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Abstract

The Brigif retention pond not only serves to temporarily store rainwater for groundwater reserving but also reduces the
risk of flooding in the Southern Jakarta area. Research was purposed to study two critical conditions of a dike made from
clayey material from before to after water impounding stages correlating with its stability. The research will investigate
pore-water pressure (1) parameter changes at any stage in both conditions. The parameter of (u) can be predicted (upre)
using the laboratory consolidation or oedometer test and measured (uac) completely with hydrostatic pressure (ug) directly
in the field. Actual measurements using a piezometer were also conducted on the body of the dike. The prediction analysis
used the self-developed program and conventional geotechnical software. The critical peak depth of () was found at 3.0
to 4.0 m. The actual settlement potential values reached -0.10 to -1.42 m and matched the prediction result. Safety factor
(SF) was around 2.0 to 4.0, or in stable condition. Research results found that the magnitude parameter of (1) could be
influenced by groundwater flow and porosity or void ratio fluctuations. The consolidation process also would affect the
physical soil pore, contributing to the change of (SF) the dike pond.

Keywords: Consolidation; Dike Pond; Hydrostatic Pressure; Pore-Water Pressure; Piezometer.

1. Introduction

A dike pond is immediately formed after excavation during reservoir or retention pond construction. The stability of
the dike made at the clayey soil area must be evaluated before and after water impounding. The most critical parameter
in the evaluation of the dike stability (SF) on clayey soil is pore-water pressure (1) or (PWP). Changes in (SF)) of the
dike can be investigated by the fluctuation of pore-water pressure. However, PWP will depend on the coefficient of
permeability (k) [1] and the fluid flow type value of porous media in the macroscopic analysis [2]. Seepage analysis
simulation should be performed before assessing slope stability analysis (SF).
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Some researchers have developed research on PWP dissipation, but predicting the PWP closing to actual
conditions in the field is difficult. There are errors in PWP magnitude prediction due to many factors that must be
studied and explored continuously through more detailed research [3]. The dike surrounding the retention pond or
reservoir area will collapse due to several mistakes undetected in prediction analysis, especially after excavation
works or prior water impounding. It must be acknowledged that the classical theory does not cover all aspects that
influence the magnitude of PWP in the prediction analysis. In classical theory, Darcy (1856) developed fluid flow
mechanics in porous media, such as groundwater flow, using permeability analysis. Then, the prediction of PWP
analysis was developed by Terzaghi (1923) using the Darcy theory and the conventional consolidation or oedometer
test in laboratory work. Currently, there are many evaluations of the stability of dikes performed by researchers using
the prediction of PWP parameters through oedometer test results and validated directly by the actual measurement
in the field (e.g., piezometer instrumentation, piezocone (CPTU), etc.). They adopted several methods from previous
research in predicting PWP using the numerical/mathematical/neural networks analysis and/or laboratory/field
measurement model analysis (e.g., Cam-clay model, during pile driving, etc.). It is not uncommon for other
researchers to try to compare the PWP between prediction using the consolidation in one dimension (1-D) and actual
measurement results without considering the pre-consolidation pressure (o), where there are 3 (three) conditions,
such as normal (o”, = o+,) (NC); over-consolidated (¢, > o+,) (OC) conditions; and transition of both conditions
or under-consolidation [4, 5]. However, their prediction of PWP results differed significantly between the laboratory
and/or the field investigations. They do not infrequently ignore these problems without an accurate explanation,
resulting in the dike collapse during the service period and causing considerable flooding around the retention pond.
The most recent research mentioned that evolution causes these differences in changes from microstructure and some
mistakes when inputting macroscopic parameters into the equations of the time rate of consolidation. The PWP and
(k) parameters during the consolidation incremental loadings of clayey soil layers will change in 3 (three) stages:
natural structural, restructuring, and slight change. It is essential to study the consolidation characteristics of soft clay
based on the three stages in determining the pore-water pressure [6, 7].

The research aims to investigate pore-water pressure (u#) parameter changes at any stage of both these conditions.
This paper will study the prediction of PWP change during the loading and/or unloading process before and after
water impounding the reservoir. Conditions of NC and/or OC will be considered. The type of groundwater flow
mechanically in soil pores will be assessed in both conditions as the principle of continuity of flow at the soil element
in classical theory. However, manual continuity principles analysis can be complicated and time-consuming,
especially for complex dynamic fluid systems. Besides that, due to the highly complex nature of the phenomena
involved in correlations between the PWP and the (k) parameter, many fundamental questions remain unanswered or
are still lacking. For this case, soil investigation for NC data at laboratory works was unavailable, or this test was not
performed during the design work at the beginning of the project. Thus, this study is only concerned with the
transition of NC to OC or under-consolidated conditions influencing the PWP. With some limitations of this research,
the self-developed program will define the determination of PWP magnitude to resolve the numerical analysis (e.g.,
derivation and solution of Terzaghi’s one-dimensional (1-D) theory for one and double layers using the laboratory
consolidation data results and seepage analysis simulation (Seep/W)). Parameters of (k) parameters are determined
by the correlation cone and/or standard penetrations (CPT, SPT) [8]. Validation of these results will be compared to
the actual measurement from piezometer investigation in the field before and after water impounding. The validation
of the appropriate or true interpretation of PWP can yield the specific information for the stability analysis (Slope/W)
based on the fluid flow pattern of groundwater in determining (SF). Here, some input parameters of cohesion (c) and
internal shear angle (¢) are derived by the simulation of effective stress (o.,). Hereinafter, validation of the results
can be compared directly in the field through observation works, such as cracking and/or erosion problems, horizontal
movements, etc. [9].

