod-
eled using equivalently homogeneous, anisotropic hydraulic
conductivity.

The effect of hydraulic conductivity anisotropy on the pore
water pressure (PWP) distribution in a layered slope has been
investigated [13]. Based on limited cases (three models with differ-
ent hydraulic conductivity anisotropy), Dong et al. [13] demon-
strated that the hydraulic conductivity anisotropy affects the
safety factor and the critical sliding surface. In addition to consid-
ering the effect of hydraulic conductivity anisotropy on the slope
stability [13,15], considering the influence of strength anisotropy
on the slope stability analysis is also essential [16,17]. The mobi-
lized shear strength along a failure surface would be expected to
vary with the orientation of the failure plane because of both initial
anisotropy and reorientation of the principal stress direction [18].
Schweiger et al. [19] proposed a multilaminate model to evaluate
the safety factor of a slope composed of clay with strength anisot-
ropy. With increasing strength anisotropy, the differences between
the results of isotropic and anisotropic analyses become signifi-
cant. Regarding the stability analysis of a slope composed of aniso-
tropic soil, Al-Karni and Al-Shamrani [18] concluded that further
research is required to better understand the coupled effects of
strength anisotropy and PWP on slope stability.

Recognizing the hydro-mechanical coupled effects are complex,
this study explores the uncoupled influence of hydraulic conduc-
tivity anisotropy and strength anisotropy on the slope stability of
a stratified, poorly cemented rock slope via numerical experiments
based on the work of Dong et al. [13]. First, the distribution of PWP
in modeled slopes with hydraulic conductivity anisotropy (differ-
ent anisotropic ratios of hydraulic conductivity and different dip
angles of stratification) is calculated based on two-dimensional
groundwater flow analysis [13]. Second, utilizing the limit equilib-
rium method, the safety factors and the failure planes of these fi-
nite slopes were calculated with isotropic strength parameters
(cohesion c and friction angle ¢). Finally, the anisotropic strength
parameters were incorporated into the stability analysis, and the
influence of hydraulic conductivity anisotropy and strength anisot-
ropy on the slope stability of stratified and poorly cemented rock
slopes was elucidated.
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(b) §

Fig. 4. The equipotentials, flow lines and phreatic surfaces for: (a) heterogeneous and (b) equivalent anisotropic slopes [13]. The dip angle of stratification 0 (counterclockwise
rotation from the global to local coordinates system x, y and X', y') is equal to 26.6°. Total head on equipotential lines C and H is 4 m and 9 m, respectively.

(1) Impervious boundaries
(2) Boundaries of the reservoirs
(3) Surface of seepage
(4) Free surface

£
1

Fig. 5. Geometrical and boundary conditions for the modeled finite slope.
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2. Research methods and numerical procedures
2.1. Creating the PWP contours

Two-dimensional, gravity-driven groundwater flow for an
anisotropic finite slope can be simulated by the following expres-
sion for a local (¥, y') coordinate system [20] (Fig. 4):

4 Ox2 Y aylz -

To create the PWP contours for analyzing the slope stability, an
identical numerical tool - FLAC - adopted by Dong et al. [13] is
used to calculate the PWP distributed in a 7-m-high finite slope
with a 60° inclination. The geometry and boundary conditions of
the modeled slope are shown in Fig. 5. The boundaries in the bot-
tom and left are impermeable. The water table beyond the toe
coincides with the ground surface indicating the modeled slope
near a stream. A hydrostatic PWP distribution is applied on the
right boundary of the proposed model and the total hydraulic head
of the right vertical boundary is 10 m. The top flat surface is a free
surface (no seepage occurs). The slope surface is a free surface or a
surface of seepage.

Two indexes reflect the characteristics of anisotropy, namely
the anisotropic ratios ky /k, and the dip angles of stratification 0
in the modeled slope. In the northern section of the Taiwan outer
foothill zone, the dip angle of the poorly cemented rocks is gener-
ally less than 30°. From Table 2, the differences of the hydraulic
conductivity values of silty-shale, shaly-siltstone and sandstone
samples can be up to eight orders of magnitude. Fig. 6 shows that
if the hydraulic conductivity ratio of the two alternating layers
ranges from 10 to 10,000 (with low to medium hydraulic conduc-
tivity anisotropy), the equivalent hydraulic conductivity ratio
((kx') equi/ (Ky')equi) 1s between 1 and 1000 with different thickness ra-
tio (t;/t;) based on Egs. (1) and (2). Accordingly, the modeled aniso-
tropic ratios of the hydraulic conductivity k, /k, are 10-1000. The

ke 0. 3)

input properties for groundwater flow in all simulated cases are as
follows: porosity = 0.3, density of water = 1000 kg/m> and bulk
modulus of water=10kPa. A low bulk modulus of water is
adopted to hasten the convergence of the calculation in these stea-
dy-state simulations.

