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Abstract: Granular columns are widely used as a soil improvement solution adopted in the case of soft clays in an effort to increase their
bearing capacity and stiffness. Granular columns, whether sand drains or gravel columns, are designed and constructed in groups and not as
individual elements, given that there is a clear need to study the group effects and load sharing under various drainage conditions. Toward this
need, a new fully instrumented triaxial test setup was developed and utilized to investigate the overall response of the composite. Particular
emphasis was placed on monitoring pore-water pressures and contact stresses over the sand columns and the surrounding clay. The results
from clay specimens that were reinforced at area replacement ratios of 17.1% and 30.4% indicate that the test setup is capable of quantifying
the distribution of the stresses in the columns and the surrounding clay at different levels of axial strain. As such, previous information about
the dependency of the stress concentration ratio on the area replacement ratio, axial strain, rate of loading, and drainage conditions could be
inferred. It is anticipated that the insights gained and reported in this paper will facilitate the development of design methodologies for soft
clays reinforced with sand column groups. DOI: 10.1061/(ASCE)GM.1943-5622.0002148. © 2021 American Society of Civil Engineers.
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Introduction and Background

The use of granular inclusions in the form of sand drains or gravel
(stone) columns is a common ground improvement solution in
many geotechnical engineering applications, particularly those in-
volving relatively light to moderately loaded systems extending
over large areas (Najjar et al. 2010). This ground modification tech-
nique consists primarily of replacing a certain area of weak soft
clay with stiff granular columns. The area replacement ratio
could range anywhere between 5% and 40%, with optimum re-
placement ratios mostly in the range of 30%–40%, above which
the interaction between the soil matrix and the granular columns
may become inefficient (Black et al. 2011).

Granular columns are designed and constructed in groups rather
than as individual elements, given that there is a clear need to study
the group effects and load sharing under various drainage condi-
tions. Most of the studies reported in the literature focused on the
response of soft clays reinforced with a single granular column. Ex-
perimental investigations were predominantly based on tests con-
ducted in large one-dimensional (1D) loading chambers
(Stuedlein and Holtz 2012; Najjar 2013). Such testing arrange-
ments may be considered to be nonrepresentative of actual field

conditions. This is true due to the inability to control the drainage
conditions and rate of loading to mimic the field loading, in addi-
tion to the inability to model the correct field stress state, which dif-
fers significantly from the stress levels encountered in such model
experiments. As a result, findings from laboratory scale model
tests, even if conducted on specimens reinforced with column
groups, cannot be generalized or extrapolated to the field scale.

In order to overcome these limitations, significant interest was
shown by researchers to use a triaxial testing setup to investigate
the response of specimens that are reinforced with sand (or
stone) columns while controlling the stress state, the global drain-
age conditions, and the loading rate. Triaxial testing conditions
allow for the control of (1) drainage during testing (drained, un-
drained, or partially drained) and (2) confining stresses that could
be selected to be in the same order of magnitude as those expected
in the field. Many researchers studied the behavior of granular col-
umns installed in soft clays in triaxial testing setups. These include
the work of Juran and Guermazi (1988), Sivakumar et al. (2003),
Black et al. (2006), Black et al. (2007), Kim and Kim (2007),
Andreou et al. (2008), Najjar et al. (2010), Black et al.
(2011), Sivakumar et al. (2011), and AlMikati et al. (2020). The
vast majority of the aforementioned triaxial studies involve soft
clays that are reinforced with a single central granular column
rather than column groups.

The existing works available in the literature that specifically
addressed column groups include the efforts of Hugher andWithers
(1974), Bachus and Barksdale (1984), Wood et al. (2000), Black
et al. (2006, 2007), White et al. (2007), Murugesan and Rajagopal
(2010), Fattah et al. (2011), Miranda et al. (2017), and Aslani et al.
(2019). The majority of these studies utilized large 1D loading
chambers to investigate the effects of (1) spacing between adjacent
columns; (2) configuration of columns in the group; (3) column di-
ameter and penetration depth; and (4) area replacement ratio on the
response of the composite.

The measurement of contact stresses on granular columns and the
surrounding clay annulus has been identified as a key element in
understanding the stress transfer mechanism between the granular
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inclusions and the surrounding matrix (Aslani et al. 2019). Contact
stress measurements at different stages of loading allow for determin-
ing the stress concentration ratio, which is defined as the ratio of the
stress in the granular column to the stress in the clay. This ratio is a
key parameter when designing reinforced soft clay systems. Several
parameters and factors affect the magnitude of the stress concentra-
tion ratio and these are: the relative stiffness of the column and
claymaterial, drainage conditions, slenderness of the column, area re-
placement ratio, and other construction details (Hu 1995).

Table 1 summarizes results from all published studies that targeted
the measurement of the stress concentration ratio in a laboratory set-
ting (Charles and Watts 1983; Bachus and Barksdale 1984; Juran
and Guermazi 1988; Wood et al. 2000; McKelvey et al. 2004; Muru-
gesan and Rajagopal 2010; Cimentada et al. 2011; Fattah et al. 2011;
Ghazavi and Afshar 2013; Miranda et al. 2017; McCabe and Killeen
2017; Nazariafshar et al. 2019). In these studies, continuous measure-
ment of the contact stresses on the column and clay using miniature
pressure sensors and load cells allowed for the investigation of the
buildup of stress concentration in the granular column with axial
strain. The tests in Table 1 are limited to loading setups involving
axial compression, including triaxial compression, footing loading,
and area loading.

Information in Table 1 indicates that 10 out of the 11 reported
studies utilized laboratory-scale 1D model setups or large-scale
odometers as a basis for testing. As indicated in Table 1, the only
triaxial-based study that measured the stress concentration factor uti-
lized a single column rather than column groups. Finally, the results
in Table 1 show that the vast majority of the studies did not quantify
the effect of the drainage conditions and rate of loading on the re-
ported stress concentration factors. As such, there appears to be a
clear need for additional studies that are aimed at measuring stress
concentration factors within triaxial settings for soft clays that are re-
inforced with column groups under contrasting drainage conditions.
The objective of this study is to address the aforementioned need.

To achieve this objective, a newly developed, fully instru-
mented large-scale triaxial test setup is utilized to investigate the
overall response of the composite with particular emphasis on mon-
itoring pore-water pressure and contact stresses over sand columns
and the surrounding clay. The metrics for assessing the success in
achieving this objective are based on showing that the proposed test
setup is capable of quantifying the distribution of the stresses

between the sand columns and the surrounding clay at different lev-
els of axial strain while controlling drainage and enforcing confin-
ing stress levels that are consistent with field applications. A major
constraint in designing the test setup was the need to test soft clay
specimens that are reinforced with column groups rather than a sin-
gle column. This constraint necessitated the utilization of a triaxial
setup capable of accommodating large-diameter cylindrical matrix
samples. Details about the novel test setup, including the design of
the cap, sensors, instrumentation, and data acquisition are presented
in the following section.

