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ABSTRACT: In today's world, constructing roads and embankments on soft ground has 

become increasingly challenging due to urbanization and population growth. Soft soils often 

deform excessively under loads, requiring improvement to ensure stability. Vertical inclusion 

systems provide solutions for constructing transportation structures on soft soils. These systems 

can be divided into semi-rigid inclusions (e.g., stone columns) and rigid inclusions (e.g., 

concrete-injected columns and auger-cast piles). In recent years, concrete-injected columns 

(CIC) have gained popularity as a viable ground improvement technique for roads and rail 

projects. Additionally, the use of geosynthetic encasements has been widely preferred by 

geotechnical engineers to overcome issues associated with stone columns in very soft clays. 

The aim of this paper is to briefly describe the vibro stone column (VSC) and CIC methods and 

their applications as sustainable ground improvement techniques in some transportation 

projects around the world. Case studies, numerical analyses, and experimental findings are 

reviewed to compare their effectiveness and identify unexplored areas. Vertical inclusions 

effectively reduce settlement and enhance the load-bearing capacity of weak ground. However, 

their application is site-specific. Stone columns are suitable for liquefiable soils, while CIC is 

preferred for sensitive structures where vibrations must be minimized. Furthermore, some 

recommendations are given regarding future studies and the combination of the above-

mentioned techniques to achieve optimum results while considering the cost-effectiveness of 

road or rail projects. 
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1. Introduction 

 

The concept of using vertical inclusions to reinforce soil masses has a long history, with 

deep foundations being employed for centuries in various construction projects to provide 

structural support. In the context of road and railway embankments built on weak soils, column-

type ground improvement techniques have gained significant prominence. Recently, rigid 

inclusions such as concrete injected columns (CIC), also referred to as controlled modulus 

columns (CMC), and semi-rigid inclusions like vibro stone columns (VSC) have been widely 

adopted by geotechnical engineers to provide critical support for overlying structures. The basic 

principle of these techniques is to relieve the load on the soft soils without altering the soil 

structure substantially. By absorbing and hence reducing the applied external loading on the 

shallow ground, such vertical inclusions are used to mitigate the differential and total 

settlements from 60 to 90% (depending on the site conditions and design requirements). 
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Therefore, soils reinforced with rigid/semi-rigid inclusions are sometimes denoted as composite 

foundations with increased shear strength and bearing capacity and less compressibility. 

Furthermore, since majority of column-type ground improvement structures and stone columns 

in particular, act as vertical drains, the consolidation of soft soil can also be accelerated 

considerably due to the existence of vertical inclusions.  

This paper provides an overview of the advantages associated with incorporating vertical 

inclusions in ground improvement, serving as a comprehensive review. It encompasses a 

presentation of conclusions drawn from prior studies and conducts a comparative analysis 

between rigid and semi-rigid inclusions. In addition, this paper briefly introduces the features 

of the bi-modulus columns as an innovative alternative. The paper also provides 

recommendations for optimising vertical inclusions and explore their potential future 

advancements. 

 

2. Research History 

 
2.1 Rigid and Semi-Rigid Inclusions 

 

Vertical inclusions can be categorized into two distinct groups: rigid inclusions (e.g., steel, 

concrete, and auger-cast piles) and deformable or semi-rigid inclusions (e.g., stone columns). 

Rigid inclusions are similar in principle to piles. Having direct contact with the surface loads, 

they perform their function by transmitting such loads through skin friction, end-bearing 

resistance or both combined and are designed to carry the load with minimal settlement. The 

stiffness and strength of rigid inclusions are usually far greater than deformable inclusions and 

the division of stress amongst the inclusions and the soil is the deciding factor to determine the 

extent of settlement resultant from loading the improved ground.  

On the other hand, stone columns, serving as semi-rigid inclusions, are acknowledged as a 

deformable foundation system. In this scenario, the materials employed for constructing the 

columns, such as sand, crushed rock, or granular pit run, lack inherent self-support. 

Consequently, in the absence of lateral soil supports, these columns are unable to sustain 

themselves, potentially leading to bulging or even failure. 

Since large settlements caused by the construction of transportation structures on shallow 

ground made of soft soil deposits is a challenging geotechnical problem, the choice of the 

special treatment is crucial. Reinforcing the weak ground with geosynthetics is an effective 

means to reduce the differential settlement whilst vertical inclusions are essential to mitigate 

the total settlement. Based on the ground conditions, cost issues, requirements of the project 

and availability of technology, vertical inclusions with and without basal reinforcements are 

selected to solve the geotechnical difficulties related to weak ground. Figure 1 shows the 

possible options, in which vertical inclusions can be used in ground improvement. 
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Fig.1 Vertical inclusions used in ground improvement of weak soils, involved predrilling boreholes 

 

Possible options for semi rigid inclusions are those without geosynthetics or with 

geosynthetics in which either partial encasement (2D to 3D) or long encasement (5D or more) 

can be applied, where D denotes the diameter of the stone column. Figure 2 presents the 

construction of a partially encased stone column using geogrids during construction. 

 

     
 

Fig.2 Inserting a geogrid net into a pre-bored and partially constructed stone column [1] 

 

2.2 Stone Columns (Semi-Rigid Inclusions) 

 

Construction of roads, embankments and rail tracks over soft soils is often problematic 

because of various complications associated with the feeble strength properties of the soil. 

Recently, due to the increasing demand for soft soil improvement, stone column technique has 

been used in the foundation of transportation infrastructure to increase the load carrying 

capacity of the ground and reduce settlement. With advancement of technology in that time, the 

two different installation techniques of Vibro stone columns, (the “dry Vibro-displacement” 

and the “wet Vibro-replacement”) were brought together. Hughes et al. reported that in the 

1970s field stone columns benefited from the weak ground with improved bearing capacity of 

more than 300 kN when installed with various diameters stretching from 0.5m to 1.5 m and the 

maximum length of 15 m [2]. Currently, due to innovative technology and sophisticated 

equipment, stone columns can be installed with lengths of over 30m and even deeper deposits. 

The application of stone columns is not limited to just improving the soft cohesive soil, but the 

potential liquefaction problem of cohesionless soil under seismic loading can also be mitigated 

with proper use of stone columns [3]. However, the suitability of this method belongs to certain 
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construction specifics and ground conditions only [4]. Relying on past experiences, it is 

believed that stone columns can be considered an appropriate method for improvement when 

the shear strength of subgrade soil is between 25 kPa and 50 kPa.  

When designing stone columns to support embankments, roadways, railways, and similar 

structures, the deformation behaviour is a critical factor to consider. Since the maximum long-

term settlement typically occurs at the base of the embankment, most studies focus on 

evaluating the settlement at this level. Furthermore, the performance of settlement is commonly 

quantified using the Settlement Improvement Factor (SIF), which is defined as: 

 

                     𝑆𝐼𝐹 =
𝑆𝑢

𝑆𝑡
             (1) 

 

where Su (untreated ground) is the settlement without stone columns and St (treated ground) 

corresponds to the settlement with stone column treatment. The behaviour of the stone column 

improved ground for the purpose of transportation infrastructure has not been explored 

thoroughly in the literature, neither has the special effects of soil disturbance caused by 

installation technique, deformed columns, associated densification, column-soil interaction, 

and cyclic loading. 

Because of inadequate lateral confinement of soils with very soft clays, construction of stone 

columns in such soils cannot be possible and therefore encasing the individual stone column 

with an appropriate geosynthetic encasement over its partial or entire length may provide the 

required lateral confinement. The use of geosynthetic encasements in stone column ground 

improvement projects is a relatively new phenomenon. Van Impe and Silence were the first 

investigators, who proposed the overall concept of encasing the columns with geosynthetic 

encasement and in order to assess the required tensile strength of the geotextile material, an 

analytical design technique was presented by them [5]. Subsequently, the first project was 

fulfilled successfully in Germany in 1995, where stone columns with encasements made of 

seamless geotextile sock were used with great results. 

Geosynthetics production technology advanced significantly in the 1990s, leading to the 

development of new design methodologies. Kempfert et al. using analytical and numerical 

models, examined the performance of stone columns encased with geosynthetics and proposed 

a settlement assessment design method based on geotextile stiffness [6]. Ayadat and Hanna 

further highlighted the advantages of encasing stone columns through experimental 

investigations [7]. Murugesan and Rajagopal, through numerical analysis, compared 

conventional stone columns encased with geosynthetics and observed that the latter exhibited 

significantly higher stiffness [8]. Similarly, Malarvizhi and Ilamparuthi conducted numerical 

modeling, validated by small-scale laboratory testing, to analyze the settlement behaviour of 

fully encased and isolated stone columns, demonstrating a reduction in settlement with 

increasing geosynthetics stiffness [9]. Yoo and Kim conducted a 3D numerical analysis of 

geosynthetic encased columns and presented great improvements in terms of settlement 

reduction [10]. Lo et al. disclosed the results of a fully coupled analysis of an embankment 

reinforced with stone columns and proved the effectiveness of geosynthetic encasement in 

settlement reduction [11]. Gu et al. by assessing the reinforcement mechanisms of the geogrid 
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encasement with different lengths and considerations of performance and economy, estimated 

the effective length to be three to four times the column diameter [12]. Based on the studies 

mentioned earlier, the primary focus of previous researchers was predominantly on isolated 

stone columns encased with geosynthetics, with limited attention given to the collective 

behaviour of stone columns as a large group. Additionally, the impact of cyclic loading on 

geosynthetic encasements remains unknown and warrants further investigation. 

