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Abstract

In ground improvement applications involving stone columns in soft clays, the columns act as drains that
facilitate partial drainage during practical load applications. Partial drainage could improve the short-term
strength of the clay/column composite. The objective of this paper is to bracket the range of loading conditions
by investigating the fully drained response of clay/column composites through consolidated drained (CD)
triaxial tests. The area replacement ratio, the column penetration ratio, and the presence of geotextile
encasement were varied in the testing program. Results indicate that a maximum improvement of 69% was
observed in the deviatoric stress for area replacement ratios of 31.7%. A comparison between identical drained
and undrained tests indicates that the deviatoric stresses were higher in drained tests with the drained response
representing an upper bound for the strength of the reinforced clay specimens. When the improvements
observed in triaxial tests were compared to improvements witnessed in full scale footing tests, the triaxial test

results seem to over predict the percent improvement observed in the field bearing capacity.

Keywords: Columns; Geotechnical engineering; Models (physical); Shallow foundations
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1. Introduction
Granular columnar inclusions in the form of sand drains/columns or vibrated stone columns are commonly used

to improve the mechanical properties of soft clays. Historically, experimental research studies have been
designed to investigate the behavior of sand/stone column-reinforced clay systems in the laboratory using small
scale model tests that are conducted in one dimensional loading chambers (Hughes and Withers, 1974; Muir
Wood et al., 2000; Malarvizhi and Ilamparuthi, 2004; McKelvey et al., 2004; Ayadat and Hanna, 2005; Ambily
and Gandhi, 2007; Gniel and Bouazza, 2009; Murugeson and Rajagopal, 2010; Cimentada et al., 2011; Shahu
and Reddy, 2011; and Fattah et al., 2011). In these studies, tests were conducted on clay specimens reinforced
with partially or fully penetrating, encased or ordinary, stone or sand columns that were installed as single
columns or as column groups. The loading mechanisms involved either direct column loading or
foundation/plate loading at loading rates that varied from “slow” to “quick”, in an attempt to Simulate drained or

undrained loading, respectively.

Since the drainage mechanism cannot be controlled in small scale model tests, and since the stress state in small-
scale tests differs significantly from the stress levels encountered in actual field applications, results from
laboratory small scale tests cannot be generalized or extrapolated to the field scale problem. To overcome these
limitations, there has been significant interest in utilizing triaxial test setups to investigate the response of
specimens that are reinforced with sand/stone columns while controlling the stress state, the global drainage
conditions, and the rate of shearing. Examples of such studies include the work reported in Juran and Guermazi
(1988), Sivakumar et al. (2004), Black et al. (2006), Black et al. (2007), Kim et al. (2007), Andreou et al.

(2008), Najjar et al. (2010), Black et al. (2011), and Sivakumar et al. (2011).

Results from tests where the undrained triaxial response was targeted indicate that (1) reinforcing soft clay
triaxial specimens with sand columns decreases the generation of positive pore water pressure, (2) the inclusion
of columns in the clay specimens resulted in maximum improvements in the undrained shear strength of 30%
(Sivakumar et al. 2004), 33% (Black et al. 2007) and 73% (Najjar et al. 2010), and (3) the presence of a
fabric/grid sleeve around the sand column increased the load carrying capacity of the composite by 60% to 70%

(Sivakumar et al. 2004) and 30% (Najjar et al. 2010), in comparison to the un-cased sand columns.
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Tests that involved drained loading indicated that the use of granular columns with height to diameter ratios of 6
and 10 and an area replacement ratio of 17% increased the capacity of the foundation by 12% and 28%,
respectively. Limited measurements indicated that the stresses in the columns were about 1.5 and 1.8 times the
stresses in the surrounding clay for cases with column groups (Black et al. 2011) and single columns (Black et

al. 2006), respectively. The relatively small ratios were attributed to the drained loading conditions.

For typical construction loads and time frames, sand columns in the field are expected to act as drains that will
facilitate partial drainage of the surrounding clay. In the undrained triaxial tests conducted in the literature, no
drainage was allowed through the sand columns, which represented an “extreme” condition (undrained) in
reference to expected field conditions. Juran and Guermazi (1987) and Andreou et al. (2008) studied the effects
of partial drainage and rate of loading on the improvement brought by the addition of sand columns to soft soils
in a triaxial framework. Results from these studies indicated that allowing drainage in sand columns as is the
case in the field is expected to improve the shear performance of the composite system, compared to the case
where the columns are undrained. This means that results from “undrained” triaxial tests on reinforced clay
specimens could underestimate the degree of improvement in shear strength of the clay-sand column system
compared to the expected field condition and that the drained strength of the clay/sand column composite could

provide a realistic upper bound for the short-term bearing capacity in the field.

Bou Lattouf (2013) investigated the impact of drainage conditions and rate of loading on the response of
kaolinite clay specimens that were reinforced with a sand columns at an area replacement ratio of 17.8% using
isotropically consolidated “partially drained” triaxial tests. The partially drained conditions were enforced by
allowing drainage only through the top porous stone while shearing the specimens at strain rates varying from
3.5%/hr to 80%/hr. Results showed that the stress-strain curves of the partially drained specimens are bounded
by the stress-strain curves of the fully drained test (upper bound) and the undrained test (lower bound).

