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Probabilistic Liquefaction Potential Approach for 
Colombo Port City 

I.A.C.C. Ilangakoon and A.M.R.G. Athapaththu

Abstract: The Colombo Port City, Sri Lanka's major coastal project, has been constructed by 
transforming 269 hectares of sea into a vibrant residential, retail, and business land area using 65 
million cubic meters of dredged sand. Coastal areas undergoing land reclamation often face 
challenges related to liquefaction, primarily induced by natural seismic events. Recent studies 
underscore the importance of considering seismic events during the design phase of construction 
projects in Sri Lanka. This paper describes a study that performed probabilistic liquefaction hazard 
analyses using a well-established method. To investigate surface damage potential, the Liquefaction 
Potential Index method was employed. Detailed analysis of the results was used to develop maps 
illustrating liquefaction behaviour with depth, providing a comprehensive assessment of the potential 
for ground liquefaction. The comparison of the two methods indicates that, out of the four earthquake 
combinations considered, two scenarios are particularly critical. Additionally, certain land plots have 
been identified as more vulnerable to liquefaction. 

Keywords: Colombo Port City, Land reclamation, Liquefaction, Probabilistic, Liquefaction 
Potential Index 

1. Introduction

Liquefaction refers to a process in which 
saturated, cohesion-less soils, particularly sand, 
lose their strength and stiffness due to applied 
stresses, such as earthquakes, resulting in 
significant deformation or flow. The term 
originated from Hazen (1918), who used it to 
describe the failure of a hydraulic fill dam. 
Later, researchers like Casagrande (1979) and 
Seed (1979) expanded its definition, describing 
liquefaction as a condition where loose, 
saturated sands lose strength due to high pore-
water pressures, which reduce effective 
confining pressure. 

Interest in liquefaction grew after the June 16, 
1964, Niigata earthquake in Japan, as it caused 
significant structural damage and highlighted 
the phenomenon's potential impact (Seed & 
Idriss, 1967). Before this event, liquefaction was 
poorly understood. Following the earthquake, 
Terzaghi and Peck (1967) introduced the term 
“spontaneous liquefaction” to describe the 
sudden loss of strength in very loose, saturated 
sands due to disturbances. 

Robertson and Wride (1998) further elaborated 
on the theory, explaining that during seismic 
events, saturated soils can generate high pore 
water pressures, reducing effective stress to 
near zero. If cyclic loading, such as from an 
earthquake, continues, the soil undergoes 

increased deformation. Two types of soil 
liquefaction were identified: flow liquefaction, 
triggered by static or dynamic loads disrupting 
soil equilibrium, and cyclic softening 
liquefaction, caused by cyclic loading, which is 
the more common form, affecting both flat and 
inclined grounds. 

Multiple methodologies exist for assessing 
liquefaction potential, including probability of 
liquefaction (probabilistic approach), Factor of 
Safety (FOS), Liquefaction Potential Index (LPI), 
and liquefaction-induced settlement. This paper 
describes a study evaluating the liquefaction 
potential of the Colombo Port City premises 
using the probabilistic approach. 

In the liquefaction potential evaluation, 
probabilistic and LPI methods incorporate the 
FOS values that are calculated against 
liquefaction failure.  
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Probabilistic approach is widely utilized 
globally due to its effectiveness in illustrating 
outcomes (Juang & Jiang, 2000). To determine 
the FOS, scientists worldwide have devised 
several methodologies, among which empirical 
correlations and the 'Simplified Procedure,' 
introduced by Seed and Idriss (1971), are 
commonly employed. This study adopts the 
simplified procedure developed by Seed and 
Idriss, deemed the most convenient method. 
Seed and Idriss described a soil column as a 
rigid body affected by seismic forces at its base, 
causing shear waves to move toward the 
ground surface. The resulting shear stress in the 
soil was calculated using empirical formulas. 
 
However, the simplified procedure is not 
without its limitations. The probabilistic 
approach, which is based on the simplified 
method, while broadly applicable, may 
sometimes overlook factors such as the fabric of 
the soil structure. Cone Penetration Test (CPT) 
and Standard Penetration Test (SPT) values, 
which are used in the simplified method, 
primarily represent soil density. Liquefaction 
potential depends not only on density but also 
on the fabric of the soil structures. 
Consequently, these methodologies might not 
always provide completely accurate results in 
all scenarios. 
 
The study analyses geotechnical investigation 
data from CPTs using a CPT-based simplified 
liquefaction assessment method for free-field 
level ground conditions. It aims to determine 
the liquefaction potential of the Colombo Port 
City by evaluating the probability of 
liquefaction and the Liquefaction Potential 
Index (LPI). The analysis considers four 
different earthquake combinations, accounting 
for the seismicity around the island.  
 