 

2.3 Concrete Injected Columns (Rigid Inclusions) 

 

In today’s world, various modern transportation infrastructure, such as high-speed highways 

and railways, are constructed globally and under very diverse ground conditions. To ensure the 

safety of passengers is preserved as well as safety of vehicles, sometimes the foundation of such 

structures needs to be reinforced with new techniques. Due to the limitations of stone columns 

and its shortcomings in some areas, concrete injected columns (CIC) were invented and utilised 

around the planet.  

Referring to the website of Menard Oceania, in 1994, one of the world’s major specialists in 

foundation solutions and ground improvements called the Menard group, developed, and 

patented the controlled modulus column (CMC) method, also known as concrete injected 

columns (CIC) [13]. The performance of this technology sits anywhere between deformable 

and rigid deep foundation systems with tendency towards rigid foundation systems. In CIC 

solution, the installation of semi-rigid to rigid soil reinforcement columns in weak soil, 

decreases the total deformability of a soil deposit. Usually, the diameter of CIC ranges from 

250 mm to 600 mm [13]. Such columns are typically installed at a spacing ranging from 1.2 m 

to 2.5 m and are generally 10 m to 20 m in length with larger dimeter columns installed to 30 

m depth. A network of components that efficiently and uniformly distribute loads throughout 

the soil mass is created once CICs are installed according to the design requirements and 

construction sequences which are reliant on installation parameters, type of rig used and most 

importantly the site geology.  

According to Masse’s research, the sequences of columns construction are generally 

executed in a “hit and miss” pattern, where every alternate column along a single row is 

constructed at a time in one direction only, so that double the centre-to-centre design column 

spacing would be the distance between each successive constructed column [14]. Once the 

constructed “hit” columns gain adequate strength, the in-between, “miss” columns will be 

constructed until the row of CIC columns is completed. To install the CIC, soil displacement is 

facilitated using extremely powerful installation rigs with strong down-thrust and very high 

torque. The auger is then penetrated into the ground and advanced while rotating until the 

desired depth is reached. At this point the grout is pumped with moderate pressure through the 

hollow stem augur to form the column from bottom to the top. The grout is usually a lean pea-

gravel concrete or sand-mix mortar with slump in the range of 8 to 12 (based on the required 

resistance). It can be noted that this technique is entirely vibration free, which makes the use of 

CIC very attractive for sites with challenging environments. 

In conjunction with CIC’s network, underneath the embankments and slabs, usually an 

intermediate load transfer platform (LTP) is also used to support the uniformly distributed 
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loads. Wong and Muttuvel contended that the necessity of a Load Transfer Platform (LTP) 

depends on factors such as the embankment height and the spacing of CIC [15]. They 

emphasized that the decision to include an LTP should be determined solely by the differential 

settlement tolerance at the top of the embankment. Nevertheless, CICs are meant to improve 

the soil as a composite material and the imposed load by the structure above is not intended to 

be entirely supported by them. The improvement occurs when an equivalent vertical modulus 

reinforces the shallow ground and the specific features of the vertical inclusion network such 

as column diameter, spacing, thickness, soil and column modulus, and load transfer platform 

alongside the soil properties are key elements of the design. 

According to Plomteux and Lazacedieu once the four main components of acting forces on 

an individual CIC inclusion over its full length reaches equilibrium, the stress distribution 

occurs [16]. Equation 2 shows the prediction of the behaviour of an individual CIC on reaching 

equilibrium under loads [17]. 

       

 Q + Fn = Fp + Qp                 (2)                                                         

 

where, Q is the vertical load on the head of the CIC, Fn is the resultant negative skin friction 

acting on the upper portion of the CIC. Fp is the resultant positive skin friction mobilized on the 

lower part of the CIC and Qp is the tip resistance in the anchorage layer. 

Figure 3 displays a typical load distribution diagram between an inclusion network and the 

surrounding soil. The four acting forces of Q, Fn, Fp and Qp can be found in the image. 

 
 

Fig.3 Typical load distribution between soil and CIC [17] 

 

In the design of rigid inclusions, mitigation of differential and total settlements with and 

without the use of geosynthetic reinforcement plus prevention of lateral spreading and 

increasing stability are the sought-after targets in any project. 

It has been proven through numerous investigations that CIC technique is successfully 

suitable to virtually any sorts of weak, compressible, and shallow soil such as loose sand and 

fills, silt, clay, peat, organic chalk, etc. and facilitates the construction of projects that non-rigid 

deep foundation solutions are unable to handle, most notably: 

• Applications with very high loads 

• Environmentally sensitive projects  
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• Peat, organic soil, or mixed backfill 

• Applications with stringent settlement criteria 

 

3. Applications of Stone Columns as Semi Rigid Inclusions in Transport Infrastructure 

 

Transportation infrastructure demands a high level of performance when it comes to the 

stability of the structure and ground settlement. However, construction of transportation 

structures (i.e., roads and railways) in problematic areas where loose or soft cohesive deposits 

are found, usually involves difficulties such as deformations, excessive settlement, and stability 

problems. To avoid or reduce such problems, various remedies have been proposed thanks to 

geotechnical engineering. For instance, constructing piles, replacement of soft soil with stiffer 

soil deposits or application of stone columns are some of the beneficial ground improvement 

techniques used in transportation projects.  

Among various ground improvement techniques, stone columns are amid the most well-

established methods for improving soft soils, providing the ground with the capacity to support 

low to moderate loading conditions. As noted by Salehi et al., the effectiveness of ground 

improvement through stone columns depends on several factors, including the strength of the 

backfill materials, the durability of the natural deposits, as well as the columns' diameter, length, 

and spacing [18]. Table 1 provides a summary of the typical geotechnical parameters for 

backfill materials used in stone column construction. The widespread application of this 

technique in transportation projects worldwide, combined with findings from previous 

academic studies, underscores its efficiency and practicality. This paper highlights key 

numerical and experimental studies, along with case histories, to demonstrate the effectiveness 

of stone column ground improvement. 

 

Table 1 Typical geotechnical parameters of backfill materials used in construction of stone columns 

 

 
3.1 Improvement of Soft Subgrade Soil Using Stone Columns For Railway Tracks and Highway 

Embankments 

 

Indubitably, the most prevalent structures journeyed by high-speed trains, are ballasted 

railway tracks. The amplified vibrations in the nearby structures and the track itself, which is 

caused by the high speed of such trains, might impact the long-term serviceability and 

maintenance costs of the tracks. The subgrade plays a significant role to provide a stable support 

for the track. However, to prevent the non-recoverable deformations, the stresses on the 

Reference 

Unit weight, 

γ (kN/m3) 

Young’s   

modulus, E 

(MPa) 

Friction 

angle (φ) 

Dilatancy 

angle (ѱ) 

Poisson’s 

ratio (v) 

Zahmatkesh (2010) 19 55 43 10 0.3 

Pivarc (2011) 17.4 45 45 ---- 0.2 

Fattah and Majeed (2012) 17 100 40 ---- 0.3 

Piccinini (2015) 20 40 40 0 0.3 

Soriano et al. (2017) 20 80 40 5 0.25 

Sakr et al. (2017) 18.9 45 38 8 0.3 

Alkhorshid et al. (2018) 19 45 39 5 0.3 

Hadri et al. (2021) 20 45 38 ---- 0.33 

Singh and Kumar (2021) 22.8 55 42 14 0.3 

Grizi et al. (2022) 19 70 45 15 0.3 

 



International Scientific Journal of Civil and Infrastructure Engineering, June 2024, Vol2, pp. 18-55 

25 

 

subgrade should be kept minimized as the increased level of deformations and stresses will 

decrease the safety and ride quality of the train due to progressive degradation of the track 

geometry. In poor ground areas where the natural sub-soils are incapable to support the 

embankment and rail system, ground improvement techniques such as stone columns are 

required to overcome the problematic soil.  

Shahraki and Witt conducted a 3D finite element analysis to investigate the effect of 

constructing stone columns for a rail track under passage of high-speed trains, overlaying on 

soft soil layers [19]. In that study, they compared three different models, one without any 

improvement and the two others improved by stone columns. The improved models were 

dissimilar in terms of arrangement (triangular vs square), diameter and spacing but all the 

material properties were constant. Figure 4 shows the effect of installing stone columns in that 

study once a single train with the speed of 300 km/h passes the improved track. In Figure 4, the 

vertical deformation perpendicular to the direction of the train passage and precisely in the 

middle of the model is presented. 

