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ABSTRACT 

Soft clay foundations commonly exhibit low bearing resistance and excessive settlement, 

while granular-column performance depends on both column geometry and infill 
properties. This study experimentally investigates the combined influence of column 
spacing and dry-blended xanthan gum (XG) content on the bearing response of soft clay 
improved with a 50 mm sand cushion and a 4 × 4 group of sand columns. Tests were 
conducted in a 700 × 700 × 800 mm rigid steel box using a 60 × 60 mm square footing. The 
clay was prepared at a target water content of approximately 25% and an undrained shear 
strength of approximately 17 kPa. Sixteen sand columns, 25 mm in diameter and 150 mm 
long, were installed at clear spacings of 20 and 35 mm, corresponding to Sc/d ratios of 1.80 
and 2.40. XG contents of 0%, 0.5%, 1%, and 2% by dry sand mass were examined after three 
days of covered conditioning. Responses were compared at s/B = 11%. Untreated clay 
carried 98.24 kPa, while the sand cushion increased the pressure to 110.76 kPa. The highest 
response occurred at 35 mm spacing with 1% XG, reaching 174.15 kPa and BCR = 1.773. At 
20 mm spacing, the best response occurred with 2% XG, reaching 129.09 kPa and BCR = 
1.314. The results indicate a non-monotonic spacing–XG interaction, showing that spacing 
and XG content should be evaluated jointly. The best-performing tested configuration 
remains specific to the model conditions and requires confirmation through replicated and 
larger-scale testing. 

Keywords: Soft clay, Sand columns, Xanthan gum, Column spacing, Bearing response, 
Ground improvement. 
 

1. INTRODUCTION 
 

The foundation on soft clay is often subjected to excessive settlement and poor bearing 
capacity due to the transmission of applied structural loads through a low-stiffness and low 
undrained shear strength soil mass. The granular columns are effective in improving the 
behavior of soft clay by introducing relatively stiff and frictional inclusions to enable the 
transmission of loads, provide resistance against the displacement of the columns, and 
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provide lateral confinement (Al-Kaisi and Ali, 2013; Andreou et al., 2008; Stuedlein and 
Holtz, 2013). Their performance, however, is governed by the composite behavior of the 
column–soil system rather than by the granular material alone. Column diameter, length, 
spacing, arrangement, area replacement ratio, backfill properties, and confinement supplied 
by the surrounding clay collectively control stress concentration and deformation within the 
reinforced zone (Black et al., 2011; Al-Saoudi et al., 2013; Killeen and McCabe, 2014; 
Mohammed, 2015; Jayarajan and Karpurapu, 2021; Dutta et al., 2025). 
For conventional unbonded granular columns, reducing the column spacing generally 
increases the area replacement ratio and decreases the proportion of weak clay participating 
directly in the loaded zone. Therefore, higher-density columns generally exhibit greater 
stiffness and resistance in their composite form (Black et al., 2011; Al-Kazzaz and Al-
Obaydi, 2021). The influence of column arrangement on the strength of the composite 
structure cannot be evaluated separately from the effect of the surface load transfer layer. A 
cushion of grains will redistribute footing stresses, improve contact between the footing and 
the group of columns, and alter the distribution of stress between the columns and the 
surrounding clay (Hegde and Sitharam, 2013; Debnath and Dey, 2017; Mehrannia et al., 
2018; Abdelrahman et al., 2026). The actual footing performance for a standard system 
depends on interactions of column geometry, clay confinement, and stress redistribution 
due to a cushion of grains. Measured footing performance results from interacting effects of 
column geometry, clay confinement, and cushion-mediated stress redistribution rather than 
from column spacing alone. 
Modification of the column infill with a biopolymer introduces an additional mechanism that 
differs fundamentally from increasing the quantity of granular replacement. Xanthan gum 
(XG) was selected for the present study because it can be introduced in powder form, 
hydrates to form a viscous polymer network, and can develop particle bonding and pore-
bridging effects without relying on cementitious reactions. It also has comparatively 
established geotechnical literature in both granular and fine-grained soils (Jang and Jia, 
2020; Moghal and Vydehi, 2021). Nevertheless, XG is not assumed to be universally 
superior to other biopolymers. Its engineering response is strongly dependent on soil 
composition, polymer dosage, water availability, preparation route, and hydration or drying 
history (Chang et al., 2015; Chen et al., 2019; Ni et al., 2021). These dependencies are 
particularly important for the present column system because introducing a binder changes 
the material response from predominantly frictional granular behavior toward a combined 
frictional–bonded response. 
This also implies that an increase in the XG dosage will not necessarily lead to a 
corresponding increase in column resistance. Low dosages could lead to limited 
modification of the granular skeleton by discontinuous polymer coverage or weak bonding. 
Particle bridging and improved apparent stiffness with increasing dosage may occur at 
sufficient water availability. Beyond this point, more severe effects such as agglomeration, 
uneven polymer distribution, hydration gradients, or uneven grain-to-grain contact may 
occur. Therefore, the XG-treated soil exhibits non-monotonic (and often dose-dependent) 
properties (Ni et al., 2021; Askari et al., 2025). In addition, this behavior becomes even 
more complicated under different moisture conditions, where hydration results in favorable 
gel formation and interaction between particles, while subsequent drying leads to a 
consolidation of developed bonds, but possibly non-uniform moisture and stiffness profiles 
(Chang et al., 2015; Chen et al., 2019). XG treatment affects soil properties, and this is 
related to dosage and moisture condition. 
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The preparation method employed in the present study is another difference from most of 
the literature on XG-treated-soils. The previous studies have mainly focused on the material 
specimens treated with XG or bulk soil mixtures under specific mixing, water addition, 
immersion, hydration, or drying conditions (Chang et al., 2015; Chen et al., 2019; Ni et al., 
2021; Askari et al., 2025). These studies show that the soil is sensitive to the dosage and 
moisture history of XG, but they do not directly show how these material-scale mechanisms 
control a set of individual XG-treated sand columns placed in soft clay under a shallow 
footing. In the current setup, the XG powder is dry-blended with the sand prior to column 
installation, and no extra water is added directly to the XG–sand mixture. The moisture 
redistribution from the surrounding clay during the conditioning period is therefore 
important for the development of polymer bonding. At the same time, each column is 
isolated by the clay, mechanically coupled to adjacent columns, and loaded by the overlying 
sand cushion. The footing response is therefore a result of coupled material, hydraulic, 
interface and group-interaction mechanisms, and not the strength of an isolated XG-treated 
sand specimen. 
This coupling is an important conflict between the mechanisms expected from conventional 
granular columns and those introduced by XG treatment. In the case of untreated columns, 
it is generally desirable to have closer spacing as the nominal area replacement ratio 
increases and the volume of weak clay between the adjacent columns decreases. Addition of 
XG can reinforce, weaken, or even reverse this geometric advantage if changes in polymer 
distribution, hydration, interparticle bonding, column stiffness, or column-clay compatibility 
affect load transfer in the reinforced zone. Increasing the XG dosage will improve the 
performance of the treated infill only if the additional polymer is able to contribute to the 
bonding process through adequate and reasonably uniform hydration. Column spacing and 
XG dosage are not independent improvement variables. 
The critical research gap is therefore not simply the absence of additional XG-treated soil 
tests, but the absence of controlled experimental evidence describing how column-group 
geometry interacts with dry-blended XG dosage when the treated sand is confined as 
discrete columns within soft clay and loaded through a shallow footing. Conventional 
granular-column research establishes the importance of spacing, area replacement ratio, 
confinement, and group interaction (Hughes and Withers, 1974; Andreou et al., 2008; 
Black et al., 2011; Killeen and McCabe, 2014), whereas the XG literature establishes the 
importance of dosage, hydration, preparation route, and moisture history (Chang et al., 
2015; Chen et al., 2019; Ni et al., 2021; Askari et al., 2025) . What remains unresolved is 
whether the conventional benefit of a denser column arrangement persists when the 
granular infill is modified by a hydration-dependent binder, and whether an XG dosage that 
is favorable at one spacing remains favorable when the group geometry changes. 
Accordingly, the present study evaluates the coupled influence of column spacing and dry 
XG dosage on the pressure–settlement response of a square footing resting on soft clay 
improved with a 50 mm sand cushion and a 4 × 4 group of sand columns. The column 
number, diameter, length, cushion thickness, footing dimensions, clay preparation condition, 
loading rate, and conditioning interval were maintained constant, while the clear column 
spacing was varied between 20 and 35 mm and the XG dosage between 0%, 0.5%, 1%, and 
2% by dry sand mass. These two spacings correspond to normalized center-to-center 
spacing ratios, (Sc/d), of 1.80 and 2.40. Untreated clay and cushion-only models were 
included as reference conditions so that the contribution of surface load spreading could be 
distinguished from the additional response associated with the column groups. The study 
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specifically examines whether spacing and XG dosage interact in controlling the pressure–
settlement response rather than attempting to derive a universal optimum dosage or design 
spacing. The comparison is made on the basis of the complete pressure–settlement 
response, pressure at (s/B = 11%), bearing capacity ratio, and spacing–dosage treatment 
contrasts. The conditioning period was short, column hydration and post-installation 
geometry were not directly measured, and finite rigid boundaries were used, so the trends 
and optimum configuration are considered to be model-scale experimental results and not 
generalized field-design values. 
 