Results are presented as probability of 
liquefaction contours at various depths beneath 
the ground surface, along with spatial 
distribution contours outlining the LPI. 
 
2. Liquefaction Process and 

Structural Vulnerabilities in 
Colombo Port City 
 

The primary cause of liquefaction is typically 
natural seismic events, although rare manmade 
incidents can also trigger sudden liquefaction. 
Liquefaction can be defined as the process 
where rapid loading on saturated soil layers 
during earthquakes causes a significant 

increase in pore-water pressure, which leads to 
a reduction in effective stress. When the 
effective stress approaches near zero, the soil 
transitions from a solid state to a liquid state. 
This transformation results in the collapse of 
loosely packed particles and insufficient time 
for excess pore-water pressure to dissipate, 
causing a substantial decrease in soil strength, 
stiffness, and volume. Hazen (1918) provides a 
clear explanation of the process of soil 
liquefaction for better understanding. 
 
Liquefaction events can cause various ground 
failures, including sand boiling, flow failure, 
lateral spreading, vertical settlement, and loss 
of bearing strength. Flow failure, characterized 
by rapid soil displacement, is the most 
recognized form of ground collapse induced by 
liquefaction (Ishihara, 1993). Lateral spread 
failure involves the lateral displacement of 
liquefied soil due to seismic forces. In flat areas 
or gentle slopes, liquefaction at greater depths 
can lead to the decoupling of soil layers, 
causing ground oscillations. Liquefied ground 
is vulnerable to lateral spread failure on slopes 
steeper than 3 degrees (Youd & Perkins, 1978). 
Sand boiling occurs at liquefied sand surfaces, 
especially when surrounded by hardened 
ground with weak spots. Soil liquefaction 
primarily impacts structures on saturated 
sandy soils or piles, causing differential 
settlement and potential damage to buried 
utilities. 
 
Historically, major liquefaction incidents such 
as the 1964 Niigata earthquake in Japan (Seed & 
Idriss, 1967), the 2011 Great East Japan 
Earthquake (Yasuda et al., 2012), the 2010-2011 
earthquakes in Christchurch, New Zealand 
(Cubrinovski et al., 2010), the 1989 Loma Prieta 
earthquake in San Francisco (Kayen et al., 1992), 
and the 1999 Chi-Chi earthquake in Taiwan 
(Juang et al., 2002) have resulted in severe 
consequences. These consequences include 
settlement failures, bearing failures, tilting 
failures, and lateral movements, primarily 
affecting reclaimed land. 
 
Various effects are foreseeable during 
earthquake-induced soil liquefaction events in 
Colombo Port City, particularly for low-rise 
structures like highway structures, swimming 
pools, playgrounds, and buildings with shallow 
foundations. Highway structures may 
experience sudden support loss, while irregular 
ground settlement can damage underground 
utilities such as water, sewer, and gas pipelines, 
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and allow water infiltration into buildings, 
potentially causing structural damage. 
 
3. Evaluation of Factor of Safety 
 
Soil liquefaction predominantly hinges on 
earthquake magnitude, ground motion 
intensity and duration, ground acceleration, 
soil density, effective confining pressure, soil 
layer thickness, fines content, groundwater 
table position, and reduction of effective stress 
(Youd & Perkins, 1978). These parameters can 
be simplified into two factors: the intensity of 
seismic loading (Cyclic Stress Ratio, CSR) and 
the characterization of liquefaction resistance 
(Cyclic Resistance Ratio, CRR) of the soil. By 
comparing CSR and CRR, it is possible to assess 
the likelihood of liquefaction occurrence at any 
particular depth at a site. 
 
3.1. Cyclic Stress Ratio (CSR) 
Peak Ground Acceleration (PGA), which 
depends on site-specific ground motion, can be 
utilized to calculate CSR. The equation for CSR 
induced by earthquake ground motions, 
formulated by Seed and Idriss (1971), is 
presented in Equation No. 1. 
 