 

 
Fig.4 Vertical deformation for two trains with speed of 300 km/h [19] 

 

According to Figure 4, the left side appears to have the maximum deformations (the track 

that has been loaded by the passing train). In that study stone columns in the square and 

triangular arrangements caused 35% and 51% reduction in the vertical deformation, 

respectively, which proves to be a significant enhancement in comparison to the scenario where 

there is no improvement. They also considered the passage of two trains with different speeds 

of 180 km/h and 300 km/h in opposite directions [19]. Their results indicated that the train with 

lower speed generated more deformation. Nevertheless, the triangular arrangement offered to 

be a better option, as it provided less deformation compared to the square arrangement. 

Deshpande et al. investigated the effects of geosynthetic-encased stone columns used for 

improvement of an already failed railway track built on soft clays in India [20]. They conducted 

a detailed numerical analysis using soil properties gathered from the failed railway site. Table 

2 recaps the geotechnical properties of the used materials in that finite element analysis. 
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Table 2 Geotechnical properties of the used materials in FEM analysis [20] 

 

 E 

(MPa) 

µ γ 

(kN/m3) 

c ΄ 

(kPa) 

Φ΄         

(ͦ ) 

e Kx 

(m/d) 

Ky/Kx 

Soft clay (topsoil) 2 0.4 15 20 10 1.2 3.51 

x10-5 

0.5 

Silty clay (bottom soil) 20 0.3 19.5 45 15 0.76 3.51 

x10-5 

0.5 

Embankment soil 10 0.3 19 20 25 0.38 12.96 0.667 

Stone column 40 0.3 22 0 34 0.3 0.001 1 

Sandy clay 20 0.3 22 43* 26 0.38 --- --- 
*A very large value reported [20]  

 

According to their comprehensive analytical simulations and prevailing site conditions, they 

concluded that to achieve the minimum settlement, ideal spacing of 2.5 m is needed. Figure 5 

displays the degree of consolidation, and the maximum bulging estimated in that investigation 

for a centrally placed, encased stone column with respect to spacing and time. Based on the 

graph, the maximum bulging occurs at 90% consolidation for all various column spacing 

scenarios, however the consolidation process is much quicker for smaller spaced columns. The 

phenomenon of bulging started to take place from the early stage and increased with the 

progression of surcharge load. 

 

 
Fig.5 Estimated degree of consolidation and maximum bulging with respect to spacing and time for encased 

stone column [20] 

 

These results clearly demonstrate the effectiveness of spacing in speed of consolidation process 

and mitigation of maximum bulging for stone columns. It can be therefore said that column 

spacing is a critical parameter for improvement in stability and bearing capacity of the 

embankment.  

Soft soils are found in many expressway and motorway projects around the globe. Due to 

the low shear strength of these sub-soils and their tendency to consolidate and deform with 

time, substantial considerations such as application of stone column ground improvement 

techniques are needed in the design of embankments and structural foundations in these poor 

conditions. Debbabi et al. executed a numerical analysis to understand the effects of 

construction of an embankment overlaying a particular soft soil called Sabkha in Algeria [21]. 
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Using FEM code PLAXIS 2D, the researchers investigated the influence of variations of friction 

angle of stone column materials on vertical settlement and lateral deformations of the stone 

column supporting a highway embankment. Figure 6 shows the predicted lateral deformation 

of the column for different friction angles of the stone column material (30º, 39º and 45º) as a 

function of column depth. According to Figure 6, it is clear that with an increase in friction 

angle values (from 30º to 45º), lesser lateral deformations can be expected. This proves the fact 

that the friction angle of the stone column materials has an important role in reducing lateral 

deformation. 

 

 
 

Fig.6 Predicted lateral deformation of the column for different friction angles of the stone column material (30º, 

39º and 45º) as a function of column depth [21] 

 

Dawson et al. worked on a case history where stone column ground improvement was 

utilised to support stabilizing wall approaches and bridge abutment for a newly constructed 

bridge over the Puyallup River in Tacoma, Washington [22]. In that project, ground 

improvement of approximately 57,000 m3 of liquefiable alluvial soils was facilitated by 

construction of stone columns that took place in late 2010 and early 2011 and was immediately 

followed by the construction of embankment and wall approaches. Figure 7 presents the 

location and stone column layout selected for that project. 

 

 
 

Fig.7 Stone column ground improvement project in Washington, USA; (a) vicinity map, (b) stone column 

layout selected for that project [22] 
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As can be seen, the two groups of five stone columns, were installed as test sections. With 

the start of embankment construction, settlement monitoring began as well and continued into 

2012. Vibrating wire settlement monitoring devices were placed in the test sections at the base 

of the embankment, near the end of the geosynthetic reinforcement, the wall face and also on 

the native soil mid-way between stone columns. Steel settlement plates with extendable risers 

were also installed just in front of the walls faces. Figure 8 shows example plots of settlement 

vs. time related to that study. As shown in Figure 8, the measured settlement using settlement 

plates is quite comparable with the estimated results. However, the vibrating wire settlement 

devices typically indicated greater settlement than the settlement plates. It is postulated that 

these slight differences in details are because of the fact that measurements from the vibrating 

wires represent more of the unimproved ground settlement while the measurements from the 

settlement plates represent overall average settlement of the improved ground. 

 

 
Fig.8 Measurement and prediction of settlements using stone columns at different elapsed time [22] 

 

Tai studied the effects of stone column ground improvement for an embankment built in 

2012 in NSW, Australia, where a group of approximately 50 stone columns were constructed 

at the southwestern corner of the site as shown in a white square in Figure 9 (a) [23]. Figure 9 

(b) displays the construction sequence of that embankment.  

 

 
Fig.9 Stone column ground improvement project in NSW, Australia; (a) satellite image of the location of 

embankment, (b) construction sequence of the embankment [23] 



International Scientific Journal of Civil and Infrastructure Engineering, June 2024, Vol2, pp. 18-55 

29 

 

In the period of 50 days, embankment was constructed in four stages followed by application 

of embankment loading for more than six months. The embankment fill had a unit weight 

ranging from 17.5 to 20 kN/m3, which consisted of 1 m of rock-fill at the bottom and to provide 

more uniform distribution stress it was then overlain with a layer of geogrid. Subsequently, 

local soils that could be obtained conveniently was used to build the embankment to its final 

height. In that study, the efficiency of stone columns in terms of settlement reduction was 

proved and their lateral deformations were also measured using inclinometers placed in 

different locations. Furthermore, by means of piezometers placed at various depths, the 

researcher recorded the excess pore water pressure. Rapid dissipation of excess pore water 

pressure as the result of embankment load, ratified the usefulness of stone columns in terms of 

radial drainage as well. 

Figure 10 illustrates the variation of embankment load over time, the measured excess pore 

water pressure at various depths and time intervals, and the recorded site rainfall over time. The 

data presented in Figure 10 indicate that at a depth of 6 m, the maximum excess pore water 

pressure was observed during the peak rainfall event. Kahyaoglu performed a numerical 

analysis using PLAXIS 2012 to investigate the settlement behaviour of reinforced 

embankments supported by stone columns [24]. The study included a 3-metre-thick 

geosynthetic-reinforced embankment constructed on soft soil deposits, as depicted in Figure 

11. In this analysis, the water table was assumed to be at the ground surface. A square 

arrangement of stone columns was selected, with columns measuring 0.8 m in diameter and 

spaced 2.4 m centre-to-centre, resulting in an area replacement ratio of 9%. All stone columns 

were encased with geosynthetics. At the base of the embankment, a single layer of geosynthetic 

was installed as basal reinforcement. Through parametric analysis, the researcher predicted that 

the settlement of the soft deposit beneath the embankment would be 140 mm. This value 

decreased to 40 mm with the inclusion of basal reinforcement having a stiffness of 1000 kN/m. 

However, further increasing the stiffness of the basal reinforcement had minimal impact on the 

settlement behaviour of the encased stone columns. 

 
Fig.10 Recorded data during the construction of embankment; (a) evolution of embankment load based on time, 

(b) measured excess water pressure at different depths and time, (c) site rainfall at different times [23] 
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Fig.11 Cross-section of a geosynthetic-reinforced embankment on soft soil deposits, indicating the placement 

of encased stone columns [24] 

 

Zhang et al. conducted an experimental investigation to figure out the effects of vertical 

cyclic loading on geosynthetic encased stone column installed in soft clay [25]. As illustrated 

in Figure 12, the 600 mm tall, encased stone column was installed at the centre of the tank and 

on top of a hard soil layer with thickness of 180 mm. Then, around the column was filled with 

soft clay from bottom to top. Subsequently, the accumulated settlements were measured for 

various loading frequencies as can be seen in Figure 13. Results showed that greater settlement 

occurs once the frequency increases. According to Equation 3, the loading frequency is 

proportional to the vehicle speed. Therefore, the vehicle speed is the defining factor in order to 

mitigate the settlement in expressways and high-speed railways and a maximum vehicle speed 

limit shall be considered for design requirements.  

 

      𝒇 =
𝒗

𝑳𝒗 
          (3) 

 

where, v is the speed and Lv is the length of the vehicle, respectively.  

The above mentioned numerical and experimental investigations and case histories, prepared 

by previous researchers, clearly prove the efficiency of stone column ground improvement as 

a viable technique for improvement of soft soil deposits in transportation projects. 