The results indicate that for clays that are reinforced with sand columns, significant drainage could occur even
in very fast tests due to the role of the sand column in facilitating radial drainage and inducing a significant
degree of consolidation even for rates of loading that could be representative of short term loading conditions. It
could thus be concluded that results from drained tests could represent a realistic upper bound of the response of

composite specimens even under short term loading conditions.
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In this paper, a comprehensive testing program that involves performing isotropically consolidated drained (CD)
triaxial tests on soft clay specimens that were reinforced with sand columns is implemented. The parameters that
were varied were the area replacement ratio, the column penetration ratio, and the encasement of the column
with a geosynthetic fabric. All tests were conducted at three effective confining pressures to characterize the
effective Mohr-Coulomb failure envelopes for control clay (unreinforced) specimens and specimens that were
reinforced with sand columns. The results of the tests are compared to their undrained counterparts and to other
published triaxial tests in the literature. Finally, a discussion pertaining to the applicability of triaxial test results

to real field conditions is included.

2. Laboratory testing program

In total, 39 isotropically consolidated drained (CD) triaxial tests were performed on one-dimensionally
consolidated kaolin specimens having a diameter of 7.1 cm and a length of 14.2 cm. Tests were conducted on
control specimens (no sand columns) and specimens that were reinforced with single sand columns having
diameters of 2 cm, 3 cm, and 4 cm with column penetration ratios He/Hs (ratio of height of column to height of
specimen) of 0.75 and 1, respectively. The 2 cm, 3 cm, and 4 cm diameter columns represent area replacement
ratios A./A; (ratio of area of column to area of specimen) of 7.9 %, 17.8 % and 31.7 %, respectively. The area
replacement ratio is expressed as a percentage in this paper and is defined as the ratio of the area of the sand
column to the total area of the specimen. All sand columns were placed in pre-drilled holes in the center of the
clay specimens and were either encased in a geosynthetic fabric or un-encased. All specimens were saturated
using a back pressure of 310 kPa and isotropically consolidated under effective confining pressures of 100, 150,
or 200 kPa. In all tested specimens, the measured “B” value was greater than 0.96 indicating an adequate degree

of saturation.

Samples were then sheared in drained conditions at a strain rate of 0.25% per hour (~0.06mm/min). All tests
were terminated at a maximum axial strain of about 15%. The strain rates were determined based on the
consolidation rates observed in the consolidation stage of the triaxial test to ensure fully drained conditions
during deviatoric loading. In control clay tests, the drainage was facilitated through the use of radial filter paper

placed around the circumference of the specimen. For a strain rate of 0.25 % per hour, the ratio of teye/tsg in
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control tests was around 450, which is much higher than the ratio of 120 that is generally adopted to ensure

drained conditions in triaxial tests involving clayey soils. The program of testing is summarized in Table 1.

2.1 Properties of materials
The materials used in this experimental study are kaolin clay, Ottawa sand, and a geosynthetic fabric. The
properties of these materials are presented in Tables 2 (clay) and Table 3 (sand) and described in the following

sections.

2.1.1 Kaolin clay

The clay used in the testing program is a kaolin clay. The drained shear strength of the kaolin clay was
characterized using isotopically consolidated drained triaxial tests. Curves showing the variation of the
deviatoric stress and the volumetric strain with axial strain are presented in Figure 1a. For all confining
pressures, failure was defined at an axial strain of 15%. The Mohr-Coulomb effective strength envelope for the
control clay specimens is shown on Figure 2 and indicates a drained friction angle ¢’ of 21.8° and an effective
cohesion ¢' of 0. For comparison, the effective shear strength parameters that were derived for kaolinite clay by
Najjar et al. (2010) from consolidated undrained triaxial tests with pore pressure measurement were ¢’ of 26°
and an effective cohesion ¢’ of 0. The difference in the calculated effective friction angles from the CD tests and
the CU tests with pore pressure measurement could be considered to be significant and is attributed to two main
factors: (1) the difference in the mean effective confining pressure at failure (about 3 to 4 times greater in
drained tests compared to undrained), and (2) the fact that the drained tests were terminated at an axial strain of

15% without reaching critical state conditions.

2.1.2 Ottawa sand

Ottawa sand which classifies as poorly graded sand (SP) was used to construct the sand columns. For sand
specimens prepared at a dry unit weight of 16.2 kN/m? (relative density of 44%), Najjar et al. (2010) reported an
effective peak friction angle of 33° based on CU tests with pore pressure measurement. In this study,
isotropically consolidated drained triaxial tests were conducted on sand specimens. The variations of deviatoric
stresses and volumetric strains with axial strain are shown on Figure 1b, while the effective shear strength

envelope is shown on Figure 2. The test results confirmed the dilative nature of the sand, but resulted in a
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drained effective friction angle of about 35°. The difference between the measured effective friction angles from
the CU+U and CD tests could be attributed to the mean effective stresses at failure which were an order of

magnitude greater for the undrained tests.

2.1.3 Geosynthetic fabric

The geosynthetic fabric used in Najjar et al. (2010) was selected for this study. Tensile strength tests on
specimens of the fabric indicated tensile strengths of 5.8 MPa and 3 MPa for the strong and weak fabric
orientations, respectively. Soaking the fabric led to a 25 % reduction in the tensile strength. The secant modulus
corresponding to a tensile strain of 1 % was determined to be about 35.4 MPa and 14.3 MPa for the strong and
weak fabric orientations, respectively, with the modulus decreasing by more than 60 % when the fabric was
soaked. It should be noted that the orientation of the strong fabric in the triaxial tests was in the horizontal

direction.