Fig. 7 shows the calculated PWP distributed in the model slope
with different anisotropic ratios k, /k, and inclined angles of strat-
ification 0. The selected principal values of the hydraulic conduc-
tivity tensor are (1) k, =10°cm/s and k, =10°cm/s, (2)
ke =107 cm/s and k, =10"cm/s and k,=10"cm/s and
ky, =107% cm/s.

The related anisotropic ratios of the hydraulic conductivity
ky /k, are 10, 100 and 1000. The selected inclined angles 0 between
the maximum principal direction of the hydraulic conductivity
tensor x' and the x-axis are 0° and +30°. A positive sign for 0 de-
notes the simulated case of a dip slope where dip direction of
stratification is in the same dip direction as the slope. A negative
sign for 0 indicates the simulated case of an anaclinal slope in
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Fig. 6. The equivalent hydraulic conductivity ratio ((ky ) equi/ (Ky )eqi) under different
hydraulic conductivity ratio of the two alternating layers and different thickness
ratio (&/ty).
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Fig. 7. Simulation results for groundwater flow in the modeled slopes. The PWP contours with labels B and ] equal 10 kPa and 90 kPa, respectively.

which the dip direction of stratification is opposite to the dip direc-
tion of the slope. When 0 = 0°, the stratified layer is horizontal.
Based on the flow analysis results shown in Fig. 7, it can be digital-
ized into different pseudo layers with different PWPs. Accordingly,
the influence of the hydraulic conductivity anisotropy could be
considered in the slope stability analysis.

2.2. Slope stability analysis of stratified and poorly cemented rock
slopes with strength anisotropy

The strength of stratified sedimentary rocks is anisotropic [21].
McLamore and Gray [22] showed that the maximum differential
stress of Green River Shale is a function of the inclined angle between
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Fig. 8. The anisotropic strength parameters for different o. (a) Cohesion c (Eq. (6));
(b) friction angle ¢ (Eq. (7)).

the maximum principal stress and the bedding plane of the shale. If
the Mohr-Coulomb failure criterion were adopted, the derived
cohesion c and friction angle ¢ would be dependent on « (the angle
between the maximum principal stress and the stratification plane).

12

_______ <«—— Bedding
/

22

45°-9/2

Slice base line
% (Max. principal stress)

Fig. 9. Evaluating the angle o between the maximum principal stress and the
bedding plane.

McLamore [23] proposed empirical functions to model the o
dependent strength parameters as follows:

C=0C1 —Cy X [COS(Z X (OC — O(min,c))]n (4)

tan ¢ = tan ¢, + (tan ¢,) x [coS(2 x (& — Uminy))]", (5)

where ¢y, €2, ¢1, ¢2, mand nare material constants and otmin,c and min,
are the angle o« where the lowest value of the strength parameters ¢
and ¢ occurred. For example, 0tminc and otmin 4 are 30° for the Green Riv-
er Shale [22].

To consider the effect of strength anisotropy on the slope stabil-
ity analysis, the McLamore’s failure criterion [23] was used. The ¢
and ¢ of the poorly cemented sedimentary sandstones are as-
sumed as 30 kPa and 32° when the maximum principal stress is
parallel to the bedding plane, i.e., o = 0°. This In addition, the low-
est ¢ and ¢ are assumed to be 20 kPa and 16° when oyinc = o-
min,¢ = 30° and m = n = 3. Accordingly, we assumed the anisotropic
strength parameters to be defined as follows:

F8=1.99

3
{
§

16 20 24

(a) The result of the slope stability analysis for a slope composed of an isotropic

4% 3%

(b) The safety factor for the modeled isotropic slope is 2.0 by Dong et al., [13].

Fig. 10. Variation of numerical result with the slope stability analysis for a slope composed of an isotropic medium.
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¢ =31.429 — 11.429 x [cos(2 x (o — 30°))]%;
tan ¢ = 0.673 — 0.386 x [cos(2 x (o — 30°))]>.