 

 
Fig.12 Arrangement of the geosynthetic-encased stone columns and soil layers and implemented gauges [25] 
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Fig.13 Measured accumulated settlements for various loading frequencies with time [25] 

 

4. Applications of Concrete Injected Columns as Rigid Inclusions in the Transport 

Infrastructure 

 

The main characterization of soft soil deposits is their high compressibility and low bearing 

capacity. Therefore, such deposits need to be improved prior to construction of any structure 

and transportation structures where dynamic loads can cause further horizontal and vertical 

displacements. Amongst different improvement techniques, concrete injected columns (CIC) 

are successfully used in various transportation projects to improve the bearing capacity of the 

foundations and decrease the settlement of the structures constructed in weak soil conditions. 

Figure 14 schematically illustrates the main mechanisms associated with the behaviour of rigid 

inclusions used in foundation of transportation structures.  

 

 
Fig.14 The mechanism of loading transfer for rigid inclusions [26] 

 

As can be seen in Figure 14, the embankment fill provides an arch that is used to support the 

applied loading from the traffic as well as self-weight of the soil. The major portion of the 

loading is transferred to the rigid inclusions through the soil arch and, if present, geosynthetic 
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layer as well, but the soil itself takes a small part of the loading only. Due to complexity of this 

phenomenon, the most appropriate methods to evaluate the displacement fields and resultant 

stress in the surrounding soils are the numerical methods. The proper choice of modelling 

technique for soil layer(s) and inclusions, are of paramount significance to be able to account 

for extreme displacement. Table 3 outlines typical CIC geotechnical parameters plus material 

model and software that have been used in some previous numerical studies. Due to importance 

and broad usage of this ground improvement technique, some past numerical and experimental 

investigations and case stories are briefly represented in this section. 

 

Table 3 Typical CIC geotechnical parameters plus material model and software used in some previous studies 

 

 
4.1 Improvement of Soft Subgrade Soil Using Concrete Injected Columns for Highway 

Embankments and Railway Tracks 

 

Rapid development in high-speed trains calls for new ballasted railway tracks to be 

constructed on soft soils. Concrete injected columns are utilized to control and mitigate the 

amplified vibrations in the tracks caused by the high speed of these trains. Burtin and Racinais 

conducted a numerical analysis for a case history where 4000 concrete rigid inclusions and 700 

vertical drains were installed to improve soft clayey ground under construction of a 300 

kilometers high-speed railway between Tours and Bordeaux in France [27]. The anticipated 

commercial speed of the train was meant to be higher than 320 km/h. Figure 15 presents the 

cross-section of that project. The location of soil improved by rigid inclusions is shown in the 

image. 

 
Fig.15 The cross section of soil improved by rigid inclusions also known as concrete injected columns or 

CIC [27] 

Reference Program Model E (GPa) ν γ (kN/m3) 

Lauzon et al. (2009) PLAXIS2D Elastic 17.55 0.25 25 

Alkaissi (2009) P6.2 Elastoplastic 11 0.2 24 

Wong and Muttuvel (2012) PLAXIS2D Elastic 10 0.25 25 

Rivera et al. (2014) PLAXIS3D Elastic 10 0.2 24 

Nguyen et al. (2019) FLAC3D Elastic 5.1 to 10.04 0.2 24 

Mahdavi et al. (2019) FLAC3D Hoek-Brown 10 0.2 24 

Wang et al. (2019) LS-DYNA Elastic 30 0.2 23 

Pham (2019) FLAC3D Elastic 5 0.2 25 

Pham and Dias (2021) FLAC3D Elastic 20 0.25 25 

Ghosh et al. (2021) PLAXIS3D Elastic 12.5 0.2 24 
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To examine the usefulness of the proposed ground improvement, PLAXIS 2D software was 

used. In order to verify the numerical model, vertical displacement sensors and profiles with 

inclinometers were installed at the embankment toe. The curves in Figure 16 shows the 

estimated values from the finite element analysis and the measured values at abutment location. 

According to Figure 16, two settings of vertical displacement sensors were at the CIC top 

(hollowed diamonds) and at the mesh centre (filled diamonds). The blue curve and the dotted 

line curve show the maximum estimated settlements calculated using PLAXIS at the mesh 

centre and the CIC top, respectively. A comparison of the results revealed that the ratio of 

predicted to measured values was approximately 2:1, demonstrating the conservative nature of 

the PLAXIS analysis. 

 

 
Fig.16 Evolution of forecasted and measured settlements during filling advancement [27] 

 

Oteo et al. conducted a numerical analysis in which the functionality of the new high speed 

railway line between three cities of Spain and its effects on the existing railway lines were 

investigated [28]. The weak soil in the area was made of soft to very soft silty clays at the top 

and black clays with altered gypsum (NSPTIU-50) at the bottom. Therefore, the actual 

deformability of the ground and the proximity of the existing railway to the new branch line 

were two imposing factors for the essentiality of the ground improvement along this stretch of 

the embankment. Using Equation 4 and the design requirements of A/Ap = (10 to 11) = 𝐸𝑆
∗ 𝐸𝑆⁄ = 

(4 to 5), the CIC dimeters selected for this project were between 360 mm and 450 mm. 

 

                                        𝐸𝑆
∗ = ES + Ap/A . (Ep – ES)         (4) 

 

where, 𝐸𝑆
∗ is the apparent deformation, Ep  and  ES are the moduli of deformation for the 

CIC and the soil, respectively, and Ap/A is the area of the column per square metre.  

With such simple initial design, PLAXIS 3D code was utilized to predict the effect of 

reinforcement on the existing adjacent railway lines. Figure 17 shows the 3D model created by 

the researchers for this project. The results of the numerical model revealed the vertical 

displacements of approximately 3 mm to 6 mm in the previous railway tracks and close to none 

for the reinforced ground beneath the new track.  

The designers considered two rows of 360 mm diameter CIC in grids of 1.5 × 2 m near the 
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existing tracks and grids of 2  2 m for the rest of the ground treatment. The average length of 

these CIC was about 15 m. In some special cases, CIC with a diameter of 450 mm were used 

for areas where the embankment height was greater. 

Wang performed a numerical analysis to understand the influence of rigid inclusions on 

existing railroads [26]. However, firstly, they compared the different analytical methodologies 

in terms of stress reduction ratio (SRR) value to discover the most favourable rigid inclusion 

layout. The term SRR delineates a correlation between the mean stress endured at the base of 

the embankment (σs) due to the subgrade and the stress induced by the external load in addition 

to the overlying own overburden of embankment, which can be expressed as:  

 

SRR = 
𝜎𝑠 

𝛾𝐻+𝑞
              (5) 

 

where, γ represents the unit weight of the embankment fill, HHH denotes the embankment 

height, and qqq indicates the uniform surcharge applied to the embankment. When soil arching 

is fully developed, the value of SRR is expected to be approximately 0. In contrast, in the 

absence of soil arching, an anticipated value of SRR is approximately 1. Figure 18 depicts four 

rigid inclusion-distribution designs suggested by Wang et al. [26]: (A) triangular pattern with 

larger gaps, (B) triangular pattern with smaller gaps, (C) square pattern with larger gaps and 

(D) square pattern with smaller gaps. 

 

 
 

Fig.17 Plaxis 3D model created for the existing and new railway project in Spain [28] 

 

 
Fig.18 Possible rigid inclusion arrangements: (A) triangular pattern with larger gaps, (B) triangular pattern with 

smaller gaps, (C) square pattern with larger gaps, (D) square pattern with smaller gaps [all units are in m] [26] 
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Using various analytical methods, different values for SRR were calculated for each layout. 

Figure 19 shows the comparison of these methods for the suggested layouts. According to 

Figure 19, square layout with smaller gaps has the smallest value of SRR, which proves to be 

the optimum approach in decreasing the vertical stresses applied to the subgrade. However, the 

configuration is problematic, in the sense that it requires twice as many CICs as the triangular 

with smaller gaps and square with larger gaps arrangements, and three times the ones required 

for the triangular with larger gaps layouts.  

The increased number of CIC required for certain arrangements, such as square patterns with 

smaller spacing, presents two primary disadvantages: (i) cost, and (ii) soil heaving might occur 

due to installation of a large number of CIC. The most economical design with least required 

CIC is the triangular with larger gaps layout, but according to the diagram it has larger values 

of SRR and therefore less effective with respect to settlement reduction and stress transfer. 

After all considerations and comparison of calculated SRRs, eventually, square with larger gaps 

configuration was the chosen layout as the most appropriate design due to having lower SRR 

values (in most cases) than other layouts whilst requiring same number of CICs.  

Subsequently, the adopted 3D finite element program (LS-DYNA) was used to predict the 

vertical settlement caused by cyclic effects incorporating the presence of rigid inclusions in 

square with larger gaps arrangement. 