2. Methodology
2.1. Research Stages

Generally, research activity will be started to collect all secondary databases that can be used in the geotechnical
analysis, such as the previous field and laboratory data during the design works, topography map, hydraulics of
surface and model of groundwater flow map, the elevation of groundwater, rainfall data, etc. [10]. Qualitative
results of previous research were also collected, including geology maps and environment studies [11]. The
consolidation laboratory obtains primary data for implementing the macroscopic method using undisturbed
samples (UDS) from 6.0 and 10.0 m depths. Prediction works of PWP (i) will be validated by direct observation
through actual measurement of piezometer instrumentation (i) at a similar depth. The research flowchart is
shown in Figure 1.
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Figure 1. Flowchart for all activities of the research

All UDS samples for laboratory consolidation or oedometer test will be taken from the existing dike body
surrounding the reservoir area. These consolidation data results will be used for prediction analysis of PWP (u)) using
saturated one and double-layer soil of one dimensional (1-D) theory using numerical analysis with software from
EMACS; FORTRAN COMPILER 8.1 and GNUPLOT 4.0 and standard software from GEOSTUDIO (Seep/W).

The time rate of consolidation will be assessed during simulations for all analysis steps. The magnitude of PWP as
the function of the degree of consolidation from primary consolidation data results is simulated continuously until close
to the actual measurement at the field. These steps are taken because, in theoretical and experimental works, the fluid
flow which correlates to PWP is typically attempted to find functional correlations between the (k) parameter and some
other macroscopic properties of the porosity and the specific surface areas [12]. This simulation is to avoid the
complexity analysis of the actual microscopic flow paths through the soil pores. Finally, all PWP data are applied in the
computer software simulation (Slope/W) to determine the (SF).

2.2. Study Area

The research study is located at the Brigif flood retention pond or flood water reservoir development project,
Cempedak Village, Jagakarsa District, Southern Jakarta City, Java Island of Indonesia, as shown in Figure 2. This project
intends to temporarily accommodate flood discharge from the southern region (Bogor and Puncak areas in West Java)
through the Krukut River before the flow enters Jakarta’s southern area’s natural and/or artificial drainage system. The
project Brigif retention pond is divided into two parts, namely the upper and lower reservoir areas. Upper and lower
areas have 3.3 and 6.7 Ha with 104.000 m? of volume capacity and 152.000 m?, respectively.

Regional topography is a basin area in Southern Jakarta City of Indonesia, with the elevation of a low hilly
terrain area of 50 to 140 m above mean sea level (MSL) and a slope gradient of less than 15%. In geographic
situation, the research area exists on Aselih Street, bordered on the north by the South Jakarta area, to the south by
the Cipedak Sub-district, to the east by Gandul Village, and to the west by Ciganjur District. The Brigif flood
retention pond region is a tropical climate, and rainfall data at several stations indicates that the precipitation volume
is 1 to 591 mm, with the number of rainy days between 10 - 20 days. During the rainy season, the average monthly
rainfall is around 327 mm, and the maximum flood discharge of the Krukut River track can disturb the stability of
the dike pond [13].
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Figure 2. Study location of prediction and actual measurements of pore-water pressure (1)

2.3. Geological Aspects

A geological point of view is used to predict the soil layers due to the weathering of existing rock layers. Generally,
exposed clayey layers to a depth of 12.0 m can be found easily near the Krukut River. Based on the Geological Map of
Jakarta and Kepulauan Seribu Quadrangles as shown in Figure 3 [14]. The Brigif reservoir in southern Jakarta could be
classified into 2 (two) rock formations: Alluvial (Qa) and Alluvial Fan (Qav). The stratigraphy of the research area in
the Alluvial Formation (Qa) is composed of clay, silt, sand, gravel, pebbles, and boulders. While the Alluvial Fan
Formation (Qav) is composed of bedded fine tuff, sandy tuff, and interbedded conglomeratic tuff. At these formations,
PWP, or (u) was influenced by the (k) parameter. As weathering geologically results from geologic formation [15], the
soil layers have various permeabilities [16]. It can be indicated that a significant permeability (k) at the base of the dike
body could be shown for the finely layered tuff, sandy tuff interspersed with conglomerate [17]. Generally, exposed
clayey layers to a depth of 12.0 m can be found easily as long as the Krukut River; these zones are susceptible to changes

in PWP [18].
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Figure 3. Geological Map of Jakarta and Kepulauan Seribu Quadrangles (Modified) [7]
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2.4. Geotechnical Aspects