It should be noted that the large-scale reinforced specimen that
was used in this study extends the unit cell triaxial model to a more
realistic group model that could reflect the interaction among the
different columns in the group. The triaxial boundary conditions
in the case of the group do not diverge from the triaxial boundary
conditions of the unit cell in Najjar et al. (2010, 2020), since the
reinforced clay specimen in both cases is confined by a constant
confining pressure (σ3) and is allowed to bulge in the radial direc-
tion during triaxial compression. The benefit of large cell tests with
groups is that they allow for multiple arrangements of columns at
various replacement ratios while modeling the interaction between
the columns in the group and the surrounding clay. The normalized
spacing between the sand columns (s/d ) and their location within
the specimen were carefully chosen so that the reinforced specimen
will represent the area replacement ratio and the s/d ratio of a subset
of a large group in the field. It is anticipated that the setup and re-
sults presented herein will facilitate the development of design
methodologies of clays reinforced with column groups.

Triaxial Test Setup and Instrumentation

A Humboldt triaxial cell capable of testing cylindrical specimens
with a diameter of 145 mm and a height of 300 mmwas customized
[Fig. 1(a)] to allow for the collection of data from: three miniature
contact pressure sensors, three pore pressure sensors, a volume
change apparatus with a linear variable differential transformer
(LVDT), a load cell, and a displacement sensor (LVDT). The
setup was designed to allow for testing soft kaolinite clay speci-
mens that were reinforced with up to four sand columns arranged
in a square configuration, as indicated in Fig. 1(b).

Table 1. Experimental research programs with stress concentration factors reported

Reference

Type of
experiment
(S= single,
G= group)

Loading conditions
(stress= stress

controlled strain= strain
controlled D= drained,

U= undrained)

Area
replacement
ratio (%)

Sensor used for stress
measurement (LC= load
cell, PS= pressure sensor)

m=miniature

Stress concentration
factor, n (U= undrained,
D= drained F= fully
pen., P= partial pen.)

Charles and Watts (1983) 1-g Cons.a (S) Stress (D) 21, 33 m-PS ar= 33%, n= 4.8
ar= 21%, n= 2.2

Bachus and Barksdale (1984) 1-g (S/G) Stress (D)
Strain (D)

7, 25 LC S—n= 2.8–4.2
G—n= 2.5–4.0

Juran and Guermazi (1988) TX (S) Strain (D/U) 4 LC nD= 6.0, nU= 3.0
Wood et al. (2000) 1-g (G) Strain (D) 10, 30 m-PS nP= 6
McKelvey et al. (2004) 1-g (G) Strain (U) 24 m-PS nF= 5.2, nP= 2.8
Murugesan and Rajagopal (2010) 1-g (G) Stress (D) 23 PS n= 7.0–9.0
Cimentada et al. (2011) 1-D Cons.a (S) Stress (D) 6.25, 11 m-PS n= 2.5–9.0
Fattah et al. (2011) 1-g (S/G) Stress (U) 5, 20 LC n= 1.4–6.0
Ghazavi and Afshar (2013) 1-g (S/G) Strain (D) 16 m-LC n= 5.5–6.2
Miranda et al. (2017) 1-g Cons.a (S) Stress (D) 11 m-PS n= 3.0–6.0
Nazariafshar et al. (2019) 1-g (G) Strain (U) 19 m-PS n= 2.2–4.3

aLarge-scale odometer.
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Upper Cap Design

An upper cap with a diameter of 145 mm was designed and fabri-
cated from a solid aluminum block to include housings for three ac-
cess ports for water sources in addition to housings for three
miniature contact pressure sensors [Fig. 2(a)]. Porous stones were
fitted into the housings of the pore-water ports and they were main-
tained flush with the bottom side of the cap. Similarly, the active
part of the pressure sensor [Fig. 2(b)] was maintained flush with
the bottom side of the upper cap.

Two miniature pressure sensors (MP1 and MP2) and two pore-
water ports (WS and PP3) are arranged in a square configuration
44 mm away from the center of the cap, with a third miniature pres-
sure sensor (MP3) located at the upper cap’s center. The third pore-
water port in the upper cap (PP2) is located between MP1 and MP2
in order to allow for the measurement of the pore pressure in the
clay matrix between two sand columns. The pore-water port
(WS) allows for the application of backpressure from the top side
of the specimen in addition to the measurement of volume change
in the consolidation and drained shearing stages. Although most of,
if not all, the sensors are installed within the upper cap, an addi-
tional pore-water pressure sensor (PP1) is connected to one of
the tubes that accesses the lower porous stone at the base of the
specimen.

A three-dimensional side view of the upper cap (Fig. 3) shows
the complete assembly of the upper cap with sensors, fittings, and
tubing. The miniature pressure sensors’ electronic board is close to
the active part of the sensor [Fig. 2(b)], which prohibits installing
the sensor without proper isolation of the electronic board
from the sensor itself. As such, it was critical to ensure complete
water tightness of the fittings to eliminate the possibility of cell
water leakage into the sensor chambers through any of the tubing
and connections.

Pressure Control and Volume Measurements

As shown in Fig. 1(c), two water pressure lines control the stress
state in the triaxial cell. The first is a pore-water line that is con-
nected to a volume change device that allows for the measurement
of volumetric change during the different testing stages. The sec-
ond is a cell pressure line that is directly connected to water in
the triaxial chamber to control the isotropic confining pressure
around the specimen. The volume change apparatus has a
double-acting piston for measuring volume change during consol-
idation or drained shear with a capacity of 100 mL. It is equipped
with a displacement transducer that is calibrated to measure the
volume of water passing through the chamber. A T-connection
is used to connect the volume change device to the appropriate
pore-water ports in the upper and lower caps in contact with the
soil specimen, thus allowing for the application of a controlled
backpressure to both ends of the specimen. The back pressure
and the cell pressure are controlled from a panel that is pressurized
using compressed air.

The Humboldt HM-3000 master loader and frame was used to
run the triaxial tests. It is capable of loading large soil specimens
up to 145 mm in diameter and 300 mm in height. The allowable
shearing rates range between 0.1 and 75 mm/min. The cell chamber
can withstand pressures up to 1,200 kPa.

Sensors, Data Acquisition, and Calibration

The miniature pressure sensors used in the setup are manufactured
by OMEGA Engineering Company and have a capacity of
1,400 kPa [Fig. 2(b)]. The transducer diaphragm and sidewalls
are made of stainless steel. The main application for these sensors
is to detect and measure pressures from fluids. Their intended use in
the testing setup described is to measure contact pressures above

(a) (b) (c)

Fig. 1. Testing setup showing: (a) an upper cap design with dimensions; (b) a testing frame with sample dimensions; and (c) a data acquisition box,
pressurized water source, and the volume change apparatus.