 

 
Fig.19 Comparison of stress reduction ratio (SRR) using various design techniques for suggested layouts; (A) 

triangular pattern with larger gaps, (B) triangular pattern with smaller gaps, (C) square pattern with larger gaps 

and (D) square pattern with smaller gaps [26] 

 

Figure 20 illustrates the vertical stress associated with the elastic subgrade under cyclic 

loading, both with and without inclusions, at a depth of 2 m below the ground surface. The 

figure clearly demonstrates the favourable impact of rigid inclusions in terms of reducing 

vertical stress. 
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Figure 21 presents a comparison of settlement profiles and vertical settlements for rigid 

inclusions and the surrounding soil, as well as for untreated soil. As can clearly be seen, the 

effect of cyclic loading on ground settlement is very obvious. 

 

 
Fig.20 The vertical stress related to elastic subgrade for cases with inclusion and without inclusion due to 

cyclic loading at point 2 m below the ground surface [26] 

 

 
 

Fig.21 Comparison of settlement profiles and vertical settlements; (a) settlement profile above rigid inclusion 

and its surrounding soil, (b) settlement profile above untreated soil, (c) vertical settlement for: A above rigid 

inclusion, B above treated soil, and C above untreated soil [26] 

 

The use of concrete injected columns in soft soil conditions for supporting bridge approaches 

and road embankments is gaining increased popularity. The drilled columns into the firm layers 

of soil, enable the designers to depend on the rigid inclusions to permanently carry the majority 

of the vertical loads and hence minimize the ground settlement caused by static and cyclic 

loading to a great extent. Rizal and Yee conducted numerical modelling to study the effects of 

CIC ground improvement solution, proposed for a 39 km, new highway project constructed in 

Central Java, Indonesia [29]. For various reasons CIC technique was adopted to support the 
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bridge approach embankments to improve slope stability and bearing capacity and minimise 

post construction settlements. In that project, since the bridge abutments had already been 

constructed, before commencement of any ground improvement work, to avoid potential 

damage to the foundations and completed bridge abutments, the choice of ground improvement 

technique was limited to methods that exhibit minimum lateral soil movement and minimum 

vibration during works. Any casing driven granular columns such as vibro stone columns could 

cause excessive ground vibration during installation works. Also, usage of stone columns was 

not appropriate because of the very low shear strength of the underlying soft soils which could 

cause extreme column bulging and possible column failure during loading. Therefor CICs were 

utilized with design requirements of (i) maximum permissible residual settlement after 10 years 

to be less than 100 mm, (ii) minimum factor of safety of 1.5 against slope failure, and (iii) traffic 

loading not to exceed 15 kPa. Figure 22 shows the location of CICs in that project. The CIC 

treatment area was 60 m (the base width of the embankment) by 30 m. The height of 

embankment varied from 6 m to 11 m. 

 

 
Fig.22 The cross-sectional view of the CIC treatment zone within the bridge approach [29] 

 

To estimate the deformation of the embankment, numerical analysis using PLAXIS 2D 

was carried out considering the CIC-soil interface factor of 0.8 and soil stiffness modulus (Ey) 

of 750 Nspt. Figure 23 shows the results of vertical deformation caused by traffic loading of 15 

kPa. According to Figure 23, the maximum settlement occurs at the top of the embankment. By 

means of displacement augers, CICs were constructed through soil displacement. After 28 days 

of CIC construction, to validate the results obtained from PLAXIS analysis, plate load tests 

(PLT) were performed. Figure 23 shows the comparison of PLT measurements and PLAXIS 

results. The length and diameter of the constructed CIC were 20 m and 420 mm, respectively. 

The columns were installed through a layer of soft to firm slit layer and terminated in hard clay 

with Nspt = 20. The green solid line shows the results obtained from PLT test with a maximum 

load of 75 ton whilst the blue dotted line shows the finite element estimated results. According 

to Figure 24, the difference between the results obtained from the two methods is negligible. 
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Fig.23 Results of vertical deformation [29] 

 

 
Fig.24 The comparison of plate load test (PLT) displacement results and the predictions of the finite element 

method using PLAXIS [29] 

 

Mahdavi et al. conducted a numerical investigation to compare the drained and coupled-flow 

deformation analysis for a road embankment constructed on CIC improved ground [30]. To 

simulate an embankment constructed on the improved ground with end bearing CICs as well as 

a geosynthetic reinforcement layer, FLAC3D finite element program was used. The 

geotechnical properties for the soft clay, embankment, columns and the geosynthetic layer are 

presented in Table 4. 

 

Table 4 Geotechnical properties of materials used in numerical analysis conducted by Mahdavi et al. [30] 

 

Materials 
E 

(MPa) 

ν γ 

(kN/m3) 

c ΄  

(kPa) 

Φ΄         

( ͦ) 

K 

(m/s) 

Embankment soil 30 0.3 20 5 32 - 

Soft clay 2 0.3 17 0 26 1 ×10-9 
CIC 10,000 0.15 24 - - - 

Geosynthetic layer J = 1100 kN/m KS = 85 MN/m/m 

 

Figure 25 displays the variation of settlement at the base of the embankment according to 

distance from the toe for end-bearing CICs. As can clearly be seen, for both cases of drained 
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and coupled analysis, centre of the embankment top undergoes the maximum settlement; 

however, after comparison of the results, the coupled analysis shows an approximate 32% more 

settlement. 

 

 
Fig. 25 Variation of settlement at the base of the embankment [30] 

 

Figure 26 illustrates the tension in the geosynthetic layer along the column centre and 

perpendicular to the traffic direction. The figure indicates that the tension in the geosynthetic 

layer is underestimated in the drained analysis, likely due to the underestimation of lateral 

displacement and differential settlement in this analysis. Consequently, the tensile force in the 

coupled analysis shows a maximum increase of approximately 62%. 

 

 
Fig. 26 Tension in the geosynthetic layer [30] 

 

Ghosh et al. conducted numerical modelling as well as a field study for a project of column 

supported and geosynthetic reinforced embankment in Sydney, Australia [31]. In that case 

history, various ground improvement techniques were utilized to mitigate the slope stability 

issues and reduce post construction settlements. However, to reinforce the shallow soil located 

just behind the bridge abutments, CICs were applied to improve embankment stability and 

control excessive settlement. PLAXIS 3D package was the chosen finite element software in 

that analysis. Figure 27 schematically illustrates the selected section for finite element 

modelling in that study. 
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Fig. 27 Tension in the geosynthetic layer [31] 

 

Figure 28 shows the development of settlement over time under the base of embankment. 

As can be seen, once the embankment fill was positioned on the existing layer, the immediate 

and excessive downward movements of soils were detected in the case of numerical predictions 

as well as field measurements. 

 

 
 

Fig. 28 Development of settlement over time under the base of embankment [31] 

 

As shown in Figure 28, an increase in embankment height leads to greater soil settlement, 

as reflected in both numerical predictions and field measurements. Minor discrepancies 

between the two are evident, with numerical analysis showing a slightly conservative trend. 

According to [32], the rapid consolidation observed in field measurements is primarily due to 

the dissipation of excess pore water pressure through two mechanisms: mechanical load transfer 

to the columns and hydraulic drainage via vertical drains. Figure 29 illustrates the variation in 

excess pore water pressure, comparing data recorded by piezometers with predictions from 

numerical simulations. Some differences between the measured and predicted values are 

noticeable. 
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Fig. 29 Variation of excess pore water pressure measured by piezometer and its numerical prediction [31] 

 

As can be seen in the graph (which agrees with the results reported by previous researchers 

in the past e.g. Rowe et al. [33], there are appreciable dissimilarities between the numerical 

prediction and field measurements of excess pore water pressures at the early stage of the 

construction of embankment. However, since the development of excess pore water pressure is 

proportional to embankment height, therefore in both cases (measured and computed) during 

construction of embankment, gradual increase of excess pore water pressure can be observed. 

Pham and Dias performed a finite element analysis using FLAC3D (2020), to study the 

behaviour of a CIC supported and geosynthetic reinforced embankment [34]. The analysis was 

carried out to decipher the arching efficacy for non-cohesive and cohesive embankments. Due 

to the stiffness difference between the soft subsoil and rigid inclusions, the occurrence of 

differential settlement is an inevitable matter which often causes the arching to be then 

developed in the embankment layer. The arching of CIC supported embankment is a 

phenomenon which is defined as re-distribution of stress which facilitates the transfer of more 

loads to the rigid inclusion component and decreases the loads acting on the subsoil and 

geosynthetic layer. The arching efficacy can be calculated using Equation 5: 

 

Ea = Pc/((γH+q).A) × 100%            (6) 

 

where, Ea denotes the arching efficacy, Pc is the load distributed on the CIC cap by arching, 

γ is the unit weight of embankment soils, H is the embankment height, q is the surcharge and 

A is the CIC contributory area. The range of arching efficacy varies from 0 to 100%. For the 

case of no arching, there is 0 efficacy whist for a complete arching, 100% efficacy is anticipated. 