2. MATERIALS AND METHOD  
 

2.1 Experimental Program 
 

The experimental program was designed to isolate the coupled effects of column-group 
spacing and XG dosage while keeping the other principal model parameters constant. A 60 × 
60 mm square footing was supported on soft clay improved with a 50 mm sand cushion and 
a 4 × 4 group of sixteen sand columns. The nominal diameter, d, of each column was 25 mm 
and the nominal length, L, was 150 mm. The fixed geometry was then d/B = 0.417, L/d = 6.0, 
and cushion thickness/B = 0.833. These dimensions are for the geometry of the present 
laboratory model and are not meant to be unique or optimum for a field-scale configuration. 
Both absolute and normalized spacing parameters were retained because the mechanical 
significance of column spacing depends on its magnitude relative to the column diameter. 
For the 25 mm nominal diameter, clear spacings of 20 and 35 mm correspond to g/d = 0.80 
and 1.40, while the corresponding center-to-center ratios are Sc/d = 1.80 and 2.40. 
Reporting Sc/d permits the local spacing geometry to be interpreted independently of the 
absolute laboratory dimensions and facilitates comparison with other granular-column 
configurations (Black et al., 2011; Al-Kazzaz and Al-Obaydi, 2021). However, these 
normalized ratios characterize local inter-column geometry only. Because the present tests 
used a finite 4 × 4 group with a constant number of columns, changing Sc/d also changed the 
total group footprint and finite-group replacement ratio. Normally spacing should therefore 
not be interpreted as the only geometric variable governing the measured footing response. 
The 20 mm spacing thus represents the denser interaction case where there is only 0.80d of 
clear clay separating adjacent nominal column surfaces, whereas the 35 mm spacing 
represents the more open interaction case with 1.40d of clear clay separating adjacent 
columns. The denser spacing gives a higher nominal replacement ratio and closer spacing 
between adjacent column influence zones, thus favoring stronger interaction between 
neighboring columns and the surrounding composite ground. The more open spacing 
increases the separation between adjacent columns influence zones and decreases the 
nominal replacement ratio due to the larger clay ligament between adjacent columns. The 
objective for using these two spacings was not to recommend specific 20 or 35 mm spacings 
but instead to set up a controlled difference in group interaction. When comparing the 
results, it is important to keep in mind that changing the spacing not only changes inter-
column separation, local group geometry, replacement ratio, and overall group footprint. but 
also changes the overall group footprint because the number of columns is kept constant at 
sixteen. 
The nominal column length was fixed at 150 mm (L/d = 6.0) such that the relative 
slenderness of the columns was held constant between spacing and dosage comparisons. 
Maintaining the relative column slenderness allowed the sand columns to interact with the 
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clay under the same relative embedded length without introducing column length as an 
independent variable. The thickness of the overlying sand cushion was kept constant at 50 
mm in all the column-supported models to ensure that the load transfer through the surface 
granular layer was similar for all the column-supported models. Thus, maintaining the 
cushion thickness also eliminated the effect of cushion thickness as an additional design 
factor. 
Each spacing was tested with XG dosages of 0%, 0.5%, 1%, and 2% by dry sand mass. The 
column number, nominal diameter, nominal length, footing dimensions, cushion thickness, 
target clay condition, loading rate, and conditioning duration were maintained constantly. 
References consisted of untreated clay (UC) and clay with the 50 mm sand cushion only (SC). 
All models containing XG were kept under covered conditions for three days prior to testing. 
This time period was only employed as a standard short-term conditioning period and is not 
regarded as a complete or uniform hydration period as described in Section 2.6. The 
diffusion-based screening and the lack of direct column and clay moisture-profile 
measurements are therefore explicitly considered as experimental limitations, and not as a 
reason to assume equilibrium hydration. 
 

2.2 Materials 
 

2.2.1 Clay Soil 
 

The foundation soil was classified as low-plasticity clay (CL) according to the Unified Soil 
Classification System. Particle-size analysis indicated approximately 53% clay-sized 
particles (<2 µm), 44% silt, and 3% sand. The measured organic content was below 0.01%, 
while the total dissolved solids (TDS) content was 2.21% and the pH was 7.2. The principal 
physical and index properties are summarized in Table 1, and the particle-size distribution 
is shown in Fig. 1. 

 
Table 1. Physical and index properties of the clay soil used in the model tests. 

 

Property Value Standard 
Specific gravity, Gs 2.69 (ASTM D854, 2014) 
Liquid limit, LL (%) 38 (ASTM D4318, 2017) 
Plastic limit, PL (%) 17 (ASTM D4318, 2017) 
Plasticity index, PI (%) 21 Calculated 
Sand (%) 3 (ASTM D422, 2007) 
Silt (%) 44 (ASTM D422, 2007) 
Clay (%) 53 (ASTM D422, 2007) 
USCS classification CL Based on test results 
Organic matter (%) < 0.01 (ASTM D2974, 2014) 
Total dissolved salts, TDS (%) 2.21 (ASTM D5907, 2018) 
pH 7.2 (ASTM D4972, 2019) 
Water content in preparation (%) 25 Adopted test condition 
Target Undrained shear strength, cu (kPa) ≈17 Vane shear test 

 
For preparation of the model beds, a water content of approximately 25% and an undrained 
shear strength, cu, of approximately 17 kPa were adopted as the target clay condition. Vane 
shear testing was used as a pre-loading preparation check rather than as a replicated 
characterization program for every model. Accordingly, the value of 17 kPa reported in 
Table 1 represents the nominal target condition used to prepare the soft-clay beds and 
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should not be interpreted as a statistically established mean strength common to all 
individual tests. The limitations of the retained vane-shear records and the resulting 
uncertainty in between-model strength consistency are discussed in Section 2.4. 

 

Figure 1. Particle-size distribution curve of the clay soil. 

 
2.2.2 Sand 
 

To avoid differences in the granular materials used for the two functions, the same sand was 
used for the surface cushion and the column infill. Sieve analysis showed that 95.8% passed 
sieve No. 4, 70.6% passed No. 30, 34.6% passed No. 50, 10% passed No. 100, and 5% passed 
No. 200, with a sulphate (SO₃) content of 0.28%. The grain-size sand distribution is plotted 
in Fig. 2. 