© ASCE 04021180-3 Int. J. Geomech.
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the clay matrix and above the sand-reinforcing column. In order to
test their ability to provide reliable measurements of contact
stresses with soils (kaolinite clay and sand), the sensors were cali-
brated under three conditions: (1) contact with water; (2) contact
with kaolin clay; and (3) contact with sand. Under conditions of
water contact and kaolin clay contact, the sensors exhibited a linear
response and showed repeatable calibration coefficients. This was
somewhat expected given the clay’s very small particle size, plas-
ticity, and saturation, where minimal variations and noises were de-
tected in the measurement of contact stresses above the clay matrix.

Conversely, the calibration of the sensors using the dry Ottawa
sand yielded nonlinear results. This was attributed to large contact
forces between the sand grains, which are larger than the clay

particles, and the sensor’s membrane. Further calibration using
saturated sand interface resulted in a more-or-less linear response
in the pressure range of interest. Since all specimens in the test
program were back-pressure-saturated prior to shearing, it was
considered that the pressure sensors would yield reliable measure-
ments for both the sand and the clay in the large-scale composite
specimens, provided the respective calibration constants were
applied.

It should be noted that calibration using pressurized water was
done using an enclosed triaxial chamber, with the pressure sensors
mounted flush with the bottom side of the loading cap. The calibra-
tion of the sensors using kaolin clay or sand was done using a
custom-made 1D odometer consolidation upper cap that has a cen-
tral manufactured space for the pressure sensors to be mounted in.
The 1D setup has a closed-loop pressure option that helps maintain
a uniform applied pressure.

The electric signals from the pressure sensors exhibited some
noise due to issues related to connections, wiring, and soldering.
The noise in the voltage was found to be minimal during calibration
in water. The voltage output from clay and sand calibrations gave
linear and repetitive results. The noise was filtered using in-line am-
plification with a TL072CP operational amplifier from Texas In-
strumentation. The TL072CP was also used to amplify the output
to values in the order of 0.5–3 V that is suitable for the data acqui-
sition module.

The pore pressure sensors did not present any problems or chal-
lenges given that the active component of the sensor is outside the
triaxial setup. All tubes connected to the pore pressure sensors were
maintained saturated at all times. The pore pressure sensors incor-
porated into the testing setup are from Ametek (Leicester, UK).
with a maximum capacity of 1,400 kPa. All sensors were connected
to a data acquisition box that houses the data acquisition modules,
signal conditioning, signal amplification, and noise filtering. The
modules used were from National Instruments and the interface
adopted for data collection was LabVIEW (2017). A custom-
designed graphical user interface was used to control data collec-
tion from all nine sensors and provide real-time plots of the data
during the test.

(a) (b)

Fig. 2. Upper cap setup showing: (a) a bottom view of the top cap with miniature pressure sensors and porous stones; and (b) an omega miniature
pressure sensor used.

Fig. 3. Side view of the upper cap showing the fittings and tubing to
completely isolate the cell pressurized water from leaking toward the
sensors and the specimens.

© ASCE 04021180-4 Int. J. Geomech.
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Material Characterization

The materials used in this testing program were kaolin clay and
Ottawa sand. Detailed properties of these materials are presented
in the following sections.

Kaolin Clay

The kaolin clay (Supreme China Clay) was sourced from the United
Kingdom. It had a liquid limit of 65%, plasticity index of 19%, and
specific gravity of 2.56. A 1D consolidation test was conducted on a
50 mm-diameter specimen trimmed from a sample consolidated
from slurry under a vertical stress of 100 kPa. Seven loading and
three unloading increments were used to determine the e-log p
curve, where each increment was left for 24 h to complete the pri-
mary consolidation stage. The resulting e-log p curve for the kaolin
clay is presented in Fig. 4. The recompression (Cr), compression
(Cc), and swelling (Cs) indices were determined to be 0.19, 0.50,
and 0.17, respectively. The preconsolidation pressure was deter-
mined to be 92 kPa using the Casagrande (1936) method, indicating
that the 100 kPa consolidation pressure that was applied to the slurry
in the 1D consolidometers may not have fully transferred to the
specimen due to frictional losses along the mold surfaces.

In order to characterize the shear strength of the kaolin clay,
three isotropically consolidated undrained (CU) tests and three con-
solidated drained (CD) tests were conducted on back-pressure-

saturated specimens with a height of 142 mm and a diameter of
71 mm at effective confining pressures of 100, 150, and 200 kPa.
The results of the drained and undrained triaxial tests on kaolin
clay are presented in Figs. 5 (a and c), respectively.

The stress–strain response from the consolidated drained tests
[Fig. 5(a)] indicated a strain-hardening effect for all confining pres-
sures up to an axial strain of 16%, where a peak deviatoric stress
was reached. The volumetric change indicated contractive behavior
that is typical of soft and normally consolidated clay specimens that
are sheared in a drained condition toward the critical state. The ef-
fective drained Mohr–Coulomb failure envelope was used to deter-
mine the drained shear strength parameters of the kaolin clay. The
measured effective strength parameters for kaolin clay were c′ =
0 kPa and φ′ = 21.8°.

For the consolidated undrained tests, the variation in the devia-
toric stress and the excess pore-water pressure with axial strain
[Fig. 5(c)] indicates that the kaolin clay used in this experimental
program softens at axial strains in the order of 10%–12%. The max-
imum deviatoric stresses were 56.9, 79.4, and 100.4 kPa corre-
sponding to su/(σ′3)0 ratios of 0.28, 0.26, and 0.25 respectively,
where su represents the undrained shear strength and (σ′3)0 repre-
sents the initial effective confining pressure. These su/(σ′3)0 ratios
are typical of normally consolidated clays sheared in undrained
conditions (Lin and Penumadu 2005). For the different effective
confining pressures of 100, 150, and 200 kPa, the maximum re-
corded pore-water pressures were 60.0, 92.9, and 119.3 kPa, corre-
sponding to Skempton pore pressure parameters Af of 1.06, 1.13,
and 1.19, respectively (Skempton 1954).

Fig. 4. e-log σ′v for normally consolidated kaolin clay.

(a) (b) (c) (d)

Fig. 5. Results of CD and CU triaxial tests on kaolin clay and Ottawa sand: (a) kaolin—CD; (b) sand—CD; (c) kaolin—CU; and (d) sand—CU.