After geotechnical data is validated by the geological map, as shown in Figure 3, Secondary data consists of
geotechnical data (laboratory data of physical-mechanical properties including the oedometer test data; field data of CPT
and SPT) before the project implementation completed with topography map, geological map, previous studies of
existing environment and surface-ground water hydraulic aspects, rainfall or precipitation data, etc. The soil layer and
parameter of (k) were arranged by correlation between (CPT) and (SPT) to the depth of 15.0 m [19, 20]. The field
investigation results helped determine soil layers, unsaturated & saturated weight volume (g) [21], cohesion (c), internal
friction angle (f), etc, through parameter correlations [22]. The shear strength parameter consists of (c) and (f)
parameters, which can be obtained by laboratory direct shear or triaxial tests. The methods from Simplified Bishop,
Janbu, Spencer, and Limit Equilibrium will be applied in the slope stability analysis because the effect of PWP is
seriously considered [23].

2.5. Prediction Measurement of Pore-Water Pressure

Classical theory in evaluating the PWP () and permeability (k) using the laboratory consolidation will produce
deformation due to alteration of soil volume [24]. If the soil is saturated, changes in volume cause water to come out of
the pores based on consolidation theory from Terzaghi (1923) and fluid flow theory from Darcy (1856) for one and
double-layered clayey soil [25]. The permeability (k) of soft soil and clayey layers in the study area is minimal, and the
groundwater flow can last long without drainage (undrained condition). Schematically, this charge without water flow
causes an increase in PWP or (u), which returns to hydrostatic pore-water pressure conditions over time (?) [26].
Furthermore, the pore-water pressure can be interpreted as a normally consolidated and/ or over-consolidated condition
as long as the prediction analysis [27]. During the consolidation process at the laboratory, one dimensional (1-D) for
predicting the pore-water pressure in saturated one-layered (u(y)) soil can be predicted by Equation 1:

9%2u  ou
oz =5 (1)

The response of the pore pressure ((u.)) to groundwater fluctuations in saturated double-layered (1-D) soil can be
calculated by the Equation 2 [28]:

%u; oy .
o= (1= 1,2) @)
Both these interpretations are shown in Figure 4. The coefficient of swelling or consolidation (c,) typically contains
the material properties that govern the consolidation process. This parameter has dimensions of L?T-! in m*/second unit.
Then, (u(,r) is a function of both the space or depth variable in the soil element (z) and the time of consolidation (%).

Ground surface Ground surface
- -
Iy Clay soils (1) (K1, Cy1, My1)
h Clay soils (k, ¢, my) heotat
1
hy Clay soil (2) (Ka, Cy2. My2)
e, —
Impervious layer Impervious layer
(beneath from compresible soil layers) (beneath from compresible soil layers)
(a) saturated one layered-soil (b) saturated double layered-soil

Figure 4. 1-D consolidation model for saturated soil in one and double-layer (after modification) [28]

The consolidation data for (i) was compiled at the consolidation laboratory following the standard from ASTM
D 2435-04 [29]. Independent variable consists of initial (R,) and final (R,) data reading according to time consolidation
(n=1,2, ... and magnitude of settlement (s)) from dial gauge during testing. The dependent variable would cover initial
and modified secondary index compression (C, and C,.); coefficient of consolidation (c,); length of drainage path;
average degree or percent of consolidation (U, or U); consolidation ratio (U.); depth and time factor (f; (Z) and f> (7)),
respectively; stress and/or loading increment (A4s or (o> — ¢”;)); and permeability coefficient (k) [30, 31] for saturated
one-layered. For saturated double-layered (1-D) or the PWP at the upper boundary, the equation governs the generation
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and propagation of excess PWP in clayey soil layers. Both boundaries for one and double-layer used the previous layers
at the upper and lower of the clayey layers. There is no difference in analysis between one and double layers, as shown
in Figure 4; the only difference is the number of compressed layers during the consolidation process [32]. The change
in the PWP distribution due to changes in water level affects the strength of the soil, which involves the stability of the
dike [33]. Ensuring the (SF) of the dike pond is of great significance in the study area. Seepage failure and other failures
associated with seepage are the primary forms of failures in the dike engineering design during the flood period [34].

2.6. Actual Measurement of Pore-Water Pressure

A piezometer is a geotechnical sensor instrument used to measure PWP in the soil. Implementation of
instrumentation devices and actual measurement at the field is shown in Figure 5, and Equation (3) is intended as the
formula or Equation for converting a height of liquid in the piezometer column from milliampere (mA) to mH,O:

(H — 4.0609)
u(act) = —0.0159362 .0.1022 (3)
Piezometer measurement using Indonesia regulation or standard (SNI) [35, 36] (uc) directly at the field would
record temperature, data reading at depth 6.0 and 10.0 m, real-time data, and groundwater table elevation as the
independent variables. Digital data on pore-water pressure (Ucy)) Will be used as the dependent variable [37].