 
Figure 2. Particle-size distribution curve of the sand used for the cushion and sand 

columns. 
 
2.2.3 Xanthan Gum 
 

Xanthan gum (XG) was selected for the present experimental program because its powder 
form is compatible with the adopted dry-batching procedure and because hydration can 
subsequently develop viscous polymer networks and particle-bridging effects within the 
granular infill. The selection was method-specific and does not suggest that XG is universally 
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superior to guar gum, agar, or other biopolymers, whose behavior also depends on polymer 
chemistry, soil composition, water availability, concentration, and preparation method. 
(Jang and Jia, 2020; Moghal and Vydehi, 2021). 
The four different amounts of XG added were 0%, 0.5%, 1%, and 2% by dry sand mass. The 
0% value represents the case without adding XG and is necessary to distinguish between the 
effect of adding XG and the contribution of the sand columns. The three remaining values are 
chosen to represent low, medium, and higher contents of XG within a range previously 
explored in geotechnical applications. Previous studies on XG-treated soils show that the 
treatment efficiency depends on the dosage and that the highest content does not always 
produce the best results (Chang et al., 2015; Ni et al., 2021; Askari et al., 2025). For 
example, (Chang et al., 2015) concluded that the soils investigated in their study were 
effectively strengthened by around 1-1.5%. (Askari et al., 2025) studied the effects of XG 
dosages of 0.5%, 1%, and 2% for silty sand. Therefore, the current 0.5-2% range of XG 
dosages is chosen to cover a wide enough range to establish whether the treatment reveals 
a gradual increase or has an optimal content. The percentages are not recommended for use 
in field design, and the optimum found in this column test system should not be directly 
applied to other soils, preparation methods, or hydration conditions. 
The amounts of XG needed for each treated model are reported in terms of the dry sand mass 
that was used to fill the columns. The XG powder was batched by mass, mixed with the dry 
sand, and thoroughly mixed until no streaks or distinct clumps of XG were present. All 
treated models followed the same batching criteria and preparation protocol. XG was not 
added to the surrounding clay or the surface cushion. It was only added to the column sand.  
The adopted procedure controlled the nominal mass ratio and macroscopic visual 
homogeneity, but it did not verify microscale polymer distribution. No samples were taken 
from different parts of the dry mixture for polymer-content measurement, and no chemical 
mapping, microscopy, tracer test, or other quantitative mixing-uniformity assessment were 
performed. Accordingly, the statement that no visible segregation or agglomeration 
remained should not be interpreted as proof of uniform XG concentration throughout each 
column. Local differences in dry-powder distribution may therefore have persisted and, 
together with the unverified hydration distribution described in Section 2.6, represent 
potential sources of variability in the XG-treated responses. The XG powder used in the 
experimental program is shown in Fig. 3. 
 

 
 

Figure 3. Xanthan gum powder is used as a dry additive in the sand-column infill. 
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2.3 Model Setup and Testing Equipment 
 

Tests were performed in a steel box with a rigid wall of dimensions: 700 × 700 × 800 mm 
inside. A 60 × 60 mm square steel footing was placed in the center of the surface. 
Displacement was imposed through the hydraulic loading system at a constant rate of 1  
mm/min. This rate was selected with reference to the constant-rate penetration range of 
0.25–1.25 mm/min specified for cohesive soils in (ASTM D1143/D1143M, 2020), although 
that standard applies to axial testing of deep foundation elements and is used here only as a 
loading-rate reference rather than as a governing shallow-footing test standard.  
The footing was centered within the 700 × 700 mm plan area of the rigid steel box. The 
distance from the footing center to each side wall was therefore 350 mm, giving a clear 
footing-edge-to-wall distance of 320 mm, equivalent to 5.33B, where B = 60 mm. The 
internal box depth of 800 mm corresponded to 13.33B. The nominal overall widths of the 4 
× 4 column groups were 160 mm for g = 20 mm and 205 mm for g = 35 mm. Consequently, 
the minimum clear distances from the outside edge of the column group to the side wall were 
270 mm and 247.5 mm, corresponding to 4.50B and 4.13B, respectively. 
These normalized clearances position the footing and full columns a few footing widths away 
from the sidewalls in order to minimize the impact of the primary load region on the box 
walls. However, due to the presence of rigid steel sidewalls in the test container, it is not 
possible to show that there was no effect of the boundaries. In laboratory model tests, rigid 
lateral boundaries can restrict outward deformation of the soil and thereby modify stress 
spreading and confinement relative to an effectively unbounded soil mass. This 
consideration is particularly relevant to sand columns because their response depends on 
lateral confinement from the surrounding clay (Black et al., 2011; Killeen and McCabe, 
2014). 
The same box and footing position were used for every test, which maintained a common 
boundary condition throughout the experimental program. However, changing the column 
spacing also changed the overall group footprint; therefore, the outer columns of the g = 35 
mm array were closer to the walls than those of the g = 20 mm array. No companion tests 
were performed using a larger container or alternative boundary clearances. Accordingly, 
any residual influence of the rigid walls on lateral clay deformation, stress redistribution, or 
column confinement cannot be quantified or completely separated from the measured 
spacing effect. The resulting comparisons are therefore interpreted as model-scale 
responses under the reported finite-boundary conditions rather than as boundary-
independent field responses. The testing arrangement and principal dimensions are shown 
in Figs. 4 and 5 and summarized in Table 2. 
 
2.4 Preparation of Model Beds 
 

The clay used for each model was prepared using the same material source and a common 
preparation procedure. Water content was adjusted before placing the clay towards the 
desired value of about 25%. Clay was then placed in layers, hand-compacted in the same way 
and leveled to create the model bed. Controlling the material source, water content, 
placement sequence and hand-compaction procedure was intended to minimize 
preparation differences between the model tests. 
Water content and vane-shear tests were conducted before loading to determine if the 
prepared clay was suitable for the soft-clay condition. The target preparation condition was 
an undrained shear strength of cu ~ 17 kPa. The retained experimental records, however, 
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do not include a complete set of individual vane-shear readings for each model, replicate 
measurements within each bed, or a pre-defined numerical acceptance band around 17 kPa. 
Therefore, a model-by-model cu dataset cannot be reconstructed and the mean, standard 
deviation, coefficient of variation, or statistical equivalence of clay strength between the 
various tests cannot be reported. The value cu ≈ 17 kPa should therefore be understood as 
the nominal strength condition aimed for in the preparation of the models, not as an 
indication that all clay beds had the same undrained shear strength. Procedural control was 
achieved by using the same source of clay, target water content, placement procedure, hand-
compaction method, and pre-loading vane check, but some between-model variation in clay 
consistency cannot be ruled out. Any uncertainty in the value of cu is a source of 
experimental uncertainty because both footing response and column confinement depend 
on the surrounding clay strength. 

 
Figure 4. Schematic layout of the model testing setup. 

 

 
Figure 5. Laboratory arrangement used for static loading of untreated and improved clay 

models. 
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The untreated-clay model (UC), the sand-cushion reference model (SC), and all column-
supported models were prepared using this same nominal bed-preparation procedure. 
Comparisons among configurations are therefore made on the basis of a common target clay 
condition, while the absence of retained replicate cu measurements is explicitly considered 
when interpreting relatively small differences between individual tests. 

 

Table 2. Model geometry and testing equipment used in the experimental program. 
 

