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ABSTRACT

Negative excess pore water pressure or depressed pore water pressure or pore water
tensions are formed after a saturated soil in undrained condition is excavated.
Because of this short and long term instabilities could arise following the dissipation
of this depressed pore water pressure. Just after excavation this depressed pore water
pressure starts decreasing slowly depending upon the drainage conditions prevailing
in the soil and reach a certain equilibrate or steady state seepage values after a long
period of time. Because of this, there are variations in average effective stress values
in the zones below and adjacent to this excavated slope, which in turn pose serious
threat to the stabilities of such slopes in the long run. In this paper a benchmark
geotechnical excavation was investigated in a finite element software MIDAS GTS
NX to determine the generation and dissipation of this depressed pore water pressure.
Also, the effect of different in-situ stress values on the stability of slopes was studied.
A fully-coupled stress seepage analysis was undertaken to simulate the real time
dependent analysis. Results show that with higher removal of stresses or higher
unloading, higher negative excess pore water pressures were generated which in the
short term increased both the effective stress and factor of safety but with gradual

dissipation of the same might lead to delayed failure of the slopes.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Whenever an excavation is being done, it causes an unloading effect over the
underlying soil, which in turn leads to the expansion of the soil, provided the soil is
being excavated in the undrained condition. Such unloading effect under undrained
conditions leads to pore pressure reductions in the soil. These reductions in ore water
pressure values from the initial or before excavation are termed as Negative Excess

Pore water Pressure.

These negative excess pore water pressure then dissipate with time till they reach a
certain steady state seepage value. With this dissipation, the pore water pressure
starts increasing and subsequently leads to decrease of average effective stresses
which in turn starting posing serious threats to the stability of those excavated slopes.

1.2 EMBANKMENT VS EXCAVATION

When an embankment is made over a clay layer, the load of the embankment causes
pore water pressures in the foundation to increase. Then as the times goes by, these
excess pore water pressures dissipate try reaching values which are eventually being
controlled by groundwater conditions. As the process of dissipation of this excess
pressure moves forward, the strength of the clay increases and consequently so does
the factor of safety of the embankment increases. It is depicted in Fig 1.

Similarly when an excavation is being made in a clay layer, the pore water pressures
do changes, but instead of increasing, this time they decrease due to the removal of
the excavated material. After this reduction in pore water pressure they start

increasing depending on the groundwater conditions. And as the pore water pressure



increases, effective strength starts decreasing and so does the factor of safety of the
excavation. This is represented in fig 2.
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excavation.

activity.

In Fig. 2, the two curves denoted by A=1 and A=0 gives us the values for maximum

and minimum changes in the pore water pressures in the soil strata below the

If the height of the excavation remains constant and there is no external load being
applied, then the factor of safety keeps on decreasing continuously. The decreasing
FOS attains it minimum value when the pore water pressures in the excavated soil
attains its equilibrium value corresponding to groundwater seepage conditions.
Therefore, in these cases, the long term stability of the excavation or any construction
IS more important than the conditions just after completion of the construction

Final groundwater level



Hence, the gist of this is as follows:

a) If the stability just after the End-of-Construction is to be analyzed, it can be done
by either using drained or undrained strengths depending upon the permeability of

the soil.

b) And if long term stability, i.e. after a long period of time after the end of
construction is to be analyzed, after the consolidation or swelling process is done, it
can be done by using drained parameters and pore water pressures analogous to

steady seepage conditions.

1.3 DRAINED VS UNDRAINED CONDITION

Generally, sand are considered to be always in drained conditions whereas clays are
considered always to be in undrained conditions. But in reality the distinction
between undrained and drained conditions doesn’t depends solely on the type of soil
but majorly on the rate of loading and rate of drainage. If the rate of loading is more
than the rate of drainage then it is considered to be in drained condition where as if
the rate of loading is less than the rate of drainage than it is considered to be in

undrained condition.