Actual pore water pressure measurement (Ugg)

Signal data cable

Diaphragma
fleksibel
5| (water chamber)
Sigual data
cable o—— Grouting material >
. Saturated porous stone O-ring scal
Pore
transducer
Bentonite sealant h;=6.0m
Actual Actual
pore « pore
* « water
water
= < ressur
presswe 3 wesaure
(Meg) —n R - . R —
sealant be e *
Sealant bentanite Sand
filter
hy=10,0 m
Pore
X transdncer
Sealant bentonite T
Actual Actual
» «
pore % pore
waler > . < waler
pressure ——» « pressure
(Uiyze) (U5l
Wagaey = Yoo (hy + ha)

g1 )
Sealant bentonite Sand
T filter

Figure 5. Instrumentation of Piezometer devices and implementation of actual measurement

2.7. Comparison between Prediction Analysis and Actual Measurement

Based on several references in recent years in previous literature reviews, excess of PWP at any time (?) according
to the alteration loading, this function of depth (z) and time (z) will vary from one point to another as an isochrone
parabolic [38, 39]. Prediction analysis at the consolidation laboratory and actual measurement in the field is very useful
for monitoring shear strength and stability conditions at the dike body of a reservoir or pond. Unfortunately, during
construction, sometimes all designers used field tests (SPT; CPT) where they did not complete the laboratory
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consolidation results data [40, 41]. Variations of low-water level (LWL) and high-water level (HWL) can be the essential
reason for the change of (SF) values of the dike surrounding the reservoir due to the changes in PWP. In this case,
stability analysis is performed in both conditions [42]. The other major factor influencing the dike is the settlement based
on time-dependent consolidation analysis under surface loads (surcharges). The research results are used to propose the
technical model related to construction and maintenance methods to the local government and to support the life service
of retention ponds in avoiding and/ or managing floods in southern Jakarta. Monitoring and evaluation also involve the
environment supervising the groundwater table during dry and rainy seasons [43].

3. Result and Discussion
3.1. Physical and Mechanical Soil Properties

Soil parameters were derived by correlation between cone penetration test (CPT) and standard penetration test (SPT)
to the depth of 15.0 m. There were 3 (three) soil layers in the study area, shown in Table 1. Prediction analysis of PWP
based on the laboratory oedometer tests was conducted for both types of analysis, such as saturated one and double-
layer soils in one dimensional (1-D). One-layered type follows the soil configuration shown in Table 1, where clay and
silty clay are combined into 1 (one) layer only. In comparison, the double-layered type follows Table 1, which consists
of 2 (two) separate layers, namely clay and silty clay.

Table 1. Physical and mechanical properties at the dike body of Brigif retention pond

Properties of soil Layer-1 (0 - 3.5) Layer-2 (3.5-10.5) Layer-3 (10.5 — 15.0) Unit (m)

Classification Clay Silty clay Silty sand -
Model Mohr — Coulomb Equation =~ Mohr — Coulomb Equation =~ Mohr — Coulomb Equation -
Type Undrained condition Undrained condition Undrained condition -

Ym 17 18 19 kN/m3

Ysat 19 20 21 kN/m3

E 7,000 12,000 12,000 kN/m?

c 12 55 5 kN/m?
v 0.3 0.4 0.3 -

k 1.0.e% 1.0.e% 1.0e%4 m/day
f 32 32 38 °

The theory of consolidation has been discussed by many researchers [26]. Consolidation is linked to changes in
effective stress (5 o) resulting from changes in PWP. Upon application of an external or internal load in one-dimensional
or (1-D), there is an increase in PWP throughout the UDS sample [44]. During excavation, when construction begins,
all external load is initially transferred into excess PWP from hydrostatic pressure. Thus, there is no change in the
effective stress in the clayey soil layers. Gradually, as the water is squeezed under a pressure gradient, the soil layers
compress and take the load, increasing the effective stresses. Eventually, the excess of PWP from hydrostatic pressure
becomes zero, or the PWP will be the same as hydrostatic pressure before loading. In ideal saturation, the soil’s load is
entirely borne by the water within its pores. Yet, achieving perfect saturation in practice can be challenging due to
occasional inconsistencies during sample preparation. Therefore, it is not uncommon for pore water pressure (PWP)
readings to fall short of the theoretical maximum, as real-world measurements often involve slight disturbances or
inaccuracies [45]. In some scenarios, the observed pressure may be considerably lower—reaching only around 80% of
the expected value [46].

