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Abstract: Ground improvement via stone column has gained popularity around the globe 4 

as an effective ground improvement technique to improve the load bearing capacity of soft 5 

soils. End-bearing stone columns are commonly used but occasionally floating stone columns 6 

are adopted as it has been proven to achieve the necessary load carry capacity and serviceability 7 

requirements. However, stone column parameters are often estimated without much basis for 8 

simulation and design purpose due to lack of practical research and real-life case studies in this 9 

area. Hence, in order to develop fundamental understanding on the load-settlement responses 10 

of the floating stone columns in soft clays, detailed back-analysis was performed in this paper. 11 

Throughout the back-analysis, all the numerical models were validated by comparing the 12 

analysis results with the field measurements. This study highlights (i) the existence of some 13 

critical interpreted parameters, namely soil cohesion, c’, friction angle, ’ and dilation angle, 14 

’ as well as (ii) soil-structure interaction mechanism that influences the load-settlement 15 

responses of the floating stone columns. The successful characterization of the stone column 16 

materials and the modeling technique of stone columns in finite element analyses have shown 17 

great potential in assessing the real-life performance of floating stone columns in soft clays. 18 
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INTRODUCTION  29 

Installation of stone column via vibro replacement technique is an effective ground 30 

improvement method to speed up soft soil consolidation process by shortening the drainage 31 

path thus, reducing settlement of the soft soils. This form of ground improvement is often 32 

adopted for structures that can tolerate acceptable minor settlement, for instance, embankment, 33 

storage tanks and light buildings (Khabbazian et al. 2010). Stone columns are commonly 34 

designed to rest on hard stratum but floating stone columns have been widely used in a handful 35 

of recent case studies due to its cheaper construction cost and sometimes limitation of 36 

machinery in the installation process (Ng and Tan 2014).  37 

The performance of floating stone columns has been studied using numerical method, field 38 

study and laboratory experiments. Many researchers had conducted laboratory experiments 39 

(Afshar and Ghazavi 2014; Cimentada and Costa 2008; Shivashankar et al. 2011); field studies 40 

(Kirsch 2006; Shao and Gularte 2007); numerical studies (Choobbasti et al. 2011; Mohanty 41 

and Samanta 2015; Six et al. 2012) and theoretical studies (Balaam and Booker 1981; 42 

Barksdale and Bachus 1983) to understand the behavior and interaction of stone columns. 43 

Black et al. (2007) highlighted that the performance of stone columns would be affected by 44 

several factors namely; the installation process, soil engineering properties, installation 45 

geometric layout and the area replacement ratio. In the direct shear test data of Herle et al. 46 

(2008), the densely compacted granular specimens consisted high friction angle, ’ beyond the 47 

value of 50° in most cases, which often render conventional design values of ’ = 42o too 48 

conservative. 49 

Kirsch (2008) conducted several full-scale load tests on the instrumented group of floating 50 

stone columns loaded by a square platform where the columns were installed to 9 m length 51 

with diameter of 0.8 m floating within the underlying soft soils. In order to examine the real 52 
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behavior of the stone columns, finite element simulation was used in conjunction with 53 

advanced constitutive models to examine the settlement performance of the composite 54 

foundation. The numerical model used was successfully benchmarked against the field 55 

settlements and good agreement has been obtained, which indicated the effectiveness of this 56 

approach. Many researchers had investigated the behavior of stone columns in different 57 

geometric layout and stiffness ratios. However, the effect of shear strength parameters (c’ and 58 

’) of the column materials with respect to its settlement performance has not been widely 59 

investigated.  60 

This paper investigates the influence of shear strength and dilation parameters on the load-61 

settlement performance of the floating stone columns in soft alluvial soils at working load 62 

levels. Well-calibrated finite element models with the consideration of consolidation analysis 63 

were employed through the use of three-dimensional (3D) commercially available geotechnical 64 

finite element software, Plaxis 3D. 65 

FIELD CASE STUDIES 66 

Ground improvement via floating vibro stone columns was adopted to support crane loads 67 

up to 500 kPa for an offshore rig fabrication yard located at Vung Tau, Vietnam. This 68 

innovative form of ground improvement method was chosen due to the presence of average 12 69 

m thick soft compressible soil layers with N ≤ 4, followed by about 33 m of stiff clay with N 70 

< 30, before dense sand with N ≥ 50 was encountered. If the concept of floating columns was 71 

not adopted, vibro stone column technique could not be used at all since SPT N ≥ 50 was only 72 

found at depth of about 55 m, which was way deeper than the installation limit of about 35 m 73 

typically. In order to achieve a levelled and stable load tray working platform after the 74 

installation of the floating stone columns, the original ground was excavated so that a layer of 75 