2.2 Specimen preparation

The detailed sample preparation technique is presented in Najjar et al. (2010). Kaolin clay powder was mixed
with water at a water content of 100% to form a slurry. The slurry was then poured into custom-fabricated
consolidometers and dead weights were used to consolidate the specimens to a vertical effective stress of 100
kPa. The average bulk unit weight for all the clay specimens prepared was about 16 kN/m?®. The water content
after consolidation was found to be relatively uniform (about 51% with standard deviation of 1%) throughout

the depth of the sample.

The sand columns were formed from Ottawa sand at a dry unit weight of about 16.2 kN/m*. These sand columns
were prepared by pouring 3 layers of dry Ottawa sand in cylindrical pre-cut and stitched geosynthetic fabrics
and densified by vibration. Water was then added to the sand column and the column was then frozen for 24
hours (Figure 3a). In clay specimens that were reinforced with encased sand columns, the columns were inserted
in the pre-drilled holes with the fabric wrapped around the column. For ordinary columns, the geosynthetic
fabric was cut and detached from the sand column. The frozen sand column was then inserted into a hole drilled
at the center of the clay specimen (Figure 3b) and allowed to thaw. The reinforced clay specimen (Figure 3c)

was then transferred to the triaxial cell and saturated using a back pressure of 310 kPa, while maintaining an
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effective isotropic confining pressure of 100 kPa. After consolidation, the samples were sheared under drained

conditions.

3. Test results and analysis of drained tests

The automated triaxial test setup “TruePath” by Geotac was used to conduct the CD tests. Volume change was
measured through drain lines connected to the porous stones at the top and bottom of the sample. The measured
volume change reflects a global change in the composite sample and does not provide information on local
changes in the water content in the sand column and the surrounding clay. Throughout the tests, the total
confining pressure was kept constant as the vertical stress was increased in compression. The test results are
presented in Table 1. It should be noted that in all the discussion presented below, it is assumed that the sand

column and the surrounding clay act as a single element with homogeneous distributions of stresses and strains.

3.1 Mode of failure

For samples that were reinforced with non-encased partially penetrating columns, the mode of failure was
characterized by bulging of the clay specimen (see Figure 4a), with the bulging being relatively uniform along
the height for specimens reinforced with the smallest area replacement ratio (2 cm columns) and concentrated in
the lower-half for specimens reinforced with the largest area replacement ratio (4 cm columns). The
concentrated bulging in the lower-half of the specimen is a result of high stress and strain concentration in the
unreinforced portion of the specimen under the 4 cm diameter columns. The lack of concentrated bulging in the
specimens reinforced with the 2 cm columns reflects the relatively minor contribution of the small-diameter
column in supporting the applied stress. For partially penetrating encased columns (Figure 4b), the bulging in
the lower-half of the specimen was even more significant. Due to high localized shear stresses, a shear plane

passing below the sand column was observed for the samples reinforced with 4-cm encased columns.

For samples reinforced with fully penetrating ordinary and encased columns (Figures 5a and 5b), bulging of the
specimens was more concentrated in the middle of the sample and decreased towards the upper and lower end

plates due to interface friction with the porous stones and caps.

The same test specimens were split along their vertical axes to expose the columns and the surrounding clay

(Figures 4 and 5). For samples reinforced with ordinary partially penetrating sand columns, the sections indicate
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that the upper portion of the sand columns exhibited bulging of different levels. This bulging was non-existent
in the samples reinforced with 3-cm and 4-cm partially penetrating ordinary columns. When partially
penetrating columns were encased, the sand columns did not exhibit any noticeable bulging (Figure 4b). For
samples reinforced with fully penetrating ordinary columns, the bulging of the column was in line with the
external bulging observed for the specimens with the most severe bulging occurring at about 2 to 3 column

diameters from the top and bottom of the sample (Figure 5).

3.2 Stress-strain response

The variation of the deviatoric stress and volumetric strain with axial strain is presented on Figures 6 and 7 for

specimens reinforced with partially penetrating and fully penetrating ordinary columns, respectively.

The stress-strain curves of the control clay exhibited consistent increases in deviatoric stresses with strains as
the samples were sheared towards critical state. For specimens reinforced with partially and fully penetrating
columns of small diameter (AJ/As = 7.9 %), the response of reinforced specimens was very similar to the control
specimen indicating that the columns did not play a role in improving the load response. For specimens with 3-
cm and 4-cm columns (AJAs = 17.8 % and 31.7 %), the stress-strain response was improved in comparison to
the control clay specimen. For these tests, the stress-strain curves started to show visible signs of peaks in the
response. The presence of peaks was observed in both partially penetrating and fully penetrating columns at

relatively smaller strains.

The measured volumetric strains were all contractive (Figures 6 and 7) and consistent with the positive pore
pressures witnessed in the corresponding undrained tests in Najjar et al. (2010). For all confining pressures, the
contractive volumetric strains were reduced significantly when 3 and 4-cm diameter sand columns were inserted
in the soft clay (see Table 1). The reduction in contractive behavior was more significant for tests involving
fully penetrating columns which are expected to induce higher dilative tendencies. For tests involving the
smaller area replacement ratio (AJ/As = 7.9 %), the volumetric strains for samples reinforced with partially
penetrating columns were generally equal to or slightly smaller than those measured in the control specimens,

indicating that the inclusion of sand columns did not have a significant impact on the tendency for volume
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change. It could be concluded that for specimens reinforced with an area replacement ratio of 7.9 %, the

behavior of the composite is governed by the unreinforced part of the clay.