Table 2. Physical and mechanical properties of Ottawa sand

Soil property Value

D10 (mm) 0.22
D30 (mm) 0.3
D60 (mm) 0.5
Specific gravity 2.65
Coefficient of uniformity (D60/D10) 2.3
Coefficient of curvature (D30)

2/(D60 ×D10) 0.82
Maximum void ratio; emax 0.75
Minimum void ratio; emin 0.49
Angle of internal friction (φ)° 39

© ASCE 04021180-5 Int. J. Geomech.
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Ottawa Sand

The sand used in the test program is classified as poorly graded
Ottawa sand (SP) according to the Unified Soil Classification Sys-
tem. The physical and mechanical properties of the sand are pre-
sented in Table 2. The sand shear strength was determined using
isotropically consolidated drained and undrained triaxial tests that
were conducted on specimens with a height of 142 mm and a diam-
eter of 71 mm at initial confining pressures of 100, 150, and
200 kPa. The specimens were prepared at a dry density of
1.74 Mg/m3 corresponding to a relative density of 85%, and a
void ratio of 0.53. All sand columns used in the testing program
had a density of 1.74± 0.01 Mg/m3 ensuring high consistency dur-
ing testing.

The drained triaxial test results presented in Fig. 5(b) show stress–
strain and volumetric responses that are typical of dense sand. Clear
peaks were exhibited in the stress–strain responses at axial strains in
the order of 3%–5%, followed by softening all the way to the critical
state. The softening was associated with the dilation of the dense sand
during drained shear. The drained tests indicated that the sand can be
characterized with a c′ = 0 kPa and φ′ = 39.0°. The consolidated un-
drained test results in Fig. 5(d) reflect the dilative tendency of the
dense sand through the generation of large negative excess
pore-water pressures during undrained shearing.

Laboratory Testing Program

The testing program is summarized in Table 3. In total, three iso-
tropically consolidated drained (CD) and three isotropically consol-
idated undrained (CU) triaxial tests were performed on specimens
having a diameter of 145 mm and a length of 295 mm. Tests were
performed on control specimens and specimens reinforced with a
group of four nonencased, fully penetrating dense sand columns
with diameters of 30 and 40 mm, representing area replacement
ratios of ar = 17.1% and 30.4%, respectively. The columns were
installed in predrilled holes using a square arrangement at
44 mm offset from the specimen center. The holes were drilled
using a custom-fabricated augering apparatus. All specimens
were saturated using a back pressure of 300 kPa and isotropically
consolidated under an effective confining pressure of 100 kPa.
Skempton B values were around 0.98 for all tests (Skempton
1954), indicating adequate degrees of saturation. All tests were
strain controlled and terminated at axial strains of ∼20%. The strain
rate chosen for every test was a function of t50 as per the ASTM
(2011) standards.

Clay Specimen Preparation

Kaolin clay (China Clay) powder was mixed with water at two
times its liquid limit (i.e., 130% water content) to form a slurry.
The mixture was then poured into custom-fabricated split PVC

pipes and subjected to 1D consolidation using a sequenced applica-
tion of dead weights. Three 1D consolidometers were fabricated for
this purpose (Fig. 6). Custom-fabricated split PVC pipes functioned
as split molds 3 mm thick, 500 mm high, with an internal diameter
of 145 mm. The slurry was placed inside the well-tightened PVC
pipe segments [Fig. 7(a)]. High-strength duct tape and metallic
bands were used to confine the split PVC while maintaining

Table 3. Laboratory testing program and results

Test
number

Drained (D)
or

Undrained
(U )

Diameter
of sand
column
(mm)

Number
of sand
columns

Area
replacement
ratio Ac/As

(%)

Maximum
deviatoric
stress (kPa)

Excess
pore

pressure
(kPa)

Volumetric
strain (%)

Increase in
deviatoric
stress (%)

Reduction in
excess pore
pressure (%)

Reduction in
volumetric
strain (%)

1 U 0 0 0 56.6 61 — 0.00 0.00 —
2 U 30 4 17.1 78.3 45 — 38.4 26.2 —
3 U 40 4 30.4 146.5 12 — 158.8 80.3 —
4 D 0 0 0 119.0 — 6.44 0.00 — 0.00
5 D 30 4 17.1 128.1 — 4.57 7.65 — 29.0
6 D 40 4 30.4 166.4 — 0.97 40.0 — 84.9

Fig. 6. Custom-fabricated 1D consolidometers.

(a) (b) (c)

Fig. 7. (a) Sealed PVC split sections; (b) dismantling of PVC sections;
and (c) kaolin specimen consolidated to 100 kPa.

© ASCE 04021180-6 Int. J. Geomech.
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negligible lateral strains during 1D consolidation of the slurry
under a vertical applied pressure of up to 100 kPa.

The advantage of using split molds is that an undisturbed, rela-
tively soft, homogenous clay specimen could be retrieved (Fig. 7)
with minimal disturbance. Perforated metallic upper and lower caps
with filter paper served as porous boundaries. Dead weights were
seated on a circular steel plate that transferred the load to the top
of the clay through a cylindrical steel rod. Dead weights were
added gradually and in increments based on the time schedule pre-
sented in Table 4. The loading schedule was selected using the trial
and error method to achieve repeatable and uniform samples with
minimal disturbance. The quality of the specimens thus formed
was evident in (1) the uniformity in the final specimen height
(∼315 mm) and (2) consistency in the water content along the
specimen length. This consistency was tested through a trial

experiment in which a specimen was sliced into six pieces and
the water content and void ratio were determined for each slice.
The variation in the water content and void ratio along the height
of the specimen, as presented in Fig. 8, indicates a relatively uni-
form degree of consolidation along the specimen height.

All samples were subsequently isotropically reconsolidated at
100 kPa in the triaxial cell, which eliminated any 1D stress history
that might have existed in the sample following consolidation in the
1D consolidometers.

Construction of Sand Columns

After dismantling the cylindrical kaolin specimen from the PVC
consolidometers and trimming it to the specified final height of
295 mm, the sample was placed in a custom-fabricated augering
apparatus that is capable of drilling up to 300 mm inside the soil
specimen (Fig. 9). Two auger bits were then used to drill either
30 mm or 40 mm diameter holes in the clay specimen to form
the column group. Preprepared frozen sand columns were then
placed in their respective predrilled holes. The sand columns
were frozen in prefabricated 3D-printed tubes. The tubes were
printed as split molds with a total height of 300 mm and a wall
thickness of 2 mm. The freezing method was used for the prepara-
tion of sand columns (Sivakumar et al. 2004; Black et al. 2007) as it
has shown good repeatability and consistency in terms of the rela-
tive density of the sand columns (Najjar et al. 2010).