(6)
)

Based on Egs. (6) and (7), the calculated c and ¢ for different « are
shown in Fig. 8. Notably, the lowest c and ¢ (o = 30°) represent the
strength parameters of the bedding planes. The highest ¢ and ¢
(=90°) represent an uniaxial compression strength [24] of
0.13 MPa. For the modeled slopes with strength isotropy,
¢ =30 kPa and ¢ = 32°. The curves shown in Fig. 8 are a typical type
for most of the stratified sedimentary rocks [25]. Ramamurthy [25]
proposed a ratio of strength anisotropy R, to evaluate the degree of
strength anisotropy. The ratio of strength anisotropy could be ex-
pressed as follows:

8)

where g9 is the uniaxial compression strength when the principal
stress perpendicular to the bedding plane and o min are the lowest
uniaxial compression strength of the rocks. For shale, the ratio of

Rc = O-C‘QO/O-C,minv

153

strength anisotropy was R.=1/4. The parameters in Eqs. (6) and
(7) we used represent a medium anisotropy with R, = 2.

In this numerical procedure the limit equilibrium analysis pro-
gram STABL5M [26] was adopted to analyze the slope stability.
STABL5M program allows the users to input different ¢ and ¢ in
different directions when the “anisotropic soils” is selected. In this
paper, we assumed that the maximum principal stress was
inclined at an angle of 45° — ¢/2 to the slice base lines (Fig. 9). Gi-
ven the stratification angle 6 and the angle from the horizontal
direction to the direction of slice base line § (counterclockwise),
the o between the stratification and the maximum principal stress
of a specific slice base line could be calculated as follows:

o= (45°7§)7(579)

An iteration process is required for the friction angle ¢ is depen-
dent on a. The lowest ¢ (=16°) is assumed first. For a model slope
with a given 0, the « of a slice base line with specific § could be

9
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< 4

(C) 12

20

24

Fig. 11. The results of the slope stability analysis for a slope composed of an anisotropic medium with horizontal stratification layers. The anisotropic ratios of the hydraulic
conductivity are 10, 100 and 1000 for (a) and (b), (c), respectively. The strength parameters are isotropic.
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Fig. 12. The results of the slope stability analysis for a slope composed of an anisotropic medium with horizontal stratification layers. The anisotropic ratios of the hydraulic
conductivity are 10, 100 and 1000 for (a) and (b), (c), respectively. The strength parameters are anisotropic.

determined using Eq. (9). Then a new ¢ can be determined using
Eq. (7) and adopted to derive the new o. The iteration process con-
verged quickly. Consequently, the c and ¢ of the anisotropic mate-
rials in different directions respective to the slice base line are
obtained based on Egs. (6) and (7). The different strength parame-
ters ¢ and ¢ are given counterclockwise from horizontal direction
to the slice base line in 20°. As mentioned above, the poorly
cemented rocks are soil-like. A circular failure mode was selected
for analyzing the stability of the model slopes. The Bishop method
was selected and the density of the medium was assumed to be
18.5 kN/m>.

3. Results of slope stability analysis

The numerical simulation results for anisotropic hydraulic
conductivity/strength are analyzed with different PWP contours
of the numerical models and strength parameters by the limit

equilibrium analysis program STABL5M. In this section, we com-
pare the numerical results with the published literature to verify
the proposed numerical procedures first. Then the results of slope
stability analyses are demonstrated and discussed.

3.1. Definition of the observed factor

In order to evaluate the influences of hydraulic conductivity
anisotropy and strength anisotropy on the slope stability of model
slopes, two ratios are defined as follows:

FSai

Rk = i (10)
FSaa

" FSai (1)

where FSii, FSai, and FSaa are the safety factors of the model slopes
with isotropic hydraulic conductivity/strength, anisotropic hydraulic
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12 16 20 24

Fig. 13. The results of the slope stability analysis for a dip slope (0 = 30°) composed of an anisotropic medium. The anisotropic ratios of the hydraulic conductivity are 10, 100

and 1000 for (a) and (b), (c), respectively. The strength parameters are isotropic.

conductivity and isotropic strength and anisotropic hydraulic con-
ductivity/strength, respectively. Accordingly, the ratios Rk and Rs
indicate the influence of hydraulic conductivity anisotropy and
strength anisotropy on the stability of the model slopes, respectively.