Figure 30 illustrates that the effectiveness of arching also rises with an increase in the height 

of the embankment. According to Figure 30, due to inadequate shear resistance in embankments 

with lower heights, the evolution of arching is not appreciable and the applied pressure onto the 

geosynthetics is massive. However, more shear resistance is accumulated due to the increase of 

the embankment height and because of that soil arching development is enhanced. Therefore, 

it can be suggested that, once the embankment height increases, the arching efficacy reaches a 

threshold. Another interesting conclusion of that research is the fact that cohesion of the soil 

has direct impact on the arching efficacy where more cohesive soils result in increased arching 

of the embankment. 
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Fig. 30 Variation of excess pore water pressure measured by piezometer and its numerical prediction [34] 

 

The researchers also predicted the vertical deformation and deformed shape of geosynthetic 

layer with respect to embankment height. Figure 31 displays the variation of vertical 

displacement for different embankment heights over the distance from the CIC centre. 

It is evident that significant geosynthetic deformation occurs and changes abruptly in the 

area near the edge of the CIC. This observation indicates that excessive load is concentrated 

around the CIC edge. Additionally, the geosynthetic deformation is found to be more 

pronounced in embankments with greater heights. 

 

 
Fig. 31 Variation of vertical displacement for different embankment heights over distance from CIC centre [34] 

 

El-Gendy et al. investigated the behaviour of embankments constructed on soft soil deposits 

reinforced with rigid inclusions [35]. They performed a numerical analysis using PLAXIS 3D 

2020 to validate a laboratory model test. Following the validation of the experimental model, 

they conducted a parametric study to examine the impact of the embankment's internal friction 

angle on settlement behaviour. Figure 32 presents the estimated vertical displacement values 

corresponding to different internal friction angles. 
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Fig. 32 Estimated values of the vertical displacement for various angles of internal friction [35] 

 

According to their performed parametric study improvement in the arching efficacy of the 

embankment is obtained because of an increase in the internal angle of friction which 

consequently leads to decrease of the vertical displacements.  

Wong and Muttuvel recommended a two-phased numerical analysis approach for 

establishing more economic designs for CIC supported embankments [15]. Based on a 

recommendation for a detailed design, the following phases can be considered: 

Phase1: To examine the influence of column spacing on surface deformation and usefulness 

of any LTP and the reinforcement within the LTP (if required), an axisymmetric finite element 

analysis to be conducted.  

Phase 2: To assess lateral movement beneath the embankment batter and within the transition 

zones beyond the CIC-supported area, a two-dimensional (2D) or three-dimensional (3D) finite 

element analysis will be conducted. Additionally, the impact of preload or surcharge on the 

lateral deformation of the CIC must be evaluated.  

Figure 33 provides an example illustrating the impact of the spacing-to-diameter ratio on 

total settlement variation. As shown, for a CIC with a diameter of 0.45 m and a design criterion 

of 100 mm for post-construction total settlement, the optimal maximum spacing is determined 

to be 1.9 m. The case studies reviewed in this section, conducted by previous researchers, 

strongly demonstrate that CIC rigid inclusions are an effective ground improvement technique 

for transportation projects worldwide. 

 
 

Fig. 33 Effects of spacing/diameter ratio on variation of total settlement [15] 
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5. Comparison of Stone Columns and Concrete Injected Columns 

 

Unexperienced engineers who are unacquainted with the various types of ground 

improvement methods, usually fail to make a proper selection between CIC rigid inclusions and 

Vibro stone columns (VSC) semi-rigid inclusions. The right choice of the technique, 

particularly at design stage would be crucial to avoid future complications. Therefore, it is 

essential to be familiar with site-specific construction considerations and numerous design 

parameters to be able to choose an appropriate technique for a given project. According to 

Higgins’ studies, the efficiency comparison between CIC and VSC in terms of time, cost and 

long-term performance alongside other ground improvement techniques can be illustrated in 

Figure 34 [36]. For soils that are highly compressible but not weak enough to require deep pile 

foundations, stone columns offer an economical solution for shallow foundation applications. 

In practice, a stiffness ratio between 5 and 10 (the ratio of the modulus of the stone column to 

that of the surrounding soil, Mc/Ms) is commonly used to estimate an equivalent composite 

modulus for designing the improved soil layer. However, in most cases, the maximum 

settlement improvement factor (the ratio of settlement in improved soil to that in unimproved 

soil) achievable with stone columns is around 3. This limitation makes stone columns less 

effective for extremely compressible soils. 

As a result, the expected stiffness of stone column-reinforced ground may sometimes fall 

short of the requirements for adequate settlement control in certain projects. Additionally, in 

very soft soils, the lack of lateral confinement can compromise the internal stability of stone 

columns, potentially leading to shear failure or bulging under vertical loads, even when 

geosynthetic encasements are employed. Despite these challenges, the use of stone columns has 

grown significantly worldwide, particularly in transportation infrastructure and projects where 

intermediate foundation solutions offer practical and economic advantages. 

 
 

Fig. 34 Comparison of cost, time for result and post construction settlement for various ground improvement 

techniques [36] 

 

Generally, stone columns are not effective in very soft or organic soils. This can be one of 

the major reasons for development of CICs. Rigid inclusions are made of mortar or concrete, 

without the risk of bulging in layers with low lateral confinement. They are installed in the soft 

ground using a displacement tool to form an internally stable element to reinforce poor soils. 

Since the modulus of deformation of concrete is enormously greater than the surrounding soils, 
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CIC rigid inclusions are able to reduce settlement 10 to 20 times in certain situations more 

effectively than stone columns and considered to be highly effective in very soft soils. Three 

basic differences in terms of design approach, ground improvement application and soil type 

and construction consideration are briefly discussed here. 

 

5.1  Design Approach 

 

For stone columns, most design methods rely on the following assumptions, given that the 

stiffness of the surrounding soil and the column material are within a similar range: 

• Load transfer is governed by the area replacement ratio. 

• Settlement compatibility is achieved through equal settlement planes and strain 

compatibility between the columns and the surrounding soil. 

• Lateral expansion of the columns occurs under load. 

In contrast, the load transfer between columns and soil in CIC rigid inclusions is a much 

more intricate occurrence caused by differential strain between columns and soil alongside the 

columns. Since the stiffness of the CIC rigid inclusions is extremely higher than the surrounding 

soil, the assumption of strain compatibility cannot be used for CIC. Regarding equal settlement 

planes, there is a single neutral plane along the column shafts at a certain depth where the 

settlement between the columns and surrounding soil is equal. However, elsewhere along the 

interface, shear stress develops, and the soil and columns deform differently. In the design of 

CIC rigid inclusions, numerical analysis is commonly employed to accurately model the 

complex interactions between the soil and the inclusions. These design challenges become even 

more pronounced for road and railway embankments due to the additional complexity 

introduced by dynamic loading. Table 5 outlines the summary of some previous investigations 

involved embankments reinforced with rigid inclusions using numerical modelling. 

 

Table 4 Summary of some previous investigations involved embankments reinforced with rigid inclusions using 

numerical modelling 

 

 

Reference Method Software Cond. Embankment Rigid 

Inclusion 

Subsoil Interface 

Han and Gabr 

(2002) 

FDM FLAC 3D Hyperbolic 

elastic model 

Isotropic 

linear 

elastic 

Hyperbolic 

elastic 

model 

No 

Jenck et al. 

(2007) 

FDM FLAC 2D Mohr-Coulomb 

model 

Isotropic 

linear 

elastic 

Mohr-

Coulomb 

model 

No 

Le Hello and 

Villard (2009) 

DEM/ 

FEM 

SDEC 3D Micro 

mechanical 

model 

Micro 

mechanical 

model 

Micro 

mechanical 

model 

No 

Oliveira et al. 

(2011) 

FEM PLAXIS 2D Mohr-Coulomb 

model 

Linear 

elastic 

Cam-Clay 

model 

No 

Han et al. 

(2012) 

DEM PFC 2D Micro 

mechanical 
model 

Micro 

mechanical 
model 

Micro 

mechanical 
model 

No 

Al-Ani et al. 

(2014) 

FEM PLAXIS 3D Hardening soil Elasto-

plastic 

Hardening 

soil 

No 

Rowe and Liu 

(2015) 

FEM Abaqus 3D Mohr-Coulomb 
model 

Isotropic 
linear 

elastic 

Drucker- 
Prager 

Yes 

Jamsawang et al. 

(2016) 

FEM PLAXIS 3D Mohr-Coulomb 
model 

Linear 
elastic 

Soft soil 
model 

No 

Yu and Bathurst 

(2017) 

FDM FLAC 2D Mohr-Coulomb 

model 

Isotropic 

linear 
elastic 

Mohr-

Coulomb 
model 

Yes 

Wu et al. (2018) 
FEM Abacus 3D Mohr-Coulomb 

model 

Linear 

elastic 

Cam-Clay 

model 

No 

Huang et al. 

(2019) 

FDM FLAC 3D Mohr-Coulomb 

model 

Isotropic 

linear 

elastic 

Cam-Clay 

model 

Yes 

Badakhshan et al. (2020) 
DEM PFC 3D Micro 

mechanical 

model 

Micro 

mechanical 

model 

Micro 

mechanical 

model 

No 

Tran et al. (2021) 
FDM FLAC 3D Cap-yield 

model 

Isotropic 

linear 

elastic 

Mohr-

Coulomb 

model 

No 
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Another key difference between the behaviour of CIC rigid inclusions and stone columns 

lies in the mechanism by which the structural load is transmitted to the supporting elements. 