0.5 m thick well-compacted granular platform could be laid above the reinforced ground. This 76 
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layer was properly compacted to maximum dry density (MDD) of 90%. Subsequently, two 77 

layers of bi-directional geogrid of tensile strength 100 kN/m each were placed on top of the 78 

compacted gravel bed before the remaining 0.25 m thick compacted gravel was placed. These 79 

two components were essential in spreading the loads uniformly throughout the load transfer 80 

platform before the loads were finally transferred to the soft soils.  81 

Soil profile 82 

A total of three case studies will be discussed in this paper where the first case study T1 was 83 

located near to borehole BH 4 and the other two case studies T2 and T3 were adjacent to 84 

borehole BH 2. The soil investigation outcome showed that the subsurface consisted granular 85 

fill followed by a layer of very soft organic clay deposits up to 12 m. The SPT N value of the 86 

subsequent soil increased gradually with depth, indicating an increasing soil strength profile. 87 

The physical soil properties can be found in Figs. 1 and 2, while the underlying interpreted soil 88 

properties are summarized in Tables 1 and 2 for boreholes BH 4 and 2, respectively.  89 

Field load tests  90 

Static load tests were carried out on a strip of rigid concrete cap measuring 1.5 m by 91 

11.5 m over the 5, 9 and 5 numbers of floating stone columns in case studies T1, T2 and T3, 92 

respectively. Approximately 1,100 tonnes of vertical load or an anticipated maximum uniform 93 

pressure totalling 600 kPa was applied via six hydraulic jacks on the concrete cap for the 94 

respective cases via a kentledge system.  95 

The applied load was increased at 100 kPa increment every 60 minutes interval until it 96 

reached the maximum test load of 600 kPa. Once the maximum load test had been achieved, it 97 

was then maintained for at least an hour. However, the column would be considered fail if 98 

settlement exceeded 100 mm. In order to measure the settlement of the floating stone columns, 99 

six dial gauges with 0.01 mm accuracy were installed on the concrete cap. The location of the 100 
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load tests is shown in Fig. 3 whereas Figs. 4 and 5 show the typical arrangement of the kentledge 101 

load test setup at site.  102 

LABORATORY TESTING 103 

Petrographic test 104 

Thin-section petrography was conducted on the stone column material to determine its 105 

mineral contents. The tested specimen was classified as an igneous rock (microtonalite) and 106 

mainly comprised fine quartz crystals and alkali feldspar, with presence of hornblende crystals, 107 

which were mostly prismatic as shown in Fig. 6.  108 

Particles size distribution 109 

Particle size distribution test was conducted on the scalped microtonalite based on the testing 110 

standard ASTM D422-63 (ASTM 2002). Scalping is defined as the removal of particle sizes 111 

beyond the allowable particle size range for the direct shear test specimen. The stone column 112 

materials collected on-site were crushed using an unconfined compressive strength (UCS) 113 

machine so as to obtain smaller particles (2.36 mm to 75 μm) which would be used for direct 114 

shear test. The crushed sample was then scalped by means of sieving to obtain only the sand-115 

sized particles and the oversize particles were removed from the sample (Bagherzadeh-116 

Khalkhali and Mirghasemi 2009). Fig. 7 shows the particle size distribution for the original 117 

sample sizes and their scalped sizes. The results indicated that the original material comprised 118 

coarse-grained gravels while the scalped material consisted sand-sized grains. Based on the 119 

Australian soil classification system (Standards Australia. 1993), the original and scalped 120 

material was classified as well-graded gravel (GW). The sieving results of the scalped stone 121 

column material are tabulated in Table 3. 122 

Direct shear testing  123 

In order to characterize the material properties, laboratory direct shear tests were conducted 124 

on the scalped microtonalite at different normal stresses to determine the strength parameters 125 
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of the test specimens. The minimum particle size allowed for a shear box is such that the 126 

minimum specimen width should not be less than 10 times the maximum particle size diameter, 127 

dmax and the minimum specimen height should not be less than 6dmax (ASTM 2011). The 128 

crushed microtonalite was scalped to obtain a distribution of particle sizes passing through 2.36 129 

mm and retained by 75 μm to satisfy the direct shear test requirements in accordance with 130 

ASTM D3080-03 (ASTM 2003), based on the dimensions of the shear box. Scalping method 131 

has been previously used by Choo and Ong (2015) during shearing of reconstituted tunnelling 132 

rock spoils. Head (1992) emphasized that the maximum size of particles should not exceed 133 

1/10th of the shear box height. The specimen dimension for the direct shear test was of 63.4 134 

mm diameter and 31.5 mm height. The scalped specimens were then prepared within the shear 135 

box into three layers of similar thickness, where each layer was compacted with 27 blows using 136 

a tamping rod (Peerun et al. 2015). The applied normal stresses are shown in Table 3. The 137 

shearing rate is defined as 138 

𝑑𝑟 =
𝑑𝑓

𝑡𝑓
      (1) 139 

where df is the estimated horizontal displacement rate at failure, 5 mm; tf is the total estimate 140 

elapsed time to failure, 600 s for clean dense sand; and dr is the displacement rate in mm/s 141 

(Choo and Ong 2015) (ASTM 2011). A shearing rate of 0.0017 mm/s was adopted for the direct 142 

shear tests with a maximum horizontal shear displacement of 15 mm (Peerun et al. 2016). 143 