An investigation of the curves on Figures 6 and 7 indicates that as the area replacement ratio increases, (1) the
sand columns become more efficient at improving the deviatoric stresses at failure and reducing contractive
behaviour and (2) the stress-strain response shifts from the strain hardening behavior that is witnessed in the

unreinforced clay (0 % replacement) to the strain softening behavior that is characteristic of the pure sand.

The effect of sand column encasement on the stress-strain response is illustrated in Figure 8 for specimens
reinforced with partially (Figure 8a) and fully (Figure 8b) penetrating columns at area replacement ratios of 7.9
% and 31.7 %, respectively. Results are presented for an effective confining pressure of 150 kPa and are
representative of other confining pressures. Results indicate that encasing the column with a geosynthetic fabric
improved the stress-strain response slightly for the smaller area ratio of 7.9 %, particularly at larger strains and
for fully penetrating columns. For the larger area ratio of 31.7 %, the encasement resulted in slight reductions in
the maximum deviatoric stress. The effect of encasing the column with a geosynthetic fabric will be analyzed in

more detail in the following section.

3.3 Effect of sand columns on the deviatoric stress at failure

The percent improvement in the deviatoric stress at failure is presented in Table 1 and plotted versus the
effective confining pressure in Figure 9. Results indicate that the use of 2-cm diameter sand columns (non-
encased with area ratio = 7.9 %) did not result in notable increases in the deviatoric stress at failure, with the
maximum increase (7.45 %) occurring at a confining pressure of 100 kPa. For specimens reinforced with
encased 2-cm columns, increases in the deviatoric stresses were observed for samples reinforced with fully

penetrating columns only and at all confining pressures.

For A/A of 17.8 %, improvements ranging from 32.9 % to 36 % were observed for samples reinforced with
fully penetrating columns and from 4.6 % to 18.8 % for partially penetrating columns. For samples with encased

columns, the improvement increased to 40 % to 55 % for the case with fully penetrating columns.
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For the high A/A, of 31.7 %, the improvement in the deviatoric stress at failure was found to range from 58.7 %

to 68.8 % for samples reinforced with fully penetrating columns and from 22.1 % to 24.5 % for samples
reinforced with partially penetrating columns. Encasing the 4-cm columns with a geosynthetic fabric did not

lead to any improvement in the load-carrying capacity as indicated by the reduced improvement levels.

To shed more light on the effect of column encasement on the percent improvement in the deviatoric stress at
failure, improvements corresponding to ordinary and encased fully penetrating columns are compared in Fig. 10
for different confining pressures and area replacement ratios. The results presented in Figure 10 indicate that
encasement increased the ultimate strength of reinforced specimens in cases involving area replacement ratios of
7.9% and 17.8%, and slightly reduced the strength of reinforced specimens for the largest area replacement ratio
of 31.7%. For the largest area replacement the percent improvement in strength was reduced from 68% to 64%
for 100 kPa confining pressure, 63% to 56% for 150 kPa, and 58% to 50% for 200 kPa. Moreover, the percent
improvement in the deviatoric stress at failure for encased columns decreased as the initial effective confining

pressure was increased from 100 to 200 kPa.

Reductions in the efficiency of encasement for larger stone column diameters have been observed and discussed
by several investigators (Murugesan and Rajagopal 2008, 2010, Najjar et al. 2010, and Wu and Hong 2009).
The reason for the reduction in efficiency is the lesser mobilization of lateral confinement in large diameter
stone columns. Any additional confinement pressure due to the encasement is inversely proportional to the
diameter of the stone column and the effective confining pressure. While these findings explain the observed
reduced efficiency of encasement for the highest area replacement ratio of 31.7 %, they do not explain the slight
reduction that was observed in the percent improvement values compared to ordinary columns. Whether these
small reductions in improvement are related to the experimental testing procedure or sample preparation
technique or to any other physical phenomenon that is related to the interaction between the sand column,
geotextile, and surrounding clay is not clear at this stage. Since the results in this paper are the first results in the
literature to investigate the effect of geotextile encasement on the “drained” strength of clay reinforced with
encased columns, more work should be dedicated in the future to understand the role of encasement at high area

replacement ratios in fully drained tests.

3.4 Effect of sand columns on the drained shear strength parameters
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The effective Mohr-Coulomb failure envelops of specimens reinforced with ordinary and encased fully
penetrating columns are presented in Figure 11. The resulting shear strength parameters ¢' and ¢' of both

partially penetrating and fully penetrating specimens are summarized in Table 4.

Results in Table 4 indicate that partially penetrating 2-cm columns didn’t lead to noticeable changes/increases in
the effective friction angle ¢'. For fully penetrating 2-cm columns, non-zero effective cohesion intercepts c' of
10 kPa and 18 kPa, with associated effective friction angles ¢' of 20° and 21.6°, were observed for ordinary and
encased columns, respectively. For the case involving ordinary columns, the non-zero ¢' and the reduced ¢'
reflect the improvement observed in the deviatoric stress at the lower confining pressure of 100 kPa and the lack
of improvement at higher confining pressures. On the other hand, the non-zero ¢’ of 18 kPa and the unimproved
¢' of 21.6° are expected given previous research which shows that encasing columns with geosynthetics of
different strengths results in non-zero cohesive intercepts which increase as the strength of the fabric increases

(Wu and Hong 2009), with the increases in ¢’ being associated with no improvements in the friction angle ¢'.