3.2. Verification of the numerical procedures

Fig. 10a shows the critical failure surface of a slope composed of
an isotropic medium. The ¢ and ¢ are 30 kPa and 32° («=0°),
respectively. The pseudo layers in Fig. 10a for inputting different
PWPs within the layers are digitalized from Fig. 7j. For example,
the PWP between lines B and C is 15 kPa. An extrapolated layer
with PWP value equals to 5 kPa is also provided. The calculated
safety factor FSii equals to 1.99. Notably, the layers are only used
for inputting different constant PWPs. The other parameters

(density, cohesion and friction angle) required in the analysis are
identical for each layer. The critical failure surface and safety factor
(FSii = 2.0) are almost identical to the simulation results using FLAC
and a shear strength reduction technique [13], as shown in
Fig. 10Db.

3.3. Results of an anisotropic medium with anisotropic hydraulic
conductivity

Figs. 11-16 show the results of slope stability analysis for the
slopes composed of an anisotropic medium with anisotropic
hydraulic conductivity. The slopes in Figs. 11-16 represent the
slopes composed of horizontal layers, dip slopes with 6 =30° and
anaclinal slopes with 0 = —30°, respectively. The anisotropic ratios
of the hydraulic conductivity are 10, 100 and 1000 for (a), (b) and
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(a) 12
F§=1.50

j— o

24

16

Fig. 14. The results of the slope stability analysis for a dip slope (0 = 30°) composed of an anisotropic medium. The anisotropic ratios of the hydraulic conductivity are 10, 100

and 1000 for (a) and (b), (c), respectively. The strength parameters are anisotropic.

(c), respectively. The strength parameters used in Figs. 11, 13 and
15 are isotropic, while the strength parameters used in Figs. 12,
14 and 16 are anisotropic (Egs. (6) and (7)). The calculated safety
factors (FSai and FSaa) of all models are listed in Tables 3 and 4.

4. Discussion

4.1. Influence of hydraulic conductivity anisotropy on the slope
stability of model slopes

Fig. 17 shows the influence of hydraulic conductivity anisotropy
on the safety factor of the model slopes. Among the modeled
slopes, the slope with horizontal layers (6 = 0°) has a lowest value
of the Rk (=0.71) when k, /k,, = 1000. This indicates that the safety
factor of a slope with horizontal layers could be underestimated if
the effect of the hydraulic conductivity anisotropy is neglected.

However, the influence of hydraulic conductivity is small when
the slopes with 0 = £30°.

In addition, the critical failure surfaces of the slopes could also
be affected by the hydraulic conductivity anisotropy. Two cases
of modeled slopes with 6 = 0°(ky/k, = 100,1000) and one case
of model slope with 0 = 30°(k, /k, = 1000) (Figs. 11b, c and 13c)
are significantly deeper than the ones with anaclinal slopes and
the slope with isotropic hydraulic conductivity. Notably, the lines
shown in Figs. 10-16 are digitization of the PWP distributions in
Fig 7. The induced error could be minimized if a software for slope
stability analysis with ground water flow simulation is used.

4.2. Influence of the strength anisotropy on stability of model slopes

Fig. 18 shows the influence of the strength anisotropy on the
safety factors (Rs) of the modeled slopes. As expected, the influence



J.-J. Dong et al./ Computers and Geotechnics 40 (2012) 147-159 157

(a) 12

Fig. 15. The results of the slope stability analysis for an anaclinal slope (6 = —30°) composed of an anisotropic medium. The anisotropic ratios of the hydraulic conductivity are
10, 100 and 1000 for (a) and (b), (c), respectively. The strength parameters are isotropic.

of strength anisotropy is most significant for the dip slopes. For the
modeled dip slopes, the safety factors are reduced about 25% if the
strength anisotropy is considered compared to the cases which iso-
tropic strength is assumed (red' line in Fig. 18). Relatively, the
influence of strength anisotropy is small for the slope with hori-
zontal layers and anaclinal slopes.

For anaclinal slopes, the safety factors increased a small amount
when the maximum principal stresses were nearly perpendicular
to the stratification planes at some slice base lines. Accordingly,
the c and ¢ increased a small amount compared with those cases
with isotropic strength.

In general, the sliding surface depths of the anaclinal slopes
(Figs. 15 and 16) were shallow compared with the other examples
(Figs. 11-14). In addition, the critical sliding surfaces of the slopes

! For interpretation of color in Figs. 17 and 18, the reader is referred to the web
version of this article.

with strength anisotropy are slightly deeper than those assumed
the strength is isotropic (Figs. 11-16).