Item Description / Value 
Model box dimensions 700 × 700 × 800 mm 
Footing shape and size Square, 60 × 60 mm 
Load-measuring device 5-tonne S-shaped load cell 
Settlement-measuring device Two LVDTs (averaged) 
Data acquisition PC-based system with LabView 
Column type and number Sand columns; 16 in 4 × 4 group 
Column diameter and height 25 mm; 150 mm 
Column spacing (Case 1 / Case 2) 20 / 35 mm clear spacing; Sc = 45 / 60 mm 
Sand cushion thickness 50 mm 
Xanthan gum contents tested 0%, 0.5%, 1%, and 2% by dry sand mass 
XG conditioning interval 3 days under covered conditions; complete or 

uniform hydration was not verified 
Footing-edge-to-wall clearance 320 mm = 5.33B 
Box depth 800 mm = 13.33B 
Nominal group width, g = 20 mm 160 mm = 2.67B 
Nominal group width, g = 35 mm 205 mm = 3.42B 
Group-edge-to-wall clearance, g = 20 mm 270 mm = 4.50B 
Group-edge-to-wall clearance, g = 35 mm 247.5 mm = 4.13B 
Loading mode and rate Displacement controlled, 1 mm/min 
Time to s/B = 11% Approximately 6.6 min 
Drainage condition Short-duration loading intended to limit drainage; 

undrained condition not verified 
 

2.5 Preparation of Sixteen-Column Models 
 

The sixteen column locations were symmetrically marked in a 4 × 4 array. At each location, 
a steel sleeve with an internal diameter of 25 mm was inserted to a depth of 150 mm. 
Untreated sand or XG–sand was then placed into the sleeve in successive lifts and compacted 
manually while the sleeve provided temporary lateral confinement. After filling, the sleeve 
was withdrawn gradually and approximately axially while the infill was retained in place, 
with the intention of limiting drag on the column material and disturbance of the 
surrounding clay. 
The installed column geometry was not instrumentally verified during or after sleeve 
extraction. In particular, no measurements were made of radial deformation, post-extraction 
column diameter, local necking or enlargement, extraction-induced suction, or the spatial 
extent of disturbance in the adjacent clay. Consequently, the reported diameter of 25 mm 
represents the nominal forming diameter defined by the sleeve rather than a measured post-
installation column diameter. The calculated (Sc/d) ratios and nominal area replacement 
ratios therefore also refer to the intended geometry and should not be interpreted as 
measurements of the final in-soil column cross-sections. 
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This limitation is physically relevant because the withdrawal of the sleeve can locally change 
the cross-section of the column or affect the column–clay interface by drag suction or 
remolding of the surrounding soft clay. Such effects could modify lateral confinement, 
interface stress transfer, and the effective amount of granular material participating in the 
reinforced zone. The measured footing response is not distinguishable from the effects of 
spacing and XG dosage due to the lack of measurement of these quantities, and therefore, the 
effects of geometric and interface variability cannot be separated from the effects of spacing 
and XG dosage. The same installation sequence was, however, used for all column models to 
ensure procedural consistency, and the comparisons made are therefore interpreted as 
responses of columns prepared by a common nominal installation method, not as tests of 
geometrically verified columns. 
The 4×4 configuration was chosen not as an assumed optimum or field-design configuration, 
but as a controlled finite-group configuration. The fourfold geometric symmetry about the 
center of the square footing was provided by an even square array, and the same sixteen-
column configuration was maintained with varying spacing and XG dosage. More important, 
sixteen columns were used to give relatively internal and peripheral positions within the 
treated zone, so that the footing–cushion system could be applied to a real column group 
instead of a single column or a very small group of columns. This is important because the 
response of small granular-column groups is dependent on inter-column and footing 
interaction, and peripheral columns may respond differently than more confined internal 
columns (Black et al., 2011; Killeen and McCabe, 2014). The 4 × 4 layout was not chosen 
to simulate an infinite column grid or to determine an optimum number of columns, but 
rather to provide a common experimental platform for comparing the two spacing–dosage 
series. The effect of the number of columns alone cannot be distinguished from the reported 
response as only one group size was tested. The nominal geometry is presented in Fig. 6 and 
the installed group prior to the sand cushion 50 mm is presented in Fig. 7. 
 

 
 

Figure 6. Plan view of the 4 × 4 arrays. The reported 20 and 35 mm values are clear edge-
to-edge spacings; Sc/d = 1.80 and 2.40, respectively. 
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Figure 7. Layout of the 4 × 4 sand columns embedded in the clay bed prior to placement of 
the 50 mm sand cushion. 

 
2.6 Preparation of Xanthan-Modified Columns 
 

XG was dry-mixed with the sand before column installation, and the same installation 
procedure was applied to all untreated and XG-modified column models. After preparation, 
the XG-containing models were maintained under covered conditions for three days before 
loading. This interval was adopted as a standardized short-term conditioning period so that 
all treated models were tested after the same elapsed time while uncontrolled surface 
evaporation was limited. The three-day interval is not considered evidence of complete 
curing or uniform XG hydration because the development of XG bonding is strongly 
dependent on moisture availability and hydration–drying history (Chang et al., 2015; Chen 
et al., 2019). 
Because water was not added directly to the XG–sand infill, the moisture required for XG 
hydration had to originate from the surrounding clay. The maximum nominal radial 
transport distance from the column–clay interface to the center of the 25 mm diameter 
column was 12.5 mm. For diffusion-controlled transport, the characteristic diffusion time 
varies with the square of the transport distance divided by the diffusion coefficient (Dentz 
et al., 2023). This relationship was used here only as an order-of-magnitude screening tool 
to determine the effective diffusivity that would correspond to a characteristic transport 
distance equal to the nominal column radius during the three-day conditioning interval. 
The screening calculation is expressed as: 

𝐷𝑒𝑟𝑒𝑞 =
𝑅2

𝑡𝑐
                                                                                                                                                  (1) 

 

where 𝐷𝑒𝑟𝑒𝑞 is the characteristic effective diffusivity required for a transport distance of the 

order of the nominal column radius during the conditioning interval, R is the nominal radial 
transport distance (0.0125 m), and tc is the conditioning time (259,200 s).  

By applying the values in the equation, this leads to 
(0.0125)2

259200
=  6.03 𝑥 10−10 𝑚2/𝑠 

Eq. (1) indicates that an effective diffusivity of the order of 6.03 x 10-10 m2/s would be 
required for the characteristic diffusion length to become comparable with the nominal 
column radius within three days. The value is not a measured diffusivity of the clay-column 
system and does not show that moisture was actually delivered to the center of the column. 
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It just provides a transport scale threshold as per the diffusion relationship reported by 
(Dentz et al., 2023). Other factors such as the hydraulic characteristics of the clay, suction, 
the column-clay interface, pore structure of the sand column, and changes occurring in the 
XG-sand mixture during hydration can also impact the actual moisture transfer process. 
The clay–column system did not yield any effective moisture diffusivity, hydraulic 
conductivity or suction measurements. Furthermore, no water content measurements were 
made at the perimeter or center of the column after conditioning, and no radial moisture-
loss profile was measured in the surrounding clay. Thus, from the present experiments it is 
not possible to determine whether three days was enough time for moisture to reach and 
adequately hydrate the entire 25 mm column. The three days should therefore be taken as a 
period of equal conditioning and not as a proven hydration period. A significant 
experimental limitation and potential source of variation in the XG-treated responses is 
incomplete or spatially non-uniform hydration. Replicated testing should be conducted in 
the future to directly measure water-content profiles in the column and adjacent clay, 
suction, and moisture-transport properties to confirm the extent and uniformity of 
hydration. The test matrix and the normalized spacing, two complementary measures of 
replacement ratio, and the available compaction information are summarized in Table 3. 
The conventional square unit-cell ratio, ascell, is preserved as representing the local 
geometric effect of center-to-center spacing and is often used when interpreting regular 
granular-column arrays (Black et al., 2011; Killeen and McCabe, 2014). A second 
quantity, asgroup, is also reported, which is the total nominal column area divided by the 
square plan area enclosed by the outer edges of the group, as in the present experiments. 
This distinction prevents the unit-cell ratio from being misinterpreted as the actual finite-
group footprint replacement ratio. 
 

