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ABSTRACT: This study evaluates the effectiveness of ground improvement through rigid inclusions to mitigate liquefaction risk, 
based on numerical modeling and comparison with theoretical and empirical methods. The results confirm that the location of the rigid 
inclusion has a significant influence on the cyclic resistance ratio (CRR). Ground densification shows a noticeable improvement effect 
only when volumetric strain exceeds 1%. 

Numerical simulations performed with Plaxis 2D demonstrate that, in the vicinity of the inclusion, the soil exhibits cap hardening and 
hardening point behavior, indicating an effective increase in both compressive and shear strength. 

For the case studied, rigid inclusions are effective in reducing vulnerability parameters, as the Liquefaction Potential Index (LPI) and 
post-liquefaction settlements decrease from high to low levels. 

When comparing methodologies, it was found that theoretical and empirical approaches tend to be less conservative than numerical 
analysis. Numerical models, evaluated in terms of volumetric strain or excess pore pressure and expressed as increases in CRR, FS, 
LPI, and post-seismic settlements, show strong agreement with each other. 

To optimize design and ensure the effectiveness of improvement, it is recommended to combine multiple preliminary design methods 
and subsequently carry out in-situ measurements to verify that the target densification level has been achieved. 
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1 INTRODUCTION 

Rigid inclusions as a ground improvement technique are a 
widely used solution to increase bearing capacity and reduce 
settlements in soft or loose soils, without the need for 
excavation or material removal. They are constructed by 
installing concrete columns that laterally displace the 
surrounding soil, creating a reinforcement grid with high 
construction efficiency and low environmental impact. 

In non-cohesive soils with liquefaction potential, the use of 
rigid inclusions acts on two key mechanisms: (i) soil 
densification, which increases resistance to liquefaction, and 
(ii) ground reinforcement, by reducing cyclic demand through 
the insertion of a stiffer material. 

This study analyzes the densification effect generated by 
rigid inclusions, with the aim of identifying methods to estimate 
it, applied to a site located in central Chile. 

2 FRAMEWORK 

2.1 Soil Liquefaction 

Liquefaction is a phenomenon of saturated granular soils that 
occur under seismic or cyclic loading in undrained conditions. 
According to Kramer (1996), this condition leads to a 
progressive increase in pore pressure, which reduces the 
effective stress between particles until their shear strength is 
nullified, leaving the soil in a suspended state. 

This phenomenon is particularly relevant in loose, 
contractive, and saturated soils, where the application of cyclic 
stress generates significant deformations that compromise the 
stability of structures found on them. 

2.2 Evaluating Soil Liquefaction Potential 

One of the most widely used methods for estimating 
liquefaction potential is that proposed by Seed and Idriss 
(1971), known as the simplified method. This approach 
compares the cyclic resistance ratio of the soil (CRR) with the 
cyclic stress ratio induced by a seismic event (CSR). 

The analysis is carried out through empirical correlations 
based on historical case studies of sites that did or did not 
experience liquefaction, as a function of in situ parameters 
obtained from tests such as the Standard Penetration Test (SPT) 
or the Cone Penetration Test (CPT), while considering 
correction factors for depth, overburden stress, and earthquake 
magnitude. The factor of safety (FS) is defined as: 

𝐹𝑆 ൌ
𝐶𝑅𝑅
𝐶𝑆𝑅

ൌ
𝐶𝑅𝑅଻.ହ

𝐶𝑆𝑅
𝑀𝑆𝐹 ∗ 𝐾ఙ (1) 

Where: 
 CRR: Cyclic resistance ratio. 
 CSR: Cyclic stress ratio 
 CRR7.5: Cyclic resistance ratio for an earthquake 

magnitude 7.5. 
 MSF: Magnitude scale factor 
 𝐾ఙ : Overburden stress correction factor 

Several modifications to the method have been proposed; one 
of the most recent is the approach by Boulanger and Idriss 
(2014), which is applicable to both SPT and CPTu tests, and is 
the one adopted for the present analysis. 

2.3 Vulnerability parameters 

The Liquefaction Potential Index (LPI), proposed by Iwasaki, 
Tokida and Tatsuoka (1981), is used to quantify the severity of 
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liquefaction along the soil profile with depth. Its calculation is 
typically performed from the ground surface to a depth of 20 m, 
integrating the contribution of liquefiable layers based on their 
resistance and location. 