The sand split tubes were held in place using a high-strength duct
tape to ensure no lateral strains during sand freezing. The sand was
filled in layers while vibrating the tubes from the outside to achieve a
final dry density of 1.74± 0.01 Mg/m3, corresponding to 85% rela-
tive density. Following densification, water was added to achieve a
water content of around 20%. The columns were then placed in
the freezer for at least 24 h. After drilling each hole, a sand column
was removed from the freezer, the tubes split, and the column in-
serted into the drilled hole and allowed to thaw (Fig. 9).

Test Results and Analysis

The modified triaxial test setup with its newly devised instrumen-
tation was used to run large-scale drained and undrained triaxial
tests on control clay specimens and specimens that were reinforced
with a group of four sand columns distributed in a square arrange-
ment. All samples were isotropically consolidated under an

Table 4. Loading sequence during 1D consolidation

Test information S1 S2 S3 S4 S5 S6 S7

Applied weight (kg) 0 10 20 40 80 120 170
Applied pressure (kPa) 0 6 12 24 48 71 101
Duration (h) 12 24 24 24 24 24 24

Note: S1=Stage No. 1 and so on.

Fig. 8. Variation in water content and void ratio along the height of the
sample after 1D consolidation.

Fig. 9. Drilling holes in kaolin specimen and sand column installation.
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effective confining pressure of 100 kPa prior to the shearing stage,
after ensuring saturation through applying an incremental back-
pressure of 300 kPa. The test results are presented in Table 1 and
include two tests on control clay specimens, two tests on specimens
reinforced with an area replacement ratio ar = 17.1%, and two
tests on specimens reinforced with an area replacement ratio
ar = 30.4%. The analysis focused on the effect of sand columns
on: (1) consolidation; (2) bearing capacity and stress distribution;
(3) reduction in volumetric strain and pore pressure during shear-
ing; and (4) development of stress concentration within the sand
columns.

The drained and undrained triaxial tests were conducted in ac-
cordance with ASTM standards. In the consolidated drained
tests, the rate of shearing was calculated as ε̇ = εf /120t50, where
ɛf= axial strain at failure (chosen as 10%) and t50= time corre-
sponding to a degree of consolidation of 50%. For the consolidated
undrained tests, the rate of shearing was calculated as ε̇ = εf /10t50
to achieve equalization of pore-water pressure throughout the
height of the specimens. As a result, the strain rate that was adopted
in the consolidated drained tests ranged from 0.1 to 1.2 mm/h,
while the rate adopted for the undrained tests ranged from 1.1 to
28.5 mm/h. It should be noted that in the drained tests, fully drained
conditions during shearing were confirmed by monitoring the ex-
cess pore-water pressure at three locations (Fig. 1). The excess
pore pressures were always in the range of −2 kPa≤ up≤
+2 kPa, indicating complete dissipation of excess pore-water pres-
sure in the specimens.

Consolidation Stage

The isotropic consolidation response of the six test specimens
under an effective confining pressure of 100 kPa is presented in
Fig. 10. Three observations can be made from the volumetric strain
versus time curves: (1) the incorporation of sand column groups in
the reinforced clay specimen reduced the volumetric strain of the
control specimen by about 35% and 46%, with a higher percent re-
duction for the higher area replacement ratio (ar= 30.4%); (2) the
time required for consolidation to be completed decreased signifi-
cantly as the area replacement ratio increased, with the time corre-
sponding to 50% consolidation t50decreasing from around 670 min
in the case of the control clay specimen to 15 and 4 min for the
specimen reinforced at ar = 17.1% and 30.4%, respectively; and

(3) the difference in the consolidation response between identical
drained and undrained specimens (whether control or reinforced)
was little, indicating a high level of repeatability and consistency
in sample preparation, testing, and instrumentation.

The reductions observed in the volumetric strain and consolida-
tion time are expected given the dual role that sand columns play in
(1) increasing the overall stiffness of the composite specimen, and
(2) enhancing radial drainage by functioning as vertical drains that
reduce the horizontal drainage paths of water leaving the clay. This
compares well to the findings of Baumann and Bauer (1974). In the
control clay specimens, the drainage was mainly vertical with the
maximum drainage distance being equal to half of the specimen
height (∼145 mm). In the reinforced specimens, the drainage direc-
tion is predominantly radial with maximum drainage distances in
the order of 35 and 25 mm in the case of ar= 17.1% and 30.4%,
respectively. Since consolidation times are roughly proportional
to the square of the maximum drainage distance, the reductions ob-
served in the primary consolidation times in the reinforced speci-
mens may be considered reasonable.

Stress–Strain Response

The stress–strain curves for the control and reinforced clay speci-
mens are presented in Figs. 11(a and b), for the CD and CU triaxial
tests, respectively. Irrespective of the drainage conditions, the re-
sults as presented in Fig. 11 indicate that the sand column group
improved the bearing capacity and stiffness of the soft clay. The
maximum deviatoric stress measured in the control clay specimen
increased by 8% (ar = 17.1%) and 40% (ar = 30.4%) in the drained
tests and by 39% (ar = 17.1%) and 159% (ar = 30.4%) in the un-
drained tests.

For reinforced clay specimens, the stress–strain curves in
Fig. 11 show signs of strain softening starting from axial strains
in the order of 5%–10%, particularly in specimens reinforced at
the higher area replacement ratio of 30.4%. This response reflects
the dominant role of the dense sand columns, which are expected
to dilate during shear, particularly in the drained tests. The dilative
tendency of the sand columns and its role in dominating the re-
sponse of the composite are clearly exhibited in Fig. 11 through
the variation in the volumetric strain (drained tests) and the excess
pore-water pressure (in undrained tests) with axial strain. Reinforc-
ing the clay with the sand column group reduced the compressive
volumetric strain at failure in the CD tests from 6.5% to 4.6%
(ar = 17.1%) and 1.0% (ar = 30.4%) and reduced the excess posi-
tive pore-water pressure in the CU tests from 60 to 45 kPa
(ar = 17.1%) and 10 kPa (ar = 30.4%), respectively.

It should be noted that although the consolidated undrained tests
could be considered globally undrained, exchange of pore water
between the dilating sand columns and the surrounding compres-
sive soft clay is inevitable. This local exchange will lead to a partial
drainage of the sand columns in the group and the surrounding clay,
leading to local volume change. Evidence of this partial drainage in
the consolidated undrained tests is clear in the stress–strain re-
sponse, which shows clear signs of strain softening. Had the sand
columns been totally undrained, the generation of large negative
pore pressures in the sand would have prohibited strain softening
in the reinforced clay specimen.