Table 3. Test matrix, normalized geometry, area replacement ratios, and compaction-density 
reporting. 

 

Model 
code 

Description Array g 
(mm) 

Sc/d XG 
(%) 

𝒂𝒔𝒄𝒆𝒍𝒍 
(%) 

Wg 
(mm) 

𝒂𝒔𝒈𝒓𝒐𝒖𝒑  

(%) 

Dry unit 
weight, 𝛾𝑑 
(kN/m3) 

UC Untreated clay 
bed 

— — — — — — — — 

SC Clay + 50 mm 
cushion 

— — — — — — — — 

16SC-S20-
0XG 

Cushion + 
untreated 
columns 

4 × 4 20 1.80 0 24.24 160 30.68 NR 

16SC-S20-
0.5XG 

Cushion + 
0.5% XG 
columns 

4 × 4 20 1.80 0.5 24.24 160 30.68 NR 

16SC-S20-
1XG 

Cushion + 1% 
XG columns 

4 × 4 20 1.80 1 24.24 160 30.68 NR 

16SC-S20-
2XG 

Cushion + 2% 
XG columns 

4 × 4 20 1.80 2 24.24 160 30.68 NR 

16SC-S35-
0XG 

Cushion + 
untreated 
columns 

4 × 4 35 2.40 0 13.64 205 18.69 NR 
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16SC-
S35-
0.5XG 

Cushion + 
0.5% XG 
columns 

4 × 4 35 2.40 0.5 13.64 205 18.69 NR 

16SC-
S35-1XG 

Cushion + 1% 
XG columns 

4 × 4 35 2.40 1 13.64 205 18.69 NR 

16SC-
S35-2XG 

Cushion + 2% 
XG columns 

4 × 4 35 2.40 2 13.64 205 18.69 NR 

Note: Sc = d + g, where d = 25 mm. The unit-cell replacement ratio was calculated as 𝑎𝑠𝑐𝑒𝑙𝑙  =  100 ∗ 𝑝𝑖 ∗
𝑑2

(4∗𝑆𝑐2)
 , 

giving 24.24% and 13.64% for g = 20 and 35 mm, respectively. For the finite 4 × 4 square groups, the nominal 
group width was calculated as Wg = d + 3Sc, giving Wg = 160 and 205 mm. The corresponding finite-group 

footprint replacement ratio was calculated as 𝑎𝑠𝑔𝑟𝑜𝑢𝑝 =  100 ∗ 16 ∗ 𝑝𝑖 ∗
𝑑2

4∗𝑊𝑔2
, giving 30.68% and 18.69%, 

respectively. Both calculations use the nominal sleeve diameter; post-installation column diameters were not 
measured. NR = not recorded. Neither a target nor an achieved dry unit weight was retained for the column infill; 
therefore, no compaction-density value has been reconstructed retrospectively. 
 

The original experimental records did not retain either a prescribed target dry unit weight 
or measured achieved dry unit weight for the sand or XG–sand column infill. Column 
construction was controlled procedurally by using the same successive-lift placement and 
manual-compaction method for all models, but procedural consistency cannot demonstrate 
equal density. This is an important limitation because granular-column resistance is affected 
by backfill density, friction, and stiffness (Al-Saoudi et al., 2013; Mohammed, 2015). 
Therefore, possible between-model variation in column compaction cannot be separated 
quantitatively from the effects of spacing and XG dosage. 
 
2.7 Loading Procedure and Data Reduction 
 

The footing was centered on the prepared model surface and loaded under displacement 
control at a constant rate of 1 mm/min. The selected rate lies within the 0.25–1.25 mm/min 
constant-rate penetration range specified for cohesive soils in (ASTM D1143/D1143M, 
2020). The ASTM procedure relates specifically to deep foundation elements; therefore, it is 
cited here only as a reference for the adopted displacement rate and not as evidence that the 
present shallow-footing model tests fully conform to (ASTM D1143/D1143M, 2020). 
The principal comparison criterion used in this study was s/B = 11%, corresponding to a 
footing settlement of 6.6 mm. At 1 mm/min, this settlement was reached approximately: 

𝑡11 =
6.6

1.0
= 6.6 𝑚𝑖𝑛. Thus, the principal bearing comparisons were obtained during a 

relatively short loading interval. The selected rate was intended to restrict the time available 
for drainage from the low-permeability clay and thereby emphasize short-term response. 
However, undrained conditions were not experimentally verified. No pore-water-pressure 
transducers were installed, and neither excess pore-pressure generation nor dissipation was 
measured during loading. 
The drainage condition is further complicated by the presence of the sand columns. 
Untreated sand columns may provide preferential drainage paths through the clay, while XG 
addition may alter water movement within the column infill. Hydraulic conductivity of the 
untreated and XG-modified columns was not measured. Consequently, identical drainage 
conditions cannot be assumed for all configurations, and the observed pressure–settlement 
response should not be interpreted as a rigorously verified undrained bearing-capacity 
response. The results are therefore described as short-duration model responses obtained 
under a common imposed loading rate, with the extent of drainage remaining an 
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experimental uncertainty. All measured loads were converted to pressure, according to Eq. 
(2): 
 

    𝑞 =  
𝑃

𝐴
 (2) 

 

where q is the applied surface pressure, P is the measured vertical load, and A is the footing 
area (60 × 60 mm). The footing settlement was expressed as a settlement ratio using Eq. (3):  
 

   
𝑠

𝐵
(%) =  (

𝑠𝑒𝑡𝑡𝑙𝑒𝑚𝑒𝑛𝑡

𝑏𝑟𝑒𝑎𝑑𝑡ℎ 𝑜𝑓 𝑓𝑜𝑜𝑡𝑖𝑛𝑔
) ×  100 (3) 

 
where s is footing settlement and B = 60 mm.  
The pressure–settlement curves did not exhibit a distinct peak from which a unique ultimate 
bearing pressure could be identified. A common settlement-based reference was therefore 
required for consistent comparison among the untreated, cushion-only, and column-
supported models. In model stone-column testing, (Fattah et al., 2011) evaluated several 
failure definitions and reported a criterion in which the comparison settlement is taken as 
the smaller of 0.5d and 0.11B. In the present geometry, 0.5d = 12.5 mm, whereas 0.11B = 6.6 
mm. The smaller value is therefore 6.6 mm, corresponding to s/B = 0.11 or 11%.  
The value s/B = 11% was consequently adopted as a common deformation-based 
comparison criterion for extracting pressure, BCR, and treatment contrasts from all tests. Its 
purpose is to provide an identical normalized settlement at which configurations can be 
compared; it is not interpreted as a universal ultimate-bearing-capacity criterion, a 
serviceability settlement limit, or direct evidence that physical failure occurred at that 
displacement. The complete pressure–settlement curves are therefore retained and 
discussed together with the values extracted at s/B = 11%. 
The bearing performance of each improved model was evaluated using the bearing capacity 
ratio (BCR), defined by Eq. (4) as the applied surface pressure of the improved model divided 
by the applied surface pressure of the untreated clay at the same settlement ratio: 
 

    𝐵𝐶𝑅 =
𝑞𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑

𝑞𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
 (4) 

 

The relative performance of each improved configuration was presented in terms of the 
bearing capacity ratio (BCR), which is the ratio of the pressure carried by the improved 
model to that carried by the untreated clay at the same normalized settlement. The main 
BCR values reported in the present study are those for s/B = 11%. The term BCR is used for 
consistency with granular-column literature, but the reported values are settlement-based 
comparative ratios and should not be interpreted as ratios of independently determined 
ultimate bearing capacities. 
The percentage change relative to the untreated clay at s/B = 11% was calculated using Eq. 
(5): 
 