𝐿𝑃𝐼 ൌ ׬ ሺ10 െ 0.5 ∗ 𝑧ሻ ∗ 𝐹௅ ∗ 𝑑௭
ଶ଴
଴   (2) 

൝
𝐹௅ ൌ 1 െ 𝐹𝑆 si FS ൑ 1

 
𝐹௅ ൌ 0          si FS ൐ 1

 
(3) 

The LPI is defined as such that higher values indicate greater 
severity and potential damage due to liquefaction. For practical 
interpretation, risk categories have been established based on 
the value obtained, which are summarized in Table 1. 

Table 1. LPI Categories (Iwasaki, Tokida and Tatsuoka, 1981). 
LPI Category 

0 
Very low liquefaction potential: 
detailed studies are not required. 

0 < LPI ≤ 5 
Low liquefaction potential: studies are 
recommended for large structures. 

5 < LPI ≤ 15 
High liquefaction potential: 
liquefaction studies are necessary. 

15 < LPI 
Very high liquefaction potential: 
liquefaction studies are necessary. 

The estimation of post-liquefaction settlements proposed 
by Zhang, Robertson and Brachman (2002) is obtained using 
the following relation: 

𝑆 ൌ෍𝜀௩௜∆𝑧௜

௝

௜ୀଵ

 (4) 

Where: 
 S: Post-liquefaction settlement 
 𝜀௩௜: Post-liquefaction volumetric strain in layer 𝑖. 
 ∆𝑧௜: Thickness of layer i. 

3 CASE STUDY 

3.1 Background 

The analyzed site is in central Chile. The average stratigraphy 
of the soil profile is detailed in Table 2. Notable features include 
the presence of superficial artificial fills and sand deposits with 
varying degrees of compaction overlying a rock basement at 
greater depth. 

Table 2. General Stratigraphy. 

Strate 
Depth 

m 
Description 

H1 0.0 to 2.0 
Artificial fill composed of sand and 
gravel with very loose compaction. 

H2 2.0 to 38.0 

Coarse sand, approximate grain size 
distribution: 0–2% gravel, 90–88% sand, 
10% fines; light brown to gray color; 
odorless; zero plasticity; compaction 
ranging from loose to dense; 
homogeneous structure; low to medium 
cementation; no organic material 
detected. 

H3 38.0 to 45.0 
Good quality rock, light brown color, 
average RQD of 78%. 

Groundwater table 4.0 m depth 

The liquefaction potential was evaluated using the method by 
Boulanger and Idriss (2014) based on a CPTu test analyzed with 
the CLiq software. Parameters considered for the analysis are 
summarized in Table 3, with liquefaction assessment limited to 
a depth of 20.0 m. Figure 1 shows the factor of safety results 
and vulnerability parameters for the case study. 

 

Table 3. Parameters for liquefaction analysis. 

Mw 
PGA 

g 
Water table in situ 

m 
Water table design 

m 
8.8 0.57 4.0 3.0 

 
Figure 1. Liquefaction Potential Assessment without 
Ground Improvement (CPTu method). 

3.2 Ground Improvement  

As a mitigation measure against liquefaction susceptibility, the 
implementation of rigid inclusions 36 cm in diameter is 
proposed, extending to a depth of 20 m. The columns are 
arranged in a triangular (staggered) grid with a spacing of 1.7 
m center-to-center, designed to provide uniform and efficient 
coverage of the susceptible soil.  

4 METHODOLOGY AND RESULTS 

4.1 Theoretical Approach Based on Relative Density 

4.1.1 Methodology 

The evaluation of the ground improvement effect is performed 
through a theoretical approach based on changes in the relative 
density of the granular soil. For a triangular arrangement of 
rigid inclusions, the equivalent diameter (de) is defined as 
1.05×s, where s is the center-to-center spacing between 
columns. The final total volume (Vtf) corresponding to the soil 
volume with inclusions is calculated by the following 
expression: 

𝑉௧௙ ൌ 𝜋 ൬
1.05 𝑠

4
൰
ଶ

𝐿 െ 𝜋𝑟௖ଶ𝐿 (5) 

Under the hypothesis of constant solids volume (Vs) the relation 
between initial and final void ratios is given by: 

𝑒௙ ൌ
𝑉௧௙
𝑉௧௜

ሺ1 ൅ 𝑒௜ሻ െ 1 (6) 