Direct Shear Test Results 144 

Figs. 8 (a) and (b) show the shear stress and volumetric plots for the scalped microtonalite, 145 

respectively. At the start of the test, the shear stress increased until a peak shear stress was 146 

achieved. Further on during shearing, a reduction in shear stress was observed until residual 147 

state was achieved with constant shear stresses. Fig 8 (b) shows an initial compression of the 148 

specimen at the start of the test, followed by dilation until almost no vertical displacement was 149 

recorded. The initial compression occurred due to the rearrangement of the particles within 150 
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existing voids in the specimen. With increasing shear displacement, the particles interlocked 151 

among one another, causing other producing the specimen to dilate until a peak shear stress was 152 

achieved. Further on, the particles would overcome the interlocking and the shear band would 153 

develop into a looser layer by either rolling or rotating and causing a reduction in shear stress 154 

(Oda and Kunishi 1974; Fukuoka et al. 2006). At the end of shearing, a steady shear band was 155 

produced where the particles slid along the upper and lower halves of the shear interface with 156 

almost no vertical displacement. Hence, no significant dilation was observed and hence residual 157 

state was achieved (Li and Aydin 2010). With increasing normal stresses, the tested specimens 158 

were subjected to relatively larger compression at the initial shearing stage and a relatively 159 

reduced dilation with increasing shear displacements.  160 

Fig. 8 (c) shows the strength envelope for the scalped microtonalite. For non-linear strength 161 

materials, it was found that by adopting a best-fit Mohr-Coulomb (MC) strength criterion, an 162 

over-estimation might occur at lower and higher normal stresses while an under-estimation 163 

might occur at intermediate stresses (Choo and Ong 2015). To prevent such inaccuracies, a 164 

Power Law function suggested by De Mello (1977) was used to obtain the equivalent non-linear 165 

strength characteristics of the tested microtonalite. The Power Law function is defined as 166 

𝜏 = 𝐴 ∙ (𝜎′)𝐵 (2) 

where A is a dimensionless constant governing the magnitude of the power function and B is a 167 

dimensionless constant governing the curvature of the power function (Choo and Ong 2017). 168 

Several researchers had adopted this method and it was found that the B value fell within the 169 

range of 0.5 to 1.0 for granular materials (Anyaegbunam 2015; Choo and Ong 2015; Serrano et 170 

al. 2015). It was also observed that the shear strength of the tested specimen experienced a 171 

reduction from peak phase to residual. Choo and Ong (2015) stressed that the reduction of A 172 

value and the increase in B value indicate the reduction of curvature of the nonlinear power 173 

function. The A and B values tabulated in Table 4 were analyzed based on the test results 174 

obtained from the tested specimens using Eq. 2. 175 
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In order to back-analyze the field load test results, the equivalent strength parameters 176 

obtained from the MC failure criterion is required. Hence, to obtain the internal equivalent 177 

friction angle, ’ and cohesion, c’, the generalized tangential approach developed by Yang and 178 

Yin (2004) was applied to the Power Law function as shown in Fig. 8 (c). This method consists 179 

of drawing a tangent to the power law strength envelope at a desired confining pressure to 180 

obtain the respective equivalent MC parameters. Tangents were drawn at normal stress of 200 181 

kPa, being the average confining pressure, for peak and residual states and the values are 182 

tabulated in Table 5. 183 

From the equivalent MC parameters, a reduction of residual shear strength parameters was 184 

observed. This phenomenon is due to strain softening and dilative behavior of the tested 185 

specimen, which caused a significant loss in cohesion (Choo and Ong 2015). After achieving 186 

the greatest interlocking state among particles, known as the peak state, the shear stress reduced 187 

due to the development of the shear band where particles would rearrange themselves by rolling 188 

or rotating until a constant shear stress level is achieved. Hence, with a reduced shear stress at 189 

residual state, a relatively lower ϕ'r and c'r were obtained as opposed to the peak state. In the 190 

subsequent analysis of stone column, only the peak equivalent strength values are used. 191 

FIELD PERFORMANCE OF FLOATING STONE COLUMNS 192 

Fig. 9 shows the typical configurations of the load tested stone columns for the three case 193 

studies T1, T2 and T3. A layer of 0.5 m thick well-compacted gravel load transfer platform was 194 

created at the platform level. Below this load transfer platform, two layers of geogrid were 195 

embedded within an additional 250 mm thick bedding. Overall, the 750 mm thick reinforced 196 

gravel platform was designed to control surface settlements and to prevent the ground surface 197 

from experiencing bearing capacity failure during construction stage. It was expected that the 198 

reinforced ground would be able to support the live load of 500 kPa with eventual settlements 199 
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not exceeding 100 mm. Ng and Tan (2014) mentioned that settlement would tend to reduce 200 

with the increase of granular bed thickness, thus minimizing any serviceability issue.  201 

In case study T1, the stone columns with 1 m diameter and 10 m long (base supported on 202 