    𝐶ℎ𝑎𝑛𝑔𝑒 (%) =  [
(𝑞𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑− 𝑞𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)

𝑞𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
] ×  100 (5) 

 
2.8 Repeatability and Statistical Scope 
 

One model test was performed for each spacing–dosage condition. The two symmetrically 
positioned LVDTs were averaged to reduce the influence of settlement-reading asymmetry, 
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but these measurements are not independent experimental replicates. Consequently, 
within-condition standard deviations, confidence intervals, and inferential comparisons 
such as ANOVA cannot be calculated from the present dataset.  
The same limitation applies to verification of clay-bed consistency. Although the beds were 
prepared using the same clay source, target water content, placement and hand-compaction 
procedure, and a target cu of approximately 17 kPa, the retained records do not include 
replicate vane-shear measurements or a complete model-by-model strength dataset. 
Therefore, between-model variability in cu cannot be quantified statistically. Possible 
differences in the initial clay condition must consequently be considered together with other 
preparation uncertainties when interpreting the measured pressure differences. 
The analysis is therefore limited to pressure–settlement responses, pressures at s/B = 11%, 
BCR values, normalized geometry, and descriptive treatment contrasts. The observed 
differences are used to detect model-scale trends and are not considered statistically 
significant effects. Replicate model tests with documented water content and vane shear 
measurements for each prepared clay bed would be needed to increase confidence in the 
isolated effects of spacing and XG dosage. 
 
3. RESULTS AND DISCUSSION 
 

This section compares the pressure-settlement curves, BCR, and pressure at s/B = 11%. UC 
is the reference. Interpretation focuses on the separate and coupled effects of the cushion, 
column geometry, and XG dosage. 
 

3.1 Reference Models: Untreated Clay and Sand Cushion 
 

UC reached 98.24 kPa at s/B = 11%. Adding the 50 mm cushion increased the pressure to 
110.76 kPa, a gain of 12.74%. The modest increase is consistent with stress spreading 
beneath the footing; the cushion does not provide deep reinforcement. 
 

3.2 Response of the 20 mm Spacing Group 
 

There is a comparison between the 20 mm clear-spacing group and the two references in 
Fig. 8. At s/B = 11%, the untreated-column model (16SC-S20-0XG) reached 119.46 kPa, 
compared with 98.24 kPa for UC., which is a stiffer composite zone. The 0.5% XG model 
reached only 95.995 kPa. This result indicates that reduction of the binder content could 
have resulted in less contact with the direct sand and insufficient—or insufficiently 
uniform—bonds, which was a mechanistic explanation for the result, and was not 
independent of mixing or hydration variation in the current single tests.  
The pressure at 1% XG was 117.326 kPa, which was a little lower than that of the untreated 
column. The 2% model was the strongest in the 20 mm group, with a pressure of 129.088 
kPa. The endpoint order was 2% XG > 0% XG > 1% XG > 0.5% XG. Non-monotonic response 
indicates that the response is not always related to dosage. 
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Figure 8. Applied surface pressure versus settlement ratio for the g = 20 mm models and 

reference cases. Distinct line and marker styles are used for monochrome readability. 
 

3.3 Response of the 35 mm Spacing Group 
 

The 35 mm clear-spacing group is given on Fig. 9. The untreated-column model was able to 
reach 99.92 kPa, which was 1.71% away from UC. The treated columns did not offer much 
extra resistance at the lower nominal replacement ratio. The pressure for 0.5% XG reached 
126.77 kPa, despite the lower nominal replacement ratio and more open spacing. The 
highest pressure for the program was 174.15 kPa in 16SC-S35-1XG. 

 
Figure 9. Applied surface pressure versus settlement ratio for the g = 35 mm models and 

reference cases. Distinct line and marker styles are used for monochrome readability. 
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With the increase of XG to 2% the pressure drops to 124.35 kPa. The causes are likely to be 
agglomeration, non-uniform hydration, change of contact between sand and the other 
aggregate, and/or local stiffness incompatibility, which were not measured separately. The 
endpoint order was 1% XG > 0.5% XG > 2% XG > 0% XG. 

 

3.4 Influence of Column Spacing 
 

The influence of spacing depended strongly on XG dosage. For the untreated columns, 
reducing the clear spacing from 35 to 20 mm increased the pressure at s/B = 11% from 99.92 
to 119.46 kPa. This response is consistent with conventional granular-column behavior 
because the denser 20 mm arrangement contains less intervening clay and has a higher 
nominal area replacement ratio. The normalized geometry also changes from Sc/d = 2.40 
and g/d = 1.40 for the 35 mm array to Sc/d = 1.80 and g/d = 0.80 for the 20 mm array. 
Accordingly, the untreated response is consistent with stronger composite interaction as 
neighboring columns are brought closer together (Black et al., 2011; Al-Kazzaz and Al-
Obaydi, 2021). 
This conventional trend did not persist after XG addition. At 0.5% XG, the 35 mm array 
exceeded the 20 mm array by 30.775 kPa, while at 1% XG the difference increased to 56.824 
kPa, equivalent to 48.4% relative to the 20 mm value. At 2% XG, the difference decreased to 
-4.738 kPa, with the 20 mm array producing a slightly higher response. Therefore, reducing 
spacing did not consistently improve the XG-modified column system. 
These results indicate that the spacing effect cannot be interpreted solely through nominal 
replacement ratio or overlap of neighboring column influence zones once XG is introduced. 
Binder development, hydration, modified column stiffness, and column–clay interaction may 
alter the conventional geometric response. These mechanisms were not measured 
independently and are therefore proposed only as possible explanations. Furthermore, 
because the same sixteen columns were retained, changing spacing also altered the total 
group footprint. The reported contrasts consequently represent the response of the two 
tested array geometries rather than a pure spacing effect at constant treatment footprint.  
 

3.5 Bearing Capacity Ratio 
 

BCR is plotted against the range of settlements measured as shown on Fig. 10. At s/B = 11%, 
the highest BCR was 1.773 for 16SC-S35-1XG, and the lowest was 0.977 for 16SC-S20-0.5XG. 
The full curves and the endpoints all indicate that 2% XG was best at 20 mm spacing, and 1% 
was best at 35 mm spacing. 

 
Figure 10. Variation of BCR with settlement ratio.  
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3.6 Summary at the Common Comparison Settlement (s/B = 11%) 
 

Table 4 and Figs. 11 and 12 summarize the measured response at the common comparison 
settlement of s/B = 11%. This settlement was selected as described in Section 2.7 to provide 
a consistent normalized deformation level across all configurations rather than to define a 
universal ultimate bearing capacity. At this point, the sand cushion increased the applied 
pressure by 12.74% relative to untreated clay. The best-performing 20 mm configuration 
was 16SC-S20-2XG, with 129.088 kPa and BCR = 1.314, whereas the highest response in the 
complete test series occurred for 16SC-S35-1XG, with 174.15 kPa and BCR = 1.773. These 
values are therefore interpreted as comparative pressures and BCR values at the specified 
deformation level. 
 

Table 4. Applied surface pressure, settlement-based BCR, and percentage change relative to 
untreated clay at the common comparison settlement of s/B = 11%. 