It is well known that the low strength of the bedding planes of a
dip slope dominates the slope stability and that plane failures
occur more frequently than circular failures. Notably, for a gentle
dip slope composed of poorly cemented sedimentary rocks, even
with flattened layers, the inherent anisotropy (including hydraulic
conductivity and strength) also plays a very important role in its
stability (blue lines in Figs. 17 and 18).

Finally, there is no attempt made to consider the coupled effect
of hydraulic conductivity and strength on the stability a slope com-
posed of stratified, poorly cemented rocks. Pan and Chen [10] sug-
gested that the seepage-induced degradation might reduce the
strength of soft rocks. Meanwhile, the stress-induced microcracks
developed in a deformed slope could alter the hydraulic conductiv-
ity anisotropy of the soft rocks. Further research to consider these
coupled effects of strength and hydraulic conductivity on the slope
stability is required.
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Fig. 16. The results of the slope stability analysis for an anaclinal slope (0 = —30°) composed of an anisotropic medium. The anisotropic ratios of the hydraulic conductivity are
10, 100 and 1000 for (a) and (b), (c), respectively. The strength parameters are anisotropic.

Table 3
Safety factors (FSai) of the slope with an anisotropic hydraulic conductivity when the

strength parameters are isotropic.

ke /ky =10 ke /ky = 100 ky /ky = 1000 15
0=0° 1.97 (Fig. 11a) 1.92 (Fig. 11b) 1.42 (Fig. 11¢)
0=30° 2.04 (Fig. 13a) 2.07 (Fig. 13b) 2.00 (Fig. 13¢)
= _30° 1.96 (Fig. 15a) 1.97 (Fig. 15b) 1.95 (Fig. 15¢)

Ratio of safety factors, Rk
(FSai/FSii)
m

Table 4
Safety factors (FSaa) of the slope with an anisotropic hydraulic conductivity and
anisotropic strength parameters. 35
B T
ke /ky =10 ky /ky =100 ky /ky, = 1000 10 100 1000

0=0° 1.87 (Fig. 12a) 1.75 (Fig. 12b) 1.43 (Fig. 12¢) Anisotropicratios of the hydraulic conductivity (k%)

0=30° 1.50 (Fig. 14a) 1.52 (Fig. 14b) 1.50 (Fig. 14c)

0=-30° 2.00 (Fig. 16a) 2.03 (Fig. 16b) 2.02 (Fig. 16¢) Fig. 17. The influence of the hydraulic conductivity anisotropy on the safety factors

of the model slopes.
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Fig. 18. The influence of strength anisotropy on the safety factors of the model
slopes.

5. Conclusions

In this paper, we conducted a series of numerical experiments
to study the impact of the anisotropic hydraulic conductivity/
strength on the stability of slopes composed of poorly cemented
sedimentary rocks. Based on the selected parameters which repre-
sent the hydro-mechanical characteristics of the poorly cemented
rocks distributed in Taiwan, the following results were obtained:

1. The hydraulic conductivity anisotropy has significant impacts on the
PWP distribution and stability of the model slopes with horizontal
layers. The safety factor of an isotropic slope is 1.99. The safety factors
of the slopes with horizontal layers decreased as the anisotropic ratio
of the hydraulic conductivity increased. For a the slope with horizon-
tal layers, the safety factor was 1.42 whenk, /k,, = 1000. By neglect-
ing the hydraulic conductivity anisotropy, the safety factor will be
overestimated by 40% for the modeled cases.

2. The critical sliding surfaces are also dominated by the anisotropic
characteristics of hydraulic conductivity. In general, the isotropic
slope and anaclinal slopes have shallow sliding surfaces com-
pared with those of dip slopes and slopes with horizontal layers.

3. For a dip slope with inclined layers with 6 = 30°, including the
strength anisotropy caused a 25% reduction of the safety factor
compared to the cases which isotropic strength is assumed.

4. Notably, a gentle dip slope composed of poorly cemented sedi-
mentary rocks, even with flattened layers, the inherent anisot-
ropy (including hydraulic conductivity and strength) plays an
important role in its stability.

5. The critical sliding surfaces were not significantly changed
when the strength anisotropy was considered.

6. To conclude, the geological structure play a dominate role on
the slope stability of a rock slope composed of poorly cemented,
layered sedimentary rocks, which reflected on the strength/
hydraulic conductivity anisotropy. When evaluating the stabil-
ity of slopes composed of poorly cemented, layered sedimen-
tary rocks, the hydraulic conductivity anisotropy and the
strength anisotropy should be taken into account.
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