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Abstract  
 
 

The Budong-Budong Dam, located in the district of Central Mamuju, West Sulawesi Province, is 

currently under construction. The foundation plan of the dam is a layer of river deposits (alluvial) with 

a thickness of 25 m and a shallow water table depth, which has been shown to have liquefaction 

potential. This study aims to assess the liquefaction potential of the river deposit layer using some 

additional SPT test data. This research is expected to confirm the liquefaction potential of the river 

deposits layer so that it can be considered by the dam owner in determining the foundation excavation 

limit and prevent dam failure due to liquefaction. The liquefaction potential analysis was carried out 

using a semi-empirical procedure according to Idriss and Boulanger (2006). The analysis was 

performed under 2 (two) earthquake conditions, namely Operating Basis Earthquake (OBE) and Safety 

Evaluation Earthquake (SEE), using different values of fines content (5%, 15%, 35%) and earthquake 
magnitudes (6.8, 7.0, 7.3, 7.5 and 7.7). The analysis shows that the foundation plan of the Budong-

Budong Dam has the potential for liquefaction under both OBE and SEE conditions, which generally 

occurs at a depth of about 10-12 m from the ground surface. The liquefaction potential of finer-grained 

river deposits tends to be lower. 
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1. Introduction 

Indonesia experiences a high amount of seismic 

activity due to its location, which is surrounded by four 

major tectonic plates. As a result, Indonesia 
experiences a high frequency of tectonic earthquakes. 

Between 1907 and 2016, Indonesia experienced 51,855 

earthquakes with a magnitude (Mw) of 4.5 or higher 

(PuSGeN, 2017). Earthquakes, in addition to damaging 

buildings, bridges, and water structures such as dams 

(Lokananta & Susilo, 2018), can cause liquefaction in 

saturated sandy soil, resulting in more severe damage. 

Liquefaction can result in excessive soil deformation, 

both vertical and horizontal. 

Several dams have been reported to have failed 

due to earthquake-induced liquefaction, including the 
Sheffield Dam in California, which failed as a result of 

the Santa Barbara Mw 6.5 earthquake in 1925 (Seed et 

al., 1969), and the Lower San Fernando Dam in 

California, which experienced a landslide on its 

upstream slope as a result of liquefaction caused by the 

San Fernando Mw 6.6 earthquake in 1971 (Seed et al., 

1973). In Indonesia, there have never been occurrences 

of dam failure due to liquefaction. The liquefaction 

event that temporarily drew the world's attention was 

the liquefaction in Palu and its surrounding areas 
caused by the Palu-Donggala earthquake in 2018, 

which had a magnitude of 7.5 (Kusuma, 2020; Mason 

et al., 2021). Several regions in Majene Regency, West 

Sulawesi Province, were also reported to have 

undergone liquefaction as a result of the Mw 5.9 and 6.2 

earthquakes in 2021 (Yuwana & Buana, 2021). 

The Budong-Budong Dam, located in the 

Central Mamuju Regency of West Sulawesi Province, 

is now under construction on the Salulebo River, a 

tributary of the Budong-Budong River. Regionally, the 

dam site is flanked by many active faults, including the 
Palu Koro fault in the north and the Makassar Strait 

fault in the southwest, making it susceptible to 

earthquakes. Figure 1 depicts the location of the 

Budong-Budong Dam construction site. 

According to the design report, the river 

deposits (alluvial) in the Salulebo River are holocene in 

age and consist of sandy and gravelly soil with a 

thickness of around 25 m and a groundwater table depth 

of about 2 m. According to Youd and Perkins (1978), 

holocene river courses are highly susceptible to 

liquefaction. Furthermore, soil strata with a shallow 
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groundwater table (less than 3 m) are highly susceptible 

to liquefaction (Youd et al., 1978). These 

characteristics could be an early indicator of probable 

liquefaction in the alluvial layers at the Budong-

Budong Dam foundation, which is intended to serve as 

the foundation for the shoulder zones of the dam's 

upstream and downstream sections, respectively. 

Research undertaken by dam owners during the 

planning stage further supports the possibility of 

liquefaction. The liquefaction potential investigation 
was conducted using SPT data. The study indicated that 

the river deposit layer at the Budong-Budong Dam 

foundation is susceptible to liquefaction when shaken 

by a maximum design earthquake (MDE) with a 

recurrence time of 10,000 years and a peak ground 

acceleration value of 0.5 g (River Basin Organization 

for Sulawesi III Palu). Considering the potential 

liquefaction in the river deposit layer, the dam builders 

want to excavate all of the river deposit material at the 

dam site, ensuring that the entire dam body is supported 

by a breccia rock foundation. However, there are 
several issues associated with the excavation of the 

river deposit layer, including the large volume of river 

deposit material to be excavated, which will necessitate 

a longer working time, the possibility of slope stability 

issues, and difficulties dewatering the riverbed during 

construction. Furthermore, the restricted disposal space 

for excavated river debris presents a difficulty that dam 

owners must address. 

