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Dam construction is one form of water resource utilization in Indonesia. In addition to its
potential functions and benefits, dams in Indonesia also pose significant risks. Therefore,
detailed planning for dam construction is essential. The Bagong Dam has a zonal
embankment type with a vertical core. This type of dam has larger pores or voids
compared to concrete/asphalt dams. Consequently, a detailed seepage calculation is
necessary to avoid adverse events. Water seepage can be addressed by analyzing it using
the Geo-Studio software, which can identify the depression line, as well as the velocity
and discharge of seepage through the dam body. The analysis includes conditions such as
Normal Water Surface (NWS), Flood Water Surface (FWS), Rapid Drawdown, and Dead
Storage. The analysis will produce seepage patterns (depression lines), seepage
discharge, and seepage velocity. The calculated seepage discharge in Geo-Studio is 5.82 x
10-3 m3/s, compared to the manually calculated seepage discharge of 5.98 x 10-3 m3/s,
resulting in a negligible difference of 2.672%, with a discharge difference of 0.00016
m3/s. The highest critical velocity occurs in rip-rap material and embankments at a
height 0f 4.04 x 10-1 in the NWS modelling. The critical diameter limit for the most critical
(smallest) material to be carried away is found in clay material with a critical diameter of
5.61.10-14 cm. The safety factor for suffusion symptoms indicates the most critical value
in NWS modelling, with a value of 4.51. The seepage discharge is still within safe limits
since the calculated discharge through the dam body is 0.062 m3/s less than the
permitted discharge.

Dam Construction, Zonal Embankment, Seepage Analysis

1. INTRODUCTION

The Bagong Dam in Trenggalek Regency, East Java, Indonesia, stands as a
critical infrastructure in the utilization of water resources in the region. As a zonal
embankment dam with a vertical core, the Bagong Dam plays a vital role in
providing water for irrigation, energy, and clean water supply. Due to the distinctive
characteristics of its zonal material, this dam requires special attention concerning
the potential seepage that could lead to detrimental impacts Ahmed et al. (2015),
Emeka & Chukwuemeka (2018) such as erosion and material movement El-Gawad
(2020), Aga (2021).
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Unlike concrete or asphalt dams, embankment dams exhibit higher porosity
due to the differences in their material composition Beiranvand & Komasi (2021).
Hence, a profound understanding of water seepage becomes crucial Min et al.
(2018). Potential risks, such as the transport of material by seepage causing cavities
in the dam body (erosion) Azdan & Samekto (2008), necessitate thorough
investigation Suyono Sosrodarsono (2002).

In this context, seepage analysis becomes a crucial step to ensure the long-term
safety and performance of the Bagong Dam. This research aims to provide in-depth
insights into seepage patterns, seepage discharge, seepage velocity, and critical
factors under various operational conditions such as Flood Water Surface (FWS),
Normal Water Surface (NWS), Rapid Drawdown, and Dead Storage.

The significance of this analysis is directly tied to the safety of the residents
around the dam and the sustainability of the infrastructure Alnealy & Alghazali
(2015). Therefore, the careful selection of Geo-Studio (SEEP/W) Pd-T-14-2004-A.
(2004), Lin Zhong (2021) software as the analytical tool is warranted. Geo-Studio
excels in evaluating dam performance with a certain level of complexity, particularly
in analyzing water seepage and excessive pore pressure dissipation in porous
materials like soil and rock Kuntjoro et al. (2022), Shmela & Shakshem (2013).

By formulating focused research questions, including seepage patterns,
seepage discharge, seepage velocity, critical grain size limits, and slope safety
factors, this research is expected to make a significant contribution to the
understanding and management of seepage in zonal embankment dams. The
research location at the Bagong Dam in Trenggalek Regency takes centre stage, and
through this study, it is anticipated that practical solutions will be found to enhance
the safety and efficiency of water resource management in the region.

Figure 1

Study location

Figure 1 Map of Bagong Dam Location as Study Area

2. MATERIAL AND METHOD
2.1. EMBANKMENT MATERIAL

The embankment material, as indicated in Figure 2, PT. Mettana Engineering
Consultant. (2018), Bangunan (2004), comprises soil as specified. The GeoStudio
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application program will be used for slope stability analysis. Seep/W will be
employed to obtain seepage data and determine the phreatic surface, providing
input for pore water pressure in Slope/W. The results of the Seep/W analysis will
be displayed in the seepage analysis section Pd-T-14-2004-A. (2004). The
availability of earth fill material is outlined in Table 1.

