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ABSTRACT

Taiwan is located at the junction of plates, resulting in frequent earthquakes. Most
of the landform in Taiwan is hillside. Also, Taiwan is come out in front of the ranks of
the global precipitation. All the above reasons will affect the slope stability. The case
of this study is the slope of National Expressway No.1 and National Expressway No.5,
where many rockfall and collapse accidents have occurred. In order to avoid earth
collapse caused by rainfall or external factors affecting slope stability again, this study
uses finite element PLAXIS 2D CE software to simulate the construction process of
slope protection engineering. The displacement and displacement caused by constant
normal water level and high-water level are discussed, and the displacement of slope
is analyzed by pseudo static analysis under seismic conditions. According to the
numerical analysis results, in the constant water level analysis, the stress of the slope
is concentrated on the sliding surface, while in the high-water level analysis, the stress
of the slope extends to the top of the slope. Under seismic conditions, compared with
the first two, the stress of the slope extends to the whole slope.

Keywords: Slope, Slope Protection Engineering, Groundwater Level, Finite Element,
Pseudo-static analysis

1. INTRODUCTION

Mountainous terrains cover approximately 70% of Taiwan. The need for
expressways has increased ever since National Freeway 1 was built. It has been 34
years since the section of National Freeway 1 between Keelung and Xizhi was built,
where the surface of bedrock slope along this section was covered in shotcrete. The
shotcrete covering has been repaired and maintained but the aging has led to cracks
and plant growth in the surface. Also, on National Highway 5, several slopes were
classified as high-risk slopes according to “Freeway Maintenance Manual,” the
technical specifications of Freeway Bureau, MOTC.
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were selected for this case study. The finite element analysis program, PLAXIS 2D
CE, was selected to simulate the slope displacement at normal and high
groundwater levels and the changes acceleration, speed and displacement of slope
models were studied using pseudo-statis analysis and dynamic analysis under
seismic conditions. The numerical simulation data may serve as an asset for future
reference in order to prevent collapse of freeway slopes as their stability is
compromised due to heavy rainfall or other factors.

2. LITERATURE REVIEW

2.1 Slope stability

2.1.1 Factors of influences on slope stability

There are many factors that have influence on the stability of a hill slope. Hung
(1984) pointed out that there are four major factors that lead to landslide: geologic
material, geologic structure, topographic and environmental factor and engineering
factor.

1. Geologic material: a slope usually consists of single or multiple geologic
materials. The difference in these materials in terms of cementing, material granularity
and composition, has direct influence on the slope stability.

2. Geologic structure: the properties of weak plane and slope surface are
important for geologic structure, including weak plane orientation, such as strike and
dip angle, as well as the type of slope, such as dip slope, anti-dip slope and cross-dip
slope. Other geologic structures, such as fault, joint, fold, bedding surface and other
discontinuities, separate a slope into discontinued or fragmented rocks, which
decreases rock mass strength, increases weathering and, thus, compromises slope
stability.

3. Topographic and environmental factors: topography covers roughly surface
terrains and the overall shape of slope. The surface terrains refer to the features of
geologic structure, while the slope terrains have their own slope height and gradient.
Environmental factors are, for example, rainfall, earthquakes and groundwater, which
have influence on slope stability.

4. Engineering factors: human factors, such as excavation for roads and tunnels,
blasting, slope overdevelopment, poor site selection for construction work or road, and
poorly maintained slope drainage and slope protection, have direct or indirect influence
on slope stability.

2.1.2 Evaluation and classification of slope stability

Slope-related accidents happen frequently to construction projects in Taiwan. To
prevent the failure of rock/soil mass collapse on slope without warning, the stability is
monitored by means of slope patrol, slope monitoring and ground anchor inspection
with the assistance of slope safety evaluation and slope classification in order to extend
the service life of these facilities, reduce the possibility of failure and prevent disasters
from happening for the effects of preventive maintenance. According to the “Freeway
Maintenance Manual,” slopes are grouped into four classes, A, B, C and D. The
classification criteria and remedies are described as follows:

Class A slope: distinctive sign of instability is observed; necessary actions are
required immediately in conjunction with intensified patrols and monitoring;

Class B slope: suspected sign of instability is found; maintenance, reinforcement
and remediation are required along with intensified patrols and monitoring;

Class C slope: no distinct sign of instability is found; however, routine patrol or
maintenance is still required; monitor as needed;

Class D slope: slope is stable but still requires patrol.
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2.2 Pseudo-static analysis
It is assumed in the pseudo-static analysis based on force equilibrium that the
seismic force is a static inertial force acting laterally on the structure for the study of
structure stability. The seismic coefficient is increased gradually during the analysis. A
series of stability analyses are performed to determine the seismic load that the
structure can take as it reaches the critical stability.