 
                 …(1) 

 
where, 
 

       =     Total stress at the depth Z  
      =     Effective stress at the depth Z  

g         =     Acceleration of gravity 
   =     Peak ground acceleration  

       =      Shear stress reduction factor for 
depth Z given by,  

In actual situations, the soil behaves more like a 
flexible body rather than a rigid one. Equation 
No. 1 adjusts the rigid body shear stress by a 
Stress Reduction factor (rd) (Equation No. 2), as 
proposed by Seed and Idriss (1971), to account 
for this flexibility and obtain the deformable 
body shear stress with depth. A factor of 0.65 is 
applied to reduce the maximum shear stress, 
ensuring reasonable accuracy in the calculation 
procedure. Originally, this simplified equation 
was developed for earthquakes of magnitude 
7.5. To adapt it to different magnitudes, a 
variable known as the “Magnitude Scaling 
Factor” (MSF) must be considered. The MSF 
values suggested by Seed and Idriss (1982) 

were used for the calculations in this study, as 
outlined in Equation No. 3. 

 
where, 
 
MSF       =     Magnitude Scaling Factor  
Mw        =     Magnitude of the Earthquake  
n             =     Constant  
 
The final version of CSR used in this study was 
computed as depicted in Equation No. 4, after 
considering all relevant factors. 

 
 
3.2. Cyclic Resistance Ratio (CRR) 
CPT is widely used in assessing the liquefaction 
potential of sandy soils. It offers a detailed soil 
profile, which helps in evaluating liquefaction 
resistance. After the introduction of simplified 
liquefaction analysis, various CPT-based 
methods have emerged. Among them, the 
Robertson method developed by Robertson and 
Wride (1998), has gained global recognition for 
its reliability and widespread application.  
 
Robertson and Wride (1998) devised an 
approach that addresses the limitations of other 
techniques. Key factors in the Robertson 
method include the soil behaviour type index 
(Ic), Equivalent Clean Sand Normalized CPT 
Penetration Resistance (Qc1N,cs), correction 
factor for the grain characteristics of the soil 
(Kc), Normalized CPT Penetration Resistance 
(Q), Normalized Friction Ratio (Fs), and the 
CRR profile for an earthquake of magnitude 
(M) equal to 7.5, referred to as CRR7.5.  
 
The reclaimed sand used in the Colombo Port 
City was identified as not clean, and the 
necessary corrections to Qc1N,cs were applied 
in accordance with Robertson and Wride's 
(1998) method prior to calculating the CRR. 
Robertson and Wride (1998) suggested a flow 
chart approach for calculating the CRR of sandy 
soils using the CPT-based method. The flow 
chart employed in this study for the calculation 
is described in detail by Robertson and Wride 
(1998). 
 
3.3. Factor of Safety 
The Factor of Safety (FOS) against soil 
liquefaction can be estimated once the values of 
CSR and CRR have been obtained for a soil 

    …(2) 

       
 …(3) 

        …(4) 
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layer at a specific depth. Equation No. 5 
represents the formula for calculating the FOS 
against liquefaction. The evaluation of 
liquefaction based on the factor of safety 
method is illustrated in detail, along with a 
sample calculation, by Ilangakoon and 
Athapaththu (2023). 
 

 
                  …(5) 

 
4. Probabilistic Liquefaction 

Assessment Approach 
 
A significant limitation of the simplified 
procedure is that, it only yields the FOS as an 
outcome. While conventional thinking suggests 
that liquefaction occurs when FOS is less than 1 
and does not occur when FOS is greater than 1, 
there are instances where liquefaction still 
happens even with FOS greater than 1 (Seed et 
al., 1985 & Liao et al., 1988). Therefore, 
researchers have aimed to examine the caution 
of proposed CRR models. Juang and Jiang 
(2000) developed a mapping function, depicted 
in Equation No. 6, to evaluate the importance of 
the estimated FOS values in terms of the 
likelihood of liquefaction occurring, following 
the research by Chen and Juang (2000). This 
mapping function converts the FOS values into 
a percentage probability of liquefaction, 
offering a more nuanced understanding of 
liquefaction risk. A and B in the equations are 
referred to as Mapping Functions, and the 
respective values for the selected method are 
shown in Table 1. 
 

             

 
                      …(6) 

where, 
 
A & B       =     Mapping Functions 
Fs                      =     Factor of Safety 
PL                     =     Probability of Liquefaction 
  
Table 1 - Mapping Function Values for 
Selected Method (Juang & Jiang, 2000) 

 
Instead of being bound to a numerical design 
approach, this method can serve as a 
foundation for a risk-based design strategy to 
mitigate liquefaction potential (Chen & Juang, 

2000). In engineering practice, soil failure is 
often defined as occurring when there is a 
liquefaction probability exceeding 50% (Juang 
et al., 2002). In this paper, for easier 
interpretation of the results, these values have 
been converted to percentages. This conversion 
allows for a more intuitive understanding of 
the data. 
 