Figure 2

Zone 1 Core
Zone 2 Fine Filter
Zone 3 Coarse Filter
Zone 4 Random
_ Zone 5 Rock
"... Zone 6 Rip-Rap

Figure 2 Cross-Sectional View of the Main Dam

Table 1
Table 1 Analysis of Availability of Earth Fill Materials for the Dam Body

No Material Type Volume (m3 Quarry Location
2 Zone II - Fine Filter 6,60,330 Badak River, Sidodadi Village, Nglegok and
Garum, Blitar, approximately 90-110 km from
the site
4 Zone IV - Random 9,54,262 Excavation from tunnel, spillway, foundations,
Stone riiht and left abutments, within 0-2 km distance
6 Zone VI - Rip Rap Quarry 1,2,3 and expansion area on the right

side of the flooded area, within 0-2 km distance

2.2. SEEPAGE IN THE DAM BODY

Seepage, or permeability, is the property that allows liquids to flow through
porous materials. Soil is considered a permeable material, allowing water to flow
through its Hardiyatmo (2002). The degree of soil permeability is determined by
pore size, soil type, and soil density, expressed as K (velocity unitin cm/s or m/s).

The dam body must be able to withstand the forces exerted by seepage water
flowing through the dam body and foundation. To assess the resistance capability of
the dam body and its foundation against these forces, the research focuses on the
following:

o Formation of seepage lines within the dam body at specific elevations of the
planned water surface in the reservoir.

o Infiltration water capacity flowing through the dam body.
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e Possibility of suffusion phenomena (piping) caused by hydrodynamic
forces in the filtration water flow.

These aspects can be determined by establishing the seepage line formation
within the dam body and creating a network of filtration flow trajectories (seepage
flow-net) within the dam body. The seepage calculations in this study utilize Darcy's
Law, expressed in equations 1 to 3.

Q=k.iA (1)
V=k.i 2)
Q=x—£-k-h-L (3)

Referring to the Japanese standards Hardiyatmo (2002), the allowed seepage
discharge must comply with regulations including:

e The total seepage from the reservoir passing through the foundation and
dam body must not be less than 1% of the average river flow entering the
reservoir.

e The total measured seepage water from the reservoir passing through the
foundation and dam body at the seepage collection point (located
downstream of the dam) must not exceed 0.05% of the water capacity
stored in the reservoir.

2.3. SEEPAGE LINE PATTERNS

Seepage line patterns in the watertight zone of a dam can be obtained using the
Casagrande method. When the vertical permeability value (kv) differs from the
horizontal permeability value (kh), deformation of the seepage lines will occur by
reducing the horizontal coordinate by a factor of v(kv/kh) Suyono Sosrodarsono
(2002), Azdan & Samekto (2008).

2.4. CRITICAL VELOCITY

A critical upward flow velocity on the downstream slope, with its vertical
component potentially causing the displacement of dam material particles on the
surface, is referred to as the critical velocity. This concept was theoretically
developed by Justin Aga (2021). The magnitude of the filtration velocity is regulated
in SNI 8065:2016 SNI 8062. (2015) as shown in Table 2 below. The analysis of the
critical velocity is obtained through the filtration flow network method with
Equation 4.

V=k.i (4)

The value of i in this analysis is derived from the seepage analysis using
GeoStudio in the previous sub-section. Meanwhile, the value of k is obtained from
the soil test results, which determine the parameters of the dam body composition.
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Table 2
Table 2 Standard Seepage Velocity for Embankment Dams [20]

Material Standard SNI 8065:2016

Core 1.00.x 107 1.00.x 10-5

Coarse Sand Drainage 5.0.x10-2 5.0.x10-1

Outer Stability Layer 2 5.0.x 104 1

2.5. CRITICAL PARTICLE DIAMETER

Safety against reservoir slope failure and seepage is a primary requirement for
dam stability. Additionally, the particle diameter is one of the causes of seepage;
therefore, the criteria for particle diameter have been established in the
Construction Material Criteria for Embankment Dams Affandi (2014). The research
results are presented in Table 3 below. This analysis employs equation 5, which is
simplified to equation 9.