Figure 6 shows the results of the oedometer test at the laboratory. An average of results indicated that the dike
pond formed by a clayey layer has experienced the OC conditions where 6’ > G’y [47]. These figures can explain
that the soil layer formed by the dike has the change of total or effective stress that occurred during prior and after
water impounding to the reservoir. Desiccation of the upper layers due to surface drying will also produce over-
consolidation. Even though there is unavailable data for NC conditions, alteration condition can be stated that there
is the transition condition from (NC) to (OC). At this condition, the clayey layer has not yet come to equilibrium
under the weight of the overburden load, and PWP prediction would be the same and/ or to excess hydrostatic
pressure. From Figure 6, these results implied that the PWP magnitude from NC specimens would be greater
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magnitudes than OC specimens [48]. In another research study using the piezocone field test (PCPT), some
researcher found that the PWP be low or even negative due to their dilative behaviour in (OC) soils (with OCR >
1) in OC soils is positive regardless of OCR value. However, due to the limited understanding of these phenomena
in OC soils, reliable prediction of initial pore pressure for the theoretical interpretation of dissipation tests and real-
time evaluation of hydraulic properties of OC soils from PCPT has been challenging [49]. The findings of these
studies could explain a complicated multi-physics problem because it would require the accuracy of specialized
techniques in estimating the (k) parameter of soils [50].
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Figure 6. Typical laboratory consolidation test results during impounding water

When an external load is applied to a saturated soil sample, it exhibits a distinct response. Based on oedometer testing
principles, this load initially causes a sharp rise in pore water pressure (PWP) within the soil. The transfer of total stress
to the pore fluid occurs in two clear phases. The first phase is marked by a rapid and substantial increase in PWP,
reflecting most of the imposed load. Following this, the pressure rises more slowly and incrementally until it reaches its
maximum level. Once that peak is attained, the pore pressure dissipates over time [51].

3.2. Prediction of Pore Water Pressure During Water Impounding

The result of the prediction of PWP based on the oedometer data using saturated one and double-layer in one-
dimensional (1-D) analysis can be shown in Figure 7. The results were derived from the Equations 1 and 2 by numerical
analysis. During numerical analysis, as the one-dimensional consolidation problem requires a variation of initial
boundary conditions, loading histories, and soil layer thickness, the calculation process will take quite a long time and
often result in multiple errors. As with single-layer systems, dimensionless parameters are critical in developing pore
water pressure in saturated double-layered soils. The magnitude and depth affected by excess pore pressure are inversely
related to phase shift and amplitude reduction. Additionally, differences in relative permeability between the two clay
layers—or between two homogeneous clay soils—can lead to distinct pore pressure responses in each layer.

Soil ) A z Towards to the edge Depth z u (kPa)
profile Lo fesiveniinl are of reservair area @ @ 50 100 150 200 250
| | | | |
0.0 — o
\
\ Note:
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1.875 — L, \
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\
375 — L
| 1
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5.625 = (¥4 \ =0
’ \
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750 t=0
Hydrostatic (1) = 100 kPa

Figure 7. Excess pore-water pressure (by numerical analysis) exists above the hydrostatic water pressure
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The difference in the results of the analyses was more implied by some unknown factors, such as the dimensionless
parameter of relative (k) ratio of two clayey, degree of soil consolidation, variation of soil layer thickness, etc. In the
study parametric in macroscopic, in single-layer soil, the influence of the coefficients of permeability and
compressibility of soil on PWP distribution is different. It cannot be combined into the coefficient of consolidation of
the soil in double-layered soil. In practical math processing, the various results are due to the iteration process to achieve
analytical solutions in a self-developed program. Changes in input data of total weight volume and/ or the saturated
weight volume and the depth of groundwater of alteration dimensionless parameters, the permeability and the
compressibility in typically and/or over-consolidated conditions make it difficult to reset these parameters at the
beginning of the analysis. Generally, the results indicated that it should dissipate slowly once the maximum pressure
value has been reached. In the OC condition, hydrostatic pressure may be started by the negative of PWP, and then, the
PWP reaches the specific point of peak of PWP and decreases gradually after sometime during the transition condition
from (NC) to slightly (OC) at the over-consolidation ratio (OCR) < 4.0. The peak of PWP occurred at a depth of. 3.75
m (or 3.0 to 4.0 m), PWP will close to hydrostatic pressure (u,) according to the additional depth. It can be implied that
larger pores were much compressed under lower consolidation pressure, and small pores would be increased.
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Figure 8. The typical pattern of pore-water pressure at the dike body indicates NC and OC conditions