For stone columns, strain compatibility is assumed, meaning the load is distributed directly 

between the soil and the columns. As a result, only a minimal or even no-load transfer platform 

(LTP) is typically required to equalize stress beneath a slab. In contrast, LTP plays a critical 

role in the design of CIC rigid inclusions. It limits the load transmitted directly to the weak soil 

by forming an arching effect, which transfers the structural load to the CIC rigid inclusions. 

Figure 35 highlights the differences in the design principles between stone columns and CIC 

rigid inclusions. 

 

 
Fig.35 Dissimilarities in design principles of stone columns and CIC rigid inclusions [13] 

 

5.2  Ground Improvement Applications and Soil Type 

 

Stone columns are usually used for the improvement of soils that range in classification from 

fines to soft clays and silts to loose sands. Furthermore, when it comes to soils with high 

liquefaction potential, stone columns are commonly the preferred soil improvement technique 

for three major reasons. Firstly, the soil mass is reinforced due to the shear strength of the 

columns. Secondly, installation of the stone columns benefits the liquefiable layers between the 

columns to be densified (modified CIC such as using reinforcement also can be used for 

liquefiable layers). And thirdly, quick dissipation of excess pore water pressures is facilitated 

mostly due to the void space in granular material of stone columns. On the contrary and as 

stated earlier, silts and soft clays with low shear strengths of less than 15 to 25 kPa cannot be 

reinforced with stone columns. In these soil conditions due to inadequate stiffness of the soil, 

there would be lack of sufficient lateral confinement for the column, and once the vertical load 

is applied the stone column itself is at risk of bulging and large deformations.  

In contrast, CIC rigid inclusions are suitable for nearly all soil types, including various fills, 

peat, silts, clay, sand, and gravel. They are particularly advantageous in extremely soft cohesive 

soils, where aggregate-based columns are not feasible. When ground improvement is required 

near structures sensitive to vibration and settlement, CIC rigid inclusions are highly valued for 

their compatibility with non-vibratory installation methods. In highly seismic regions, however, 
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a hybrid approach combining earthquake drains or stone columns with the structural 

reinforcement provided by CIC rigid inclusions may be necessary to effectively address seismic 

risks.  

 

5.3  Construction Considerations 

 

For stone column ground improvement, predrilling may be required to achieve the design 

depth and diameter in stiff soils or when high area replacement ratios are necessary. Similarly, 

CIC rigid inclusions may also require predrilling in highly obstructed or extremely stiff soil 

layers. However, the drill rigs used for installing CIC rigid inclusions, equipped with high 

thrust/pull-down force and torque, can penetrate significantly denser and stiffer soils compared 

to vibratory probes. Neither CIC rigid inclusions nor stone columns can penetrate obstacles 

such as natural boulders, cobbles, or buried slabs and foundations. In such cases, predrilling 

with specialized equipment or repositioning the ground improvement system may be necessary. 

Both techniques can offer uplift resistance; however, CIC rigid inclusions are generally more 

economical and straightforward, as steel reinforcement can be easily embedded into the fresh 

grout during column installation. While both methods can achieve column depths exceeding 30 

m, CIC rigid inclusions are typically more cost-effective due to their considerably faster 

installation rates for very deep applications. Additionally, CIC rigid inclusions often provide 

better settlement control and support higher bearing pressures in many cases.  

 

5.4  Sustainability Considerations 

 

The most natural foundation system or ground improvement technique in existence to date 

are probably the stone columns. As previously stated, stone columns improve the ground 

through partial replacement of weak soil by more stiff resources such as granular materials, 

sand, or stone aggregates. Nowadays, as a potential development in terms of sustainability for 

stone columns, numerous studies have been carried out on the performance and behaviour of 

stone columns made of various column filling materials. According to Zukri’s study, materials 

such as river sand, limestone, stone dust, quarry dust, Silica-Manganese slag, Pulverized Fuel 

Ash (PFA), tyre chips, recycled aggregate, crushed polypropylene (PP), coal bottom ash, fly 

ash, etc. have all been recognized to be used as replacement of traditional aggregate materials 

in construction of stone columns [37]. These alternative column filling materials, apart from 

being very economical as the materials are cost effective, environmentally friendly, and easily 

available, are also delivering high efficiency. 

CIC rigid inclusions offer a sustainable solution for ground improvement, featuring lower 

carbon emissions compared to piling, controlled durability and quality, cost savings through 

displacement methods and load transfer layers, high production rates, and the elimination of 

soil disposal costs. Nguyen et al. conducted a study highlighting the sustainability potential of 

CICs [38]. The study concluded that while CICs already contribute to sustainable development, 

further improvements are needed in areas such as economic design with trial field tests, the use 

of recycled industrial by-products in grout mixtures, and reducing fuel consumption during 

operations. There are also concerns over the CIC installation effects on the adjacent columns 
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and existing structures which need to be addressed further. Table 6 summarizes the differences 

between those two techniques. 

 

Table 4 Summary of some previous investigations involved embankments reinforced with rigid inclusions using 

numerical modelling 

 

 
5.5 Application of Bi-Modulus Columns as Vertical Inclusions 

Application of bi-modulus columns (BMC) is regarded as a new vertical inclusion technique 

in columned type ground improvement. Bi-modulus columns allow the engineers to combine 

some of the advantages of granular columns in terrains in which conventional stone columns 

are not normally suitable (very soft ground with inadequate lateral confinement, presence of 

organic matter in the field, restrict design requirements with respect to settlement, etc). Figure 

36 shows the principles of achieving ground improvement using bi-modulus columns. 

 

 
 

Fig.36 Principles of achieving ground improvement using bi-modulus columns [39] 

 Vibro Stone Columns  CIC Rigid Inclusions 

Design Approach 
Compatibility of equal settlement planes 

between the columns and the soil. 

                                              Very complicated, finite 
element analysis are mostly 

used. 

Soil Type 
Loose sand with fines to soft clay and silt 
with minimum shear strength of 25 kPa. 

Excellent option for liquefiable soils. 

 All soil types, including 
gravel, sand, clay, silts, peat, 

organic chalk and various 
fills. 

Construction 
Considerations 

Predrilling may be needed to achieve 
the design stone column diameter and 

depth. Slow construction process. 

 Drill rigs can penetrate 
much stiffer/denser ground. 

Quick process. 

Limitation of 
Application 

Projects with extremely high loads. 
Environmentally sensitive projects 
where vibration must be avoided. 

Grounds made of peat, organic soil, or 
mixed backfill, and applications with 
stringent settlement criteria such as 

bridge abutments. 

 
Virtually suitable for any 
application. In liquefiable 

soils must be adjoined with 
vertical drains or stone 

columns for dissipation of 
excess pore pressure. 

Post Construction 
Settlement 

Relatively high  Relatively low 

Cost Effectiveness 

Very cost-effective method. 
The columns are made of natural, easily 

accessible, and often local materials. 
Vibrating probes and machineries are 

available worldwide. 

 More economical for very 
deep applications and 

where time is of the essence 
due to their significantly 
faster installation rates. 

Sustainability 

Sustainability is enhanced if aggregates 
are replaced by environmentally friendly 
disposable materials without influencing 

the overall performance. 

 Mitigation of fuel 
consumption reduces CO2 

emission. Recycled by-
products instead of grout 

mix improves sustainability. 
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As can be seen, the bottom part of such a column is made of concrete and the top part is 

formed using aggregates. However, in rare cases this can change based on the nature of the 

ground and other considerations. This innovative approach can reduce the required thickness 

of the load transfer platform for rigid inclusions, eliminates the risk of column buckling or 

bulging in deeper weak soils, and enhances the overall robustness of the system [13]. By 

improving the load transfer mechanism and stress distribution from the structure or building to 

the rigid inclusion, BMC can be a cost-effective technique that optimises the load transfer 

platform thickness between the structure and inclusions. 

Burtin et al. investigated the extension of a water treatment plant at Bourg d’Oisans in 

France, which was built in 2017 [39]. After a thorough ground characterization and according 

to the technical specifications of the project, a combined solution of ground improvement using 

CIC and BMC was chosen. In that project, the upper part of BMC was made of ballast to 

simplify the later earthworks. The soil reinforcement design was carried out using PLAXIS 

software and a second design method using analytical approach was used for verification. The 

settlements of bi-modulus columns and the encompassing soil were computed through 

numerical analysis and an analytical method. The analytical approach served as a validation 

tool to assess the effectiveness of the PLAXIS numerical model. In both methodologies, a 

maximum settlement of 50 mm was observed at the surface of the columns and its surrounding 

soil. Patel et al. performed a parametric study to elaborate the usefulness of BMCs in mitigating 

the settlement of an embankment built on shallow clayey soil. In that study, PLAXIS 3D was 

used to model the embankment built on 10m thick clayey deposit reinforced with BMCs made 

of pervious concrete on top and stone columns at the bottom [40]. Figure 37 shows the 

embankment supported on BMCs in a 3D model. 