Wig

c= |29 (5)

Fyw

(Gs-1) %n d3g

C= o (6)

c? = (GS—;)E‘:ﬁg %

o= ®)
Table 3

Table 3 Standard of Seepage Velocity for Embankment Dams SNI 8062. (2015)

Material Standard Material Criteria immi

Filter 0.02

Transition 1

Rock Fill 10
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2.6. SAFETY AGAINST PIPING

If the upward seepage pressure in the soil is equal to the critical gradient, the
soil will be in a state of buoyancy. This condition can also result in the transport of
fine soil particles, leading to the formation of pipes in the soil, known as piping"
Pengairan (1999), Hardiyatmo (2002). Piping can cause the formation of air voids
within the dam, significantly reducing soil resistance, which poses a significant risk
to dam stability. The following equations, 10 and 11, are used to determine the
permissible Piping Safety Factor to prevent piping and boiling phenomena.

icr

FK piping = P (10)
. _ (Gs-1)
ier =" (11)

The value of ica in the actual implementation is obtained from the reading of the
piezometer instrument. However, since this study is in the planning phase, the value
of ica is derived from the most critical gradient value obtained from the Geo-Studio
analysis.

3. RESULTS AND DISCUSSION
3.1. SEEPAGE PATTERNS (DEPRESSION LINES)

The representation of seepage patterns, known as depression lines, will involve
a comparison between two methods: manual and GeoStudio. In the manual
representation, the vertical impermeable core zone will be referred to from the
depression line formation as described in the book "Embankment Dam Type"
Suyono Sosrodarsono (2002). This manual representation will then be compared
with the depression lines Fell et al. (2005) generated using the GeoStudio SEEP/W
software.

Due to the absence of references regulating the manual depiction of depression
lines with more than 3 zones, the comparison in this analysis will be focused on the
seepage patterns (depression lines) using 3 material zones. The final results
obtained from the GeoStudio SEEP/W method with multiple zones, as outlined in
the design plan, will be compared. The manual method results, as depicted in Figure
4, will be compared with the FEM SEEP/W method results, as shown in Figure 5.

Figure 3

Figure 3 Manual Depression Lines at Normal Water Level (NWL) Condition
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Figure 4
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Figure 4 GeoStudio Depression Lines at Normal Water Level (NWL) Condition

As evident from the above results, it can be observed that the seepage patterns
(depression lines) show minimal differences between the manual and GeoStudio
analyses (analysis results). Below are Figure 6, Figure 7, Figure 8 depicting
depression lines under various water level conditions using GeoStudio with the
planned design.
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Figure 5 GeoStudio Depression Line in the Planned Design Under Normal Water Level Conditions
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Figure 6 GeoStudio Depression Line in the Planned Design Under Flood Water Level Conditions
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Figure 7
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Figure 7 GeoStudio Depression Line in the Planned Design Under Dead Storage Conditions

Figure 8
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Figure 8 GeoStudio Depression Line in the Planned Design Under Rapid Drawdown Conditions

3.2. SEEPAGE DISCHARGE

In the analysis of seepage discharge, the author will once again compare two
methods: manual and GeoStudio. The seepage discharge analysis using GeoStudio
yields a value of 5.82x10-3 m3/s. This result is obtained by multiplying the length of
the dam crest, which is 625 m, by the seepage discharge obtained from the
GeoStudio output graph, which is 9.31x10-6m3/s.

Meanwhile, in the manual seepage calculation, the author refers to the
reference book "Embankment Dam Type" Suyono Sosrodarsono (2002) using the
Casagrande method. To estimate the magnitude of filtration capacity (seepage)
flowing through the body and foundation of the dam, the author relies on the flow
trajectory network and equipotential line network taken from the Geo-Studio
depression lines (isolines in Geo-Studio).

The seepage discharge value on the body of the Bagong dam using manual
analysis is 5.98x10-3 m?/s. Thus, it can be concluded that the results of the manual
seepage analysis produce a discharge that is not significantly different from using
the GeoStudio software. The difference in discharge between the two methods is
0.00016 m3/s with a percentage difference of 2.672%.
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3.3. CRITICAL VELOCITY

To prevent hydrodynamic forces from causing dangerous phenomena such as
piping and boiling in the body and foundation of the dam, the flow velocity within
the body and foundation of the dam at certain levels needs to be restricted. The
analysis of critical velocity values is obtained using the flow network method, with
a recapitulation of critical velocities for each material zone compared to the SNI
8065:2016 standard, as shown in Table 4.

Based on the analysis results in Table 4, it can be concluded that these values
do not differ significantly from the applicable SNI 8062. (2015) and fall within
reasonable limits for almost all materials. Therefore, the results of this analysis will
be used as a reference for the critical velocity limits within the dam body to prevent
erosion. However, besides the velocity factor, consideration should also be given to
the size of particle diameter to prevent erosion.