SPT N = 1) were installed in square grid of 2.3 m centre-to-centre (c/c) where shorter columns 203 

of 3 m length and 0.6 m diameter were installed at the centre of the square grid. However, stone 204 

columns in case study T2 were installed to 10 m length (base supported on SPT N = 2) and 1 205 

m diameter with the spacing 1.3 m square grid. Although case study T3 has a similar spacing 206 

dimension with case study T1, the length and diameter of the centre columns were increased to 207 

6 m and 1 m, respectively. At 6 m and 10 m lengths, the stone columns were resting on SPT N 208 

= 1 and N = 2, respectively.  209 

Fig. 10 shows the field measured load-settlement responses of case studies T1, T2 and T3. 210 

It was apparent that case study T2 showed a stiffer load-settlement response and hence much 211 

lesser rebound settlement than T1 and T3 because the former contained a group of 9 floating 212 

stone columns being loaded at the rigid concrete cap as opposed to only 5 columns for the latter 213 

case studies as shown in Fig. 9. The measured load-settlement response of T3 was more 214 

efficient than that of T1 because the installed secondary columns in T3 were twice the length 215 

at 6 m, compared to the columns in T1. Besides, T3 also had larger secondary column diameter 216 

at 1.0 m. 217 

BACK-ANALYSIS  218 

The parameters used to back-analyze the soil and column properties were important because 219 

they would affect the serviceability performance of the floating stone columns. In the back-220 

analysis exercise, the use of the following scenarios and parameters were considered: 221 

 Typical design parameters (’, c’=0 and ’=0) 222 

 Interpreted parameters (’, c’ and ’) from this study 223 

The summary of these design and interpreted parameters can be found in Table 6. 224 
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3-Dimensional FEM 225 

The advanced hyperbolic hardening soil model developed by Duncan and Chang (1970) was 226 

adopted for all soft cohesive soils while Mohr-Coulomb failure criterion associated with the 227 

dilation angle was adopted for the remaining soils and column material. The equivalent strength 228 

parameters of the column material interpreted from the direct shear results as discussed earlier 229 

were adopted in the finite element (FE) analysis. These strength parameters were adopted to 230 

back-analyze the performance of the floating stone column group using the geotechnical finite 231 

element software Plaxis 3D. The numerical results were validated against the field 232 

measurements before performing further analyses using the calibrated numerical model. 233 

In the FE numerical models (see Fig. 11), all granular materials were modelled as drained 234 

condition whereas the clay layers were simulated as undrained condition. The boundary 235 

conditions used in of all the numerical models in this study were laterally restrained along the 236 

vertical boundaries while the bottom boundary of the model was fully fixed. The bonding 237 

between the granular particles and the native soil is assumed to be nearly perfect along the 238 

interface due to consistent compaction of the material during installation of the floating stone 239 

columns, where the interface element can be disregarded (Ambily and Gandhi 2004; Tan et al. 240 

2014).  241 

On the other hand, the FE mesh of the models (see Fig. 11) was simulated as continuum 242 

elements using 10-node tetrahedral elements. Refinement of mesh was made particularly to the 243 

upper portion of the column group and cap as the load intensity was expected to be higher at 244 

the surface compared to the lower region of the numerical model. The earth pressure 245 

coefficients at rest of all materials were determined using Jacky’s equation (K0 = 1 – sin ϕ’) 246 

(Elshazly et al. 2008; Tan et al. 2014). The extent of reinforced ground was simulated using a 247 

one-quarter model of 30 m depth with the boundary extent of 15 m2 to prevent boundary effects. 248 

Consolidation analyses were performed to study the settlement performance of stone columns 249 
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floating in the weak cohesive soils. However, the installation process of the columns was not 250 

considered in the model where the columns were simulated as “wish in place”, which was 251 

deemed acceptable (Tan et al. 2014).  252 

A concrete cap having a dimension of 1.5 m by 11.5 m (see Fig. 9) was placed over the 253 

selected number of columns of 1 m diameter and 10 m long installed in the square grid such 254 

that the columns were floating in soft soils resting on a clay layer (SPT N ≤ 2). The average 255 

groundwater table was 2.5 m below the ground surface throughout the project site. The applied 256 

maximum load of 600 kPa was assumed to be uniformly distributed over the concrete cap. Time 257 

rate consolidation analysis was conducted to understand the deformation behavior of the 258 

floating stone columns subjected to loading. 259 

Verification of influence of Young’s modulus and dilation angle 260 

Castro (2014) suggested that the highly frictional column material whose friction angle, ’ 261 

and dilation angle, ’ are generally estimated because these parameters were often difficult to 262 

measure in the field. In view of the practical challenges, Fatahi et al. (2012) recommended that 263 

the unloading phase was more appropriate and suitable to verify the Young’s modulus, E of the 264 

stone columns while the loading curve was more appropriate to verify the ’ of the highly 265 

compacted column material. Fatahi et al. (2012) continued to emphasise that the E and ’ of 266 

stone columns were two critical parameters that would adversely affect the accuracy of the 267 

numerical results if they were not correctly estimated. Nonetheless, in this paper, these 268 