The relative density (DR) is estimated from the cone tip 
resistance obtained in CPTu tests using the correlation proposed 
by Baldi, Belloti, Ghionna, Jamiolkowski and Lo Presti (1989), 
as referenced by Robertson and Cabal (2014): 

𝐷𝑅 ൌ ൬
1
𝐶ଶ
൰ 𝑙𝑛 ൬

𝑄௖௡
𝐶଴

൰ (7) 

Where, C0=15.7 and C2=2.41 are soil constants for normally 
consolidated sands, Qcn is the cone resistance normalized by 
atmospheric pressure (pa=101 kPa) and vertical effective 
stressሺ𝜎௩଴

ᇱ ). 
Additionally, the improvement factor (n) is defined as: 

𝑛 ൌ
𝑞௖௙
𝑞௖௜

 (8) 
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4.1.2 Results 

Figure 2 presents the improvement factor values as a function 
of depth. These values were incorporated into the CLiq 
software for re-evaluation of the liquefaction potential, 
adjusting the soil resistance values (qt). Figure 3 shows safety 
factors, vulnerability indicators at the surface exhibit a 
significant reduction in liquefaction risk. 

  
Figure 2. Cone resistance and improvement factor, RD 
method. 

 

Figure 3. CLiq Results, RD Method. 

4.2 Previous Experiences 

4.2.1 Methodology 

Table 4 presents the values reported by Varaksin (2010), which 
provide an improvement factor based on soil type (grain size 
distribution) and the percentage of replacement area used, to 
estimate the improvement factor (n). 

Table 4. Improvement Factor (Varaksin, 2010). 
Replacement 

Area 
[%] 

Improvement Factor (n) 

Sand Silt Clay 

1.0 1.3 1.2 1.1 
2.0 1.5 1.4 1.2 
4.0 2.0 1.6 1.3 

4.2.2 Results 

Considering that the soil is predominantly sand with low fines 
content, and that the replacement area is 4%, according to Table 
4 the improvement factor is taken as 2.0. Figure 4 shows the 
improved soil values, and Figure 5 presents the results obtained 
with the CLiq software. 

 

  
Figure 4. Cone resistance and improvement factor, 
previous Experience method. 

 

Figure 5. CLiq Results, Previous Experience Method. 

4.3 Numerical modeling with Plaxis 2D 

4.3.1 Model and geometry 

The stress-strain behavior of the granular soil is simulated using 
the Hardening Soil constitutive model with isotropic hardening, 
while the rigid inclusions are represented with a linear elastic 
model. The parameters were estimated from empirical 
correlations with CPTu test records, summarized in Table 5. 
The parameters adopted for the rigid inclusions are presented in 
Table 6. 

Table 5. Parameters Adopted for the Hardening Soil Model. 

Parameters H1 H2 H3 

𝛾௨௡ ௦௔௧ /𝛾 ௦௔௧  kN/m3 16.0/17.0 18.0/19-0 19.0/20.0 

𝐸ହ଴
௥௘௙ MPa 24 50 55 

𝐸௘௢ௗ
௥௘௙ MPa 24 50 55 

𝐸௨௥
௥௘௙ MPa 72 150 165 

𝑝௥௘௙ kPa 100 100 100 

m  0.5 0.5 0.5 

c' kPa 0.0 0.0 0.0 

' ° 30 38 38 

𝜓 ° 0 5 5 

𝑅௙ 0.9 0.9 0.9 

Table 6. Adopted for the Rigid Inclusions Using the Linear Elastic 
Model. 

E 
GPa 

𝛾 ௦௔௧  
kN/m3 

15.0 24.0 
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4.3.2 Evaluation of Post-Improvement Cyclic Resistance of 
Soil (CRR) 

According to the proposal by O’Sullivan, Terzaghi and Orense 
(2014), the installation of rigid columns induces volumetric 
deformation of the ground, which results in an increase in the 
effective confinement stress (𝜎ᇱଷሻ, generating an increase in the 
coefficient of earth pressure at rest (K0). This coefficient 
corresponds to the ratio between effective horizontal and 
vertical stresses. This increase translates into two effects: 
 Reduction of the initial stress state. 
 Increase in the soil shear strength. 