For samples reinforced with 3-cm ordinary columns, the friction angle ¢' was found to increase to 22.5° and
24.5° (compared to 21.8° for the control clay) for cases involving partially and fully penetrating columns,
respectively. The increases in ¢' were associated with small increases in ¢'. On the other hand, samples that were
reinforced with 3-cm encased columns showed no improvements in the friction angle compared to the control
specimens, but were associated with relatively large c' values of 15 kPa and 30 kPa for partially and fully

penetrating columns, respectively.

For samples reinforced with 4-cm ordinary columns, ¢' was found to increase to 23.8° and 26° for cases
involving partially and fully penetrating columns, respectively. The increases in ¢' were associated with
increases in the effective cohesion intercept ¢' which was found to be 7 and 19 kPa for partially and fully
penetrating columns, respectively. On the other hand, samples reinforced with partially penetrating encased
columns showed no improvement in the friction angle but were associated with a non-zero ¢' of 7 kPa. Samples

with fully penetrating encased columns exhibited a ¢' value of 24.8° and an associated c' of 22.5 kPa.

3.5 Effect of sand columns on the drained secant modulus
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A drained secant modulus (E.)19 defined at an axial strain of 1 % was calculated for each test by dividing the
deviatoric stress measured at an axial strain of 1 % by the corresponding strain. Calculated (Eg)19 Values are
presented in Table 1 and plotted in Figure 12. In general, results indicate very small increases and some
reductions in (Esec)1s for partially and fully penetrating 2-cm columns compared to the control clay specimens.
For tests conducted with partially penetrating 3-cm columns, increases in (Esec)1% Were only observed for a
confining pressure of 200 kPa with improvements of about 20.2% for the ordinary column and about 56.3% for
the encased column. For tests conducted with fully penetrating 3-cm columns, consistent increases in (Ege)1
were observed at all confining pressures with average increases of about 92% and 67% for ordinary and encased
columns, respectively. For comparison, the average increases in (Ese)19 for the fully penetrating ordinary and

encased 4-cm diameter columns were 138.2% and 135.8%, respectively.

The response observed in Figure 12 for clay/sand composites at low strain levels (as reflected in Eg 10) iS quite
complex, particularly with regards to the roles that partial penetration, presence of encasement, and confining
pressure could have played in this regard. To illustrate the complexity in the response, the percent improvement
in Egec,19 (Compared to the control specimen) was plotted in Figure 13 for specimens reinforced with ordinary
and encased fully penetrating columns. Results indicate that confining pressure seems to play a significant role
in defining the improvement in stiffness and its relation to encasement or the lack of it. For the lowest confining
pressure of 100 kPa, specimens reinforced with ordinary columns showed better improvement compared to the
cases where the columns were encased. This trend reverses (encased columns increase the improvement in

Eqec 19) for the tests conducted at the highest confining pressure of 200 kPa. It should be noted that for the
particular cases with specimens reinforced with 2-cm columns, the improvements in stiffness were erratic with

some reinforced specimens showing reductions in Es 19, COmpared to the control specimens.

It is anticipated that the stiffness of the composite at small strains could be very sensitive to sample preparation
factors. The installation of the sand column could have contributed to the reduction in Eg,10, due to possible
absence of full contact (reduced contact stresses) between the column material and the surrounding clay at very
small strains. At larger strains, full contact is enforced and the response becomes more repeatable and reliable.
The specimens reinforced with the 2cm column are the most vulnerable to installation effects since any loss of
contact due to installation may result in Eg,19, Values that are smaller than the control. Interestingly, the absence

of full contact between the sand column and the clay could be amplified by the presence of an encasement that
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is confining the sand column laterally and prohibiting it from establishing full lateral contact with the

surrounding clay after installation.

4. Comparison between drained and undrained response

In this section, the results from the consolidated drained tests are compared to their undrained counterparts as
reported in Najjar et al. (2010). The objective is to determine the effect of the drainage condition and loading
rate on the load response of the reinforced soft clay. The analysis will be limited to specimens that are

reinforced with ordinary sand columns.

4.1 Differences in overall response

The variations of the deviatoric stress, excess pore pressure, and volumetric strain with axial strain are presented

in Figure. 14 for drained and undrained loading conditions at an initial effective confining pressure of 150 kPa.

Results for specimens reinforced with partially penetrating columns (Figure 14a) indicate that for the small area
replacement ratio AJ/A, of 7.9 %, no improvements in the load-carrying capacity were observed in the drained
tests, while slight improvements were observed for undrained tests. For cases with A /A of 17.8 % and 31.7 %,

improvements were observed for both drained and undrained tests.

Results for specimens reinforced with fully penetrating columns (Figure 14b) indicate that very slight
improvements in the load-carrying capacity were observed in the drained and undrained tests for AJ/As of 7.9 %.
On the other hand, for the higher A./As of 17.8 % and 31.7 %, significant improvements in the load-carrying
capacity of the clay specimens for both drained and undrained tests were observed, with the improvements being
clearly associated with decreases in the magnitudes of the volumetric strains in drained tests and in the excess

positive pore pressures in the undrained tests.