parameters had been calibrated using FE analysis and benchmarked against the field 269 

measurements derived from the load test results as shown in Fig. 12, taking after the 270 

recommendations of Fatahi et al. (2012). 271 

Fig. 12a illustrates that a reliable estimate of E can be achieved when the unloading gradients 272 

at various stages of the FE results become comparable to the corresponding unloading gradients 273 

calculated based on the field measured readings. In this case, E of 120,000 kPa, which was used 274 
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consistently in the FE model, was found to be a reliable value to use in order to yield a R2 value 275 

of 0.9973. It was recommended by Tan et al. (2014) that the results could be considered reliable 276 

if the coefficient of determination, R2 is 0.9 or greater. Similarly, in Fig. 12b, ’ = 20o was 277 

found to be reliable as the R2 value was 0.9947, when the settlements derived from the FE 278 

model during loading phase showed comparable results to the corresponding field measured 279 

values. 280 

The summary of the linear regression of E and ’ for each case study is tabulated in Table 281 

7. Most of the values show R2 greater than 0.9, except for the R2 value of the ’ for case T2 282 

which is slightly lower than 0.9. This may due to the stiffening effect of the closely spaced 283 

floating stone columns installed in the field, which resulted in relatively higher ’and lesser 284 

settlements on site. Overall, it is quite convincing that the calibrated values (E=120,000 kPa 285 

and ’=20o) can be considered reliable for use in this back-analysis process. This observation 286 

further verifies that ψ’ = ϕ’p - 30° as proposed by Mohanty and Samanta (2015) can be reliably 287 

used. 288 

DISCUSSION ON BACK-ANALYSIS RESULTS 289 

Rebound settlements were compared amongst case studies T1, T2 and T3 after they were 290 

successfully back-analyzed and validated against the field measured results as shown in Table 291 

8. It is observed that the rebound settlements have been grossly over-predicted when typical 292 

design parameters (’, c’=0 and ’=0) were used. In contrast, if the interpreted parameters (’, 293 

c’ and ’) from this study were used instead, the rebound settlements show much better 294 

prediction especially for case study T3, which matched the measured value of 67.8 mm. 295 

Case study T1 296 

The floating stone columns in case study T1 were arranged in 2.3 m square grid where the 297 

secondary 0.6 m diameter columns were installed at the centre of the square grid (see Table 9). 298 

The granular platform was laid above the reinforced ground to create a stable load transfer 299 
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platform that was safe against bearing failure. The applied test load was distributed uniformly 300 

to the 5 floating stone columns via the concrete cap (see Fig. 9a). The back-analysis results 301 

using interpreted parameters (’, c’ and ’) from this study showed reasonable agreement with 302 

the field measurements especially during loading phase (see Fig. 11a).  303 

In contrast, when the back-analysis was carried out using typical design parameters (’, c’=0 304 

and ’=0), the load-settlement responses during the loading phase could not trace the observed 305 

field results (see Fig. 11a), even though the rebound settlement was somewhat more comparable. 306 

The use of lower ’, c’= 0 and ’=0 have resulted in a more plastic response than the measured 307 

response especially after the load application of 400 kPa. 308 

Case study T2 309 

In this case study, the floating stone columns of 10 m length with 1 m diameter were 310 

embedded within the soft soil with SPT N value not more than 2. Unlike case study T1, the 311 

floating stone columns in case study T2 were arranged in a closer spacing of 1.3 m square grid 312 

(see Table 9). The applied test load was distributed uniformly to the 9 floating stone columns 313 

via the concrete cap (see Fig. 9b). It was observed that the field measured load-settlement 314 

responses showed some form of stiffening effect due to the closely spaced columns installed 315 

and thus resulted in relatively small settlements. The back-analysis results using interpreted 316 

parameters (’, c’ and ’) from this study indicated similar stiffening phenomenon in general 317 

when loaded. The FE response showed similar general trend but could not successfully trace 318 

the measured load-settlement behavior more accurately (see Fig. 11b). 319 

In contrast, when back-analysis was carried out using typical design parameters (’, c’=0 320 

and ’=0), the load-settlement responses during both the loading and unloading phases showed 321 

grossly over-predicted responses and thus could not trace the observed field results altogether. 322 

The use of lower ’, c’= 0 and ’=0 have also resulted in a more plastic response than the 323 
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measured response especially after the load application of 400 kPa and somewhat potrayed 324 

similar responses to those of case study T1. 325 

Case study T3 326 

The 1.0 m diameter primary and secondary floating stone columns in case study T3 were 327 

arranged in 2.3 m square grid (see Table 9). Similarly to all the other case studies, the granular 328 

load transfer platform was formed to control surface settlements and to increase bearing 329 

capacity. The applied test load was distributed uniformly to the 5 floating stone columns via 330 

the concrete cap (see Fig. 9c). The back-analysis results using interpreted parameters (’, c’ and 331 

’) from this study showed good agreement with the field measurements (see Fig. 11c), 332 

therefore validating the use of the interpreted column shear strength parameters (’and c’) based 333 

on the direct shear box test results as discussed earlier, as well as the use of ’.  334 

