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Abstract 

This study aims to identify the natural frequency threshold for liquefaction potential by comparing four assessment methods 

at 54 identical sites in Padang, Indonesia. Methods include: (1) safety factor calculations from soil investigation results 

(CPT and SPT) applying the 2009 Padang earthquake's peak ground acceleration as input for cycling stress ratio; (2) natural 

frequency measurements at the surface using microtremor single observations; (3) liquefaction potential assessment 

through vulnerability index; and (4) analysis of historical liquefaction events from the September 30, 2009 Padang 

earthquake documented in two previous research papers. The analysis focused on soil depths ranging from 1-4 m. Findings 

reveal that sites with natural frequencies exceeding 0.40 Hertz remain safe from liquefaction, while sites with frequencies 

between 0.20-0.39 Hertz demonstrate significant liquefaction potential. This research contributes to the field by 

establishing a clear correlation between measurable natural frequency thresholds and liquefaction risk, providing engineers 

and urban planners with a more accessible parameter for preliminary risk assessment. Integrating multiple assessment 

methods at identical sites enhances the reliability of the identified frequency thresholds, offering a more comprehensive 

approach to liquefaction hazard mitigation in earthquake-prone regions. 

Keywords: Microtremor Single; Natural Frequency; Ground Investigation; Ground Motion; Liquefaction; Innovation and Infrastructure. 

 

1. Introduction 

Seasonal earthquakes can cause a lot of damage to human victims as well as damage to public infrastructure. For 

example, the earthquake that struck off the coast of Sumatra, approximately 50 km northwest of Padang City at a depth 

of 71 km on September 30, 2009, caused extensive damage to infrastructure, including government buildings, residential 

areas, roads, irrigation systems, and communication networks. The earthquake had a 7.6 magnitude and caused 1,195 

casualties and a loss of 4.8 trillion rupiahs in terms of property [1, 2]. Liquefaction at several locations in Padang further 

exacerbated the damage [3, 4]. The liquefaction that occurred at various locations in Padang following the September 

30, 2009, earthquake was confirmed by the appearance of soil and water being expelled to the surface immediately after 

the event [5, 6]. Liquefaction was identified in densely populated regions, especially near rivers and swamps. Figures 

1(a) and 1(b) illustrate the impacted areas in 2009, which resemble those shown in Figures 1 and 2. This phenomenon 
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is generally triggered by changes in soil conditions, shifting from a drained to an undrained state, which causes an 

increase in pore pressure, exceeding the effective soil stress [7]. Liquefaction occurs when earthquake-induced cyclic 

loading reduces or eliminates the effective stress within the soil, leading to a loss of soil strength and stability [8, 9]. 

Cyclic loading transfers stress from the soil pores to cause effective soil stress; this typically occurs in loose, water-

saturated sandy soils [10, 11]. Consequently, the soil is unable to support the load, leading to deformation. The reduction 

in shear resistance happens because pore stresses are directly transferred to the effective stresses between the soil 

particles. The stress within the pores swiftly increases, while the effective stress between the soil particles remains 

unchanged [12, 13]. In severe cases, the effective stress may reach zero, meaning the soil particles are no longer statically 

bound together. Liquefaction during an earthquake can be recognized by horizontal ground movement, water seeping 

from soil fractures, building tilting or sinking, land subsidence, and landslides affecting embankments and slopes [14]. 

The liquefaction potential of sandy soils is influenced by the relative density and effective stress parameters [15, 16]. 

Buildings in liquefied areas can collapse, tilt, shift sideways, or even be completely destroyed [17].   

Liquefaction primarily occurs in semi-impermeable sandy soils, including silty sand, clayey sand, and fine sand. 

This phenomenon arises because these soils possess large pores or cavities, making it challenging to reach maximum 

density [18]. Soils with larger pores exhibit good porosity, forming a saturated water condition [19]. 

Despite extensive research on liquefaction phenomena, a significant gap exists in establishing reliable correlations 

between measurable field parameters and liquefaction potential across different geological settings. Previous studies 

have primarily focused on either geotechnical investigations [20, 21] or seismic response analyses [22, 23], with limited 

integration between these approaches. This study addresses this research gap by comprehensively integrating four 

distinct methods—safety factor calculations from soil investigations, natural frequency measurements from microtremor 

observations, vulnerability index assessments, and historical liquefaction event analyses—at 54 identical sites in Padang. 