Table 4

Table 4 Table of Critical Velocity Limits for Each Material Zone

Material Vc Standard SNI 8065:2016

la 2.78E-08 1.00.E-07 1.00.E-05

Coarse Filter 3.92E-05 5.0.E-02 5.0.E-01

Stone Fill 4.04E-01 5.0.E-04 1

3.4. CRITICAL PARTICLE DIAMETER

In determining the critical particle diameter limit, we employ the formula for
the permissible Critical Velocity before the material is carried away by seepage. The
critical particle diameter to be calculated for each modelling will utilize the highest
(most critical) velocity found in each material and modelling, as derived from the
equation in the previous subsection. The velocity values are obtained from the
seepage analysis using GeoStudio in the prior analysis and the manual seepage
velocity calculations.

By using the highest velocity (most critical), the analysis results of the critical
particle diameter are compared with the Standard Criteria for Construction Material
of Embankment Dams Affandi (2014), which has been summarized for each zone in
Table 5.

Table 5

Table 5 Table of Critical Particle Diameter for Each Material Zone

Material d Standard Kriteria Material

1.04.E-12 1.69.E-11 0.001

Coarse Filter 4.52.E-12 1.53.E-07 0.02

Stone Fill 0.0003 10.8
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From the results in the Table 5, it can be concluded that the largest particle
diameter is 1.69x10-11 mm, and the most critical is 1.04x10-12 mm, found in the clay
material with the Dead Storage condition modelling. Subsequently, this material is
compared with the Standard Criteria for Material (2014), resulting in a relatively
close match in coverage.

3.5.

SAFETY AGAINST PIPING

The analysis of seepage indicating the occurrence of piping is determined based
on the safety factor against piping El-Gawad (2020). The results of the analysis are
presented in Table 6.

Table 6

Table 6 Safety Factor Against Piping Values

Modelling Sa‘fety Factor Condition
tar o,
i cal
NWL 451 > 4 Safe
FWL 489 = 4 Safe
Dead Storage 2628 > 4 Safe
Rapid Draw Down 17.85 > 4 Safe

From the testing of several models in the Table 6, it can be concluded that the
safety values of the dam against the dangers of piping and boiling are within the safe
condition.

4. CONCLUSION

Based on the seepage analysis in the previous subsections, several conclusions
answering the problem formulations in the introduction chapter can be obtained:

The seepage pattern or depression lines in various models, including
Normal Water Level (NWL), Flood Water Level (FWL), Rapid Drawdown,
and Dead Storage occurring in the Bagong dam, show no pressured flow net
passing through the clay core zone. The flow net passing through the clay
core zone has a head parallel to the downstream.

The seepage flow rate between GeoStudio and Manual methods resulted in
comparable values. Seepage analysis using GeoStudio produced a value of
5.82 x 109 m3/s, while the manual seepage calculation using the
Cassagrande method resulted in 5.98 x 1093 m3/s. Thus, the manual
seepage analysis yielded a flow rate that is not significantly different from
using GeoStudio. The difference between the results from GeoStudio and
manual is 2.672%, with a flow rate difference of 0.00016 m3/s.

The highest critical velocity occurs in rip-rap and stone embankment
materials. This is because these materials are the most porous, with a
critical velocity as high as 4.04x10-01 m3/s in the NWL modelling.

From the calculation of the critical particle diameter limit, it is known that
for the most critical (smallest) material to be carried away, it is in clay with
a critical diameter of 5.61x10-14 cm.

Based on the analysis of the permitted seepage flow rate, the value of Q
permit (< 1% of the average river flow) is 0.0680 m3/s. Meanwhile, the
design seepage flow rate is 0.0058 m3/s. It can be concluded that the
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seepage flow rate is still within the safe conditions because the calculated
flow rate through the dam body is 0.062 m3/s less than the permitted flow
rate.

5. APPENDICES A

Standar Nasional Indonesia (SNI) is Indonesian National Standard. SNI is a set
of technical standards developed and adopted by the national standardization
agency in Indonesia, known as Badan Standardisasi Nasional (BSN). These
standards are designed to ensure the quality, safety, and reliability of products and
services in various industries. SNI covers a wide range of sectors, including
manufacturing, agriculture, health, and services. The standards are developed
through a process that involves industry experts, stakeholders, and relevant
authorities to establish criteria that meet the country's regulatory requirements and
international best practices.

SNI 8062. (2015), titled "Procedures for the Design of Embankment Type
Dams." Jakarta: National Standardization Agency (Badan Standarisasi Nasional).

SNI 8064. (2016), titled "Static Slope Stability Analysis Method for
Embankment Type Dams." Jakarta: National Standardization Agency (Badan
Standarisasi Nasional).
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