1.4 EFFECTIVE STRESSES

It is the stress which is being transferred in the soil mass by grain-to-grain contact
which tends to force the soil solids to come in closer contact with each other,
resulting in increased denseness, stability, strength and reduced void ratio and

mobilization of shear strength.

Since the pressure is transferred by grain-to-grain contact, it is termed also as
intergranular pressure. Also, being a non-physical parameter, it cannot be computed
directly and is computed by subtracting the neutral stress from the total stress.



1.5 PORE WATER PRESSURE

It is the pressure which is being transferred by the pore fluid and is equal to the height
or weight of the fluid (water in our case) column above the concerned section in the

soil mass

This water pressure acts all around the soil solids, hence not allowing the soil solids
to come in closer contact to each other. This pressure also doesn’t have any shear

component. This pressure is also known as neutral pressure.

1.5.1 Positive Excess Pore water Pressure

This positive excess pore water pressure is also simply termed as excess pore water
pressure. When a surcharge is applied instantly and water table level is at ground
level, hat surcharge is being carried by the pore water, which in turn increases the
pore water pressure, which, depending upon the permeability conditions of the soil,
leads to seeping out of that pore water from the voids of the soil, subsequently
transferring the surcharge over the soil solids.

1.5.2 Negative Excess Pore water Pressure.

Negative excess pore water pressure is a type of pressure which usually comes into
effect when an over consolidated cohesive soil for e.g. clay, undergoes undrained

shearing.

Excavation of a slope or a cut in analogous to unloading of the ground, which leads
to expansion under undrained conditions and hence causing pore water pressure
reductions and the amount of reduced value from initial pore water pressure is termed

as Negative Excess Pore water Pressure.

These pore water pressure because of unloading are negative in comparison to the
initial or final equilibrium values. These negative excess pore water pressures keeps
on dissipating until steady state seepage conditions are acquired. This dissipation

leads to increase in pore water pressure which in turn decreases the average effective



strength in the slope and this reduction in turn leads to the failure of the slope in the

long term.

Also, this dissipation of negative excess pore water pressure is accompanied by
swelling of the soil. The process of swelling is generally considered to be the reverse
of consolidation process, in which the volume of the soil gradually increases, instead
of decreasing as is in the case of consolidation. Hence, dissipation of this excess pore
water pressure in many cases may lead to upward movement of the soil, also called

Heaving.

1.6 FULLY-COUPLED STRESS-SEEPAGE ANALYSIS

An analysis which couples ground stress analysis and seepage phenomenon can be
categorized in different ways, depending upon the coupling. The generalized way is
to first get the pore water pressure distribution by performing a seepage analysis
initially and then showing it in the total stress or effective stress relating equation of
stress analysis. This type of analysis is called sequential analysis. This analysis is
used to know the static stress state for the given steady groundwater flow. But since
the changes in stresses during stress analysis does not affect the seepage phenomenon

in return, hence there doesn’t exist a two-way coupling.

Fully coupled stress seepage analysis, on the other hand, is a two way couple analysis
in between the seepage and stress analysis. It can depict the changes in pore water

pressure, deformation and stress with time.

1.7 STRENGTH REDUCTION METHOD (SRM)

In strength reduction method the strength values of the soil are reduced by a factor
until the loss of stability or failure of the structure occurs. The reciprocal of this
reduction factor is identified as the factor of safety associated with the soil model

under investigation.



1.8 OBJECTIVE OF THE STUDY

The main objective of our study is to analyze the phenomenon of generation and
dissipation of pore water tension upon excavation of a soil under undrained condition
and its effect on the stability of the slopes both in the short and long term. Also, the
effect of different in-situ stress conditions on the magnitude of this pore water tension

and the corresponding time taken for the failure of slope is studied.



CHAPTER 2

LITERATURE REVIEW

Bishop and Bjerrum (1960) conducted a triaxial test on analyzing the generation of
excess pore water pressure on undrained compression of a soil sample. He also
studied undrained excavation. He studied the how shear stress changed with the
generation and dissipation of these depressed pore water pressures and observed
that the shear strength in the studied zone decreased gradually with gradual
dissipation of these depressed pore water pressures and the total pore water pressures

increased.