By correlating natural frequency thresholds with liquefaction potential, this research aims to develop a more accessible 

parameter for preliminary risk assessment that can be efficiently deployed in earthquake-prone regions with similar 

geological characteristics. 

1.1. Geological Conditions and Liquefaction Event Due to Padang Earthquake on September 30 2009 

Padang, the capital of West Sumatra province, has a high population density and is located at coordinates 100.38°E, 

0.95°S. Geological studies indicate that the soil in Padang primarily consists of sediments, including coastal 

embankment deposits, hardened crystal tufa, and river sediment (Figure 1) [24, 25]. 

 

Figure 1. Geological Map of Padang City 

The coastal geological profile is characterised by loose sand deposits and gravel, interspersed with discontinuous 

layers of silt and clay. The distribution of the northwestern coastal embankment is more prominent and serves as the 

primary source zone for these deposits [19]. Saturated soils with loose sandy structures are prone to liquefaction. 

Furthermore, the groundwater level in Padang is shallow, ranging from 2.00 to 4.89 m, facilitating easy water saturation 

[26]. The potential for liquefaction in soil is influenced by the density of the sand layer, which increases with depth. 
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Additionally, the shallow groundwater level exacerbates the impact of earthquakes [27]. For liquefiable layers like sand-

clay composites, the effect of frequency within the 5–30 Hz range shows that an increase in vibration frequency leads 

to a reduction in the liquefaction area and surface subsidence [28]. 

Padang is the capital city of West Sumatra Province and is located on the west coast of Sumatra Island in Indonesia. 

The region experienced significant seismic activity, with over 1000 casualties reported from the M 7.6 earthquake on 

September 30, 2009. Additionally, a seismic gap has been identified offshore from Padang, at the boundary between the 

Eurasian and Indo-Australian plates, where an M 8.0 earthquake is anticipated [29]. The M 7.6 earthquake on September 

30, 2009, led to liquefaction incidents in various parts of Padang, as illustrated in Figure 2. 

 

(a) 

 

(b) 

Figure 2. Map representations of liquefaction events caused by the September 30, 2009, Padang earthquake, including (a) a 

liquefaction map produced by Hakam et al. [5] and (b) another liquefaction map created by Tohari et al. [6] 
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Padang comprises 11 districts, covering a total area of 694.96 km². The largest district is Koto Tangah, which spans 

232.25 km², accounting for one-third of the city's total area, while the smallest is West Padang District, measuring just 

seven km². According to the 2020 population census, Padang City has a population of 973,152 people [30]. The Koto 

Tangah District is the most populated, with 203,842 residents, whereas the Teluk Bungus District has the smallest 

population, totalling 25,867 people. The average population density for Padang City in 2020 was 1370 people/km² [30]. 

These maps highlight the geographical spread of liquefaction occurrences due to the seismic event, offering insights into 

how the earthquake-induced liquefaction impacted different areas in Padang. 

2. Research Methodology 

2.1. Materials 

This research was conducted in Padang, encompassing 54 observation sites. At each site, tests to assess soil resistance 

were performed using data from soil investigations, which included the Cone Penetration Test (CPT) and the Standard 

Penetration Test (SPT). Additionally, single microtremor observations were carried out, and liquefaction events related 

to the 2009 earthquake were examined. These tests aimed to understand the soil's behaviour under seismic conditions 

and its susceptibility to liquefaction following the quake.  

2.2. Methods 

In determining the liquefaction potential for each site (soil investigation), a deterministic method of analysis, based 

on the formulation by Seed & Idriss (1971) [21], involves comparing the Cyclic Resistance Ratio (CRR), which 

represents the soil's ability to resist deformation, with the Cyclic Stress Ratio (CSR), which characterises the earthquake-

induced stress on the soil. When using the simplified method to estimate the shear stresses generated in the soil due to 

seismic loading, the CSR at any given depth (1-4 m below the surface) is calculated using the maximum ground 

acceleration recorded over the past 500 years. This calculation provides insight into the soil's vulnerability to liquefaction 

during seismic events by evaluating how much stress it can handle before failure.  