The Mononobe-Okabe (M-O) approach is often used for the pseudo-static
analysis. It works by converting the seismic load into the inertial force of soil mass and
determine the dynamic soil pressure coefficient based on force equilibrium. Eq. (1)
shows the active soil pressure under dynamic conditions, or the dynamic soil pressure.
The stresses generated under dynamic conditions are presented in Fig. 1(a), whereas
the stress path created by the inertial force of soil mass under static conditions is
shown in Fig. 1(b):

1
Py = 5(1 + Ky) K, YH?,

(a) (b)
Fig. 1 Stress path determined from pseudo-static analysis using the M-O approach

In Eqg. (1) above, K_V is the vertical seismic coefficient, K_AE is the dynamic soill
pressure coefficient, y is the unit weight of soil and H is the wall height.

Seed and Whitman (1970) separated dynamic soil pressure (P_AE) into static soil
pressure (P_A) and seismically induced soil pressure (AP_dyn), as shown in Eq. (2):

Pyp =Py + APgy,,
(2)

3. CASE STUDY OVERVIEW

Three cases were selected for the study, the southbound exit at Wudu on Freeway
1 and 2 slopes on Freeway 5. For identification, “Wudu exit on freeway 1” was Slope
1; “Freeway 5 7K+082” was Slope 2; and “Freeway 5 7K+410” was Slope 3.

Slope 1 is located at the Wudu exit on National Freeway 1. The formation here is
Nangang Formation as indicated in the geological maps provided by Central
Geological Survey, which consists of thick layers of slate-gray tuffaceous sandstone
and dark shales. The slope protection works on the slope include grouted anchors,
free-styled grill beam slope protection and RC curtain walls.
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Formation. 4.9m below the ground surface is a colluvium layer with interlayered
sandstone and shales beneath. The slope protection installed is 30-ton prestressed
ground anchors, 26 levels in total.

Slope 3 is located at 7K+410 on National Freeway 5. The geological maps
provided by Central Geological Survey indicate that the formation here is Nangang
formation. The boring report suggests that there is a colluvium layer 4m below the
ground level and powdery sandstone beneath that. The slope protection installed is
30-ton prestressed ground anchors, 10 levels in total.

4. NUMERICAL ANALYSIS METHOD

The finite element analysis program, Plaxis 2D CE, developed by Plaxis B.V. was
selected for the numerical analysis. The program started as a project developed by
Technical University of Delft in the Netherlands in 1987. The company, PLAXIS BV,
was founded in 1993 and the PLAXIS 2D, the first window-based version, was
published in 1998. After years of research and promotion, the 3-dimensional (3D)
version was developed in 2001, and PLAXIS 2D AE in 2014, which was updated to
PLAXIS 2D CE in 2019.

4.1 Mohr-Coulomb model

The Mohr-Coulomb model is one of the most common basic rock mass material
models in numerical analysis of geologic engineering. Its stress-strain relationship
covers linear elasticity and complete plasticity. The linear elasticity part follows the
Hooke’s law and the stiffness parameters needed are Young’'s modulus, E, and
Poisson’s ratio, v, whereas the plasticity part follows the Mohr-Coulomb failure criterion
of which the maximum vs. minimum principle stress is expressed in Eq. (3) and
observes the principle of non-associated plasticity. The strength parameters needed
are cohesion, c, angle of internal friction, ¢, and angle of dilatancy, y.

, _ 2ccose | l+sing’ |

17 1-sing:  1-sing 3’

(3)
5. NUMERICAL ANALYSIS CALCULATION AND DISCUSSION

This study was focused on two aspects; one is the displacement of slope at high
and normal groundwater level, while the other is the displacement of slope model as it
is subject to seismic loading in the pseudo-static analysis.

5.1 Groundwater level

The “normal groundwater level” adopted in the slope stability analysis was the
average groundwater level observed from groundwater monitoring wells during the
survey. The high groundwater level was assumed at 2/3 of full level.

5.2 Pseudo-statis analysis

The seismic loading in the pseudo-static analysis was adopted from the “Seismic
Design Specifications of Highway Bridges.” Given that the case was located on Type
1 rock bed in Shiding District, New Taipei City, the seismic coefficient used in the
pseudo-static analysis for this case was:

k,=0.5%0.45,5=0.5 x0.4x0.7= 0.14 g;
k, = 0.5(k,)=0.07 g.
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PLAXIS 2D was selected to build the slope simulation models, where the Mohr-
Coulomb model was used for soil layers. The soil parameters used in the model were
Yunsat» Ysat E, v, ¢, @ and ¥. The model consisted of grouted anchors, free-styled grill
beams, RC curtain walls, free and fixed lengths of ground anchor and typical retaining
wall.