5. Liquefaction Potential Index 
 
The Liquefaction Potential Index (LPI) 
measures the severity of liquefaction and 
predicts surface manifestations, damage, or the 
likelihood of failure in liquefaction-prone areas. 
The LPI method is primarily used in areas with 
a high risk of liquefaction to assess liquefaction 
potential (Fukutake & Yamamoto, 1996). 
However, this approach only provides a 
simplified visualization of a site's potential for 
liquefaction.  
 
Iwasaki et al. (1978) introduced LPI as a means 
to quantify the likelihood of liquefaction. The 
methodology proposed by Iwasaki et al. (1978) 
involves an indicator that correlates with the 
thickness and FOS against liquefaction for each 
soil layer, obtainable through conventional 
methods. Soil layers with an FOS greater than 
1.2 are categorized as non-liquefied, those with 
FOS between 1.0 and 1.2 are classified as 
marginally liquefiable, and those with a FOS 
below 1.0 are considered liquefiable. 
 

A weighting formula assigns higher values to 
layers closer to the ground surface, linearly 
decreasing in value down to a depth of 
20 meters (Iwasaki et al., 1982). However, 
reliance solely on FOS obtained through 
standard techniques is inadequate for assessing 
liquefaction potential due to uncertainties 
related to geological and seismological 
conditions, fines content, and in-situ testing 
(such as SPT, CPT, and Shear Wave Velocity 
(Vs)). Seed and Idriss (1982) consider FOS 
values between 1.25 and 1.5 acceptable for non-
liquefied soils. In response, Sonmez (2003) 
adjusted the Iwasaki et al. (1978) method, 
assuming a FOS of 1.2 for the lowest value of 
the liquefaction potential category, aligning 
with the acceptable values for non-liquefied soil 
suggested by Seed and Idriss (1982). Sonmez 
(2003) modified the original equations 
proposed by Iwasaki et al. (1978) for the 
Liquefaction Potential Index, resulting in 
Equation Nos. 7 to 13. 
 

Method A B 
Robertson Method 1.00 3.3 

% 
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…(10) 

 
 

…(11) 

 …(12) 
 

 …(13) 
 
where, 
] 

F   = Safety factor of each layer 
W = Depth weighting factor of each layer 
Z   = Thickness of each layer 
 

Additionally, the liquefaction potential 
categories defined by Iwasaki et al. (1978) were 
reorganized to address identified limitations 
and constraints, as shown in Table 2. The 
extremely low category was eliminated, and the 
non-liquid and neutral categories were 
introduced. The lower category of the original 
classification model was subdivided into 
moderate and low subcategories. The 
boundaries of LPI values for the categories 
were adjusted accordingly, while the high and 
very high boundary LPI values remained 
unchanged. 
 
Table 2 - Categorization of Severity of 
Liquefaction Damage (Iwasaki et al., 1978) 

Liquefaction 
Potential Index 

Severity of 
Liquefaction 

0 Very Low 
0<LPI ≤5 Low 

5<LPI ≤15 High 
15≥ LPI Very High 

 
The modified LPI evaluation approach was 
utilized in this research to calculate the 
liquefaction potential index. 
 
6. Selection of Input Ground Motions 
 

The seismic scenario surrounding Sri Lanka, as 
utilized in Ilangakoon and Athapaththu (2023), 
was selected for the present analyses, with a 
focus on earthquakes originating in the sea and 
considering the impact of earthquake 

magnitude and distance. The selected seismic 
scenarios, based on previous studies, include a 
controlling and critical earthquake with a 
magnitude of 6.9, a 475-year return period, and 
an epicentral distance of 90 km, situated along 
the failed Mannar rift zone and Comorin ridge 
(Seneviratne et al., 2020). A second earthquake 
scenario with a magnitude of 7.5 was chosen to 
examine the impacts of a larger-magnitude 
earthquake at the same epicentral distance 
(Seneviratne, 2016). The same combination used 
in the study by Kumarasiri and Abayakoon 
(2008) was chosen as the third design 
earthquake combination, involving a 
magnitude 6.0 earthquake with an acceleration 
of 0.2. The fourth earthquake combination, a 
magnitude 6.9 earthquake with an acceleration 
of 0.2, was chosen for its highest values 
considering the past literature (Kumarasiri & 
Abayakoon, 2008). Earthquakes with 
magnitudes lower than the critical earthquake 
but generated at closer distances (M = 6.0 
earthquake with an epicentral distance of 15 
km) were excluded from this study, as they 
showed minimal liquefaction effects on the 
Colombo Port City in Ilangakoon and 
Athapaththu (2023). These combinations, 
included in Table 3, summarize the seismic 
scenarios anticipated within the island used for 
this study. 
 