The study also performed single microtremor observations at the same 54 sites where the SPT and CPT tests were 

conducted (Figure 3). These microtremor measurements aim to determine the natural frequency of the soil by analysing 

the Horizontal to Vertical Spectral Ratio (HVSR). The result of the microtremor measurement is the natural frequency 

parameter (fo), which helps to identify the relationship between the soil's natural frequency and its liquefaction potential. 

Researchers can better assess soil's susceptibility to liquefaction during seismic activity by correlating natural 

frequencies with liquefaction risk. 

 

Figure 3. Research Locations, Padang city, Indonesia 
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The resistance criteria used to evaluate liquefaction potential at a site generally provide consistent outcomes, 

regardless of the method employed. Both SPTs (Standard Penetration Tests) and CPTs (Cone Penetration Tests) are 

recommended due to their extensive database and proven effectiveness through years of application [31]. However, 

alternative methods may be more practical at locations where there are gravel sediments or difficult road access. For 

such challenging sites, the methods proposed by Youd & Idriss [32] offer alternative approaches for assessing 

liquefaction potential. Other researchers, like Sonmez & Gokceoglu [33], have also explored alternative techniques that 

can be applied in challenging terrain, providing flexibility in liquefaction assessments under varied site conditions. This 

collective research confirms the adaptability of these methods, ensuring accurate evaluations of liquefaction risk across 

different types of sites. 

2.3. Liquefaction Potential Evaluation Based on Soil Investigation Results 

2.3.1. The Normalisation of Soil Stress 

The cyclic stress ratio (CSR) is a critical indicator in evaluating the potential for soil liquefaction during seismic 

events. It reflects the normalised stress exerted on soil layers, influenced by the total overburden pressure. Notably, CSR 

values tend to diminish in the upper layers while escalating in deeper layers, often resulting in liquefaction phenomena 

commencing in the surface soils. In this investigation, we conducted soil assessments at 1 m intervals, with a maximum 

depth of 7m, to capture the variations in CSR based on the groundwater level at the target site. The CSR calculation 

using the method proposed by Seed & Idriss (1971) [21] is: 

σcyc =0.65
ɑmaxσ

g σ'v
rd   (1) 

In this context, ɑmax represents the peak ground surface acceleration, g denotes the acceleration due to gravity at 

depth z, σ is the total stress at depth z, σ’v is the effective vertical stress at depth z and "rd" is a correction factor 

accounting for the soil depth. The cyclic stress generated by the earthquake is estimated using the simplified method 

proposed by Seed & Idriss (1971) [21]. 

The maximum ground acceleration value is derived from the ground motion data recorded during the September 30, 

2009, Padang earthquake. The peak ground acceleration (PGA) recorded was 0.38 g (see Figure 4), associated with a 

magnitude of Mw 7.6. This PGA value aligns with the observed liquefaction related to the Padang earthquake on 

September 30, 2009, as discussed in studies by Hakam et al. [5] & Tohari et al. [6]. 

 

Figure 4. Padang earthquake ground motion record N-S direction 

2.3.2. Cyclic Resistance Ratio (CRR) Value in Each Soil Layer 

The CRR value method varies for each set of CPT and SPT data [34]. For CPT data, an empirical equation is provided 

by Robertson & Wride [34] to derive the CRR value based on the corrected cone penetration qc1, expressed as follows: 

𝐶𝑅𝑅m = 0.833 (𝑞𝑐1 1000⁄ )3+ 0.05    ; 𝑞𝑐1 < 50  (2) 

𝐶𝑅𝑅m = 93 × (𝑞𝑐1 1000⁄ )3+ 0.08  ; 50 <𝑞𝑐1 < 160  (3) 
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For SPT data, the CRR value is calculated using the following equation: 

CRRm = 
1

34-(N1)60
+

(N1)60

135
+

50

[10-(N1)60+45]2
-

1

200
  (4) 

where (N1)60 represents the number of corrected SPT blows and corresponds to an overburden pressure approximately 

100 kPa, with an energy efficiency of 60% for the blows (Table 1). The value of (N1)60 is calculated using the following 

equation: 

(N1)60 = 𝑁𝑚𝐶𝑁 𝐶𝐸𝐶𝐵𝐶𝑅𝐶𝑆  (5) 