To quantify the effect of the increase in earth pressure 
coefficient (K0) on the evaluation of liquefaction potential, the 
relationship from Salgado, Boulanger and Mitchell (1997) is 
used to quantify the post-improvement cyclic shear resistance 
(𝐶𝑅𝑅௉௢௦௧ ூ஼) after column installation: 

𝐶𝑅𝑅௉௢௦௧ ூ஼ ൌ 𝐶𝑅𝑅௜
ሺ1 ൅ 2𝐾଴ ௉௢௦௧ ூ஼ሻ
ሺ1 ൅ 2𝐾଴ ௜ሻ

 (8) 

Where 𝐾଴ ௉௢௦௧ ூ஼  s the earth pressure coefficient after column 
installation, and 𝐾଴ ௜ is the initial earth pressure coefficient 
(without improvement). 

To evaluate the spatial effect of the induced confinement, 
three radial locations relative to the column axis were analyzed 
(r= 0.2m, 0.5m, and 0.9m), recording the evolution of the 
horizontal-to-vertical stress ratio with depth (Figure 6). 

 
Figure 6. Axisymmetric Plaxis 2D Model. 

Two numerical modeling approaches were implemented in 
Plaxis 2D under axisymmetric conditions: 

 Volumetric deformation 
 Injection pressure 

4.3.3 Volumetric Deformation 

An axisymmetric model was used to evaluate the principal 
stress ratio under different levels of volumetric deformation 
induced by soil improvement: 0.2%, 0.64%, 1%, and 5%, 
comparing initial conditions and post-rigid inclusion. Figure 7 
presents one of the analyzed cases (r= 0.2 m, ev= 5%), showing 
that a linear correlation allows obtaining K0 for both conditions. 

This analysis was performed for all cases, and the 
ratio between post- and pre-improvement CRR was calculated 
according to Equation (8). The results for each case are 
presented in Table 6. 

 
Figure 7. Case r=0.2m ev=5% Relationship between 
principal strains to obtain earth pressure coefficient before and after 
rigid inclusion. 

Table 7. Increase in CRR from Volumetric Deformation Modeling. 

Volumetric Deformation 
% 

𝐶𝑅𝑅௉௢௦௧
𝐶𝑅𝑅ூ௡௜௧௜௔௟
ൗ  

0.2 𝑚 0.5 𝑚 0.9 𝑚 
0.20 1.42 1.08 1.03 
0.64 2.14 1.27 1.12 
1.0 2.53 1.41 1.17 
5.0 5.12 2.86 1.87 

4.3.4 Injection Pressure 

This approach simulates the construction process of rigid 
inclusions by applying injection pressure to reproduce the radial 
thrust exerted on the soil during installation. In the 
axisymmetric model, internal pressures were applied at the 
contact nodes between the column and soil, evaluating three 
representative levels: 200 kPa, 400 kPa, and 1000 kPa. 

A depth-variable load was used to prevent soil failure, 
since pressures above 200 kPa may cause instability issues. 
Figure 8a shows the load application, and Figure 8b presents 
the total volumetric deformation associated. 

Table 7 shows result for the relative increase in cyclic 
resistance coefficient (CRR) at different evaluation radius (0.2 
m, 0.5 m, and 0.9 m) from the column axis for each applied 
pressure level. 

(a) 

 

(b) 
Figure 8.  (a) Load variable with the depth from 50 kPa 
until 200 kPa or 400 kPa or1000 kPa. (b) Volumetric deformation. 

Table 8. Increase in CRR from Injection Pressure Modeling. 

Pressure 
kPa 

𝐶𝑅𝑅௉௢௦௧
𝐶𝑅𝑅ூ௡௜௧௜௔௟
ൗ  

0.2 𝑚 0.5 𝑚 0.9 𝑚 
200 1.00 1.00 1.04 
400 2.42 1.32 1.16 

1000 4.93 2.58 1.75 
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5 ANALYSIS RESULTS 

5.1 Comparison of results between models 

Figure 9 presents a comparative analysis of the increase in soil 
strength obtained from the different models, showing consistent 
agreement between cases with the same distance from the 
column and volumetric strain, which validates the coherence of 
the numerical model used. Additionally, a marked variation in 
the CRR increase is identified depending on the position 
relative to the rigid inclusion. For volumetric strains greater 
than 1%, the effect on strength becomes significant at all 
evaluated positions. 

 
Figure 9. Comparison between Plaxis 2D models. 