Vaughan et. al. (1973) studied the effect of rate of equilibration of pore water
pressures on the stability of cuts made in over consolidated clay. He assumed the
process of dissipation of this negative excess pore water pressure to be following the
Terzaghi’s theory of 1D consolidation. He analyzed his work using average pore
pressure ratio,r,, which is the ratio of pore water pressure and depth of soil above
the point concerned. This ratio kept on increasing towards an equilibrium value. He
studied pore water pressure equilibration in M1 Motorway, 9 years after its
construction in 1964, which had a London clay soil properties and found out that
there was still significant amount of negative excess pore water pressure there even
after so many years. He attributed this behavior to the low permeable London clay
soil. Hence he concluded that the delayed rate of equilibration played a significant
role in the delayed failure of such slopes and deemed the theory of delayed failure
was due to drop in drained strength of soil with time as unnecessary and not
significant. He also hold out that the depressed pore water pressures after excavation
are predominantly formed both adjacent and below the excavation pit.



Eigenbrod (1974) studied the changes the in pore water pressures generated due to
slope excavation in plain strain over consolidated clays and compared them with
many field studies. He observed that the time difference between the dissipation of
the excess pore water pressure generated due to excavation and the time between
then end of excavation and failure of the slope of the excavation was of the same
order and emphasizing that many delayed failures could occur due to late
equilibration of these generated excess pore pressures. He simulated the unloading
effect over the excavated surface by applying forces equal in magnitude but opposite
in direction to that of the forces which were there before excavation. He concluded
that that the process of dissipation of pore water tension and the consequential
decrease the effective stress in the slope was the major reason in the delayed failures
of the excavated slopes.

Skempton (1984) analyzed a number of field case studies which had Brown London
clay as the soil material and showed stiff fissured behavior. He concluded that the
main reason after the delayed failures of such slopes was the slow dissipation of
theses depressed pore water pressures. He also observed that the strength at the long-
term slip surfaces corresponded to the fully softened condition or fissured strength
and the in situ strength was greater than the residual strength but smaller than the
peak strength, indicating that progressive failure also played a role in the failure of
such slopes.

Yu. Qi. L. et al (2005) tried determining the “dissipation rule” for the generated
negative excess pore water pressure after excavation. He derived analytical formulas
for calculating this excess pressure and took into consideration the Terzaghi’s one
dimensional consolidation theory and effective stress principle to calculate the
effective stresses induced in such excavated slopes. He took in to consideration a
foundation pit excavated and supported by a retaining wall and analyzed the
dissipation of this pressure both outside and inside of this foundation pit. He
concluded that this negative excess pore water pressure posed a serious threat to these

retaining walls and also one could make full use of this excess pore water pressure



for any rapid construction provided suitable safety provisions are made available for
its safety in the long run.

Potts. et al (2009) performed a series of coupled finite element analysis of cut slopes
with the properties of brown London clay and assuming strain-softening behavior.
He analyzed the phenomenon of Progressive Failures in the slopes. Progressive
failure means non uniform spreading of shear strength along a potential surface of
rupture. He observed that for a slope to show delayed failure due to progressive
failure, the soil must show brittle behavior or have brittle properties and nonlinear
strains should be spread along any soon to be rupture surface. He also observed that
to limit equilibrium method was not suitable for taking into effect the phenomenon
of progressive failure and finite element analysis must be taken into account for its
study. He considered a elasto-plastic model of Brown London clay with varying
values of effective friction angle, cohesion and permeability. In his study, he
attributed the main cause of delayed failure of the selected slope to be progressive

failure, promoted by swelling.