Table 1. Correction factors in the SPT test 

Factors Tools Variable Symbols Correction 

Overburden pressure - 𝐶𝑁 (𝑃 𝜎′𝑣0⁄ )0.5 

Overburden pressure - 𝐶𝑁 𝐶𝑁 ≤ 1.7 

Energy ratio Donut hammer 𝐶𝐸 0.5 – 1.0 

Energy ratio Safety hammer 𝐶𝐸 0.7 – 1.2 

Energy ratio Automatic – trip donut – type hammer 𝐶𝐸 0.8 – 1.3 

Hole diameter (drill size) 65 – 115 mm 𝐶𝐵 1.00 

Hole diameter (drill size) 150 mm 𝐶𝐵 1.05 

Hole diameter (drill size) 200 mm 𝐶𝐵 1.15 

Rod length < 3 m 𝐶𝑅 0.75 

Rod length 3 – 4 m 𝐶𝑅 0.80 

Rod length 4 – 6 m 𝐶𝑅 0.85 

Rod length 6 – 10 m 𝐶𝑅 0.95 

Rod length 10 – 30 m 𝐶𝑅 1.00 

Sampling method Standard 𝐶𝑆 1.00 

Sampling method Unlimited sampling 𝐶𝑆 1.1 – 1.3 

2.3.3. Safety Factor (SF) 

The safety factor (SF) is a key metric used to assess the liquefaction potential of a given site. It is calculated by 

comparing the cyclic resistance ratio (CRR) to the cyclic stress ratio (CSR). If the SF value is less than 1.0, the soil is 

susceptible to liquefaction, whereas a value greater than 1.0 indicates that the soil is safe from liquefaction. The 

following equation can express the SF: 

𝑆𝐹 = (𝐶𝑅𝑅/𝐶𝑆𝑅)𝑀𝑆𝐹 (7) 

where MSF represents the Magnitude Scaling Factor, as defined by Seed & Idriss (1971) [21]. The MSF value is 

calculated using the following equation: 

𝑀𝑆𝐹 =  
102.24

𝑀𝑤
2.56  (8) 

where Mw is the magnitude of the earthquake. 

Table 1 shows the correction values for the N1(60) calculations. 

2.3.4. Microtremor Measurements 

Microtremor measurements were conducted at the locations where the CPT and SPT data were collected. Seismic 

waves were captured using a GPL-6A3P microtremor sensor, and the data were analysed using the Horizontal to Vertical 

Spectral Ratio (HVSR) method, as Nakamura [35] and Nakamura [36] outlined. This method examines the spectral ratio 

between the horizontal (H) and vertical (V) components of the Fourier amplitude spectra of the recorded seismic waves. 

The peak period of the HVSR corresponds to the resonance period of the soil under investigation. Both horizontal 

components (NS and EW) and the vertical component (UD) were recorded simultaneously for 10 minutes, with a 

sampling frequency of 100 Hz, following the guidelines from the Site Effects Assessment Using Ambient Excitations 

[37, 38]. 

A key result from the microtremor measurements at a given site is the dominant frequency (f₀) obtained from the 

HVSR graph. Processing microtremor data using the spectral ratio method is widely regarded as one of the most reliable 

and straightforward techniques for determining the dynamic characteristics of soils and structures, mainly the 
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predominant frequency. Nakamura [35] pioneered this method, highlighting its simplicity and effectiveness in 

identifying site resonance. Later, Bonnefoy-Claudet et al. [39] reinforced its reliability, emphasising its ability to provide 

accurate estimates of soil characteristics with minimal equipment. Similarly, the SESAME [40] acknowledged the 

HVSR method as a standard approach for site effect studies, given its practical application in seismic risk assessment 

and structural analysis. Precise peak frequencies from the HVSR curves, derived from the microtremor recordings, are 

illustrated in Figures 5-a and 5-b.  

 

(a) 

 
(b) 

Figure 5. Clear Peak of HVRs, located (a) Kampus UNP (b) Kuranji 

The natural frequency of soil is affected by both the thickness of the weathered layer (H) and the shear wave velocity 

(𝑉ₛ) [41]. Typically, locations with thicker sediment layers exhibit lower natural frequency values, as noted by 

Karagianni et al. [42] and supported by other studies (e.g. [43, 44] ). These findings emphasise the relationship between 

sediment thickness and natural frequency in various geological contexts. Figure 6 provides an overview of the 

microtremor device employed and the field observations made during the measurements. The flow chart in Figure 7 

shows the procedure followed. 