Pore water pressure prediction was also assessed by the seepage analysis of the finite element method (Seep/W &
Slope/W), as shown in Figure 8. Using this analysis, all soil parameter data from the cone and standard penetration tests
were on these simulations. This study parametric involved 2 (two) conditions, such as low-water level (LWL) and high-
water level (HWL) in static conditions. The typical pattern of PWP at low-water level (LWL) and/ or high-water level
(HWL) is shown in Figure 8. The pattern of pore-water pressure indicated over-consolidated (OC) conditions [47]. There
are many well-documented studies on the magnitude of PWP by several researchers. The results from the simulation
show that the initial PWP (uy) is the difference between (LWL) and (HWL) conditions, but both magnitudes have
negative values. It can be implied that this difference of () is due to the fluctuation of the groundwater table and the
estimation of slight drawdown conditions.
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The results from the finite element can imply that the fissured and/or desiccated crustal layer occurred in soft to firm
clayey soil at the dike body for transition conditions ((NC) to (OC)). Condition of (OC) must be warranted if the presence
or lack of fissuring is not known a priori, then blind adoption of a correction can be imprudent since the correction may
be unconservative. However, even though the initial negative PWP or (u,) is different, PWP would increase to the peak
point and decrease gradually to the hydrostatic or groundwater table pressure.

3.3. Measurement of Pore Water Pressure During Water Impounding

In this research, as shown in Figure 9, a piezometer standpipe was used to measure the pore-water pressure at the
field directly. There are 2 (two) pore-water pressure measurements at a depth of 6.0 and 10,0 m. This measurement
period was from prior excavation to the water impounding process. The average excavation height is 8.0 to 10.0 m with
a slope surface length of 20.0 — 22.0 m and a slope angle of 26° to 30°. These investigations were undertaken on points
No. 1 (TPC-1), No. 2 (TPC-2), and No. 3 (TPC-3) of the dike body, respectively. All conditions of the dike body were
assumed that the clayey layers were already in (OC) conditions to a depth of 6.0 to 10.0 m. However, at a depth of 10.0
m of No. 2 (TPC-2), the indicated clayey layer is still in (NC) condition. The phenomena could imply that the transition
condition from (NC) to (OC) would be distributed from the upper to the lower layer. The degree of consolidation values
would affect the PWP dissipated to change (NC) to (OC) conditions [52].
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6220 8000
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Figure 9. The results of pore water measure measurements during the impounding of the reservoir
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Pore-water pressure at Point No. 1, at a depth of 6.0 m, increased from 22.18 kPa to the peak point of 51.34 kPa after
3.0 months and returned gradually to hydrostatic pressure of 32.11 kPa after 6.0 months. With a similar observation
time, at a depth of 6.0 m, it increased from 26.53 kPa to the peak point of 98.01 kPa and was stable at hydrostatic
pressure of 26.90 kPa. The results of Point No. 1 were almost similar to Point No. 2 at a depth of 6.0 m. Generally, both
patterns of Points 1 and 2 at a depth of 6.0 m only occurred for the (OC) condition of the clayey soil layer. However, at
Point No. 3 of depth of 6.0 m, the hydrostatic pressure of 74.32 kPa would decrease to reach 67.40 kPa after 3.0 months
and back to hydrostatic pressure at 71.21 kPa after 6.0 months.

3.4. Stability Analysis Versus the Evolution of PWP based on LWL and HWL

Figures 10 to 13 shows a simple two-dimensional (2-D) finite element analysis (Slope/W) together with (Seep/W)
that was performed to predict the existing safety factor (SF). These resumes of extreme conditions were directly static
(e.g., condition (infiltration of low-high rainfall) and additional condition of dynamic (e.g., local seismic potential)—
fluid flow in steady-state to unsteady state conditions in determining PWP during water impounding. The pore water
pressure (PWP) profile is governed by the net flow condition at the upper boundary, while the lower boundary typically
assumes a state of hydrostatic pressure equilibrium.
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Figure 10. Transition from normal consolidation (NC) to over-consolidation (OC) condition at LWL before water impounding
(implication: cross-section area of soil pores-unchanged, etc.; and flow type-laminar only (steady state seepage condition).
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Figure 11. Transition from normal consolidation (NC) to over-consolidation (OC) condition at LWL before water impounding
(implication: cross-section area of soil pores-changed, etc.; flow type-laminar to transient (unsteady state seepage condition).

Figures 10 and 11 show the LWL at low rainfall and during fluctuation of LWL in low to high rainfall conditions.
Both static conditions were selected because slope stability would be sensitive due to infiltration during low to high
rainfall. Impact of PWP distribution on slope stability in Figure 10, PWP at the initial time (u0), and the clayey layer
showed negative values in all cases. In case LWL at the prior fluctuation during steady state seepage condition (laminar
flow type), rapid infiltration led to the phreatic surface forming at the slope toe away from the ground surface or, phreatic
surface expanded locally around the toe, leading to a deep slide. Following this, the phreatic surface extended into the
lower layer of the dike body rather than continuing to expand at the toe of the upper layer. This likely occurred due to
the accumulated rainwater drainage from the slope failure in the ground surface. Changes of PWP in positive value
occurred in the lower clayey layer, followed by the increasing stability or (SF) value [53].