 
Model Pressure at s/B = 11% (kPa) BCR Change vs. UC (%) 

Untreated clay (UC) 98.24 1.000 0.00 
Sand cushion (SC) 110.76 1.127 +12.74 

16SC-S20-0XG 119.46 1.216 +21.60 
16SC-S20-0.5XG 95.995 0.977 −2.29 
16SC-S20-1XG 117.326 1.194 +19.42 
16SC-S20-2XG 129.088 1.314 +31.40 
16SC-S35-0XG 99.92 1.017 +1.71 

16SC-S35-0.5XG 126.77 1.290 +29.04 
16SC-S35-1XG 174.15 1.773 +77.27 
16SC-S35-2XG 124.35 1.266 +26.58 

 

Figure 11. Applied surface pressure at the common comparison settlement of s/B = 11% 
for all tested models. 
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Figure 12. Settlement-based bearing capacity ratio at s/B = 11% for all tested models. 

 

3.7 Discussion of Xanthan Dosage and Spacing Interaction 
 

The endpoint rankings and pressure–settlement responses indicate a non-monotonic 
spacing–dosage interaction. The 20 mm clear-spacing array yielded a higher pressure than 
the 35 mm array for untreated columns, as expected, due to the higher nominal area 
replacement ratio of the denser array. The spacing effect, however, reversed with dosage 
after XG addition. The 35 mm array gave the best response at 1% XG, while increasing XG 
dosage from 1% to 2% reduced the response; however, the 2% case remained above the 0% 
case., and at 20 mm spacing the highest response was obtained at 2% XG. The reversals 
suggest that the measured response is not simply monotonic with either nominal column 
density or XG dosage. 
The spacing comparison also includes a change in the overall footprint of the sixteen-column 
group. When the column number and nominal diameter are fixed, the nominal group width 
increased from 160 to 205 mm (2.67B to 3.42B) with the increase of clear spacing from 20 
to 35 mm. The experimental variable should therefore be understood as array spacing and 
the geometry of the array groups, and not as a change in inter-column distance under the 
same treatment footprint. The larger footprint also brings the outer columns closer to the 
model boundaries, but the minimum nominal group-edge clearances were 4.50B and 4.13B 
for the 20 and 35 mm arrays, respectively. No boundary-sensitivity series or other group 
sizes were tested, so the individual effects of inter-column spacing, group footprint, 
peripheral-column behavior, and residual box restraint cannot be measured. 
Possible mechanisms include differences in polymer-bond development, grain contact, 
moisture redistribution, column stiffness, clay confinement, and column–clay interaction. 
These mechanisms were not directly measured and are therefore not experimental isolation 
of causes. The dry-mixing process controlled the nominal XG mass fraction and prevented 
any visible segregation or agglomeration, but the spatial distribution of XG in the sand was 
not quantitatively measured. Therefore, the non-monotonic response cannot be ruled out to 
be due to local polymer-concentration variability. This uncertainty is compounded by the 
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unconfirmed post-installation column geometry and hydration distribution and makes it 
difficult to isolate the differences measured from the XG dosage alone . 
The diffusion-based screening in Eq. (1) suggests that a characteristic effective diffusivity of 
~6.03 𝑥 10−10 𝑚2/𝑠 would be needed for a characteristic transport distance of ~12.5 mm 
over three days (Dentz et al., 2023). But the real effective diffusivity, hydraulic conductivity, 
suction and moisture distributions were not measured. The calculation thus does not prove 
that the column center was hydrated during the conditioning period. The difference in 
hydration between the outer and inner parts of the column is therefore still a potential 
source of the measured response. 
Finite-box effects also limit separation of the spacing response from the experimental 
boundary condition. The rigid steel walls could potentially restrict lateral clay deformation 
and modify confinement of the column group. The general boundary condition was common 
to all tests, but its influence was not necessarily the same for the two group footprints, since 
the same box was used throughout. No boundary sensitivity series was performed, and the 
size of any resulting bias is unknown. The spacing–dosage trends should therefore be 
interpreted as comparisons between the tested finite model configurations and not as 
boundary independent column-group behavior. 
Another source of uncertainty is initial clay consistency. All models were made from the 
same material, with the same target water content, placement procedure, and nominal cu ≈ 
17 kPa condition, but complete model-by-model vane-shear records were not kept. Thus, 
small variations in the initial strength of the clay cannot be ruled out as a factor in the 
measured response. This uncertainty further supports the use of the reported pressure 
differences as descriptive treatment contrasts instead of statistically isolated effects of 
spacing or XG dosage . 
Therefore, the differences measured between the configurations should be considered as the 
sum of the responses of the models prepared with the given nominal geometries, XG dosages, 
common installation procedure and equal conditioning duration. The measured response 
cannot be attributed solely due to spacing or XG dosage, but also to potential installation and 
hydration variability. This qualification is particularly important for relatively small 
treatment contrasts. The larger spacing–dosage ranking reversals are still useful descriptive 
model-scale observations, but the apparent optimum needs to be confirmed by replicated 
experiments that include direct measurements of installed column geometry, moisture 
distribution, and treatment uniformity. 
 
3.8 Interaction Contrasts and Statistical Scope 
 

Across the four XG dosages, changing the clear spacing from 20 to 35 mm changed the 
pressure at s/B = 11% by -19.540, +30.775, +56.824, and -4.738 kPa for 0%, 0.5%, 1%, and 
2% XG, respectively. The change in sign with dosage and the particularly large contrast at 
1% XG provide descriptive evidence that the effect of spacing depended on XG dosage rather 
than following a single monotonic trend. 
These values are treatment contrasts and not statistical significance tests because only one 
bearing test was conducted for each configuration. In addition, although all clay beds were 
prepared using the same procedure and approximately 17 kPa was used as the target 
undrained shear strength, replicate pre-test vane measurements were not retained for each 
model. Exact between-model variability in cu therefore cannot be quantified. Possible 
differences in remolded-clay consistency, together with the previously identified 



Journal of Engineering, 2026, 32(10) 
 

M. J. Yahya et al.  

 

45 

uncertainties in column installation, XG distribution, hydration, and finite boundaries, may 
contribute to some of the measured differences. 
Accordingly, relatively small contrasts should be interpreted cautiously, while the larger 
changes and reversals in configuration ranking are retained as descriptive model-scale 
trends. Replicated bearing tests accompanied by documented spatial vane-shear 
measurements are required before statistical significance or independent treatment effects 
can be established. 
 

3.9 Comparison with Conventional and Numerical Column Studies 
 

The basic mechanisms of conventional sand and stone columns are the stiffness of the grains, 
friction, dilation, and confinement of the clay. The effects of a smaller gap or higher 
percentage of coverage have been reported in published experiments (Black et al., 2011; 
Al-Kazzaz and Al-Obaydi, 2021). The same trend is seen in this study with the untreated 
columns, with the denser array of g = 20 mm outperforming the g = 35 mm array. The 
difference between the bonded infill and the normal stone-column behavior is noted at 0.5% 
and 1% XG. The numerical studies demonstrate that the stiffness ratio of the column-soil 
assembly, interface transfer, and a granular blanket have an impact on footing settlement 
and stress concentration (Hegde and Sitharam, 2013; Killeen and McCabe, 2014). The 
mechanisms are qualitatively consistent with the present interpretation, but no direct 
numerical validation is claimed as the geometries and constitutive models are different, as 
are the drainage conditions and the material. 
 

