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This research discusses the use of stone columns in increasing the 

value of the safety factor on soils that have the potential to experience 

liquefaction. This study aims to determine the safety factor value of 

sandy soil in the study area and the safety factor value after Stone 

Column planning. The method used to determine the value of 

liquefaction potential is the method of Seed et al., based on the 

interpretation of SPT (Standard Penetration Test) data and using the 

stone column as a soil improvement method. Based on the study's 

results, it is known that each point has the potential to experience 

liquefaction except at points BH 7, BH 8, and BH 9. The LPI value is 

> 15, so the research area has the potential to experience liquefaction. 

Before planning, the safety factor value is 0.43-0.87, and after planning 

the stone column using an equilateral triangle pattern, the safety factor 

value increases to 1.21-2.3 while using a square pattern of 0.95-1.94. 
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1. INTRODUCTION  

Soil is made up of particles, each particle related to other particles. Because of the weight of the soil 

particles, there is an inter-particle force. This force allows each soil particle to remain in its position [1]. 

Settlement in clay soils generally takes longer because the water seepage capacity is deficient, while in 

sandy soils, the settlement runs faster [2]. Liquefaction is the loss of soil layer strength due to pore water 

stress arising from cyclical loads [3]. Liquefaction usually occurs in loose sandy and water-saturated 

soils [4]. Liquefied soil cannot withstand the weight of anything above it because the soil particles have 

turned into liquid..  

Based on the map of liquefaction vulnerability zones of Banten Province, the research area is included 

in the moderate liquefaction vulnerability zone, which is a vulnerability zone that can experience 

liquefaction unevenly, and the soil structure is generally damaged. The type of damage to the soil 

structure occurs in lateral shifting, subsidence, and minor damage to the soil structure [5]. Based on 

previous research conducted by Mina et al., 2020 with a case study of the East Cross Taxiway of 

Soekarno-Hatta Airport, it is known that the area has the potential to experience liquefaction with silty 

sand soil types [6].  
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The stone column is practical for increasing bearing capacity and slope stability, reducing total and 

differential settlement, increasing consolidation settlement time with a drainage system in cohesive soil, 

and reducing liquefaction potential in non-cohesive soil [7]–[10]. Stone Column installation is done by 

making a hole in the soil that will be increased bearing capacity. Next, granular material of various sizes 

will be inserted into the hole made by the Vibro compaction process, which makes the granular material 

denser. Vibro compaction is one of the techniques in soil improvement using mechanical vibration to 

strengthen the soil so that it is denser and can carry heavier loads [11]. 

The stone column has two types of patterns in its implementation: triangular and square. Each pattern 

has its advantages and disadvantages. The triangular pattern is more effective, stable, and uniform land 

subsidence than the square pattern, but implementing the square pattern construction is easier to install 

[12]. Stone Column is one of the frequently used soil improvement methods that serve to eliminate the 

danger of liquefaction in sandy soil layers during cyclic/dynamic load applications and can increase the 

the value of the safety factor when liquefaction potential occurs in the research area. 

 
Figure 1. Research Location (Runway 3 of Soekarno-Hatta Airport) 

 

2. METHODS  
 In general, the conditions for liquefaction in an area are: The soil layer is sand or silt, the soil layer is 

loose (not dense), the earthquake velocity is more than 0.1 g, and the magnitude is above 5.0 [13]. 

Liquefaction potential can occur if there are influencing factors such as relative density, soil 

consolidation rate ratio, initial soil stress, length of vibration time, soil grain size, initial pore pressure, 

and maximum stress level [14]. Determine the liquefaction potential and the right stone column design 

requires stages such as the flow chart below: 

bearing capacity of the soil. This is the background of research related to using stone columns to increase 
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Figure 2. Flow Chart of Research 

This research was conducted in several stages, starting with finding data such as N-SPT data, and 

the depth of the soil layer up to 20 meters with MAT (Groundwater Level) from 0.4 meters - 2.85 meters 

obtained from SPT results. To find out the maximum acceleration value in bedrock, the author uses the 

2017 Indonesian earthquake map with a return period of 1000 years is 0.35g with Mw = 7.5. If there is 

an earthquake with Mw < 7.5, the effect caused is smaller than the earthquake with Mw > 7.5, assuming 

the soil has better resistance [15]. The research area has 10 test points, are  BH 1, BH 2, BH 3, BH 4, 

BH 5, BH 6, BH 7, BH 8, BH 9, BH 10. 