Figure 11 shows the fluctuation during unsteady seepage conditions (flow transition from laminar to transient); a
larger phreatic area will occur due to the higher rainfall intensity with a short duration. During short rainfall, the
saturation process is slightly increased, and positive PWP develops, causing the phreatic surface to expand to the slope
surface at the upper layer, leading to the initial failure at the slope toe near the ground surface. After the failure, the
positive of PWP is increased significantly at the lower layer while reducing the upper layer or near the ground surface
of the dike body. When failure first happens at the base of the slope, it forms cracks and fractures, which facilitate the
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drainage of water accumulated near the base or at the surface layer, lowering the pore water pressure (PWP) at the
surface. This also changes the drainage pathways, allowing rainwater to penetrate deeper into the clay layers. Each
scenario produces distinct outcomes, highlighting the intricate relationship between soil characteristics and the PWP in
determining the safety factor (SF).

During dynamic conditions due to earthquake potential in a short time history, when the soil permeability in (OC)
condition is very low, as shown in Figures 10 and 11, the dynamic PWP is much greater and is essentially symmetrical
about the time of maximum load application [54, 55]. This is consistent with the permeability of the soil being so low
that there is no opportunity for excess pore pressure dissipation when the load is applied. As the permeability is
increased, the maximum induced PWP reduces, with a negative pore pressure being developed ahead of the moving load
[56]. This is consistent with reducing the time available for PWP dissipation during dynamic loading [57]. In a saturated
soil of a particular stiffness, the dynamic load and the (k) parameter determine the extent to which excess PWP builds
up during the local seismic passage at any given depth. For short time histories, the soil behaves as highly permeable,
with minimal excess pore pressure development. However, when the saturated soil layer is deeper, farther from the
surface, or closer to the zero-pore-pressure boundary, this depth has only a limited effect on the excess pore pressure
response across the range of soil stiffnesses being analyzed. Seepage and local seismic potential will significantly reduce
the safety factor (SF).
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Figure 12. Over-consolidation (OC) condition at HWL after water impounding (implication: cross-section area of soil pores-
unchanged, etc.; flow type-laminar only (steady state seepage condition)
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Figure 13. Over-consolidation (OC) condition at HWL after water impounding (implication: cross-section area of soil pores-
changed, etc.; flow type-laminar to transient (unsteady seepage condition)

Figures 12 and 13, under static conditions at the HWL during steady seepage (laminar flow), revealed a significant
expansion of the phreatic surface and crack formation at the slope crest. This was likely caused by lower soil density
and/or reduced soil stiffness. The failure mechanisms differed depending on the soil type, with a low likelihood of a
complete slope failure. Instead, localized collapse at the slope toe was observed, suggesting that the upper clay layer
could trigger more extensive shortcomings in the lower layers during prolonged rainfall events. In all cases for (OC)
condition, the cross-section area of soil pores is unchanged and in steady-state seepage condition (e.g., laminar flow
type), PWP will be dissipated smoothly with water infiltration and has a limited influence on slope stability, but the
safety factor (SF) will be reduced.

In dynamic conditions, PWP is the primary factor that triggers slope failures where the (SF) is closing at 1.0; it is a
notable influence in conditions of low weight volume of soil under high rainfall intensity. In this case, the localized
slope toe will tend to fail when the phreatic surface appears on the slope surface as long as the rainfall duration. The
positive distribution of PWP is more enlarged than that in the other two cases, as shown in Figures 10 and 11. Unlike
the other two cases, the phreatic surface expanded to the upper part of the slope. This may be due to the lower volume
of the clayey layer, and the HWL is a trigger of the increasing PWP besides the occurrence of backflow from the reservoir
direction or unsteady seepage condition. When there is a backflow from the reservoir, changes in the cross-section of
the soil pores can be predicted. Consequently, due to the large positive of PWP, some cracks would appear at the slope
crest, and the (SF) value will be reduced due to the change of stress-state dependence [58].
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From all simulations using the (Seep/W) and (Slope/W), it can be noticeable that the critical depth with the highest
PWP would occur at a depth of around 4.0 m to the toe of the slope [59]. These results are almost close to both prediction
analyses using the oedometer data in (1-D) for one and double-layer analysis, which were obtained around 3.75 m in a
similar direction. Slip surfaces can occur at the highest elevation of PWP due to LWL and HWL conditions. Variations
of external and internal change due to LWL and HWL can vary and/ or influence the magnitude of PWP dissipation in
static and dynamic conditions. Comprehensive studies through laboratory modelling are required to demonstrate the
change of PWP concerning the shift in stress-state-dependent parameters in natural conditions. The shift in stress-state
dependence would be caused by altering the permeability coefficient (k) parameter in macroscopic terms. The shift can
influence the change of (k) in the cross-section of soil pores, the sedimentation process at the soil pores during drying-
wetting, etc. There are many shortcomings or limitations in assessing the magnitude measurements of PWP dissipation
and (k) parameters during consolidation using the conventional oedometer data approach and the mathematical models,
even if the resolution used numerical analysis.