In contrast, when the back-analysis was carried out using typical design parameters (’, c’=0 335 

and ’=0), the load-settlement responses during the loading phase could not trace the observed 336 

field results (see Fig. 11c). Besides, the rebound settlement was also grossly over-predicted. 337 

The use of lower ’, c’= 0 and ’=0 had resulted in a more plastic response than the actual field 338 

measured response especially after the load application of 400 kPa. The phenomenon of 339 

premature plastic response was consistent to the earlier two case studies and hence proven to 340 

be detrimental in trying to benchamrk against the field measured responses.  341 

Overall assessment 342 

It is to be mentioned that throughout the back-analysis of the three case studies T1, T2 and 343 

T3, similar interpreted strength parameters (’=50o and c’=45 kPa) from the direct shear test 344 

have been used. Besides, dilation angle, ’=20o has also been used consistently in the FEM in 345 

view that Raju et al. (2004) stated that the installation of stone columns was aided by the 346 

vibrations and thrusting action of the vibrator. This technique partially replaces the weaker 347 

surrounding soils with granular materials, which upon being vibrated will result in tightly 348 
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interlocking of materials with the surrounding soils. Greater interlocking effect of the granular 349 

materials will thus result in greater apparent cohesion, c’ due to the reorientation of particles 350 

during compaction.  351 

From case studies T1, T2 and T3, it was observed that reasonable and realistic load-352 

settlement response curves could be obtained when the interpreted parameters (’=50o, c’=45 353 

kPa and’=20o) from this study were adopted in the FEM back-analyses (see Fig. 11), instead 354 

of the typical design parameters (’, c’=0 and ’=0). Therefore, this important observation 355 

lends further credence to the interpreted equivalent strength parameters based on the direct 356 

shear testing, whose results were then interpreted based on the Power Law function and the 357 

generalized tangential approach developed by Yang and Yin (2004). Besides, the use of dilation 358 

angle, ’ has been found to be important in preventing premature plastic responses in the FE 359 

analysis during the loading phase of the floating stone columns, which if not addressed, will 360 

subsequently lead to over-prediction of the rebound settlements. 361 

Influence of ’, c’, and ’ 362 

An extensive parametric study was conducted on the shear strength parameters (c’ and ’) 363 

as well as the dilation angle, ’ of the stone column material using a validated FE model to 364 

back-analyze its load-settlement performance when subjected to loadings.  365 

Fig. 13 illustrates a typical case study T3 whose load-settlement curves were obtained via 366 

parametric study using the benchmarked FE analyses performed earlier. The parametric study 367 

was conducted on the friction angle, ’ and apparent cohesion, c’ of the column material ranging 368 

from 25° to 50° and 0.1 kPa to 50 kPa, respectively. A total of six different ’ and c’ values 369 

were adopted in the parametric study to investigate their respective impact on the load-370 

settlement performance of the floating stone columns in soft clays. 371 
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A total number of 36 FE runs were carried out to study the effect of shear strength (c’ and 372 

’) and ’ parameters on the settlement performance of the floating stone columns. Based on 373 

the parametric results, the gradual improvement of the apparent cohesion, c’ of the column 374 

material from 0.1 kPa to 50 kPa will significantly reduce the load-settlement behavior. This is 375 

most likely due to the constant compaction experienced by the column materials during the 376 

installation process, which resulted in better interlocking and interaction of the particles, 377 

thereby, reducing the settlement potential of the floating columns. 378 

The ’ and thus the ’ of the column material are important parameters that can minimize 379 

the development of plastic strains during the shearing process, when ’ is beyond 30° (Walton 380 

et al. 2014). By being able to minimize the development of plastic strains, ’ is a major 381 

parameter that will significantly affect the settlement results in frictional materials (Houlsby 382 

1991). True enough as demonstrated by the load-settlement responses as shown in Figs. 13a - 383 

c, plastic strains seem to quickly manifest the behavior at low friction and dilation angles, 384 

especially beyond 400 kPa loads. As the magnitudes of the friction and dilation angles increase 385 

(see Figs. 13c - f), the manifestation and influence of plastic strains reduce in influence at higher 386 

load applications. Another important observation is that when the friction and dilation angles 387 

increase, the influence of apparent cohesion reduces, thus easily matching the measured load-388 

settlement responses at most values. 389 

In summary, for the case study T3 shown in Fig. 13f, the back-analyzed parameters that best 390 

suit the measured load-settlement behavior are when the stone columns inherit material 391 

properties of ’=50o, c’=45 kPa and’=20o, as back-analyzed in this paper. In fact, these 392 

derived parameters have been consistently used in the other case studies T1 and T2, whose 393 

load-settlement responses are generally comparable to their corresponding measured load-394 

settlement responses as evidenced in Fig. 11. Therefore, it has been successfully shown that if 395 

the influence of stone column parameters can be better understood and subsequent design 396 
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optimization that includes provision of a load transfer platform can be implemented, then 397 

floating stone columns instead of end-bearing ones, could be the optimal ground improvement 398 

solution in areas manifested with thick, soft clay deposits. 399 

CONCLUSIONS 400 

This research was motivated by the fact that there exists some gaps in the detailed understanding 401 

of the load-settlement responses of floating stone columns installed in soft clays (SPT N ≤ 2). 402 