𝐻𝑉𝑆𝑅 = √
𝐹𝑁𝑆𝑖(𝜔)2+𝐹𝐹𝑊𝑖(𝜔)2

𝐹𝑈𝐷𝑖(𝜔)2    (9) 

𝐹𝑁𝑆𝑖(𝜔) and 𝐹𝑈𝐷𝑖(𝜔)represent the Fourier amplitudes of the North-South (NS) and East-West (EW) components, 

respectively, while UD refers to the vertical element for each interval, and 𝜔 denotes the frequency. 
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Figure 6. Microtremor GPL-6A3P Sensor (left), field survey (right) 

 

Figure 7. Research Flow Chart 
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The HVSR analysis of the microtremor data was conducted by the guidelines established by Nakamura [45], to 

ensure the accuracy of the results and to identify precise peak frequencies. Figure 5 presents examples of the distinct 

peak frequency HVSR curves derived from the microtremor recordings. Noisy windows, including transient and 

stationary near-white noise, were excluded from the analysis to enhance the quality of the results. 

2.3.5. Liquefaction Potential by Using Microtremor Observation Results 

Earthquakes influence soil stability depending on the soil's characteristics and properties. Liquefaction can occur 

when effective ground stress is reduced due to cyclic loading from seismic shaking [8]. During cyclic loading, pore 

pressures increase, which affects the effective ground stress, particularly in saturated, loose, sandy soils. As a result, the 

soil may be unable to support loads, leading to deformation [20, 46]. When determining the liquefaction potential, higher 

Kg values indicate that damage is more likely [35]. The Kg value only comes from the strain of the soil structure. 

According to Choobbasti et al. [47], liquefaction can occur if the Kg value exceeds 5.0. This threshold can be defined 

as follows: 

𝐾𝑔 =
𝐴2

𝑓0
> 5 (10) 

where the 𝐾𝑔 is the vulnerability index, 𝐴 is the amplification from the HVSR result, and 𝑓0 is the natural frequency of 

the subsoil structure. 

3. Results and Discussion 

3.1. Liquefaction Risk Assessment Using Soil Investigation Findings 

Using ground investigation data from 54 analysed points, we determined the cyclic resistance ratio (CRR) and cyclic 

stress ratio (CSR) values at depths ranging from 1-4 m. The CRR values ranged from 0.493 to 2.125, while the CSR 

values ranged from 0.3160 to 1.0485. These values are crucial for evaluating the potential for soil liquefaction during 

seismic events. Figure 8 compares CRR and CSR values at various locations within the study area, specifically at T1, 

T2, T14, and T38, which were selected based on their groundwater levels. 

  

  

Figure 8. CRR and CSR Values at Several Points: (a) T1 (Air Pacah), (b) T2 (Gedung Walikota), (c) T14 (Koto Tangah) and 

(d) T38 (Teluk Bayur) 
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By comparing the CRR values with the CSR values, we can establish the safety factor against liquefaction. A safety 

factor below 1.0 indicates a heightened risk of liquefaction, while values above 1.0 suggest that the soil is likely to 

remain stable. Additionally, to visually represent the area's susceptibility to liquefaction, we mapped this potential using 

kriging, a spatial interpolation method that estimates values across a continuous surface.  

As depicted in Figure 9, this mapping categorises areas into different risk levels: dark red indicates extreme potential 

for liquefaction, red signifies high potential, bright red represents potential, orange indicates moderate potential, yellow 

reflects low potential, and green shows no potential for liquefaction. This classification helps understand and mitigate 

risks associated with seismic activity in the area. 