Table 3 - Seismic Combinations for the Study 

Combination Magnitude   PGA Value 
1 6.9 0.1 
2 7.5 0.1 
3 6.0 0.2 
4 6.9 0.2 

 
7. Study Area Considered in the 

Research  
 
This project is located in a coastal area where 
the dredged sand fill layer exceeds 13 meters in 
thickness. The Colombo Port City is partitioned 
into two construction phases: Phase 1, 
designated for high-rise structures, and Phase 
2, intended for mid-rise residential buildings 
and open spaces. Preceding construction, Phase 
1 and a portion of Phase 2 underwent 
enhancement using vibro-flotation and 
dynamic compaction methods. These phases 
are subdivided into 14 land plots. The majority 
of CPT boreholes are concentrated in areas 
designated for roadways and high-rise 
buildings.  
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Analysis of CPT borehole records from 142 
representative locations across the city was 
conducted to assess liquefaction potential, 
spanning depths of 8m to 23m. An aerial view 
of Colombo Port City, displaying CPT locations 
and construction phases, is presented in 
Figure 1. 
 
8. Engineering Implications 
 
This study employs a CPT-based simplified 
method to assess the liquefaction probability 
for the worst-case seismic scenarios in the high-
priority area of Colombo Port City. Contour 
maps depicting liquefaction probability values 
at depths of 6 m, 12 m, and 17 m were 
developed to identify liquefaction-susceptible 
zones, with nearly all locations exhibiting a 
notable increase in probability values with 
increasing depth. Figures 2, 3, 4, and 5 illustrate 
the contour maps for the CPT-based 
probabilistic liquefaction analysis assessment 
carried out at different depth profiles for 
earthquake combinations 1, 2, 3, and 4, 
respectively. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
To develop the liquefaction probability 
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Figure 2 - Contours of Probability of 
Liquefaction for Combination 1, (a) at a Depth 
of 6 m; (b) at a depth of 12 m; (c) at a depth of 
17 m. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Contours of Probability of 
Liquefaction for Combination 2, (a) at a Depth 
of 6 m; (b) at a Depth of 12 m; (c) at a Depth of 
17 m. 
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Figure 4 - Contours of probability of liquefaction 
for combination 3, (a) at a depth of 6 m; (b) at a 
depth of 12 m; (c) at a depth of 17 m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - Contours of probability of liquefaction 
for combination 4, (a) at a depth of 6 m; (b) at a 
depth of 12 m; (c) at a depth of 17 m. 
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as highly vulnerable to severe liquefaction in 
earthquake scenarios 2, 3, and 4. The study 
concludes that certain land plots in Phase 02 of 
Colombo Port City are at high risk of soil 
liquefaction, particularly when earthquake 
magnitude exceeds 6.0 and acceleration values 
exceed 0.2g. Conversely, liquefaction in 
Phase 01 is deemed extremely unlikely. 
 
For all four earthquake scenarios, the 
Probability of Liquefaction values at a depth of 
6 m are notably lower compared to those at     
12 m and 17 m depths. This difference is likely 
attributed to the effectiveness of ground 
improvement measures, which primarily 
extend to shallow depths. The Probability of 
Liquefaction values at a depth of 17 m are 
similar to those at 12 m, though some locations 
show slightly higher values at 17 m. 
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Furthermore, Figure 6 illustrates the developed 
contour maps for the LPI analysis, indicating 
that Phase 2 of the Colombo Port City 
development project may contain some weak 
strata. The LPI analysis helps to identify 
specific land plots with a high potential for 
liquefaction, including plots A8, A6-2, A6-1, 
A5-2, and A5-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - Contours of liquefaction potential 
index (LPI) values, (a) For combination 01; (b) 
For combination 02; (c) For combination 03; (d) 
For combination 04. 
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by city planners if the structures built on these 
areas are built on shallow foundations, or if 
they include highway structures, water-
retaining structures, or critical utility supply 
lines, especially given the long lifespan of these 
structures. Therefore, these earthquake 
combinations are suitable for future 
assessments and design work for the Port City 
of Colombo or other reclamation projects in and 
around Colombo. 
 
Based on the research findings, several 
recommendations can be made. While the 
number of boreholes considered is sufficient to 
identify liquefaction-prone zones, incorporating 
new data would allow for more accurate zone 
demarcation. It is recommended to establish 
connections with international seismic 
monitoring stations to obtain better 
understanding and updates on earthquakes in 
the region, as records of earth tremors and 
seismic information are not readily available in 
Sri Lanka. Lastly, conducting a computer 
simulation of liquefaction triggering within 
Colombo Port City would provide a better 
assessment of the damage potential under 
various earthquake scenarios. 
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