3.5. Comparison of the Magnitude of Pore-Water Pressure (PWP) Distribution

Table 2 shows the variation of the magnitude of PWP through the prediction analysis using the oedometer data and
the actual field measurement data from the piezometer instrumentations. The PWP dissipation using the oedometer data
in the prediction analysis significantly differs at a depth of 6.0 m but has the same result at the 10.0 m depth because
they have already reached the hydrostatic pressure. These values have a distinction of around 11% or slightly different
if compared with the actual measurement based on the probabilistic method [60].

Table 2. Results of pore water pressure distribution

Amount of PWP based on Finite Element Method Analysis

Amount of PWP based on
. Amount of PWP based on consolidation teSt,Wiﬂ,l Transition NC to OC condition Over consolidation condition
Dept(h nsf soil actual measurement with saturated 1D consolidation (LWL) (HWL)
VW piezometer (kPa)
One layer Double layer Laminar only Laminar to Laminar to Laminar only
(kPa) (kPa) (kPa) Transient (kPa) Transient (kPa) (kPa)
6.0 81.20 100.05 111.75 55.30 47.90 95.75 69.45
10.0 89.05 93.80 93.80 74.95 68.15 114.0 92.20

By using the finite element analysis, the results could not be compared to each other because of the complexity
analysis during the input soil parameter; there are unavailable data of the oedometer at (NC) or in transition condition
from (NC) to (OC) when the beginning of prior water impounding [61]. However, it can be noticeable that a similar
value is reached when the clayey soil layer at the dike is in (OC), and HWL conditions and the fluid flow is a transition
seepage from steady state (e.g., laminar) to unsteady state (e.g., transient) at a depth of 6.0 and 10.0 m. Here, the
acceptable condition is that the values of PWP at the (OC) are larger than the (NC) conditions. It can be implied that the
increasing number of soil pores resulted in the decreasing permeability coefficient (k).

This paper utilizes predicted and measured pore water pressure (PWP) data to evaluate the slope response to water
impoundment or changes in the phreatic line, a scenario common in real-world conditions. Focusing on an ideal
undrained dike slope, where excess pore water pressure forms at the base or toe, the study emphasizes the formation of
a slip surface during the pre-failure phase before water impounding and the landslide kinematics after water is
impounded in the reservoir. A parametric analysis explored how key parameters influence the slip surface’s shape and
location and the stress-state configuration of the clayey soil in the dike body, considering changes in PWP and
permeability (k) as critical factors [62]. The findings indicate that while multiple parameters affect the slope response,
excess pore pressure has the most significant impact. Finally, an equation proposed by earlier researchers for
approximating PWP offers a valuable tool for assessing dike ponds’ stability (safety factor) during their operational life.

4. Conclusion

This study presented the pore water pressure (PWP) assessment and stability analysis for a proposed dike pond
before and after water impounding. High pore-water pressure occurring at the clay deposits can exceed the effective
stress and reduce the safety factor of the dike body. The level of stability implemented in the safety factor (SF) satisfies
all the conditions of stability analysis, such as steady and unsteady seepage, rainfall infiltration, and seismic loading.
The increased PWP reduces the available soil shear strength. The groundwater table level does not control pore-water
pressure distribution but may be affected by several factors. Predictions or actual measurements must be selected to
determine the field’s magnitude and distribution of pore-water pressure.

The primary role of PWP measurement is to reduce and control seepage flow through the reservoir body before and
after water impoundment. The critical parameter in determining PWP is the coefficient of permeability (k) for each
layer. Based on the basic theory of macroscopic analysis, the parameter (k) depends on the soil consolidation condition,
whether normally consolidated (NC) or over-consolidated (OC). Volume changes or variations in the void ratio of clayey
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soil layers due to shifts in effective stress are evaluated using the coefficient of compressibility or the coefficient of
consolidation, which are determined through the oedometer test in one-dimensional (1-D) prediction analysis. The length
of the longest drainage path from initial to final conditions is essential for assessing PWP dissipation. Time and the final
change in void ratio can be expressed as the consolidation ratio and/or the degree of percent consolidation. Ultimately,
the induced excess PWP can be determined for each layer of clayey soil. In this study, slope stability analysis was
conducted in conjunction with seepage analysis, considering fluctuations in PWP due to permeability (k) values less
than or equal to £ 10°° m/s in each layer of the dike body. Elevated PWP can reduce the stability of the dike or the safety
factor (SF) in clay layers.

Furthermore, the study of slope stability of an earth dike on soft clayey soil examined the effect of changing soil
properties on stability. In addition, the influence of soil parameters such as cohesion (c¢) and the angle of friction (¢)
plays an essential role in the stability of the considered slope, as presented in this paper. The value of the safety factor
(SF) decreases with the reduction of (c¢) and (¢) of the material. From seepage and stability simulation analysis, the
results indicated that the (SF) ranges between 2.0 and 4.0 before and after water impounding, with the peak point of
pore-water pressure (PWP) between 3.0 and 4.0 m.
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