This paper presents 3 cases studies where static load tests were carried out on the installed group 403 

of stone columns with different configurations. In order the investigate the load-settlement 404 

responses of the three case studies and to characterize the critical parameters that affect the load-405 

settlement responses, the following activities had been successfully carried out: 406 

(i) The scalped column materials were subjected to direct shear testing and the equivalent shear 407 

strength parameters, c’ and ' were interpreted using the established Power Law function and 408 

generalized tangential method.  409 

(ii) The value of the dilation angle, ’ was selected based on the relationship ’ = ϕ'p - 30°, where 410 

’p is the interpreted friction angle derived from (i) above 411 

(iii) The study then used 3-dimensional (3D) finite element analyses to investigate the 412 

load-settlement responses of the loaded groups of floating stone columns based on the established 413 

interpreted parameters derived from this study. Throughout the study, all the numerical models 414 

were validated by comparing the analysis results with the field measured readings 415 

(iv) Detailed parametric study was performed to develop fundamental understanding of 416 

the measured load-settlement responses for stone columns floating in soft clays and the roles of 417 

the critical parameters namely c’, 'and’ 418 

From the three case studies investigated, it was observed that reasonable and realistic load-419 

settlement response curves could be obtained when the interpreted parameters (’=50o, c’=45 420 

kPa and’=20o) from this study were adopted in the finite element back-analyses, instead of the 421 
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typical design parameters (’, c’=0 and ’=0). Therefore, this important observation lends further 422 

credence to the interpreted equivalent strength parameters based on the direct shear testing, 423 

whose results were then interpreted based on the Power Law function and the generalized 424 

tangential approach. Besides, the use of dilation angle, ’ has been found to be important in 425 

preventing premature plastic responses in the finite element analysis during the loading phase of 426 

the floating stone columns, which if not addressed, will subsequently lead to over-prediction of 427 

the rebound settlements. Therefore, it has been successfully shown that if the influence of stone 428 

column parameters can be better understood and subsequent design optimization that includes 429 

provision of a load transfer platform can be implemented, then floating stone columns instead of 430 

end-bearing ones, could be the optimal ground improvement solution in areas manifested with 431 

thick, soft clay deposits. 432 
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 438 

NOTATION 439 

The following symbols are used in this paper: 440 

A = dimensionless constant  441 

B = dimensionless constant 442 

c’ = cohesion 443 

Cu = Uniformity coefficient 444 

df = estimated horizontal displacement rate at failure 445 

dmax = maximum particle size diameter 446 

dr = shearing rate 447 
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E = Young’s modulus 448 

’ = friction angle 449 

R2 = Coefficient of determination 450 

γ = density 451 

σ' = normal stress 452 

τ = shear stress 453 

’ = Dilation angle 454 

 455 
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Table 1. Measured and interpreted properties of granular fill material, column material and underlying 
soils for BH 4 (Case study T1)

Granular fill material
Thickness 

(m)
E

(kPa)
cu

(kPa) (°)
c’

(kPa) (°)
Compacted gravel 0.5 20,000 - 50.0 45.0 20.0
Load transfer platform 1.0 60,000 - 50.0 45.0 20.0

Column material
Length 

(m)
Stone column material (microtonalite) 10.0 120,000 - 50.0 45.0 20.0

Soil
SPT 
Nave

Thickness 
(m)

Loose coarse SAND 4 1.1 8,000 - 35.0 - 5.0
Very soft CLAY 1 8.6 4,200 12.0 - - -
Stiff sandy CLAY 14 7.9 28,000 - 15.0 - 25.0
Stiff to very stiff sandy CLAY 15 4.4 30,000 - 15.0 - 24.0
Stiff to very stiff CLAY with sand 17 6.5 34,000 - 15.0 - 34.0



Table 2. Measured and interpreted properties of granular fill material, column material and underlying 
soils for BH 2 (Case studies T2 and T3)

Granular fill material
Thickness 

(m)
E

(kPa)
cu

(kPa) (°)
c’

(kPa) (°)
Compacted gravel 0.5 20,000 - 50.0 45.0 20.0
Load transfer platform 1.0 60,000 - 50.0 45.0 20.0

Column material
Length

(m)
Stone column material (microtonalite) 10.0 120,000 - 50.0 45.0 20.0

Soil
SPT 
Nave

Thickness 
(m)

Loose coarse SAND 4 1.1 8,000 - 35.0 - 5.0
Very soft CLAY 1 12.1 4,200 12.0 - - -
Stiff sandy CLAY 13 2.4 26,000 - 15.0 - 21.0
Stiff to very stiff sandy CLAY 11 6.0 22,000 - 15.0 - 26.0
Stiff to very stiff CLAY with sand 21 7.5 42,000 - 14.11 - 37.0