Lollino. et al (2011) studied a case of a landslide occurring on a cut slope at Lucera,
Italy. He performed a numerical analysis to the analyze the movement of slope with
and the generation of excess pore water pressures after quarrying. He too attributed
negative excess pore water pressure generation to the temporary stability gained by
the cut in the long term due to undrained loading condition and its dissipation to the
delayed failure of the slope. He also propounded that limit equilibrium method was
not suitable for such analysis because it cannot determine the pore water pressures
and its variation at any intermediary point of time during the process of consolidation
and can only be used in assessing the stability of slope soon after the excavation and
or when equilibrium has been achieved in the long term. That’s why he used a
coupled-consolidation analysis to study the behavior of excavated slopes on a time-
dependent manner. He said that such numerical procedures that uses soil-water
coupling effects must be used to study the extent of time that a slope takes to fail

owing to changes in pore water pressures with time.
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Conte. et al (2012) proposed a simplified analytical method for analyzing the stability
of clayey slopes when subjected to pore water pressure changes. His main aim was
to overcome the current shortcomings while analyzing the effect of pore water
pressure changes on the stability of slopes. In many of the current geotechnical
engineering applications, the effect between the two is studied in an uncoupled
manner with first calculating the pore water pressure changes at the potential or pre-
defined failure surface and then using them for assessing the slope stability via limit
equilibrium method. In his study, he gave a simplified method for analyzing the
stability of slopes subjected to fluctuations in groundwater by considering infinite
slope model.

After studying a number of research works, the common gist which can concluded
is that soils when excavated in undrained conditions leads to the generation of
negative excess pore water pressure or pore water tension or depressed pore water
pressure. This excess pore water pressure imparts additional strength to the slope in
short term but with time, as the excess pore water pressure dissipates, so does the
strength of the slope reduces and thus leads to the failure of the slope in the long
term. Also, many works considered this generation of negative excess pore water
pressure as a phenomenon just reverse of consolidation and hence extended
Terzaghi’s theory of consolidation in this phenomenon also. The maximum amount
of research has been done to study this phenomenon of generation of pore water
tension after excavation but it’s dissipation with time and its effect on the stability of
slopes is studied to a lesser extent. Therefore, in this study, | have investigated an
open pit mine excavation under undrained unloading condition via a fully-coupled
stress seepage analysis by finite element method to analyze the effect of generation
and dissipation of this excess pore water pressure on the stability of excavated slopes

with varying values of earth pressure coefficients (K,).
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CHAPTER 3

METHOD AND WORKING

3.1 METHODOLGY

After excavating and dewatering a pit, assuming ground water table to be at the top
surface i.e. a fully saturated soil and hydrostatic pore water pressure distribution on
the ground, following will be the unloaded stress i.e. horizontal and vertical stresses
(Eigenbrod, 1975):

o, =VY:h (1)
oy = KOO-IQ +tu= h[KO(yt - yw) + yw] (2)

The change in the pore water pressure Au due to this unloading phenomenon can be

calculated for saturated soils by the following equation (Skempton, 1954):

These principal stresses were taken to be acting on the vertical and horizontal edges
prior to excavation. Because of unloading, rotation of principal stresses occur. But
these rotations were not that substantial and hence the stress changes Ao, and Aoy, in
vertical and horizontal directions were taken to be same to the changes in principal
stresses Ao, andAa;. Hence, the changes in the pore water pressure due to excavation

will be:
Au=Acg; + A(Aoy, — Aay,) 4
And the pore water pressure just after unloading u, will be:

Up =u —Au (5)

12



This initial pore water pressure u, immediately after unloading tends to equilibrate
till the equilibrium ground water states are reached.

The difference in between the pore water pressures just after unloading u, and the
equilibrate ground water state u; gives us the excess pore water pressure Au, in

comparison to the last stage:
Au, = up — u; (6)

The dissipation of excess pore water tension is considered to be the opposite of that
in consolidation and hence follows the conventional Terzaghi’s one dimensional
consolidation theory. Also, this one dimensional theory was extrapolated to two and
three dimensional forms as follows (Yu. Qi. L. et al, 2005):

%u %u + 2%u _ ou ;
Chgeze T Chgz T vz T (7)

In the present study, to analyze the effect of the generation and dissipation of this
depressed pore water pressure, a fully coupled stress seepage analysis and strength
reduction method finite element method was adopted in a finite element software
named MIDAS GTS NX.