The decrease in the excess positive pore water pressure and contractive volumetric strains during shear could be
attributed to the significant tendency for dilation in the 3-cm and 4-cm diameter columns. For the case of AJ/As
of 31.7 %, almost all of the positive pore pressures that were generated in the undrained tests were dissipated

after 12% strain leading to relatively large improvements in load carrying capacity. The significant reduction in
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excess pore pressures in these tests is a result of (1) the generation of negative pore pressures in the sand column
and (2) the dissipation of some of the positive pore pressures in the clay part of the specimen due to internal
exchange of water between the 4-cm column and the surrounding clay. The net effect is a significant increase in
the deviatoric stress of the undrained specimen which almost approached the load carrying capacity of the

drained 31.7% specimen.

It is worth noting that for all samples, the load-carrying capacities that were observed in the drained tests were
higher than the load-carrying capacities that were observed for the undrained counterparts. This is related to the
fact that the control clay specimens in the drained tests exhibited a higher load capacity compared to the control
undrained tests as indicated in Figure 14. It could be concluded that the deviatoric stresses at failure for drained
conditions constitute an upper bound for the strength of the clay-sand column composite. In practical field
applications which involve partial radial drainage from the clay to the granular column, the response is expected
to be intermediate between the fully drained and fully undrained cases analyzed. It is interesting to note based
on the triaxial results in Figure 14 that the difference in the load response as a result of differences in the

drainage conditions and loading rate decreases as the area replacement ratio increases.

4.2 Differences in improvement in deviatoric stress at failure

The percent improvements in the deviatoric stress at failure for both drained and undrained tests are plotted
versus the initial effective confining pressure in Figure 15. Results indicate that the improvement for the
undrained tests was consistently higher than that observed in the drained tests. This observation could lead to the
conclusion that sand columns are more efficient at increasing the load-carrying capacity of soft clays in an
undrained setting than in a drained setting. It should be noted though that although the percent improvement in
the deviatoric stress was higher for undrained tests, the absolute values of the deviatoric stress were much higher
for drained tests at low and medium area replacement ratios (7.9 and 17.8 %) and slightly higher for the high
area replacement ratio (31.7 %), signifying that the drained load response could likely represent an upper bound

for the shear strength of the reinforced clay specimens.

4.3 Differences in effective shear strength parameters
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Modified effective Mohr-Coulomb failure envelopes for specimens reinforced with ordinary fully penetrating
sand columns are presented in Figure 16 in p’-q space for both consolidated drained and undrained conditions.
More importantly, the effective stress paths leading to failure were determined and plotted on Figure 16 for
comparison. The effective stress paths were plotted in terms of g and p’, where ¢ and p' are defined based on the

“MIT School” as q=(c'1-6'3)/2 and p'=(c"1+0'3)/2.

For specimens that were reinforced with fully penetrating 2-cm columns, the stress paths for the undrained tests
reflected significant generation of positive pore pressures which reduced the effective mean stress (p’) at failure.
As a result, the range of p’ at failure did not overlap in drained and undrained tests (see Figure 16a). The smaller
range of p’ at failure in undrained tests resulted in an effective friction angle that was significantly larger than
that witnessed in the drained tests. When compared to the control clay results, both ¢'and ¢' did not show any

significant improvement at this relatively low area replacement ratio.

For specimens that were reinforced with fully penetrating 3-cm and 4cm columns, the generation of positive
pore water pressure in the composite specimens was reduced due to the dilative tendency of the columns. This
was reflected clearly in the effective stress paths where the range of p’ at failure in the undrained tests
approached the range of p’ in the drained tests. This resulted in effective shear strength parameters that are
comparable, irrespective of the drainage conditions of the tests. In fact, the effective modified Mohr-Coulomb

envelops almost overlapped in the case of the largest area replacement ratio of 31.5%.

5. Applicability of triaxial test results to field conditions

Triaxial tests on soft clays that are reinforced with granular columns are generally conducted to model
“foundation” or “area” loading conditions in the field (Najjar 2013). The triaxial setup that involves a clay
specimen with a central column resembles to a certain level the unit cell concept that is generally assumed in
analytical design methods for clays that are reinforced with single or group columns. By reproducing the field
area replacement ratio, the field sand column density, and the field clay strength and stiffness, it is assumed that
the measured improvement in the bearing capacity of the composite specimen in a triaxial setting (compared to
the control specimen) should realistically model the expected improvement in the bearing capacity of the

foundation resting on composite ground. The advantages of triaxial tests (relative to small scale model tests) are
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their ability to estimate the response of the reinforced clay system at field-level confining pressures and to
control the drainage conditions. Another advantage of triaxial tests is that they could be used to calibrate

numerical models that are then used to predict the response of the full scale foundation in the field.

However, results from triaxial tests may not reflect the true field behaviour due to a number of reasons. First, the
stress field within a triaxial specimen (sample subjected to a uniform effective confining pressure along its
length) is different than the field condition where the effective confining stress profiles generally increase with
depth. The different stress states may result in differences in the mode of failure and in the overall response.
Muir Wood et al. (2000) report four modes of failure for stone columns (bulging, formation of shear planes,
bending and punching into clay). In field applications involving relatively long columns, a bulging mode of
failure that is restricted to the upper 3 to 5 column diameters is generally observed. The bulging failure mode for
the columns was rarely reported in the triaxial tests presented in this paper. This is directly attributed to the
uniform effective confining pressure and the possible end effects in the triaxial samples due to the presence of
the rigid porous stones and loading plates. All these factors should be taken into consideration before
extrapolating or adopting the results of the triaxial tests in predicting the improvement in capacity in practical

field applications.