In the consolidated undrained tests, excess pore-water pressure
was measured at three locations, namely above one sand column,
above the clay annulus between two sand columns, and at the bot-
tom as a global measure for the composite soil. For all tests, the
pore pressure sensors gave similar results, irrespective of their po-
sition in the specimen. This indicates that even with the relatively
high rate of loading that was used in the undrained tests,

Fig. 10. Variation in volumetric strain with time during isotropic con-
solidation of control and reinforced specimens.
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equilibration of pore-water pressure occurred within the test speci-
men, leading to the same pore-water pressure measurement in the
sand and the clay. As a result, data from only one pore-water pres-
sure sensor are included in Fig. 11 for the undrained tests.

For the particular case of the ar= 30.4% specimens, Fig. 11(b)
clearly shows that at relatively small strains, the dilative tendency
of the large diameter columns results in a significant reduction in
the overall positive pore pressure generation during shearing. How-
ever, as strains accumulate toward significant values of about 10%,
the gradual reduction in the pore pressure is clearly interrupted and
reversed. This could be attributed to excessive shear stress/strain
concentrations along the failure surface, leading to a tendency for
dislocation of the sand columns and interruption of their continuity.
This explanation of the observed response is supported by the pic-
tures shown in Figs. 12(d) and 13(d), which reveal the magnitude of
distortion and bulging that was induced in the sand columns at large
strains.

Mode of Failure

An investigation of the mode of failure of control and reinforced
clay specimens indicated that the mode of failure was affected by
the drainage conditions. For the three drained tests (Fig. 12), the
controlling mode of failure was uniform bulging along the height
of the clay specimens. At the onset of reaching a peak in the devia-
toric stress, the formation of a failure plane was observed in the
control and reinforced specimens, followed by strain softening all
the way to critical state conditions. On the other hand, undrained
specimens (Fig. 13) that were reinforced with column groups
showed localized bulging that was concentrated in the upper half
of the specimens with no evidence of the formation of a failure
plane (unlike the control clay undrained specimen that showed a
clear failure plane).

To examine the internal mode of deformation of the sand col-
umns in the drained and undrained tests, the specimens reinforced

(a) (b)

Fig. 11. Results of the large-scale triaxial tests: (a) CD; and (b) CU.

(a) (b) (c) (d)

Fig. 12. External and internal mode of failure in consolidated drained triaxial tests: (a) control clay; (b) ar= 17.1%; (c) ar= 30.4%; and (d) cross
section (ar= 30.4%).
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with 40 mm sand column groups (ar= 30.4%) were cut along a ver-
tical section passing through two of the sand columns in an attempt
to expose the columns and the surrounding clay. The cross sections
are presented in Figs. 12(d) and 13(d) for the drained and undrained
tests, respectively. For the drained test, the cross section clearly
shows the failure plane cutting the sand columns along a predefined
direction. No such failure plane is evident in the undrained test on
the reinforced specimen. However, it is interesting to note that the
sand columns in the undrained tests show asymmetrical bulging,
with the columns showing signs of outward bulging toward the ex-
terior of the specimen and almost no inward bulging toward each
other. The restraining action that internal sand columns exhibit
within a column group was observed in the group tests conducted
by Bachus and Barksdale (1984), among others.

Measured Contact Stresses

Local contact stresses were measured using miniature pressure sen-
sors located over two sand columns and over the clay at the center
of the upper cap. The variation in the measured contact stresses
with axial strain is presented in Fig. 14 for all test specimens.
Also shown in Fig. 14 are the curves representing the variation
of the overall global deviatoric stress with strain as measured
using the global load cell.

For the control clay specimens, measuring contact stresses
using the miniature pressure sensors allowed for testing the effec-
tiveness and reliability of the miniature pressure sensors in mea-
suring stresses under drained [Fig. 14(a)] and undrained
[Fig. 14(b)] conditions. These contact stresses for the case of
the control clay indicated that the three pressure sensors gave re-
liable and repeatable results compared with the global deviatoric
stresses measured by the load cell. As expected, the stresses mea-
sured by the miniature pressure sensors at three locations exhib-
ited some natural variability that was quantified to be within
5%–10% of the measured global deviatoric stress at least for
axial strains below 10%. This observation is important since it in-
dicates that the utilized sensors can be effectively used to monitor
stresses in the drained and undrained normally consolidated kao-
lin clay with minimal errors.

As for the reinforced specimens, the square configuration of the
four-sand column group permits stress measurement in two sand
columns and in the central clay. The variations in these measured
contact stresses with axial strain are presented in Figs. 14(c and d)
and Figs. 14(e and f) for specimens reinforced with 30 and

40 mm sand column groups, respectively. The results from stress
measurements above the sand columns (MP1 and MP2) indicated
that: (1) the stiff sand columns attracted stresses that are much larger
than those measured in the clay, irrespective of the drainage condi-
tions and area replacement ratio; (2) some variability in the contact
stresses is observed between the sand columns in the same compos-
ite specimen; and (3) the magnitude of the measured sand stresses in
the columns is affected by the drainage conditions and the area re-
placement ratio.

The inherent variability in the response of identical sand col-
umns within the same composite specimen can be attributed to mul-
tiple factors. First, slight variations in relative density between the
columns in the group could affect the uniformity or the lack of the
stress distribution between the columns. Second, the stresses may
have been affected by slight possible rotations in the upper cap, par-
ticularly at larger strains (10%–20%) following the formation of
distinct failure planes or excessive bulging. The reliability of the
sensor readings can be considered as somewhat degraded by the
large movements. However, all tests were continued to axial strains
of 20% to get a sense of what is happening well beyond the peak
response since it was assumed that even with large distortions,
the measurements still give a sense of the distribution of the
loads. It should be noted that the contact stresses measured by sen-
sor MP2 in the case of the consolidated undrained test that was con-
ducted on the sample reinforced at an area replacement ratio of
17.1% were flawed [Fig. 14(d)]. As a result, these measurements
were disregarded from the analysis.

In order to validate and test the applicability and reliability of
the stress measurements in the sand columns, the clay stresses
that were measured by MP3 and the global deviatoric stresses
for the composite clay specimen were used to back-calculate
the average stress in the sand columns in the group. The varia-
tion in the back-calculated stresses in the columns with axial
strain is presented in Fig. 14. The back-calculated stresses
were calculated using Eq. (1) by assuming that the global devia-
toric stress on the composite specimen (σd) was shared by the
stress in the clay (σclay) and the average stress in the four sand
columns (σsand) such that

σdAsample = σclayAclay + σsandAcolumns (1)

where Aclay and Acolumns= area of the clay and the area of the sand
columns in the reinforced clay specimen, while Asample= total
cross-sectional area of the composite specimen. Given the global

(a) (b) (c) (d)

Fig. 13. External and internal mode of failure in consolidated undrained triaxial tests: (a) control clay; (b) ar= 17.1%; (c) ar= 30.4%; and (d) cross
section (ar= 30.4%).
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deviatoric stress (σd) and the measured stress (MP3) in the clay
(σclay), Eq. (1) was used to back-calculate (σsand). Interestingly,
the results in Fig. 14 indicate that the variation in the back-
calculated average stresses in sand (σsand) with axial strain compare
well with the stresses in sand measured using MP1 and MP2. In
fact, the back-calculated stresses in sand constitute a realistic repre-
sentation of the average stresses measured by MP1 and MP2,

irrespective of the area replacement ratio and drainage conditions.
These results are important since they indicate that the stresses
measured by the miniature pressure sensors are reliable and reflec-
tive of the true stress distribution in the composite specimen.