 

Analysis of Liquefaction Potential 
The next step is to analyze the liquefaction potential. The method used in determining liquefaction 

potential uses the method of Seed et al. This method requires the CSR (cyclic stress ratio) value, which 

is the stress value caused by earthquakes. The formula for determining the CSR value is: 

CSR = 0.65 x 
amax

g
 x 

σvo

σ′vo
 x rd                                                                                                       (1)    

Determining the safety factor value also requires the CRR (Cyclic Resistance Ratio) value, which is the 

ability of the soil to resist liquefaction.  The formula for determining the CRR value is : 

CRR7,5 =
1

34−(N1)60
+

(N1)60

135
 +

50

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

1

200
           (2) 

CRR  = CRR7.5 x MSF                                   (3) 

 

After the CSR and CRR values are found, the safety factor can be determined. The formula for 

determining the factor of safety is : 

SF   = 
CRR

CSR
                                                 (4) 

If  SF < 1,  liquefaction; if SF > 1,  no liquefaction; if FS = 1, critical condition.   

       

Design the stone column,  

Design the stone column, can be strengthened by finding the LPI value. The formula for finding the LPI 

value : 

LPI =  ∫  
20 m

0 m
F.w (z) dz                (5) 

W(z)=10-0.5z (6) 

Notes: 

LPI  = Liquefaction Potential Index value 

F  = Potential liquefaction event, determined by the equation: 
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F  = (1-SF)  

            for SF<1, and F=0 for SF>1 

w(z)  = Depth weighting factor 

z  = Depth under review (max. 20m) 

LPI  =0, Very low potential liquefaction 

0<LPI<5, Low potential liquefaction 

5<LPI<15, High potential liquefaction 

LPI>15, Very high liquefaction potential 

 

Liquefaction potential Index (LPI) is a method developed by Iwasaki (1984) to determine the 

boundaries of liquefaction potential by using the value of the factor of safety and a function of soil depth 

(w(z)). The resulting liquefaction potential boundaries include high liquefaction potential, very high 

liquefaction potential, and low liquefaction potential. The equation proposed by (Iwasaki et al., 1984) 

to determine the Liquefaction Potential Index (LPI) value is as follows [16]:  

If liquefaction potential occurs and the LPI value is high, a stone column must be designed to keep 

the building safe. Stone columns have 2 patterns: triangular and square patterns. these two patterns have 

differences in finding the equivalent diameter (Dc) formula 

Dc = 1.05 x s (triangular pattern)               (7) 

Dc = 1.13 x s (square pattern)                                 (8) 

 

Note: 

s = the distance between stone columns 

 

The ability of this stone column material has a reduction effect on the basic improvement factor 

(n0), and produces a reduction value (n1) with the formula: 

n1  = 1 + 
𝐴𝑐

𝐴
 [

5− 
Ac

A

4 Kac (1−
𝐴𝑐

𝐴
)

− 1]               (9) 

The safety factor of liquefied soil before and after using stone columns will be different. If using a stone 

column, the bearing capacity of the soil will increase and can reduce settlement on sandy soil. Safety 

factor formula after using stone column 

FS’= 
CRR x n1

CSR
                                               (10) 

 

3.   RESULTS AND DISCUSSION 

Based on known SPT data, points at BH 7, BH 8, and BH 9 only have cohesive soil types. For cohesive 

soil in the event of an earthquake, the characteristics between particles will bind each other so that they 

do not have the potential to experience liquefaction. Based on the results of the analysis that has been 

carried out, the FS value of the test points can be seen in Table 1 and the graphs in Figure 3 until Figure 