Table 3. Properties and test condition for scalped stone column material (microtonalite)

Material D60 D30 D10 D50 Cu Cc Soil Classification
Applied Normal 
Stresses (kPa)

Microtonalite 1.5 0.6 0.2 1.1 7.5 1.2
Well graded sand-
sized GRAVEL 

(GW)

50, 90, 120, 150, 
200, 300 & 400 



Table 4. Power Law function for stone column material (microtonalite) benchmarked against other 
established case studies

Type of Material Geology A B Source

Stone Column material
Microtonalite (peak) 3.241 0.847

This study
Microtonalite (residual) 1.244 0.945

Tunnelling Rock Spoils

Sandstone (Test 1 – peak) 4.68 0.76

Choo & 
Ong 

(2015)

Sandstone (Test 1 – residual) 2.24 0.84
Phyllite (Test 3 – peak) 1.92 0.87
Phyllite (Test 3 – residual) 1.07 0.96
Shale (Test 4 – peak) 3.86 0.79
Shale (Test 4 – residual) 3.37 0.78

Rockfill

Sandstone 6.8 0.67

Charles 
and Watts 

(1980)

De Mello 
(1977)

Slate 5.3 0.75
Slate 3.0 0.77
Basalt 4.4 0.81
Basalt 1.54 0.821
Diorite 1.10 0.870
Conglomerate 1.27 0.846
Conglomerate 1.19 0.881
Conglomerate 1.59 0.808



Table 5. Analyzed peak and residual shear strength parameters of stone column material (microtonalite)

Geology
Power Law Function Generalized Tangential Method

Ap Bp Ar Br c'p (kPa) 'p (°) c'r (kPa) 'r (°)

Microtonalite 3.241 0.847 1.244 0.945 44.1 50.6 11.4 41.4



Table 6. Typical design parameters against interpreted parameters (from this study) used for back-analysis

Back-analysis Method
Back-analysis using 

typical design parametersa

Back-analysis using 
interpreted parameters

(from this study)
Young’s Modulus, E (kPa) 120,000 120,000
Friction angle of column, ' (°) 42.0b 50.0c

Cohesion, c’ (kPa) 0.0 45.0c

Dilation angle of column, ' (°) 0.0 20.0d

a Typically c’=0 and ’=0 
b Typical design value during design stage
c Direct shear test from current study
d ’ = ' - 30°, Mohanty and Samanta (2015)



Table 7. Correlation between field measured values and numerical results for case studies T1, T2 and T3

Case study
Coefficient of determination, R2

Young’s modulus, E Dilation angle, 
T1 0.9903 0.9925
T2 0.9847 0.8740
T3 0.9973 0.9947



Table 8. Comparison of measured stone column rebound settlements against back-analyzed rebound 
settlements

Case study

Rebound settlement (mm)

Measured
Back-analysis Using 

Typical Design Parameters 
( ’, c’=0 and ’=0)

Back-analysis Using Interpreted 
Parameters from This Study 

( ’, c’ and ’)
T1 76.2 92.3 56.3

T2 10.1 72.7 24.3

T3 67.8 120.4 67.8



Table 9. Spacings and diameters of installed stone columns for case studies T1, T2 and T3

Case study Column spacing (m)
Primary column 

diameter (m)
Secondary column 

diameter (m)
T1 2.3 1.0 0.6
T2 1.3 1.0 -
T3 2.3 1.0 1.0



Fig. 1.   Interpreted subsurface soil profile and measured soil properties based on BH4 at site



Fig. 2.   Interpreted subsurface soil profile and measured soil properties based on BH2 at site



Fig. 3.   Plan view showing the test and borehole locations at the site



Fig. 4. Typical kentledge load test setup at site



Fig. 5. Close up view of arrangement of kentledge load test at site



Fig. 6. Result of petrographic testing on microtonalite (stone column material)



Fig. 7. Particle size distribution curves for microtonalite (stone column material) gravels and scalped 
sand-sized particles 



Fig. 8. Direct shear test on scalped microtonalite: (a) shear stress versus horizontal displacement; (b) 
vertical displacement versus horizontal displacement; (c) non-linear MC failure envelope described by 

Power Law functions for peak and residual states
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Fig. 9. Schematic views and configuration of load tested stone columns for case studies T1, T2 and T3



Fig. 10. Field measured load-settlement responses for case studies T1, T2 and T3
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Fig. 11. Finite element models used and load-settlement responses for case studies (a) T1, (b) T2 and 
(c) T3
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Fig. 12. Typical correlation between field measured and numerical results: verification outcome for (a) 
Young’s modulus; (b) dilation angle of the column material for case study T3
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Fig. 13.   Parametric studies on the effect of friction angle and dilation angle on load-settlement responses 

of stone column group for case study T3: (a) 25° (  = 0°); (b) 30° (  = 0°); (c) 35° (  = 
5°); (d) 40° (  = 10°); (e) 45° (  = 15°); (f) 50° (  = 20°)  

(a) (b) 

(e) (f) 

(c) (d) 
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