To scrutinize the mechanics of load sharing between the sand
columns in the group and the surrounding clay and its dependence
on the area ratio and drainage conditions, the stresses mobilized in

(a) (b)

(c) (d)

(e) (f )

Fig. 14. Variation in deviatoric and contact stresses with strain for control and reinforced clay specimens under drained and undrained loading con-
ditions: (a) control clay (CD); (b) control clay (CU); (c) reinforced clay (ar= 17%, CD); (d) reinforced clay (ar= 17%, CU); (e) reinforced clay (ar=
30.5%, CD); and (f) reinforced clay (ar= 30.5%, CU).
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the clay (MP3) for the control and reinforced specimens were plot-
ted on the same figures [Figs. 15(a and b) for CD and CU tests] for
comparison. Similarly, the stresses mobilized in the columns in the
composite specimens were compared with the deviatoric stress
measured from the triaxial tests conducted on the control sand
specimens [Figs. 15(c and d)].

The results presented in Fig. 15 lead to many interesting obser-
vations that show the effect of drainage conditions and area re-
placement ratio on the mechanics of load sharing between the
sand and the clay and its dependence on the strain level. First,
the results for the stresses in clay [Figs. 15(a and b)] indicate that
the clay under drained conditions was able to carry higher stress
than the undrained case. In fact, the stresses mobilized in the clay
surrounding the columns in the drained tests approached the max-
imum deviatoric stress mobilized in the drained control clay speci-
men, without reaching it. For the case with the lower area
replacement ratio (ar= 17.1%), the variation in the stress in the
clay with strain was closer to the drained stress–strain response
of the control clay specimen, indicating that the failure mechanism
was dominated by the clay. In the composite specimen with the
higher area replacement ratio (ar= 30.4%), the stresses in clay
were lower, indicating that the response was governed by the
stiff larger diameter sand columns.

On the other hand, the results for the undrained tests indicate
that the stresses in clay in the composite specimens were (1) insen-
sitive to the area replacement ratio and (2) consistent with the
stresses measured in the control clay specimen. These observations
indicate that the undrained response in the composite clay speci-
mens was largely governed by the relatively low undrained shear
strength of the clay and that the presence of sand columns did
not affect the undrained shear strength of the surrounding clay. It
is interesting to note that in the range of axial strain of 4%–6%,
the measured stresses in clay in the composite specimens were
slightly larger than those observed in the control clay specimen.
This slight increase could be due to partial local radial drainage
from the clay into the sand columns, leading to slight local in-
creases in the strength of the surrounding clay, despite the fact
that the tests were globally undrained.

An investigation of the gradual stress buildup in the sand col-
umns in Figs. 15(c and d) leads to two main observations: (1) the
average stresses in the sand in the column group were highly de-
pendent on the area replacement ratio, particularly on the composite
specimens that were sheared undrained; and (2) the stresses in sand
mobilized in the globally undrained tests show clear evidence of
local water exchange between the sand columns and the surround-
ing clay, leading to significant reductions in the mobilized stresses

(a) (b)

(c) (d)

Fig. 15. Effect of area replacement ratio and drainage conditions on the mobilized clay and sand contact stresses: (a) clay stress (CD); (b) clay stress
(CU); (c) sand stress (CD); and (d) sand stress (CU).
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in sand compared with the stresses in sand observed in the control
sand specimen that was sheared under true undrained conditions.
This local partial drainage in the case of composite specimens is ex-
pected to prohibit the dense sand columns from generating negative
pore-water pressure even under fast loading rates. Unlike the un-
drained control sand specimen that exhibited a maximum peak de-
viatoric stress of about 1,800 kPa [not shown in Fig. 15(d) so as not
to distort the scale of the y-axis], the maximum stresses in sand in
the sand columns did not exceed 210 kPa for the composite speci-
men with ar= 17.1% and 375 kPa for specimens with ar= 30.4%.
In fact, the stresses in the sand in the case of ar= 17.1% (undrained
test) were smaller than the stresses in sand observed in the identical
drained test. The combination of low undrained shear strength in
the surrounding clay and the inability to generate negative pore-
water pressure in the columns due to partial drainage resulted in ex-
tremely small stresses in the sand in the undrained test involving an
ar of 17.1%.

Stress Concentration Ratio

The stress concentration ratio was calculated for all composite
specimens by dividing the average measured stresses in sand
(MP1 and MP2) by the stresses in clay measured with sensor
MP3 at all strain levels, except for the undrained test under an ar
of 17.1%, where only the measured stress in sand from sensor
MP1 was used in the analysis. The variation in the stress concentra-
tion ratio with axial strain is presented in Figs. 16(a and b) for the
drained and undrained tests, respectively.

The results in Fig. 16 reveal a clear distinction between the me-
chanics of load sharing under both drained and undrained condi-
tions. For the drained tests, the variation in the stress
concentration ratio with strain shows a sharp increase in the ratio
at relatively low strains, reaching maximum values of 4.5 and 6.3
for area replacement ratios of 17.1% and 30.4%, respectively.
After the peak, the stress concentration ratio decreases gradually
to reach values as low as 1.5 at large axial strains. Conversely,
the variation in the stress concentration ratio with strain in un-
drained tests indicates a gradual monotonous increase, leading to
peaks in the order of 6.5 and 9.5 for area replacement ratios of
17.1% and 30.4%, respectively. These peaks are observed at rela-
tively large strains (greater than 13%). It should be noted that irre-
spective of the drainage conditions, the cases with the higher area
replacement ratios resulted in the higher stress concentration ratios,
which is in line with the work of Bachus and Barksdale (1984).

For the drained tests, the early peaks in the stress concentration
ratio and the gradual but significant reduction that follows can be
attributed to two main factors: (1) the softening that is observed
in the sand columns that dilate and soften at relatively small strains;
and (2) the progressive gradual strain hardening that is exhibited in
the clay surrounding the columns as the clay consolidates and com-
presses during drained shear (Black et al. 2011). These two factors
lead to an initial early peak in the stress concentration ratio fol-
lowed by a significant reduction at large strains.