3.2 MIDAS GTS NX

MIDAS GTS NX is a 2D finite element program used for the evaluation of soil-
structure interactions. GTS NX can be used to perform step-by-step analysis of
excavation, banking, structure placement, loading and other factors that directly
affect design and construction. The program supports various soil constitutive model,
varying water level option and analytical methodologies to simulate real phenomena.

Settings for all types of field conditions can be simulated using non-linear analysis
methods (such as linear/non-linear static analysis, linear/non-linear dynamic
analysis, seepage and consolidation analysis, slope safety analysis) and various
coupled analysis (such as seepage-stress, stress-slope, seepage-slope and nonlinear

dynamic-slope coupled analysis).

13



3.3 NUMERICAL MODELLING

For our analysis, we have taken a case of an excavation of an open pit mine. The
height of the excavation is 70 m which was excavated in the time period of 180 days.
The benchmark excavation is shown in Fig.3.

Water table before excavation

660 m —240m 400 m
v A v 1
Exacavated Area | 7om
146m Material | (c=TOkNM"2 $=25" k=0.0002m/day) j %m
ff/f Bm
Material || (c=25KN/m"2 $=33" k=0.002m/day)
68m
| 197m
116m Material |

Fig.3.1 Geometry model

3.3.1 MATERIAL AND ITS PROPERTIES.

The soil material taken is to follow the Hardening Soil (HS) model. The hardening
soil model is considered to be an advanced soil model through which we can compute
more realistic responses of soil in relation to non-linearity, inelasticity and stress
dependency. Both the materials followed 2D Plain strain behavior. The properties of
the material are tabulated in Table 3.

3.3.2 GEOMETRY

A 2D open pit mine was modelled with dimensions given in fig. 3.1 and properties
of the material given in Table 3.Initially, a full rectangular soil was modelled and
then afterwards a part of the soil as per dimensions of the excavation was removed

to simulate the unloading phenomenon.
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PROPERTIES MATERIAL () MATERAIL (1)
Dry unit weight (kN/m?3) 22 21
Saturated unit weight 23 23
(KN/m?3)
E’ (MPa) 300 200
E’*" (MPa) 300 200
E’’ (MPa) 900 600
Cohesion (KN/m?) 70 5
Friction angle (degrees) 25 33
Permeability (m/day) 0.0002 0.002
K, 1,152 1,152

Table 3.1 Properties of the materials (Tolooiyan et al. 2019)

3.3.3 BOUNDARY CONDITIONS

To ensure that the effect of stress changes were captured fully, the geometries of the
mesh were extended to large amount of lengths in both vertical direction measured
from the ground surface and in horizontal direction in the direction of the toe and the
crest of cut. The vertical boundaries were fixed for vertical movement but horizontal
movement was allowed whereas the bottom layer was fixed in both vertical and
horizontal direction and the upper layer was free to move. Regarding the hydrostatic
boundary conditions, seepage was not allowed from the bottom layer but was
allowed from the vertical boundaries. Also the groundwater was taken to be at the

top surface i.e. the soil was considered fully saturated.

15




3.3.4 MESHING OF THE MODEL

A 2D finite element model was meshed sufficiently fined so as to capture all the
changes in various attributes of the soil with size of each node being 8 units. To
generate this mesh, 2D AUTO-FACE option was selected under the Generate Mesh
tab. In MIDAS GTS NX, one can generate the mesh with a particular shape. We can
select either a triangle, a quadrilateral or a combination of both. Here, for accurate
and time efficient calculation of pore water pressure and stress at nodal points, we
opted for a combination of both the shapes.