 
(a) 

 

(b) 



Civil Engineering Journal         Vol. 11, No. 08, August, 2025 

3101 

 

 

(c) 

Figure 9. Map of liquefaction potential and predominant frequency: (a) liquefaction risk at depths ranging from 1-4 m; (b) 

predominant frequency of soil; and (c) liquefaction potential based on vulnerability index, Kg ≥ 5 

3.2. Natural Frequency of Soil 

The natural frequency 𝑓𝑜 in the study area ranges from 0.202 to 0.974 Hz, with an average value of 0.358 Hz. This 

frequency suggests that the soil surface at the study site is primarily composed of alluvial deposits formed from 

sedimentation, soft soils, and mud, with a layer thickness reaching up to 30 m (𝑉𝑠30). This conclusion is further 

supported by SPT data from several test points, which classify the soil as sandy loam (SC) and coarse sand (SP) to a 

depth of 30 m. Notably, the highest 𝑓𝑜  was recorded at point 43 (Belimbing, Kuranji), while the lowest value was 

observed at point 49. These variations in frequency reflect the heterogeneous nature of the subsurface materials in the 

area. 

By examining the relationship between the soil's natural frequency and the liquefaction potential at the test points, 

alongside the liquefaction events triggered by the Padang earthquake in 2009, we can evaluate the liquefaction 

vulnerability index. The results are summarised in Table 2 and illustrated in Figures 10-a, 10-b, and 10-c. Points deemed 

safe from liquefaction exhibit a natural frequency greater than 0.40 Hz, while those with liquefaction potential fall within 

0.20-0.39 Hz range. There is no potential for liquefaction due to the more significant value; dense and solid soils are 

more resistant to cyclic loads. The opposite result occurred at sites 12 (0.29 Hz) and 49 (0.1418 Hz). i.e. 'Not Potential' 

(1.8% from the data obtained from soil investigation, CPT and SPT, and the liquefaction potential from vulnerability 

index, respectively. The good agreement between liquefaction potential where the vulnerability index is greater than 5 

[38] and the proposed result in this study with a range within 0.20-0.39 Hz.  

Table 2. Liquefaction field survey, SPT-borehole and microtremor single observation result 

 
Hakam et 

al. [5]   
Tohari et 

al. [6] 

Safety 

Factor 

C
o
n

clu
sio

n
 

Frequency 

(Hz) 

Periods 

(s) 

Soil 

Type 

A
m

p
litu

d
e
 

Vulnerability Index (Kg) 

value of liquefaction potential is 

Kg ≥ 5. Kg = A2 / f 

C
o
n

clu
sio

n
 

T1 P P 0.1508 P 0.2935 3.4071 Soft 3.40716 39.5527 P 

T2 P P 0.2233 P 0.2031 4.9236 Soft 3.30142 35.9834 P 

T3 P P 0.1376 P 0.3029 3.3014 Soft 2.574 17.0540 P 

T4 P P 0.1142 P 0.3885 2.5740 Soft 2.94118 25.4427 P 

T5 P P 0.1373 P 0.3400 2.9411 Soft 2.92056 24.9114 P 

T6 P P 0.1111 P 0.3424 2.9205 Soft 2.94118 25.4427 P 
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T7 P P 0.1373 P 0.3400 2.9411 Soft 2.96121 25.9661 P 