The potential for liquefaction in the river 

sediment layers located beneath the dam foundation 

will be evaluated in this study using additional SPT test 
data and analysis procedures that were not considered 

in previous liquefaction potential studies. This research 

aims to estimate the liquefaction potential in the river 

sediment layers, which can serve as a consideration for 

dam builders in determining the excavation limits for 

the foundation of the Budong-Budong Dam, as well as 

to prevent dam failure due to liquefaction. 

 

2. Materials and Method 

2.1 Required Data 
The data required to analyze the potential 

liquefaction in the river deposit layer at the Budong-
Budong Dam include standard penetration test (SPT) 

data, geological and geotechnical investigation data, 

river deposit material gradation data, and peak ground 

acceleration data at the research location. 

SPT data on the river deposit layer was obtained 

from 3 (three) SPT tests, namely borehole BD-02 with 

a test depth of 16 m, borehole BH-01 with a test depth 

of 18 m, and borehole BH-05 with a test depth of 14 m. 

The borehole points BD-02 and BH-01 are located in 

the middle or axis of the dam, while the borehole point 

BH-05 is located in the downstream section of the dam. 

The depth of groundwater measured in each borehole is 

2 m from the ground surface. The SPT test results at the 

three borehole locations can be seen in Figure 2. The 

SPT test results at the borehole BD-02 are shown in 

Figure 2a, while the SPT test results at boreholes BH-

01 and BH-05 are shown in Figure 2b and Figure 2c, 

respectively. 

 

 
Figure 1. Map of the Budong-Budong Dam 

construction site. 

 

In Figure 2a, it can be seen that the N SPT value 

starts from a depth of 14 m and reaches 50, indicating 

that the density of that layer is classified as dense. In 

Figure 2b, the N SPT value at the BH-01 borehole point 

has reached more than 50 starting from a depth of 6 m, 

but at a depth of 16 m, the measured N SPT value is 

relatively low at 4. At a depth of 18 m, the N SPT value 

significantly increased to 60. The low SPT value at a 

depth of 16 m may indicate the presence of a soil layer 

with very loose density properties at that depth. The 

existence of the very loose soil layer needs to be re-

examined through drilling results at other borehole 

points near BH-01. Similarly, at the BH-01 borehole 

site, the N SPT value at the BH-05 borehole site has 

also reached more than 50 at a depth of 8 m, as shown 

in Figure 2c. 

Peak Ground Acceleration (PGA) data is 

required to calculate the Cyclic Stress Ratio (CSR) 

acting on the soil. In this study, the peak ground 

acceleration was determined probabilistically from the 

Indonesian Earthquake Source and Hazard Map of 

2017 (see Figure 3, Figure 4, and Figure 5). The PGA 

values used are based on the dam design earthquake 

criteria, namely the Operating Basis Earthquake (OBE) 

with a recurrence period of 145 years (ICOLD, 2016) 

and the Safety Evaluation Earthquake (SEE) with a 

recurrence period of 10,000 years. 

The 2017 Indonesian Earthquake Source and 

Hazard Map only shows peak ground acceleration 
values at bedrock (SB). To obtain the peak ground 

acceleration values at the ground surface, the peak 

ground acceleration values at the bedrock must be 
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corrected for the amplification factor (FPGA), which is 

affected by local soil/rock conditions. The 

amplification factor and local soil/rock conditions are 

determined using SNI 8460:2017 for Geotechnical 

Design Requirements, as indicated in Table 1. This 

study examines the amplification factor of local 

soil/rock using SPT data. 

 

 
(a) (b) 

 

 
(c) 

Figure 2. Standard penetration test (SPT) data. (a) 

borehole BD-02, (b) borehole  BH-01, (c) borhole BH-

05 

 

2.2 Research Methodology 

The first stage of this research is to gather the 

relevant data. The data used in the analysis were 

obtained from secondary sources such as the Budong-

Budong Dam design report and geological and 

geotechnical investigation reports from the 

construction phase. This study assumes gradation data 

and fine content (FC) of river deposits, with FC values 

ranging from 5%, 15%, and 35% and considered 

constant at each depth. The FC value is selected in 

accordance division or categorization by Idriss dan 
Boulanger (2006, 2008).  