Najjar and Skeini (2015) compiled a database of published triaxial data for specimens that were reinforced with
sand/gravel columns and tested under undrained and drained conditions. The triaxial tests cover the typical
ranges of soil properties and design conditions that exist in practical field applications, with clays having
undrained shear strength values ranging from 15 kPa to 55 kPa and granular columns with friction angles
ranging from 33 to 43 degrees. Published data covers area replacement ratios ranging from 4% to 64% and

ratios of column height to diameter ranging from 2.4 and 22.2.

The triaxial data (including the triaxial data in the current study) and trends observed for the percent
improvement in deviatoric stress at failure with area replacement ratio are presented in Figure 17. To compare
the magnitudes and trends of the improvement observed in triaxial tests to actual field tests, the percent
improvement in capacity for field tests that included information on the bearing capacity of footings for both the
reinforced and unreinforced clay (Baumann and Bauer, 1974; Greenwood, 1975; Han and Ye, 1991; and

Stuedlein and Holtz, 2012) were calculated and plotted in Figure 17. Detailed information on the field tests that
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were used is presented in Stuedlein and Holtz (2013) and in the corresponding original references. A summary

of each field test is presented in Table 5.

Results on Figure 17 indicate that the range of the percent improvement in the bearing capacity of field tests is
generally in line with the range witnessed in the triaxial tests. The challenge however is in categorizing the field
tests into “undrained”, “drained”, or “partially drained” since readings of pore pressure in the clay surrounding
the column were not available, except in the tests reported in Baumann and Bauer (1974) and Han and Ye
(1991). The field test by Baumman and Bauer (1974) is an example on how a field test, which was conducted
over 8 hours on a clay that was reinforced with stone columns at a relatively large area replacement ratio of
about 47%, exhibited more than 90% dissipation of pore pressures during each loading increment, resulting in a
more-or-less drained response. The pore pressures were measured using piezometers that were placed in
between the columns. On the other hand, results from similar piezometers in the field tests by Han and Ye
(1991) indicated that excess positive water pressure accumulated in the clay at the completion of the test,
particularly at shallow depths (~ 2 to 3 stone column diameters) reflecting more-or-less undrained behavior. The
test was conducted on silty clay that was reinforced with 14m-long stone columns with a diameter of 0.85m at

an area replacement ratio of about 36%.

In the field tests presented in Greenwood (1975) and Stuedlein and Holtz (2013), no pore water pressure
measurements were reported to quantify or qualify the drainage conditions in the clay around the columns. As a
result, these tests were labeled as being partially drained in Figure 17 and Table 5. The test reported in
Greenwood (1975) was conducted on clay that was reinforced with 3.0m long gravel columns having a diameter
of 0.58m at a relatively large area replacement ratio of 40.1%. On the other hand, the tests conducted by
Stuedlein and Holtz (2013) involved 0.74m-diameter stone columns with a length ranging from around 3m to

4.6m, installed in a stiff fissured overconsolidated CL clay at a replacement ratio ranging from 24.2% to 30.2%.

Results on Figure 17 indicate that except for the field test that is speculated to be “undrained”, all of the field
tests exhibited levels of improvement that were in line with but slightly lower than the trend predicted by the
drained triaxial tests. This observation could be attributed to the difference in the stress state between the field
and triaxial tests. In the field, the confining stress increases with depth and the degree of confinement around the

top of the column (first 2 to 3 diameters) is relatively low. Since the mode of failure of columns in the field is

Proceedings of the Institution of Civil Engineers - Ground Improvement



Accepted manuscript doi:
10.1680/jgrim.18.00007

significantly affected by the confining pressure at the top of the column where bulging of the column is
expected, the laboratory test results (with uniform confining pressure) seem to slightly over predict the percent
improvement observed in the field bearing capacity under actual foundations. It should be noted that these
observations are preliminary and should be confirmed in the future as additional field data is gathered. Based on
the above limitations, it should be reiterated that the comparison presented on Figure 17 between triaxial and

field results should be considered as indicative only.

6. Conclusions
Based on the results of 39 consolidated drained triaxial tests that were conducted in this experimental research
study, the following conclusions can be drawn with regards to the effect of medium dense sand columns on the
drained response of soft clay:
1. The utilization of an area replacement ratio of 7.9 % with ordinary columns did not result in notable
increases in the deviatoric stress at failure. Upon encasing the columns with a geosynthetic, improvements
up to 37.0 % were obtained using fully penetrating columns. For the higher area replacement ratios of 17.8
% and 31.5 %, improvements up to 69 % were observed with fully penetrating columns and 24 % for
partially penetrating columns.
2. The inclusion of 3-cm and 4-cm sand columns in the clay reduced appreciably the contractive
volumetric strains, with the reduction being more significant for tests involving fully penetrating sand
columns.
3. Reinforcing normally consolidated soft kaolin specimens with medium dense sand columns at an A/A
of 7.9 % generally resulted in reductions in (Es)1e. FOr tests conducted using A/As of 17.8 %, increases
in (Esec)106 Were observed for fully penetrating columns at all confining pressures. For tests conducted
using AJ/A, of 31.7 %, increases in (Egec)19 Were observed for all cases.
4. For a small A/A;, the effective friction angle ¢' and the apparent cohesion ¢’ were not significantly
affected by the presence of the sand columns. For the intermediate and high A/A; of 17.8 % and 31.7 %,
improvements in ¢' and non-zero c¢' values were observed for encased and non-encased fully penetrating
columns. Specimens with ordinary columns exhibited slightly higher ¢' values while specimens with