Figure 10 shows that in the immediate vicinity of the rigid 
inclusion, the soil behavior exhibits cap hardening and 
hardening point for volumetric strains of 0.2%, 1%, and 5%. 

In the Hardening Soil model, cap hardening is associated 
with an increase in the preconsolidation pressure (Pp), 
reflecting an increase in soil strength against volumetric 
compression. The hardening point, on the other hand, relates to 
shear hardening, indicating the progressive mobilization of 
shear strength. 

At the boundary of the column’s influence area (r = 0.9 m), 
cap hardening is observed for strains of 0.2% and 1%, 
indicating a localized increase of Pp. When volumetric strain 
increases to 5%, the response transitions to a combined state of 
cap + hardening point. For strains on the order of 15%, a failure 
state is identified near the inclusion. 

In terms of ground improvement, the objective is to 
maximize compaction hardening (increase in Pp) and minimize 
shear hardening as much as possible to avoid premature shear 
degradation. 

 
Figure 10. Plastic points. 

5.2 Safety Factor 

To compare the different methodologies, safety factors (SF) at 
a depth of 13 m are plotted in Figure 11. It is observed that 
densification varies significantly with position, and that 
theoretical or experience-based methods tend to be less 
conservative. Additionally, for volumetric strains below 1% 
(associated with pressures below 400 kPa), the increase in 
liquefaction resistance (CRR) is not significant. 

 
Figure 11. SF at 13 m depth. 

5.3 Vulnerability parameters 

According to the results shown in Figures 12 and 14, the 
analyzed methods succeed in reducing the Liquefaction 
Potential Index (LPI) and the post-liquefaction settlements 
from a high to a low level in most cases. 

The finite element analysis is identified as the most 
conservative method, due to its ability to integrate a greater 
number of geotechnical factors. For liquefaction damage 
mitigation to be effective, it is crucial that a minimum 
volumetric strain of 1% is achieved. 

The comparison of Plaxis models in Figures 13 and 15 confirms 
a strong agreement in the results of LPI and settlements when 
volumetric strains are considered. It is concluded that the 
densification effect becomes evident only for volumetric strains 
exceeding 1%. 

 
Figure 12. LPI Results. 

 
Figure 13. Comparison between Plaxis 2D models in terms 
of LPI. 
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Figure 14. Post liquefaction settlement results. 

 
Figure 15. Comparison between Plaxis 2D models in terms 
of Post seismic liquefaction settlement. 

6 CONCLUSIONS 
 The results of the conducted simulations confirm that the 

location of the rigid inclusion significantly influences the 
increase in the cyclic resistance ratio (CRR). 

 The comparison of methodologies reveals that methods 
based on previous experience or theoretical approaches 
tend to be less conservative. It is observed that 
densification varies significantly with position, and that the 
increase in liquefaction resistance (CRR) is marginal for 
volumetric strains below 1%, which are associated with 
pressures under 400 kPa. 

 When comparing the numerical simulations performed in 
Plaxis in terms of CRR increase, factor of safety (FS), LPI, 
and settlement, a strong agreement is confirmed in the 
results when comparing models associated with a given 
volumetric strain. 

 Plaxis 2D simulations show that near the rigid inclusion, 
the soil exhibits cap hardening and hardening point, 
corresponding to increased volumetric compression 
resistance and shear hardening, respectively. These 
phenomena are observed for volumetric strains between 
0.2% and 5%. At 0.9 meters, cap hardening predominates 
with strains up to 1%, but with strains greater than 5%, a 
combined state of cap hardening and hardening point 
develops. This behavior indicates that the soil 
improvement method is effective, as it increases 
compression resistance (increase in preconsolidation 
pressure, Pp) and, at higher strains (15%), allows failure 
initiation around the inclusion. Ideally, to optimize 
improvement, compaction hardening should be maximized 
and shear hardening minimized to avoid premature shear 
failure. 

 According to the analyzed results and various 
methodologies, regarding vulnerability parameters, the 
Liquefaction Potential Index (LPI) and post-liquefaction 
settlements decrease from high to low levels with the 
proposed improvement. 

 As a design recommendation for densification estimation, 
it is suggested to use a combination of several methods for 
the preliminary design (all are relatively simple to apply). 
Subsequently, once the soil improvement has been 
performed, in situ measurements should be conducted to 
verify that the required densification level has been 
achieved. 
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