 

Table 1. Amplification factor according to site class 

based on N-SPT value (SNI 8460:2017) 
Site 
class 

N-SPT 
PGA 

≤ 0.1 0.2 0.3 0.4 ≥ 0.5 

SA - 0.8 0.8 0.8 0.8 0.8 
SB - 1.0 1.0 1.0 1.0 1.0 

Site 
class 

N-SPT 
PGA 

≤ 0.1 0.2 0.3 0.4 ≥ 0.5 

SC >50 1.2 1.2 1.1 1.0 1.0 
SD 15-50 1.6 1.4 1.2 1.1 1.0 
SE <15 2.5 1.7 1.2 0.9 0.9 
SE SS SS SS SS SS SS 

 

SPT data before analysis needs to be processed 

first by correcting the tool and test procedure factors, 

which include correction factors for energy ratio (CE), 

borehole diameter (CB), rod length (CR), and soil 

sampler (CS). The determination of correction factors 

for SPT tools and procedures refers to (Idriss dan 

Boulanger, 2008). In addition to these factors, SPT 

values also need to be corrected for effective vertical 
stress (CN). The determination of the CN value refers to 

(Idriss & Boulanger, 2006). The corrected SPT value is 

usually expressed as (N1)60. Subsequently, the 

calculation of the (N1)60 value equivalent to clean sand, 

expressed as (N1)60cs, is performed using the equation 

from (Idriss & Boulanger (2006) as presented in 

equations 6 and 7. 

The potential for liquefaction is analyzed using 

the simplification procedure developed by Seed & 

Idriss (1971), which involves comparing the cyclic 

resistance ratio (CRR) of the soil with the cyclic stress 

ratio (CSR). If the CSR value caused by an earthquake 
is greater than the CRR value of soil, then the soil has 

the potential to experience liquefaction (FK < 1) and 

vice versa. In this study, the values of CSR and CRR 

are calculated using the equations from Idriss & 

Boulanger (2006), which are revisions of the Seed & 

Idriss (1971) equations. In their research, Mase (2018) 

and Zakariya et al. (2022) also used the equations from 

Idriss & Boulanger (2006). CSR can be calculated 

using equation 1, while CRR can be calculated using 

equation 5. 

CSR = (τav/σʹv) = 0.65 (amax/g)( σv/σʹv)rd (1)  
rd = exp(α(z) + β(z) M) (2)  

α(z) = − 1.012 − 1.126 sin (
z

11.73
 + 5.133) (3)  

β(z) = 0.106 + 0.118 sin (
z

11.28
 + 5.142) (4)  

with amax is peak ground acceleration at ground surface 
(g), g is gravitational acceleration, σv is total stress of 

soil (kPa), σʹv is effective vertical stress of soil (kPa), rd 

is shear stress reduction coefficient, and z is the depth 

of soil being examined (m). 

CRRM=7.5, σ'
v=1= exp (

(N1)
60cs

14.1
+ (

(N1)
60cs

126
)

2

- (
(N1)60cs

23.6
)

3

+ (
(N1)60cs

25.4
)

4

-2.8

)  (5)  

(N1)60cs  = (N1)60 + Δ (N1)60 (6)  

∆(N1)60= exp (1.63 + 
9.7

FC+0.01
− (

15.7

FC+0.01
)

2

) (7)  

with (N1)60cs is equivalent clean sand corrected standard 

penetration and FC is fine content (%). 

The CRR in equation 5 considers a magnitude 

(Mw) of 7.5 and an effective vertical stress (σʹv) of 1 atm 
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(101 kPa). To apply for Mw greater or less than 7.5, the 

CRR value needs to be corrected for the magnitude 

scaling factor (MSF). For σʹv values greater or less than 

1 atm, the CRR value needs to be corrected for the 

overburden correction factor (Kσ), which is influenced 

by the soil resistance value and can be expressed as 

(N1)60cs. MSF and Kσ were calculated using equations 8 

to 9 from Idriss & Boulanger (2006). 

MSF = 6.9 exp (
−𝑀

4
) − 0.058 ≤ 1.8 (8)  

Kσ = 1 − Cσln (
σ'v

Pa

)  ≤ 1.1 (9)  

Cσ = 
1

18.9 − 2.55√(N1)60

 ≤ 0.3 (10)  

with M is earthquake magnitude (Mw), σʹv is effective 

vertical stress of soil (kPa), Pa is atmospheric pressure 

(1 atm equal to 100 kPa), and Cσ is the coefficient Kσ 

related to the value (N1)60. 

The CRR at a specific earthquake magnitude 

and effective vertical stress can be calculated using 
equation 11. Next, the safety factor against potential 

liquefaction can be calculated using equation 12. 