For the undrained tests, the monotonous increase in the stress
concentration ratio with strain and the significantly larger stress
concentration ratios in the specimens reinforced at the higher
area replacement ratio of 30.4% can be attributed to two main fac-
tors: (1) the undrained conditions that governed the response of the
clay in the composite specimens leading to the mobilization of rel-
atively low undrained stresses in the clay, irrespective of the area
replacement ratio [Fig. 15(b)]; and (2) the gradual increase in the
mobilization of stresses in sand with strain (up to strains in the
order of 10%) and the clear superior response of the 40 mm sand
columns compared with the 30 mm columns [Fig. 15(d)]. The su-
perior response of the sand columns in the specimen reinforced
at an area replacement ratio of 30.4% is a direct consequence of
the drainage conditions within the composite specimen and the
role that the large diameter sand columns played in reducing the
overall generation of positive pore-water pressure in the composite
specimen.

The results in Fig. 16 point to several implications that could af-
fect the design of clay systems that are reinforced with granular col-
umns in practical field applications. The first implication is the
importance of identifying the strain range that is relevant to practi-
cal design, given the significant variations that the stress concentra-
tion ratios exhibited in Fig. 16. For applications in which
serviceability limit states are expected to govern the design of the
reinforced clay system, the results in Fig. 16 indicate that stress
concentration ratios in the range of 3–4 (ar= 17.1%) and 5–6
(ar= 30.4%) should be adopted in quantifying the load sharing be-
tween the clay and the sand column group if drained conditions are
expected to govern. The stress concentration ratios pertain to esti-
mated axial strains that are less than 1% in the shaded area in
Fig. 16. If the designer is interested in the ultimate limit state (fail-
ure of the composite system), the strain range of interest shifts to
around 5% to 7% (see Fig. 11). In this strain range, the stress con-
centration factors that should be adopted in design assuming

(a) (b)

Fig. 16. Variation in the stress concentration ratio with axial strain for the drained and undrained tests: (a) CD-triaxial; and (b) CU-triaxial.
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drained conditions reduce to around 2.5–3.0 (see the shaded area in
Fig. 16).

If fast loading conditions that will result in an undrained re-
sponse in the clay are expected to govern the design, the results
in Fig. 16 indicate that for serviceability considerations, stress con-
centration factors as low as 1.5–2.0 are required to model the load
sharing between the sand and the clay. For ultimate limit state con-
siderations that involve undrained failure, stress concentration fac-
tors as high as 2.5–3.5 (ar= 17.1%) and 5.5–6.5 (ar= 30.4%)
should be adopted to realistically model the stress distribution. It
should be noted that these ranges for the stress concentration factor
apply to the clay and sand used in this study and should not be gen-
eralized to cases involving different soil conditions.

Conclusions

In this paper, a newly developed fully instrumented large triaxial
system is introduced to examine the behavior of soft clay speci-
mens reinforced with group granular columns under both drained
and undrained conditions. An innovative upper cap with three min-
iature pressure sensors and two pore-water pressure sensors was de-
signed with proper calibration of the contact pressure sensors on
different soil types and conditions.

Tests on large control clay specimens and specimens reinforced
with a group of four sand columns at two area replacement ratios
(ar = 17.1% and 30.4%) were conducted under drained and un-
drained conditions. The stress measurements were used to investi-
gate the mechanics of the stress distribution and load sharing
between the sand column group and the surrounding clay, with em-
phasis on identifying the variation in the stress concentration ratios
with strain and their dependence on the drainage conditions and
area replacement ratio. Based on the results, the following conclu-
sions can be made:
1. The newly developed instrumented large-scale triaxial setup al-

lowed for collecting reliable data on pore pressures, volume
change, overall deviatoric stress, and the development of local
stresses in the clay and the surrounding columns. The measure-
ments were repeatable and reliable for studying the mechanism
of the interaction between the sand column group and the sur-
rounding clay under different drainage conditions and rates of
loading.

2. The use of dense sand columns to reinforce soft kaolin clay at
area replacement ratios of 17.1% and 30.4% could increase
the drained ultimate strength of the specimen by 8% and 40%,
and the undrained strength by 39% and 159%, respectively.
This increased strength is attributed to the dense columns’ abil-
ity to carry additional stresses. This was proved by the miniature
pressure sensors’ measurements placed above dense sand col-
umns that showed mobilized stresses as high as 350 kPa. In
comparison, the miniature pressure sensors above the clay annu-
lus indicated stresses as low as 50– 60 kPa.

3. Local stress measurements indicated that the stress concentra-
tion ratios varied significantly with strain, rate of loading, and
area replacement ratio. At very low axial strains and under
drained conditions, stress concentration ratios between 4 and
6 could be mobilized. These relatively high ratios decrease to
about 1.5 at relatively large strains. For the case of undrained
loading, the stress concentration factors are very low (1.5–2)
at small strains and increase to values as high as 6.5 and 9.5
for cases involving area replacement ratios of 17.1% and
30.4%, respectively.

Limitations of the Present Study and Scope
for Future Work

It should be noted that the measured stress concentration factors
pertain to the particular case of a clay specimen that is reinforced
with a group of four sand columns. For a given area replacement
ratio, there is a possibility that the measured stress concentration
factor might be affected by the number and configuration of the col-
umns in the group (triangular versus square configurations). Possi-
ble differences in the response for single and multiple column cases
can be related to differences in the slenderness ratio of the columns
(length to diameter ratio). In a triaxial setup, a single large-diameter
central column will exhibit a smaller slenderness ratio than multiple
columns do. In addition, clay specimens that are reinforced with a
single column may exhibit an internal state of stress that may lo-
cally diverge from that exhibited in the multiple column case,
where the shear plane will have to interact with multiple columns.
Moreover, the stress state in the two cases might be affected by
local differences in the internal drainage conditions and column
stiffness. The effect of these parameters on the response of the com-
posite and particularly on the stress concentration factors will be
studied in future work.

The sand columns used in this research are of direct relevance to
applications related to the use of granular columns as vertically
draining elements (sand drains) or as reinforcing elements (sand
compaction piles). As far as the comparison with stone or gravel
columns and the potential size (or scale) effects, the use of sand col-
umns instead of gravel or stone columns in physical modeling is
dictated by testing constraints. The size of specimens that can be
accommodated in triaxial setups is limited even in the large triaxial
cell used in this study. Nevertheless, results from published studies
indicate that the type of material used to construct the granular col-
umn (gravel, sand, or a mixture of both) does not change the me-
chanics of the interaction between the columns and the
surrounding clay. The reported stress concentration ratios in this
study are very much needed for a better understanding of the load-
transfer mechanism between the clay matrix and the granular col-
umns in applications involving both short and long-term stability
of foundations.
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