5.3.1 Simulation of case study 1 slope

The slop model is presented in Fig. 2. From top to bottom, the formation consists
of weathered rock layers and sandstone. Fig. 3 through Fig. 5 are the displacements
at various scenarios in color scale. As Slope 1 was at normal groundwater level, it is
clear in the displacement color scale of Fig. 3 that the slope loading was concentrated
on the sliding surface of the slope; whereas at high groundwater level, it is seen in Fig.
4 that the slope loading moved up to the top of slope. With seismic loading added, the
pseudo-static analysis of Slope 1 suggested the slope loading extended from the top
of slope to the sliding surface, as shown in Fig. 5.

Total displacements |u] (scaled up 2.00°107 times)
Maximum valoe = 3,867°10 1 m (Bement 261 st Node 5175)

Fig. 3 Normal groundwater level for Slope 1 — total displacement
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Total displacements |u| (scaled up 200710 times)
Menmum vale = 3.227°10 m (Bement 21 at Node 5175)

Fig. 4 High groundwater level for Slope 1 — total displacement
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Masome valoe = 0.02354 m (Hement 5 atods 2577)

Fig. 5 Normal groundwater level + pseudo-static analysis for Slope 1 — total
displacement

5.3.3 Simulation of case study 2 slope

The slope model is provided in Fig. 6. From top to bottom, the formation consists
of weather rock layers and sandstone. Fig. 7 through Fig. 9 show the displacement of
slope at various scenarios in color scale. As Slope 2 was at normal groundwater level,
it is found in the displacement color scale in Fig. 7 that the slope loading concentrated
on the sliding surface and part of top of slope. With high groundwater level, it is seen
in Fig.8 that the slope loading moved up to the top of slope. With seismic conditions
added, the slope displacement color scale was similar to that of normal groundwater
level.

Fig. 6 PLAXIS 2D model of Slope 2

[10-*m]

0.00

Total displacements |u] (scaled up 50.0 times)
mum value = 0.07512m (Blement 1163 atNode 5461)

Fig. 7 Normal groundwater level for Slope 2 — total displacement
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Total displacements |u] (scaled up 50.0 tmes)
alue = 0.08700 m (Blement 381 at Node 3415)

Fig. 8 High groundwater level for Slope 2 — total displacement

[*103m]
90,00

60.00

50.00

ms| 8

Total displacements [u| (scaled up 50.0 times) (Time 0.2000 )
Maximum value = 0.08643 m (Element 1261 at Node 5656)

Fig. 9 Normal groundwater level + pseudo-static analysis for Slope 2 — total
displacement

5.3.4 Simulation of case study 3 slope

The slope model is presented in Fig. 10. From top to bottom, the formation
consists of weather rock layers and sandstone. Fig. 11 through Fig. 13 are the
displacements of slope in various scenarios in color scale. As Slope 4 was at normal
groundwater level, it is clear in the displacement color scale in Fig. 11 that the slope
loading concentrated below ground anchor. However, in the high groundwater level
analysis, the slope loading concentrated at the top of slope. With seismic conditions
added, the pseudo-static analysis result indicated that the slope loading extended from
the top to toe of slope, as shown in Fig. 13. It is observed that the slope loading
concentrated below ground anchors. However, in the high groundwater level analysis,
the slope loading concentrated at the top of slope. In Fig. 13, the pseudo-static analysis
result indicated that the slope loading extended from the top to toe of slope.

Fig. 10 PLAXIS 2D model of Slope 3
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Total displacements | u \(sml«l Smltlmfs)
=6.4007103 m (Element 687 at

Fig. 11 Normal groundwater level for Slope 3 — total displacement

Total displacemes ts\ \(;caled p 500 times)
value = 7.285%10 3 m (Blement 328 atNode 32)

Fig. 12 High groundwater level for Slope 3 — total displacement

Total displacements |u \(saled 1oo¢ms)mmeo.zooo )
value = 0.0355 m (Element 28 at Node 2554)

Fig. 13 Normal groundwater Ievel + pseudo-static analysis for Slope 3 — total
displacement

6. CONCLUSION

The numerical analysis program, PLAXIS 2D CE, was used in this study to
simulate the slopes on national freeways under slope protection. The analysis covered
two parts, the influence of groundwater level changes on slope stability and pseudo-
static and dynamic analyses through numerical simulation as the slopes were subject
to simulated seismic loading. The following conclusions are obtained from the
numerical simulation results, hoping that they may serve as a reference for the industry.

(1) The simulation result indicated that the slope loading was located below the sliding
surface at normal groundwater level for both Slope 1 and 2 due to the similarity in
gradient; at high groundwater level, the slope loading extended to the top of slope.

(2) The soil was stronger in Slope 1, resulting in smaller displacement and relatively
stable displacement at all analysis conditions (normal and high groundwater levels).
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conditions displayed no significant difference. In Slope 2, however, Slope 2 was the
one with the most ground anchor and greatest displacement, which tells a different
story than what was expected.

(4) The comparison between the displacement color scales indicated that the
displacement at the top of slope increased with groundwater level in the slope
analysis at both normal and high groundwater levels.
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