CRRM, σʹv = CRRM=7.5,σʹv =1 . MSF. Kσ (11)  

FSliq= 
CRRM,σ’v

CSRM,σ’v

 (12)  

The (N1)60cs value greater than 37.5 is considered 
very dense to experience liquefaction, thus deemed not 

to have the potential for liquefaction. Therefore, the 

CRR value is set at 2.0 for (N1)60cs > 37.5 (Idriss & 

Boulanger, 2008; Tarigan, 2022). 

The liquefaction resistance of soil is influenced 

by the effective vertical stress on the soil. Effective 

vertical stress is calculated by subtracting the total 

vertical stress from the pore water pressure in the soil 

at the depth under consideration. Parameters required 

to calculate the total stress on the soil include the depth 

of the groundwater table, the unit weight (γ) of the soil, 
and the unit weight of water (γw = 10 kN/m³ or kPa). 

The unit weight of river deposit material is estimated 

empirically based on the fine content of material 

(Yoshida, 2018). The determination of the estimated 

unit weight of river deposit material can be seen in 

Table 2. The unit weight of river deposit material above 

and below the groundwater table is differentiated to 

determine the soil’s effective stress value based on real 

field conditions. 

The analysis of liquefaction potential in this 

study was conducted under two earthquake condition 

scenarios, namely the OBE and SEE earthquakes. In 
each scenario, varying FC values and earthquake 

magnitudes were used. The FC values used are 5%, 

15%, and 35%, while the earthquake magnitudes (Mw) 

used are 6.8, 7.0, 7.3, 7.5, and 7.7. According to 

PuSGeN (2017), the maximum earthquake magnitude 

that can occur due to the activity of the Palu-Koro fault 

segments and the Makassar Strait fault ranges from 6.8 

to 7.3. Thus, the selection of earthquake magnitude 

variations is in accordance with the estimated 

earthquake magnitude that may occur at the research 

location. 

 

Table 2. Estimation of unit weight of soil based on fine 

content 
Soil type Unit weight (T/m3) Fines 

content 
(%) 

Below 
GWL 

Above 
GWL 

Surface soil 1.7 1.5 100 
Clay 1.5 1.4 100 
Silt 1.75 1.55 90 
Sandy silt 1.8 1.6 70 
Silty fine sand 1.8 1.6 50 
Very fine sand or fine 
sand with silt fine 
sand 

1.85 1.65 20 

Fine sand 1.95 1.75 10 
Medium sand 2.0 1.8 5 
Coarse sand 2.0 1.8 0 
Sandy gravel 2.1 1.9 0 

 

3. Results and Discussion 

3.1 Determination of PGA Value 
The Indonesian Earthquake Source and Hazard 

Map of 2017 does not provide PGA values for a return 

period of 145 years. The determination of PGA values 
for the OBE condition with a return period of 145 years 

is done by interpolating the PGA values for return 

periods of 100 years and 200 years. The PGA value for 

the SEE condition with a return period of 10,000 years 

can be obtained directly from the Indonesian 

Earthquake Source and Hazard Map of 2017. The PGA 

value is then corrected for the amplification factor, 

which depends on the site class or local soil/rock 

conditions. Determination of the amplification factor 

based on the average SPT value available in the field. 

From the calculation results, the corrected average N-

SPT value (N1)60 is obtained as 13, so the site class at 
the research location is classified as soft soil (SE). 

Subsequently, the amplification factor can be 

determined based on Table 1. The peak ground 

acceleration in the bedrock, the amplification factor, 

and the peak ground acceleration at the surface in the 

Budong-Budong Dam location are presented in Table 

3. 

 

Table 3. The peak ground acceleration value in the 

bedrock, amplification factor, and peak ground 

acceleration on the surface 

Earthquake 

Return 

period 

(year) 

SB FPGA PGA 

(g)  (g) 

OBE 100 0.10 2.50 0.25 
 145 0.12 2.32 0.28 
 200 0.15 2.10 0.32 

SEE 10,000 0.50 0.9 0.45 
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Figure 3. Map of peak ground acceleration in bedrock (SB) for a 100-year return period. 

 
Figure 4. Map of peak ground acceleration in bedrock (SB) for a 200-year return period. 

 
Figure 5. Map of peak ground acceleration in bedrock (SB) for a 10,000-year return period. 
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3.2 Determination of Corrected SPT Value (N1)60 
The value of vertical effective stress used to 

determine (N1)60 is calculated based on the unit weight 

(γ) of river deposit material and the depth of 

groundwater. The value of the unit weight of the river 

deposit material at each fine content is presented in 

Table 4. The groundwater depth at all borehole points 

is 2 m. The calculation of the (N1)60 value at points BD-

02, BH-01, and BH-05 is presented in Table 5, Table 6, 

and Table 7, respectively.  
 