Geometry Aurto Mesh
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Fig 3.3 Initial mesh configuration with boundary supports and self-weight
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Self-weight of the soil was also attributed to the soil which is acts at the center of the
mesh. After this, the portion to be excavated was deactivated in stage set option to
simulate the unloading or excavation process. The excavated mesh model is shown
in

9 Oelcgge =m = |7 GTS NX - [NXGT2.gts] .= x
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Fig 3.4 Final excavated mesh configuration

3.4 ANALYSIS

After meshing the model and assigning self-weight and suitable boundary conditions,
Construction Stage Analysis solution type was used to simulate the different stages

of construction in this excavation process.
3.4.1 Construction Stage Analysis

Construction stage analysis was taken into use to simulate the construction process
undertaken while excavating the soil model take into account. In this stage, we can
add multiple stages, each having its own set of loading/unloading conditions,
boundary conditions and elements which can both be added or removed at each stage.
Under this stage, to account for transient seepage phenomenon while doing stress or
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pore water analysis, Fully-Coupled Stress-Seepage analysis was adopted. In our
study, following three construction stages were considered:

e Stage 1 : Initial Stage
e Stage 2 : Excavation Stage

e Stage 3 : Final Stage

1) INITIAL STAGE: This Initial State is generally the very first stage of any
construction stage analysis. In this first stage, in-situ stresses in the soil strata were
calculated. MIDAS GTS NX uses self-weight to calculate these initial in-situ stress
by initializing the earth pressure at rest K, value. This procedure is known as K,
and this method uses the constant K, as defined by K, = ¢,/0, to determine the

horizontal stress from the vertical stress to set it as the in-situ stress.

Using this method, the vertical stress o, is found first using self-weight analysis and
that value is then used to compute the horizontal stress using a;, = K,0,. Here, the

shear stress maintains its value, calculated from the analysis result.

In this stage, the boundary conditions as defined earlier were activated. Also, the
self-weight was activated, which acts at the centroid of the model geometry, as shown
in Fig 3.3.The water table as modelled at the ground surface was also activated. Also,
to nullify any displacement caused by the overlying soil, which soon will be
excavated in later stages, that displacement was cleared in this stage itself, by
activating Clear Displacement option. It sets the displacement of the analysis result
in this initial stage as 0. It is used to set the initial conditions of the in-situ state. The
stress is not reset to 0.

2) EXCAVATION STAGE: In this stage, the soil element named as SOIL1-1, as
depicted in Fig 3.3 was deactivated. Also, various hydrostatic boundary conditions
as defined earlier were also activated in this stage. For no seepage from the bottom
layer, the Surface Flux through that layer was set as 0 m3/day. This excavated model

is shown in Fig 3.4.

3) FINAL STAGE: In this stage, everything is kept same as the earlier stage except
a new boundary conditions is added, namely Review boundary condition. The upper
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surface is attributed this Review boundary condition. Under this boundary condition,
iterative calculations is conducted when the exact seepage line is hard to find. Also,
for this, the time period for this stage of construction is defined as 3000 days and this
process is divided into 100 steps. Also, stability analysis via strength reduction
method (SRM) was also checked to get FOS values after every step.

The above laid analysis was run for three different values of K,. These different
values of horizontal earth pressure at rest K, were taken to see its effect on the
generation and dissipation of negative pore water tension. There were stages two at

which the results were taken into account:

A fully coupled stress seepage analysis was taken into consideration which is two
way coupled analysis between seepage and stress analysis with the help of which one

can find pore water pressure, stress and deformation changes with time.
3.4.2 Analysis Control

After setting the construction stage, Analysis Control option was used. Under this
option, basic options, automatic settings and various advanced analysis options can
be checked and changed depending on the selected analysis type. For our analysis,
the following options were selected to take them into consideration while the

software runs the given model:

e Automatically consider water pressure

¢ Include in-situ analysis with Self weight and Apply K, condition
e Consider geometry nonlinear effects

e Update pore pressure with deformation

After this, the model with all the attributed properties and construction stages was
run to get the output.
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Fig 3.5 Flowchart regarding working in MIDAS GTS NX
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 EFFECT OF DEPTH OF EXCAVATION

The 70 m soil was excavated in the time period of 180 days. In the software, this time
period was divided into ten stages, each increment (INCR) in time denoting 18 days.