 

 
Fig.37 3D model of embankment supported on bi-modulus columns [40] 

 

According to [40], pervious concrete was asserted to possess greater strength and stiffness 

compared to stone columns while maintaining an equivalent level of permeability. Additionally, 

since the bearing capacity of a pervious concrete column does not depend on the confining 

pressure provided by the surrounding soil, it can be employed in weak soils where stone 

columns cannot be used. The researchers observed that the longer the pervious concrete part of 



International Scientific Journal of Civil and Infrastructure Engineering, June 2024, Vol2, pp. 18-55 

50 

 

the bi-modulus column, the more improvement in settlement behaviour of the embankment can 

be observed. The use of this innovative technique is recommended in projects with a tight 

budget where cost-effectiveness is a deciding factor and should be explored further in future 

investigations to understand the effects of dynamic loading on transformation structures 

reinforced with this type of vertical inclusion. 

 

6. Conclusions and Future Developments 

 

Vibro stone columns and concrete rigid inclusions are two distinct techniques known for 

improving ground conditions through the use of mechanically continuous columns, typically 

vertical and generally cylindrical in shape. Both of these methods are cost-effective ways to 

achieve satisfactory foundation conditions for a wide range of engineering works, and their 

utilization is increasing globally. They can provide substantial advantages to both urban and 

rural areas in the development and maintenance of transport infrastructures. The growing 

interest in these techniques can be attributed to the significance of project cost optimization, the 

increased attention given to it, and the scarcity of land for new projects. Based on the evaluation 

of available research documents and literature and considering some of the aforementioned 

latest developments, the following concluding remarks can be drawn: 

Vertical inclusions such as ground improvement techniques are very beneficial in 

transportation structures as they profoundly increase the bearing capacity of the weak ground 

and mitigate total settlement. 

• Finite element models (FEM) seem to be an accurate means to analyse the geotechnical 

calculations as the results validate the experimental measurements. 

• Geosynthetic encasements are useful to increase the performance of stone columns, and 

they improve the problems associated with the lateral confinement of the column. Furthermore, 

efficiency of encased stone columns is higher if the column material is compacted well to 

achieve a high friction angle. 

• A triangular arrangement of columns seems to achieve a slightly better pattern of 

deformation compared to a square pattern. However, there is a discrepancy in this matter as in 

some studies the conclusions are contrariwise.  

• The optimal spacing between columns, typically ranging from 2 to 4 times the column 

diameter, ensures minimal settlement, reduced lateral deflection or bulging, and a maximum 

factor of safety. 

• There is a significant effect of the critical speed in the column length where the increase in 

speed results in an increase in length as well. However, this escalation in column length is not 

unlimited and has a maximum. In addition, higher replacement ratio (De) allows the critical 

speed to rise to a certain extent. 

• As the friction angle value of column materials increases, there is a corresponding decrease 

in settlement and a reduction in lateral deformation of the column. Consequently, the ratio of 

bearing capacity improvement will be higher. 

• Stone columns allow the excess pore water pressure caused by the embankment load to 

dissipate quickly. This confirms the fact that stone columns work as radial drainage. 

• Basal reinforcement reduces settlement at the embankment top and base while minimizing 
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lateral displacement at the top of floating geosynthetic encased stone column. However, it may 

increase lateral displacement at the bottom of column. Notably, the stiffness of the basal 

geosynthetic reinforcement has little impact on the settlement behaviour of encased stone 

columns. 

• Rigid inclusions (CICs) are very efficient in terms of reduction of vertical stresses. 

• In very sensitive structures such as already built bridge abutments where vibration of the 

ground can be detrimental, CIC method is preferred to conventional vibro techniques. In other 

words, for bridge approaches CIC is the preferred method. 

• Bi-modulus columns (BMC) consist of a rigid inclusion topped with a compacted granular 

column, serving as vertical ground improvement elements. These columns offer a blend of 

advantages found in stone columns and CICs. In regions with high liquefaction activities, BMC 

ensures that the upper soil remains compliant without over-stiffening. 

In brief, after comparing the performance of three different vertical inclusions, it becomes 

evident that the most suitable option for a specific site is contingent upon various criteria. These 

criteria may include project requirements, project location, soil type, magnitudes of vertical and 

lateral loads, construction timeline, efficiency, allowable settlement, durability, economic 

considerations, and more. Generally, in Australia, qualified companies equipped with necessary 

machinery for conducting CIC are prevalent, whereas cost-effective materials for stone 

columns are lacking; hence, CIC may be a preferred method compared to stone columns. Soil 

stabilization through CIC is notably faster than stone columns, potentially resulting in a lower 

final cost. Given that seismic loads and soil liquefaction are not dominant concerns in many 

parts of Australia, the application of SC may be limited. Nevertheless, stone columns offer 

some flexibility in accommodating settlements, making them a preferred choice in offshore 

projects. To prevent the mushroom effect or the need for extra adjustments and removal of top 

concrete under large foundations in heavy buildings, the utilization of BMCs can be considered. 

These recommendations can be further verified through industry and academic research. 

Numerous past studies and investigations have been reviewed in this paper, and it is gathered 

that the majority of previous researchers attempted to prove the efficiency of rigid and semi-

rigid inclusions in terms of settlement reduction in roads and railway embankments. However, 

the current trend seems to primarily focus on static loading applied to a single column, and the 

effects of cyclic loading need to be explored extensively. To the authors' knowledge, there are 

no laboratory tests to evaluate the behaviour of VSC and CIC groups under dynamic loading, 

which can be regarded as a significant gap for future prospects. Furthermore, apart from the 

settlement behaviour of composite foundations, some other topics (e.g., clogging, mushroom 

effects, comparison of floating and end-bearing columns) should be given more consideration. 

Therefore, to extend the contents presented in this review paper, it is recommended to conduct 

future investigations in the following areas: 

1) The performance of vertical inclusions under cyclic loading needs to be studied further 

numerically and experimentally as previous researchers mainly considered the effects of static 

loading in transportation structures and there are limited studies available on the behaviour of 

such inclusions under dynamic loading.  

2) The occurrence of clogging and bulging in stone columns under cyclic or static loads is 

quite common. These issues can be effectively addressed by appropriately encasing the stone 
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column material with geosynthetic materials, providing the necessary additional confinement. 

However, it is worthwhile investigating the load-settlement behaviour of dual-layered 

geosynthetic-encased stone columns. The diameter of the second encasement layer could be 

much larger than the first layer and penetrated into the weak soil around the encased stone 

column effectively. 

3) The utilization of pervious concrete as a novel method for rigid inclusion is suggested for 

some projects when permeability to accelerate consolidation plays a crucial role. Further 

exploration in future studies is needed to comprehend the rate of consolidation or impact of 

dynamic loading on transformation structures reinforced with such vertical inclusions. 

4) A design model that only emphases on the long-term behaviour of vertical inclusions under 

cyclic loading can be crucially valuable for design. In that case, an empirical or an analytical 

equation, explaining the development of excess pore water pressure caused by cyclic loading is 

essential. In addition, undrained tests may be useful to be able to establish a cyclic excess pore 

water pressure model.  

5) The group effect of vertical inclusions should be studied using advanced equipment such 

as centrifuge test, cyclic loading actuator, large scale physical model box, as the behaviour of 

vertical inclusions acting in a group might be very different to unit cell tests. 

6) More laboratory investigations with respect to geometry of vertical inclusions, such as the 

ratio of column length to diameter (L/d), and the ratio of column diameter to spacing (s/d) shall 

be completed under cyclic loading to be able to find optimum design guidelines.  

7) Bi-modulus column (BMC) technique can eliminate or mitigate the mushroom effects 

associated with construction of concrete injected columns. In bi-modulus columns, granular 

materials (SC) are positioned above the uppermost part of the concrete injected column (CIC), 

spanning a height ranging from 1 m to 1.5 m. Only a few investigations have been carried out 

to appreciate the efficiency of BMCs under static loading and it requires to be explored further 

for cyclic loading. 

8) Most of previous investigations considered the effects of end-bearing columns or vertical 

inclusions on stiff layers. However, there are limited studies in regard to floating columns under 

dynamic loads. Therefore, the behaviour of floating columns in transportation structures need 

to be explored further.  

9) A ground improvement system consisting of a combination of semi-rigid, rigid and bi-

modulus vertical inclusions for transportation structures could be an advanced topic. Thus far, 

there has not been sufficient research in this area, and it could be beneficial in terms of cost 

effectiveness and inclusiveness for various types of ground conditions.  

10) To create vertical inclusions, the partial utilization of waste materials, including quarry 

dust, fly ash, bottom ash, agricultural wastes, crushed waste glass, recycled plastic, lightweight 

expanded clay aggregates, and construction debris, can serve as a viable solution for cost-

effectiveness and sustainability. It seems that limited research has been conducted regarding 

the use of marginal materials in vertical inclusions. This topic can be explored through 

numerical and experimental methods to assess the effectiveness of waste material utilization. 
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