5. 
Table 1. Recapitulation of Safety Factor values 

Point h (m) FS Potential 

BH 1 20,45 0,54 L 

BH 2 6,45 0,63 L 

BH 3 14,45 0,46 L 

BH 3 18,45 0,87 L 

BH 3 20,45 0,61 L 

BH 4 6,45 0,53 L 

BH 5 4,45 0,57 L 

BH 6 4,45 0,48 L 

BH 6 6,45 0,64 L 

BH 6 8,45 0,43 L 
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BH 10 16,45 0,87 L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.  Calculation Chart of Liquefaction Potential in BH 1, BH 2, BH 3, and BH 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Calculation Chart of Liquefaction Potential in BH 5, BH 6, BH 7, and BH 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Calculation Chart of Liquefaction Potential in BH 9 and BH 10 
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Design of Stone Column 
To determine the correct pattern to use in planning, it is necessary to first calculate the planning of stone 

columns by comparing equilateral triangle patterns and square patterns. The calculations are shown in 

Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.  Triangle and Square Patterns on Stone Columns 

 

When loading occurs, the total settlement in the stone column or the surrounding soil is the same. The 

stress concentrated more on the stone column will reduce the total overburden stress and also, on the 

other hand, increase the soil resistance (cyclic resistance ratio) as the effect of soil densification [17]. 

Where FS' is the safety factor after stone column planning. 

 

FS' = (CRR x n1)/CSR                     (11) 

 

The following results of comparing stone column planning using a triangular pattern and a square pattern 

can be seen in Table 2 and Figures 7 to Figure 10. 

 
Table 2. Comparison of Safety Factor Values After Using Stone Column 

Point FS FS’ Triangular Pattern FS’Square Pattern 

BH 1 0.54 1.43 1.19 

BH 2 0.63 1.66 1.39 

BH 3 0.46 1.22 1.02 

BH 3 0.87 2.32 1.94 

BH 3 0.61 1.62 1.35 

BH 4 0.53 1.40 1.17 

BH 5 0.57 1.51 1.26 

BH 6 0.48 1.27 1.06 

BH 6 0.64 2.28 1.44 

BH 6 0.43 1.21 0.95 

BH 10 0.87 2.31 1.93 

BH 10 0.71 1.90 1.59 
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Figure 7. Comparison of FS' Values in Triangular Pattern and Square Pattern at BH 1 and BH2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 . Comparison of FS' Values in Triangular Pattern and Square Pattern at BH 3 and BH 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 . Comparison of FS' Values in Triangular Pattern and Square Pattern at BH 5 and BH 6 
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Figure 10. Comparison of FS' Values in Triangular Pattern and Square Pattern at BH 10 

 

After knowing the value of comparing the two patterns, it is known that the most considerable corrected 

improvement factor value uses an equilateral triangle pattern. So the pattern used in the implementation 

uses a triangular pattern. The graph of Ishihara (1985) can be used to determine the depth of the stone 

column. The Ishihara (1985) graph depends on the thickness of the layer. H1 is soil with no liquefaction 

potential, and H2 is soil with liquefaction potential. 

 
Figure 11. Ishihara (1985) Liquefaction Potential Criteria Chart 

 

The evaluation method by Ishihara (1985) uses the ratio of the thickness of the surface soil that is not 

potentially subject to liquefaction to the thickness of the soil beneath the soil layer that is subject to 

liquefaction. For each different peak ground acceleration, the curve used will be different [18]. 
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Figure 12. Location of stone column installation 

 

Based on previous calculations, the pattern to be used in the installation of the Stone Column is an 

equilateral triangle pattern with a diameter of 1.5 m, and the spacing between columns is 2 m. Based on 

the Ishihara chart, the planning depth of Stone Column at BH 5 is 7 m, and BH 1, BH 3, BH 6, and 

BH10 is 8.5 m, while BH 2 and BH 4 are at a depth of 8 m. 

 

4. CONCLUSION 

From the data and the results of the calculation analysis that has been carried out, the conclusions are 

obtained:  

1. Based on NSPT data, it is known that there are several layers of sandy soil in the research area 

except at points BH 7, BH 8, and BH 9. The factor of safety (SF) at points that have a layer of 

water-saturated sand ranges from 0.43-0.87 (FS <1), which has the potential to experience 

liquefaction. 

2. It is based on the calculation of Stone Column planning using an equilateral triangle and square 

pattern with a diameter of 1.5 m and a distance of 2.0 m between columns. Planning with an 

equilateral triangle pattern can increase the value of the safety factor more significantly than 

using a square pattern. The value of the safety factor after planning with an equilateral triangle 

pattern is 1.21-2.3, while with a square pattern of 0.95-1.94. 
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