The pore water tension at different stages of excavation for K,=1 is shown in Fig. 4
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Fig. 4.1 Pore pressure at INCR=1 (Initial stage of excavation)
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Fig 4.2 Pore pressure at INCR=10 (After the end of excavation)
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4.2 EFFECT OF K,

Here, for different values of K, i.e. for K, =1, 1.5, 2, pore water pressures just after

excavation is shown.
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Fig.4.3 Pore pressure just after excavation for K, = 1
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Fig 4.5 Pore pressure just after excavation for K, = 2

4.3 DISSIPATION OF NEPWP

After the excavation was completed, the excavated slopes were left idol for a period
of 3000 days to analyze the dissipation behavior of this pore water tension with time.
Here, this time period of 3000 days was divided into 100 steps thereby each
increment step resonating with 30 days.
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Fig 4.6 Pore pressure after 3000 days for K, = 1
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Fig. 4.7 Pore pressure after 3000 days for K, = 1.5
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4.4 FACTOR OF SAFETY

Factor of safety in MIDAS GTS NX was calculated through in built strength
reduction method which was opted for while defining the construction stage analysis.
Fig. 4.11 shows how the factor of safety was varying with time of dissipation of

negative excess pore water pressure.
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Fig 4.11 Factor of safety at different time values
K0:1 K0:15 K0:2
Total Reduction 8.48% 16.3% 21.25%
(%)

Table 4.1 Reduction in FOS over time
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4.5 DISCUSSION

It can be seen from the distribution of the generated pore water tension is not even
and it can be majorly attributed to the importance of stress removal levels. Also, the
distribution of this excess pressure is generally confined in the zones below and
adjacent to the excavation pit.

Also, it is noted that with higher values of K,,, higher values of pore water tension
were reported due to greater amount of stress removals which are governed by the

values of K,. Hence, this value can be even higher in the case of deep excavations.

From Fig. 4.10 it can be seen that the maximum dissipation of the generated pore
water tension has happened till the INCR of 20 to 30 i.e. by 600-900 days which
constitutes 20-30% of the total time taken for the analysis i.e. 3000 days.

Now, from our present analysis, it can be seen that the values of K, play a significant
role in the stability of the excavated slopes in a saturated soil having low permeability
or given less time for drainage. From the Fig. 4.11 it can be seen that the major
reduction in the factor of safety of the excavated slope for all three values of K,
happens by 600-900 days. In this span of time, the pore water tension also dissipated

at the maximum rate and simultaneously the effective stress also decreased.

Table 4.1 shows us the amount of reduction in the factor of safety of the slope over
a span of 3000 days. From that it can be seen that for greater K, values, the
percentage reduction in FOS was also the highest. It is because higher K, generates
higher in situ stresses and upon removal of soil in excavation, higher amount of
stresses get removed, which eventually lead to generation of more depressed pore
water pressures and consequently leading to higher values of FOS in the short term.
Now, after dissipation of this depressed pore water pressure, the case with high value
of stress removal shows higher reduction the values of factor of safety.
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CHAPTER 5

CONCLUSION

1) A soil when excavated leads to increase in the shear strength due to the increase
in the height of the slope but leads decrease in the mean stress. Also, when an
excavation is done in saturated soil in undrained condition, it leads to the formation
of depressed pore water pressures called negative excess pore water pressures and
these depressed pore water pressures are dependent on the values ofK,. With higher
values of K, greater are the stress removals upon unloading and hence greater is the

generation of pore water tensions.

2) The phenomenon of formation of pore water tensions and their dissipation with
time plays a significant role in the stability of an excavated cut over a period of time.
The results of our study shows us that the dissipation of pore water tension if very
fast in the initial phases of dissipation while it tends to decrease with time after some
time. Getting to the final equilibrate values of steady state seepage may take a long
time depending upon the type of drainage of the in situ soil and its geometry. About
20-30% is time by which the initial phase of fast dissipation of pore water tension is

over.