Table 4. Unit weight of river deposit material (γ) 
Berat isi 

(kN/m3) 
FC 

5% 15% 35% 

γunsat (di atas MAT) 18 17,5 16,5 
γsat (di bawah MAT) 20 19,5 18,5 

  

3.3 Safety factor against liquefaction potential 

The safety factor for liquefaction potential at all 

SPT points, both under OBE and SEE conditions, as 

well as under various fine content and earthquake 

magnitudes, is presented in Table 8 and Table 9. The 

coloring of the safety factor values in the table is 
intended to indicate the presence or absence of 

liquefaction potential. The red color indicates that the 

safety factor is less than one (FS < 1), meaning the soil 

layer has the potential to experience liquefaction, while 

the green color indicates that the safety factor is greater 

than or equal to one (FS ≥ 1), meaning the soil layer 

does not have the potential to experience liquefaction. 

Table 8 shows that generally river deposits will 

experience liquefaction up to a depth of 8 m under OBE 

conditions. At point BD-02, liquefaction has the 

potential to occur up to a depth of 12 m if shaken by an 

earthquake with a magnitude greater than or equal to 
7.3 (Mw ≥ 7.3) with a fine content value of 5%. 

Meanwhile, at points BH-01 and BH-05, liquefaction is 

only potentially possible up to depths of 4 m and 6 m, 

respectively, at various earthquake magnitude values. 

However, at point BH-01, liquefaction has the potential 

to occur at a depth of 16 m at various earthquake 

magnitude values and fine content. This is likely caused 

by the presence of a thin layer of soft soil at that depth. 

The presence of the soft soil layer needs to be 

reconfirmed through field investigation, considering 

that the presence of the soft soil layer was not detected 
by other nearby boreholes. Table 8 also shows that the 

potential for liquefaction tends to decrease in river 

sediment layers with a fine content of 35%. 

Table 5. (N1)60 value for borehole BD-02 
H σv u σʹv Nm CE CR CB CS N60 CN (N1)60 

(m) (kPa) (kPa) (kPa)                 

2 36 0 36 4 0,85 0,75 1,00 1,00 2,55 1,70 4,3 
4 76 20 56 6 0,85 0,80 1,00 1,00 4,08 1,42 5,8 
6 116 40 76 8 0,85 0,85 1,00 1,00 5,78 1,17 6,8 
8 156 60 96 10 0,85 0,95 1,00 1,00 8,08 1,02 8,3 
10 196 80 116 31 0,85 0,95 1,00 1,00 25,03 0,94 23,6 
12 236 100 136 35 0,85 1,00 1,00 1,00 29,75 0,89 26,4 

14 276 120 156 50 0,85 1,00 1,00 1,00 42,50 0,87 36,9 
16 316 140 176 50 0,85 1,00 1,00 1,00 42,50 0,83 35,3 

 

Table 6. (N1)60 value for borehole BH-01 
H σv u σʹv Nm CE CR CB CS N60 CN (N1)60 

(m) (kPa) (kPa) (kPa)                 

2 36 0 36 4 0,85 0,75 1,00 1,00 2,55 1,70 4,3 
4 76 20 56 6 0,85 0,80 1,00 1,00 4,08 1,42 5,8 
6 116 40 76 8 0,85 0,85 1,00 1,00 5,78 1,17 6,8 
8 156 60 96 10 0,85 0,95 1,00 1,00 8,08 1,02 8,3 

10 196 80 116 31 0,85 0,95 1,00 1,00 25,03 0,94 23,6 
12 236 100 136 35 0,85 1,00 1,00 1,00 29,75 0,89 26,4 
14 276 120 156 50 0,85 1,00 1,00 1,00 42,50 0,87 36,9 
16 316 140 176 50 0,85 1,00 1,00 1,00 42,50 0,83 35,3 

 

Table 7. (N1)60 value for borehole BH-05 
H σv u σʹv Nm CE CR CB CS N60 CN (N1)60 

(m) (kPa) (kPa) (kPa)         
2 36 0 36 8 0.85 0.75 1.00 1.00 5.10 1.70 8.7 
4 76 20 56 10 0.85 0.80 1.00 1.00 6.80 1.37 9.3 