T9 P P 0.2311 P 0.2937 3.4048 Soft 3.40483 39.4719 P 

T10 P P 0.2866 P 0.3898 2.5654 Soft 2.56542 16.8840 P 

T11 P P 0.0906 P 0.2917 3.4281 Soft 3.42818 40.2894 P 

T12 P P 0.2019 P 0.3895 2.5673 Soft 2.56739 16.9230 P 

T13 NP NP 3.4111 NP 0.2907 3.4399 Soft 3.43997 40.7066 P 

T14 P P 0.4142 P 0.3412 2.9308 Soft 2.93083 25.1752 P 

T15 P P 0.0912 P 0.2915 3.4305 Soft 3.43053 40.3724 P 

T16 P P 0.0875 P 0.3083 3.2435 Soft 3.24359 34.1255 P 

T17 P P 0.0777 P 0.2915 3.4305 Soft 3.43053 40.3724 P 

T18 P P 0.1315 P 0.2925 3.4188 Soft 3.4188 39.9597 P 

T19 P P 0.1768 P 0.2915 3.4305 Soft 3.43053 40.3724 P 

T20 P P 0.7883 P 0.3436 2.9103 Soft 2.91036 24.6513 P 

T21 P P 0.3630 P 0.3912 2.5562 Soft 2.55624 16.7033 P 

T22 P P 3.5335 NP 0.3926 2.5471 Soft 2.54712 16,.5253 P 

T23 P P 0.4111 P 0.3412 2.9308 Soft 2.93083 25.1752 P 

T24 P P 0.0689 P 0.2925 3.4188 Soft 3.4188 39.9597 P 

T25 P P 0.4877 P 0.2429 4.1169 Soft 4.11692 69.7778 P 

T26 P P 0.1362 P 0.2463 4.0600 Soft 4.06009 66.9278 P 

T27 P P 0.0756 P 0.3898 2.5654 Soft 2.56542 16.8840 P 

T28 P P 0.1373 P 0.2904 3.4435 Soft 3.44353 40.8329 P 

T29 P P 0.1373 P 0.3083 3.2435 Soft 3.24359 34.1255 P 

T30 P P 0.1758 P 0.3871 2.5833 Soft 2.58331 17.2397 P 

T31 P P 1.2203 NP 0.3400 2.9411 Soft 2.94118 25.4427 P 

T32 NP NP 3.7500 NP 0.4693 2.1308 Soft 2.13083 9.6749 P 

T33 NP NP 5.2471 NP 0.3898 2.5654 Soft 2.56542 16.8840 P 

T34 P P 0.6439 P 0.3400 2.9411 Soft 2.94118 25.4427 P 

T35 P P 0.1318 P 0.2463 4.0600 Soft 4.06009 66.9278 P 

T36 P P 0.1336 P 0.3871 2.5833 Soft 2.58331 17.2397 P 

T37 P P 0.1181 P 0.3400 2.9411 Soft 2.94118 25.4427 P 

T38 P P 0.1374 P 0.2894 3.4554 Soft 3.45543 41.2576 P 

T39 P P 0.1373 P 0.2463 4.0600 Soft 4.06009 66.9278 P 

T40 P P 0.1296 P 0.2030 4.9261 Soft 4.92611 119.5396 P 

T41 P P 0.0865 P 0.3412 2.9308 Soft 2.93083 25.1752 P 

T42 NP NP 2.2418 NP 0.4693 2.1308 Soft 2.13083 9.6749 P 

T43 P P 0.3185 P 0.3741 1.0265 Soft 1.02659 1.0819 NP 

T44 NP NP 1.7938 NP 0.5270 1.8975 Soft 1.89753 6.8323 P 

T45 P P 0.3493 P 0.3961 2.5246 Soft 2.52461 16.0911 P 

T46 P P 0.6549 P 0.3743 2.1083 Soft 2.10837 9.3722 P 

T47 P P 0.1265 P 0.2927 3.4164 Soft 3.41647 39.8779 P 

T48 NP NP 1.6119 NP 0.6854 1.4590 Soft 1.459 3.1058 NP 

T49 P P 0.1418 P 0.2030 4.9261 Soft 4.92611 119.5396 P 

T50 P P 0.3049 P 0.3436 2.9103 Soft 2.91036 24.6513 P 

T51 P P 0.0974 P 0.3412 2.9308 Soft 2.93083 25.1752 P 

T52 P P 0.0775 P 0.2907 3.4399 Soft 3.43997 40.7066 P 

T53 NP NP 1.2507 NP 0.3961 2.5246 Soft 2.52461 16.0911 P 

T54 P P 0.2225 P 0.2894 3.4554 Soft 3.45543 41.2576 P 

   Where P is ‘Potential’ and NP is ‘Not Potential’. 
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(a) 

 

(b) 

 

(c) 

Figure 10. Comparison of the four methods: (a) natural frequency vs. occurred liquefaction events; (b) natural frequency 

vs. soil investigation; and (c) natural frequency vs liquefaction potential from vulnerability index 
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Many aspects produce the liquefaction potential. The most fundamental aspect is on the natural characteristics of the 

soil layer, and the obvious reduction of the soil rigidity due to significant liquefaction is unique in seismic responses of 

the site, and it is suitable to take the change of the horizontal natural frequency of the site as a fundamental benchmark 

for site liquefaction identification [48]. 