3.10 Durability, Biodegradation, and Groundwater Implications 
 

The present experiments characterize only the short-term bearing response obtained after 
a three-day covered conditioning period and therefore provide no direct evidence of long-
term durability. This distinction is particularly important for XG because its soil-binding 
response is moisture dependent. Repeated wetting can modify the condition and continuity 
of hydrated polymer bonds, whereas drying alters water distribution and may increase 
apparent strength through the development of stronger polymer–particle bonding. 
Consequently, the short-term resistance measured in the present models should not be 
assumed to remain unchanged under seasonal or groundwater-induced moisture variations 
(Chang et al., 2015; Chen et al., 2019). Experimental severe-weathering evidence has also 
demonstrated degradation of mechanical performance in XG-treated soils subjected to 
repeated environmental exposure (Lee et al., 2022). 
Long-term application additionally requires consideration of biodegradation and 
groundwater interaction. XG is an organic polysaccharide; therefore, its persistence in soil 
can be influenced by biological activity and environmental conditions, while changes in 
pore-water chemistry may affect polymer hydration, adsorption, viscosity, and interaction 
with soil particles (Jang and Jia, 2020; Moghal and Vydehi, 2021). These mechanisms 
were not measured in the present investigation, and no conclusions are therefore drawn 
regarding biodegradation rate, polymer leaching, groundwater compatibility, or retention of 
bearing improvement with time. Before field implementation, the proposed column system 
should be evaluated through saturated and cyclic wetting–drying tests, hydraulic-
conductivity measurements, groundwater-chemistry sensitivity tests, biodegradation and 
leachate assessments, and sustained or repeated loading under longer conditioning periods. 
Accordingly, the bearing improvements reported in this study should be interpreted as 
short-term model-scale performance rather than evidence of durable field stabilization. 
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4. CONCLUSIONS 
 

The following conclusions apply to the tested model geometry, material preparation, short 
conditioning interval, loading procedure, and the adopted s/B = 11% comparison criterion. 
The latter provides a common normalized deformation level for comparison among the 
models and is not proposed as a universal ultimate-capacity or field serviceability limit: 
• The 50 mm cushion raised pressure from 98.24 to 110.76 kPa. Untreated columns raised 

it to 119.46 kPa at 20 mm clear spacing but only 99.92 kPa at 35 mm. 
• The strongest configuration was 35 mm clear spacing with 1% XG, which reached 174.15 

kPa and BCR = 1.773. The best 20 mm configuration used 2% XG and reached 129.088 
kPa. 

• The dosage effect was non-monotonic. Closer spacing or higher XG dosage alone did not 
guarantee a larger response; Sc/d and XG dosage must be selected together. 

• Relative to conventional granular-column trends and published numerical mechanisms, 
the untreated results are consistent with the benefit of higher replacement ratio, 
whereas the XG-treated reversals indicate an added bonding and hydration control. 

The field application will need to be validated by repeat testing with documented in situ 
values for clay undrained shear strength, confirmation of actual post-installation column 
dimensions and contact surface, moisture profile of the column and adjacent clay, pore-
water-pressure and suction measurements during loading, hydraulic conductivity of the 
untreated and XG-treated columns, measured compaction density, other group size and 
spacing, exposure to wetting and groundwater, and larger models. The reported optimum is 
therefore provisional and specific to the tested material preparation, nominal geometry, 
installation procedure, conditioning interval, loading rate, drainage condition, finite 
boundaries, and model scale rather than general design value. The approximately 17 kPa 
clay strength was an objective and targeted soil strength preparation condition. It does not 
imply that the individual beds were statistically equal. The three-day conditioning time is a 
controlled period. It does not mean that all the material became thoroughly moistened. The 
slow 1 mm/min loading rate yielded a short-term response; it is not intended to be 
undrained. 
 
NOMENCLATURE 
 

Symbol Description Symbol Description 
A Footing area, m². q Applied surface pressure, kPa. 
B Footing width, mm. 𝒒𝒊𝒎𝒑𝒓𝒐𝒗𝒆𝒅  Applied pressure of improved model, kPa. 

BCR Bearing capacity ratio, dimensionless. 𝒒𝒖𝒏𝒕𝒓𝒆𝒂𝒕𝒆𝒅  Applied pressure of untreated clay, kPa. 
cu Undrained shear strength, kPa. S Footing settlement, mm. 
Gs Specific gravity, dimensionless. s/B Settlement ratio, %. 
LL Liquid limit, %. SO₃ Sulphate content, %. 
P Vertical applied load, N. TDS Total dissolved salts, %. 
PI Plasticity index, %. XG Xanthan gum (by dry sand mass), %. 

PL Plastic limit, %. — — 
𝒂𝒔  Nominal area replacement ratio, %. 𝑫𝒆  Effective radial moisture diffusivity, m²/s. 
g Clear edge-to-edge column spacing, mm. 𝑺𝒄  Center-to-center column spacing, mm. 
𝜸𝒅  Dry unit weight, kN/m³. d Column diameter, mm. 

𝑫𝒆𝒓𝒆𝒒 
 

Characteristic effective diffusivity 
required by the radial transport 
screening calculation, 𝑚2/𝑠 

 

R Nominal radial transport distance, m 

tc 
 

 Conditioning time, s 
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 الطري  للطين التحمل استجابة على الجاف الزانثان صمغ ومحتوى  الأعمدة بين المسافة تأثير

ن  الرملية  بالأعمدة المُحسَّ

 
 محمد فائق اسودح، محمد يوسف فتا، *ملاك جمال يحيى

 
 ، بغداد، العراقالجامعة التكنولوجية ،كلية الهندسة المدنية والجيوتكنك،قسم هندسة الطرق 

 

 الخلاصة 

تتعرض الأساسات المقامة على الطين الرخو عادةً إلى انخفاض مقاومة التحمل وزيادة الهبوط، في حين يعتمد أداء أنظمة  
الدراسة إلى التحقق تجريبياً من التأثير المشترك  الأعمدة الحبيبية على كلٍ من هندسة الأعمدة وخصائص مادة الحشو. تهدف هذه  

المخلوط جافاً في استجابة التحمل للطين الرخو المحسّن بوسادة رملية بسماكة   (XG) للمسافة بين الأعمدة ومحتوى صمغ الزانثان
 700×  700أبعاد من الأعمدة الرملية. أُجريت الاختبارات المختبرية داخل صندوق فولاذي صلب ب  4×  4ملم ومجموعة  50
% 25ملم. حُضّرت طبقات الطين عند محتوى مائي مستهدف يقارب  60×  60ملم باستخدام أساس مربع بأبعاد  800× 

ملم،   150ملم وطول  25كيلوباسكال. استُخدم ستة عشر عموداً رملياً بقطر  17ومقاومة قص غير مبزولة مستهدفة تقارب 
 1.80مقدارُهما  (Sc/d) ملم، تقابلان نسبتي تباعد مركزي إلى القطر 35و 20ارهما وبمسافتين صافيتين بين الأعمدة مقد

% من كتلة الرمل الجاف بعد فترة 2% و1% و0.5% و0، على التوالي. دُرست محتويات من صمغ الزانثان مقدارها 2.40و
بلغ الضغط المسجل للطين غير   .s/B = 11% تكييف مغطاة وموحدة مدتها ثلاثة أيام. وقورنت الاستجابات عند نسبة هبوط

 35كيلوباسكال. تحققت أعلى استجابة عند مسافة    110.76كيلوباسكال، وارتفع باستخدام الوسادة الرملية إلى    98.24المحسّن  
أما عند مسافة   .1.773 (BCR) كيلوباسكال ونسبة قدرة التحمل 174.15% من صمغ الزانثان، إذ بلغ الضغط 1ملم ومحتوى 

كيلوباسكال ونسبة قدرة تحمل   129.088% من صمغ الزانثان، بضغط بلغ 2م، فتحققت أفضل استجابة عند محتوى مل 20
. أظهرت النتائج وجود تفاعل غير رتيب بين تباعد الأعمدة ومحتوى صمغ الزانثان، مما يؤكد أن تقليل المسافة  1.314مقدارها 

ردة لا يضمن بالضرورة تحسناً في استجابة التحمل. لذلك، تعُد الحالة المثلى  بين الأعمدة أو زيادة محتوى الزانثان بصورة منف
 المحددة خاصة بظروف النموذج المختبر، وتحتاج إلى تأكيد من خلال اختبارات مكررة وعلى نماذج أكبر حجماً. 
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