6 116 40 76 12 0.85 0.85 1.00 1.00 8.67 1.16 10.1 
8 156 60 96 58 0.85 0.95 1.00 1.00 46.84 1.01 47.3 
10 196 80 116 60 0.85 0.95 1.00 1.00 48.45 0.96 46.6 
12 236 100 136 60 0.85 1.00 1.00 1.00 51.00 0.92 47.0 
14 276 120 156 60 0.85 1.00 1.00 1.00 51.00 0.89 45.3 
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Table 8. The potential for liquefaction at all borehole points under OBE conditions with various fine contents and 

earthquake magnitudes 
FC = 5%             

H 
Mw 6.8 

 

Mw 7.0 

 

Mw 7.3 

 

Mw 7.5 

 

Mw 7.7 

 

m 
BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

2 0.59 0.74 0.80 0.56 0.70 0.75 0.52 0.65 0.70 0.49 0.61 0.66 0.46 0.58 0.62 

4 0.48 0.78 0.61 0.46 0.74 0.57 0.42 0.68 0.53 0.40 0.64 0.50 0.37 0.61 0.47 

6 0.46 2.00 0.57 0.44 2.00 0.54 0.40 2.00 0.49 0.38 2.00 0.46 0.35 2.00 0.43 

8 0.49 2.00 2.00 0.46 2.00 2.00 0.42 2.00 2.00 0.39 2.00 2.00 0.37 2.00 2.00 

10 1.17 2.00 2.00 1.09 2.00 2.00 0.98 2.00 2.00 0.92 2.00 2.00 0.86 2.00 2.00 

12 1.46 2.00 2.00 1.36 2.00 2.00 1.22 2.00 2.00 1.13 2.00 2.00 1.05 2.00 2.00 

14 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
16 2.00 0.35 

 
2.00 0.32 

 
2.00 0.28 

 
2.00 0.26 

 
2.00 0.24 

 

18 
 

2.00 
  

2.00 
  

2.00 
  

2.00 
  

2.00 
 

FC = 15%              

H Mw 6.8 Mw 7.0 

 

Mw 7.3 

 

Mw 7.5 

 

Mw 7.7 

 

m 
BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

2 0.74 0.92 0.97 0.71 0.87 0.92 0.65 0.80 0.85 0.62 0.76 0.80 0.58 0.72 0.76 

4 0.59 0.93 0.73 0.56 0.88 0.69 0.51 0.81 0.64 0.48 0.76 0.60 0.46 0.72 0.57 

6 0.57 2.00 0.68 0.53 2.00 0.64 0.49 2.00 0.59 0.46 2.00 0.55 0.43 2.00 0.52 

8 0.59 2.00 2.00 0.55 2.00 2.00 0.50 2.00 2.00 0.47 2.00 2.00 0.44 2.00 2.00 

10 1.59 2.00 2.00 1.48 2.00 2.00 1.34 2.00 2.00 1.25 2.00 2.00 1.17 2.00 2.00 

12 2.00 2.00 2.00 2.00 2.00 2.00 1.84 2.00 2.00 1.71 2.00 2.00 1.59 2.00 2.00 

14 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

16 2.00 0.43  2.00 0.39  2.00 0.35  2.00 0.32  2.00 0.30  

18  2.00   2.00   2.00   2.00   2.00  

FC = 35%              

H Mw 6.8 Mw 7.0 Mw 7.3 Mw 7.5 Mw 7.7 

m 
BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

2 0.86 1.04 1.10 0.82 0.98 1.04 0.75 0.91 0.96 0.71 0.86 0.91 0.68 0.81 0.86 

4 0.67 1.07 0.83 0.64 1.01 0.78 0.58 0.93 0.72 0.55 0.88 0.68 0.52 0.83 0.64 

6 0.64 2.00 0.77 0.60 2.00 0.73 0.55 2.00 0.66 0.52 2.00 0.62 0.49 2.00 0.59 

8 0.67 2.00 2.00 0.62 2.00 2.00 0.57 2.00 2.00 0.53 2.00 2.00 0.50 2.00 2.00 

10 2.00 2.00 2.00 2.00 2.00 2.00 1.88 2.00 2.00 1.76 2.00 2.00 1.64 2.00 2.00 
12 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

14 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

16 2.00 0.48  2.00 0.44  2.00 0.39  2.00 0.36  2.00 0.33  

18  2.00   2.00   2.00   2.00   2.00  

 
(a) (b) 

Figure 6. The potential for liquefaction at all borehole points under OBE and SEE conditions with fine content 