Liquefaction-related damage to civil infrastructure was observed in Palu in 2018, Padang City and Padang Pariaman 

City in 2009, and Prince William Sound (Alaska) in 1964. The 1964 Prince William Sound earthquake in Alaska was a 

pivotal event that highlighted the issue of liquefaction and contributed to understanding how to mitigate the risks 

associated with liquefaction-related disasters. This study proposes a complete procedure to determine the natural 

frequency range of potential liquefaction by considering existing liquefaction events due to the September 2009 Padang 

earthquake and the dynamic soil characteristics from SPTs and CPTs, microtremor observations, natural frequency, 

dynamic characteristics, and liquefaction potential at every liquefaction event. This study focused on a single major 

earthquake event in Padang on September 30, 2009, with a magnitude of Mw 7.6. This earthquake resulted in 54 

instances of liquefaction throughout the city of Padang. 

Zhu et al. [49] investigated the impact of cyclic loading on the liquefaction and post-liquefaction resistance of the 

original sand. Their findings indicated that the excess pore water pressure generation rate increases with higher cyclic 

loading frequencies, while the cyclic liquefaction resistance decreases as the loading frequency rises. Additionally, 

research on dynamic properties revealed that the shear modulus decreases and the damping ratio increases with 

frequency [50] observed a significant decrease in the natural frequency ratio following liquefaction, particularly for 

offshore conditions with weaker soil, as the depth of liquefaction increases. Furthermore, as the frequency rises from 

one-hundredth of a Hertz, the damage sustained per loading cycle diminishes while the number of cycles needed to 

induce liquefaction increases. This finding was corroborated by Chang et al. [51], and further reinforced by subsequent 

research conducted by Jahankhah & Farashah [52], which emphasized the influence of loading cycles and frequency on 

the susceptibility to liquefaction. 

The main consequence of liquefaction is that it affects the natural characteristics of the upper soil layer, resulting in 

a marked decrease in soil stiffness. This reduction is particularly evident in the seismic behaviour of the site, which 

makes the variation in horizontal natural frequency an essential indicator for detecting liquefaction events, as well as 

research by Mehrzad et al. [53]. The latter also emphasised the significance of changes in natural frequency concerning 

liquefaction identification. 

Comparison of the parameter results from four essential sources (soil investigations using SPT and CPT, the 

liquefaction investigation due to the 2009 earthquake, seismic behaviour of the soil at the surface during the Padang 

earthquake, and microtremor single observations for 54 observation sites distributed across all of the liquefaction areas 

in Padang city) shows that liquefaction occurred with a low-frequency range (0.20-0.39 Hz), indicating a soft soil type 

(long period >1 s). The limitation of this study is that it is assumed that the earthquake event was the only giant 

earthquake to have occurred in this area in the last 200 years; no other earthquake was taken into account. 

4. Conclusion 

This comprehensive study on liquefaction potential in Padang City integrates multiple assessment methodologies to 

establish reliable natural frequency thresholds for liquefaction risk evaluation. Our analysis, conducted at 54 identical 

sites across the city, demonstrates significant spatial and depth-dependent variations in liquefaction susceptibility. At 

shallow depths (0-4 m), nearly the entire study area exhibits vulnerability to liquefaction, with coastal regions showing 

particularly high susceptibility. The liquefaction potential generally decreases with increasing depth, confirming the 

stratified nature of this geotechnical hazard. Through the systematic correlation of data from field surveys documenting 

the 2009 Padang earthquake liquefaction events, detailed soil investigations (CPT and SPT), and microtremor single 

observations, we have established that locations with natural frequencies exceeding 0.40 Hz remain safe from 

liquefaction, while sites with frequencies within the 0.20-0.39 Hz range demonstrate significant liquefaction potential. 

This natural frequency threshold provides engineers, urban planners, and disaster management authorities with a 

practical parameter for preliminary liquefaction risk assessment that can be efficiently measured in the field. The 

integration of multiple assessment methods at identical sites enhances the reliability of our findings, offering a more 

holistic approach to liquefaction hazard mitigation. However, to further validate and refine these thresholds, future 

research should incorporate data from multiple seismic events that have triggered liquefaction in the region, rather than 

relying exclusively on the 2009 earthquake data. This approach would enhance the robustness of the natural frequency-

based liquefaction potential assessment methodology proposed in this study. 
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