3) Just after the end of excavation, the values of factor of safety is a higher in
comparison to that obtained after a long period of time or when steady state condition
has reached. Also. It can be concluded from our study that the amount of reduction
in the values of FOS is a function of K,. Hence, it can be said that the stability of
excavated slope or cuts or walls depends upon factors such as the amount of stress
removal, drainage conditions in the soil, rate of equilibration of depresses pore water

pressure.

29



REFRENCES

Abramson, L. W., Lee, T. S., Sharma, S. and Boyce, G. M. (2002). “Slope stability
and stabilization methods”, John Wiley & Sons.

Bishop, A. W. and Bjerrum, L. (1960). “The relevance of the triaxial test to the

solution of stability problems.” Norwegian Geotechnical Institute Publ.

Bishop, A. W., Kumapley, N. and El-Ruwayih, A. (1975). “The influence of pore-
water tension on the strength of clay.” Philosophical Transactions of the Royal
Society of London. Series A, Mathematical and Physical Sciences, 278, 511-554.

Conte, E. and Troncone, A. (2012). “Stability analysis of infinite clayey slopes subjected
to pore pressure changes.” Geotechnique, 62, 87-91.

Dawson, E., Roth, W. and Drescher, A. (1999). “Slope stability analysis by strength
reduction.” Geotechnique, 49, 835-840.

Day, R., Hight, D. and Potts, D. (2001). “Coupled Pore Pressure and Stability
Analysis of Embankment Dam Construction.” Computational Mechanics—New
Frontiers for the New Millennium, Elsevier, 61, 236-240

Dyson, A. P. and Tolooiyan, A. (2018). “Optimisation of strength reduction finite
element method codes for slope stability analysis.” Innovative Infrastructure
Solutions, 3, 1-12.

Dyson, A. P. and Tolooiyan, A. (2019). “Prediction and classification for finite
element slope stability analysis by random field comparison.” Computers and
Geotechnics, 109, 117-129.

Eigenbrod, K. D. (1975). “Analysis of the pore pressure changes following the
excavation of a slope.” Canadian Geotechnical Journal, 12, 429-440.

Ghadradan, M., Shaghaghi, T. and Tolooiyan, A. (2020). “The effect of negative
excess pore water pressure on the stability of excavated slopes.” Geotechnique
Letters, 10(1)

30



Griffiths, D. and Lane, P. (1999). “Slope stability analysis by finite elements.”
Geotechnique, 49, 387-403.

Griffiths, D. and Li, C. (1993). “Analysis of delayed failure in sloping excavations.”
Journal of geotechnical engineering, 119, 1360-1378.

Huang, M. and Jia, C. Q. (2009). “Strength reduction FEM in stability analysis of
soil slopes subjected to transient unsaturated seepage.” Computers and Geotechnics,
36, 93-101.

Hughes, D., Sivakumar, V., Glynn, D. and Clarke, G. (2007). “A case study: delayed
failure of a deep cutting in lodgement till.” Proceedings of the Institution of Civil
Engineers-Geotechnical Engineering, 160, 193-202.

Lollino, P., Santaloia, F., Amorosi, A. and Cotecchia, F. (2011). “Delayed failure of
quarry slopes in stiff clays: the case of the Lucera landslide.” Geotechnique, 61, 861-
874.

Potts, D., Kovacevic, N. and Vaughan, P. (2009). “Delayed collapse of cut slopes in
stiff clay.” Selected papers on geotechnical engineering by PR Vaughan. Thomas
Telford Publishing.

Skempton, A. (1954). “The pore-pressure coefficients A and B.” Geotechnique, 4,
143-147.

Skempton, A. 1984. “Slope stability of cuttings in brown London clay.” Selected

Papers on Soil Mechanics. Thomas Telford Publishing.

Vaughan, P. & Walblancke, H. (1973). “Pore pressure changes and the delayed
failure of cutting slopes in overconsolidated clay.” Geotechnique, 23, 531-539.

Yu-Qi, L., Hong-Wei, Y. and Kang-He, X. (2005). “On the dissipation of negative
excess porewater pressure induced by excavation in soft soil.” Journal of Zhejiang
University-SCIENCE A, 6, 188-193.

31