.(FC) 5% and various earthquake magnitudes (Mw). (a) OBE condition, (b) SEE condition. 
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Table 9. The potential for liquefaction at all borehole points under SEE conditions with various fine contents and 

earthquake magnitudes 
FC 5%                

H Mw 6.8 Mw 7.0 Mw 7.3 Mw 7.5 Mw 7.7 

m 
BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

2 0.37 0.46 0.50 0.35 0.44 0.47 0.32 0.40 0.43 0.31 0.38 0.41 0.29 0.36 0.39 

4 0.30 0.50 0.38 0.28 0.47 0.36 0.26 0.43 0.33 0.25 0.41 0.31 0.23 0.38 0.30 

6 0.29 2.00 0.36 0.27 2.00 0.34 0.25 2.00 0.31 0.23 2.00 0.29 0.22 2.00 0.27 

8 0.30 2.00 2.00 0.28 2.00 2.00 0.26 2.00 2.00 0.24 2.00 2.00 0.23 2.00 2.00 

10 0.79 2.00 2.00 0.74 2.00 2.00 0.67 2.00 2.00 0.62 2.00 2.00 0.58 2.00 2.00 

12 1.05 2.00 2.00 0.97 2.00 2.00 0.87 2.00 2.00 0.81 2.00 2.00 0.76 2.00 2.00 

14 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

16 2.00 0.20  2.00 0.19  2.00 0.17  2.00 0.15  2.00 0.14  

18  2.00   2.00   2.00   2.00   2.00  
                
FC 15%               

H Mw 6.8 Mw 7.0 Mw 7.3 Mw 7.5 Mw 7.7 

m 
BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

2 0.46 0.57 0.61 0.44 0.54 0.57 0.40 0.50 0.53 0.38 0.47 0.50 0.36 0.45 0.47 

4 0.37 0.58 0.46 0.35 0.55 0.43 0.32 0.50 0.40 0.30 0.48 0.37 0.28 0.45 0.35 

6 0.35 2.00 0.43 0.33 2.00 0.40 0.30 2.00 0.37 0.28 2.00 0.34 0.27 2.00 0.32 

8 0.37 2.00 2.00 0.35 2.00 2.00 0.31 2.00 2.00 0.29 2.00 2.00 0.28 2.00 2.00 

10 0.99 2.00 2.00 0.92 2.00 2.00 0.83 2.00 2.00 0.78 2.00 2.00 0.73 2.00 2.00 

12 1.37 2.00 2.00 1.28 2.00 2.00 1.15 2.00 2.00 1.07 2.00 2.00 0.99 2.00 2.00 

14 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

16 2.00 0.27  2.00 0.25  2.00 0.22  2.00 0.20  2.00 0.19  

18  2.00   2.00   2.00   2.00   2.00  

 
 

               

FC 35%               

H Mw 6.8 Mw 7.0 Mw 7.3 Mw 7.5 Mw 7.7 

m 
BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

BD-

02 

BH-

01 

BH-

05 

2 0.54 0.65 0.69 0.51 0.61 0.65 0.47 0.56 0.60 0.44 0.53 0.57 0.42 0.51 0.54 

4 0.42 0.67 0.52 0.40 0.63 0.49 0.36 0.58 0.45 0.34 0.54 0.42 0.32 0.51 0.40 

6 0.40 2.00 0.48 0.37 2.00 0.45 0.34 2.00 0.41 0.32 2.00 0.39 0.30 2.00 0.37 

8 0.41 2.00 2.00 0.39 2.00 2.00 0.35 2.00 2.00 0.33 2.00 2.00 0.31 2.00 2.00 

10 1.39 2.00 2.00 1.30 2.00 2.00 1.17 2.00 2.00 1.09 2.00 2.00 1.02 2.00 2.00 

12 2.00 2.00 2.00 2.00 2.00 2.00 1.87 2.00 2.00 1.74 2.00 2.00 1.62 2.00 2.00 

14 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

16 2.00 0.30  2.00 0.27  2.00 0.24  2.00 0.22  2.00 0.21  

18  2.00   2.00   2.00   2.00   2.00  

 
(a) (b) 

Figure 7. The potential for liquefaction at point BD-02 with an earthquake magnitude of 7.5 and various fine 

content values (FC). (a) under OBE conditions, (b) under SEE conditions. 
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Under SEE conditions, liquefaction has the 

potential to occur up to a depth of 12 m, especially at 

point BD-02 with a fine content of 5% and an 

earthquake magnitude of 7.0 or more, as shown in 

Table 9. The depth of soil that is potentially susceptible 

to liquefaction tends to decrease as the fine content 

increases. At a fine content value of 35%, liquefaction 

is only likely to occur up to a depth of 8 m. 

The results of the liquefaction potential 

calculations are also presented in graphical form as 
shown in Figure 6 and Figure 7. Figure 6 presents a 

graph of the liquefaction potential safety factor in river 

sediment layers with a fine content of 5% at all 

borehole points with various earthquake magnitudes. 

Figure 6a and Figure 6b, respectively show the 

distribution of the safety factor under OBE and SEE 

conditions. The safety factor values on the left side of 

the FS = 1 line indicate that liquefaction is potentially 

occurring and vice versa. The graphs in Figure 6a and 

Figure 6b show that under OBE conditions, 

liquefaction generally occurs up to a depth of 8 m–10 
m, whereas under SEE conditions, liquefaction occurs 

up to a depth of 12 m. The safety factor shows a 

significant decrease under SEE conditions, which 

generally have a value of less than 0.5 (FS < 0.5). This 

indicates that the greater the peak ground acceleration, 

the higher the potential for liquefaction, as shown in the 

studies conducted by Tarigan (2022) and Widyatmoko 

et al. (2023). 

Figure 7 presents the liquefaction potential 

factor of safety values at borehole point BD-02 for a 7.5 

magnitude earthquake with various fine content values. 
Figure 7a and Figure 7b, respectively show the factor 

of safety values under OBE and SEE conditions. The 

graph in Figure 7 shows how the fine content affects 

the potential liquefaction safety factor. The factor of 

safety against liquefaction potential decreases as the 

fine content in the river deposit decreases, both under 

OBE and SEE conditions. The clustered bar graphs in 

Figures 7a and 7b also clearly show that the safety 

factor decreases as the fine content decreases, leading 

to a higher potential for liquefaction. 

In relation to the potential for liquefaction in the 

river deposit layer at the Budong-Budong Dam site, it 
is necessary to plan mitigation efforts for this 

liquefaction potential. According to the New Zealand 

Geotechnical Society & Ministry of Business, 

Innovation and Employment (2017), there are generally 

5 (five) liquefaction mitigation techniques, namely the 

remove and replacement method, densification, 

solidification, reinforcement, and drainage. The 

stripping and replacement method is carried out by 

replacing soil layers that are prone to liquefaction with 

liquefaction-resistant materials such as well-graded 

compact gravel and soil-cement mixtures. The 
densification method aims to rearrange soil particles to 

form a denser configuration, thereby increasing the 

soil's density, shear strength, and resistance to 

liquefaction. The solidification method is carried out by 

mixing cement or additives into the soil pores in situ, 

thereby forming strong bonds between soil particles. 

The reinforcement method uses underground wall 

construction with a grid pattern. The drainage method 

consists of 2 (two) parts, namely (1) the installation of 

vertical water drains (prefabricated vertical drains) and 

(2) desaturation of soil with the potential for 

liquefaction by permanently lowering the groundwater 

table. 

In principle, the dam foundation must have 
adequate bearing capacity, shear strength, and be safe 

against seepage (Department of Housing and Regional 

Infrastructure, 2003). Soil/rock layers usually need to 

be excavated to a certain depth to obtain a foundation 

that meets those requirements. River deposit layers are 

generally unconsolidated, making them less stable and 

prone to movement (Hasan, 2022). The relative density 

of river sediment layers also varies, where the surface 

layer is usually loose to somewhat dense, while the 

lower layer is dense, has low compressibility, and high 

shear strength (Fell et al., 2015). Considering these 
factors, the liquefaction mitigation effort deemed 

effective and efficient to be applied to the foundation of 

the Budong-Budong Dam is the excavation of the entire 

layer of river sediment that has the potential to liquefy, 

especially in the dam site area. In addition to aiming to 

mitigate dam failure due to liquefaction, the excavation 

of river sediment layers is also intended to obtain a 

foundation that meets the requirements. 

 

4. Conclusion 

The foundation plan of the Budong-Budong 
Dam, which consists of river deposit layers, has the 

potential to experience liquefaction under both OBE 

and SEE conditions, with depths reaching 

approximately 10–12 m from the ground surface. The 

fine content (FC) in river deposits, peak ground 

acceleration (PGA), and earthquake magnitude affect 

the soil's susceptibility to liquefaction. The lower the 

fine content, the lower the safety factor for liquefaction 

potential. Meanwhile, the higher the PGA value and 

earthquake magnitude, the lower the safety factor, thus 

increasing the potential for liquefaction. The mitigation 

efforts for liquefaction that are considered effective and 
efficient when applied to the foundation of the Budong-

Budong Dam involve excavating all river deposit 

materials that have the potential to experience 

liquefaction, especially in the dam site area. The 

sampling of river deposit material along with the 

grading and index property tests should be conducted 

in future research. In addition, additional SPT testing 

combined with cone penetration tests on the river 

deposit layers is also recommended to be conducted in 

future research so that the liquefaction potential 

analysis can be carried out comprehensively, allowing 
for a more accurate estimation of the liquefaction 

potential for the Budong-Budong Dam foundation plan. 
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