encased columns exhibited slightly higher c' values.
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One-to-one comparisons between identical drained and undrained triaxial tests on reinforced specimens
indicated that the improvement in the deviatoric stress at failure for the undrained tests was consistently higher
than that observed for the drained tests. However, the absolute values of the deviatoric stress were still much
higher for drained tests at low and medium AJ/A; (7.9 and 17.8 %) and slightly higher for the high AJ/As
(31.7%), signifying that the drained load response could likely represent an upper bound for the shear strength
of the reinforced clay specimens.

The drained and undrained triaxial test results followed the trends observed in other triaxial tests that are
reported in the literature. When compared to results from field tests on foundations resting on stone-column
improved ground, levels of improvement that were in line with but slightly lower than the trend predicted by the
triaxial tests were observed. This was attributed to the difference in the stress state between the field and triaxial
tests. Given the limited number of field tests that were analyzed and the uncertainty in the drainage conditions in
the field, the comparison between levels of improvement in field and triaxial tests should be considered as

indicative only and should be revised once new field tests are published in the literature
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List of notation

Ac is the area of the sand column

As is the area of the specimen

H, is the height of the sand column

Hs is the height of the specimen

traire 1S the time to failure during shearing

tso is the time for 50% consolidation during consolidation stage
Hs is the height of the specimen

c is the effective cohesive intercept

¢ is the effective friction angle
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Table 1. Test Results for Kaolin specimens reinforced with ordinary and encased sand columns

H H ESGC @
Test Confining Dla?aer:]tgr of Area Column Heslg:(tj of Deviatoric Volume 1% Increase in Increase in
No. bressurecs, o oo replacement penetration column stress @ strain (%) axial  deviatoric Eee)use(%)
: (kPa) (cm) ratio: AJAs (%) ratio: He/Hs (cm) failure (kPa) ) strain  stress (%) sec/ 19670
(kPa)
1 0 0.0 0.00 - 1248 482 3387 - -
2 2 7.9 0.75 10.65 1247 500 3800 -0.08 122
3 2 7.9 1.00 14.20 134.1 -409 4050 7.45 196
4 2(ENC) 7.9 0.75 10.65 1195 422 3420 -4.19 1.0
5 2(ENC) 7.9 1.00 14.20 171.0 401 2580 37.02 238
6 3 17.8 0.75 10.65 1382 376 3754 10.76 108
7 100 3 17.8 1.00 14.20 169.5 233 7630  36.02 125.3
8 3(ENC) 17.8 0.75 10.65 1483 372 4230 18.83 24.9
9 3(ENC) 17.8 1.00 14.20 193.4 311 5300 55.01 56.5
10 4 317 0.75 10.65 154.9 243 4527 24.17 33.7
11 4 317 1.00 14.20 210.6 075 8082 68.80 138.6
12 4(ENC) 317 0.75 10.65 1349 222 3918 8.12 15.7
13 4(ENC) 317 1.00 14.20 204.6 110 7274 63.97 114.8
14 0 0.00 0.00 - 1793 510 4044 - -
15 2 7.9 0.75 10.65 175.1 517 3190 -2.38 211
16 2 7.9 1.00 14.20 183.4 -457 4360 2.27 7.8
17 2(ENC) 7.9 0.75 10.65 1738 427 4380 -3.07 8.3
18 2(ENC) 7.9 1.00 14.20 225.1 421 4150 25.53 2.6
19 3 17.8 0.75 10.65 193.0 397 3765 7.64 6.9
20 150 3 17.8 1.00 14.20 238.4 350 8580 32.94 1122
21 3(ENC) 17.8 0.75 10.65 1975 415 4469 10.12 105
22 3(ENC) 17.8 1.00 14.20 258.6 -3.02 8100 44.18 100.3
23 4 317 0.75 10.65 219.0 276 6096 22.10 50.7
24 4 317 1.00 14.20 292.4 135 9822 63.02 142.9
25 4(ENC) 317 0.75 10.65 191.4 3.02 4443 6.71 9.9
26 4(ENC) 317 1.00 14.20 279.6 -150 8200 55.89 102.8
27 0 0.0 0.00 - 233.0 536 5075 - -
28 2 7.9 0.75 10.65 217.9 548 4725 -6.47 6.9
29 2 7.9 1.00 14.20 233.4 554 3600 0.17 29.1
30 2(ENC) 7.9 0.75 10.65 236.9 499 6220 1.68 22.6
31 2(ENC) 7.9 1.00 14.20 282.0 533 5480 21.07 8.0
32 3 17.8 0.75 10.65 260.6 370 6100 11.85 20.2
33 200 3 17.8 1.00 14.20 311.9 323 7030 33.88 385
34 3(ENC) 17.8 0.75 10.65 243.8 428 7932 4.65 56.3
35 3(ENC) 17.8 1.00 14.20 326.2 291 7320 40.02 44.2
36 4 317 0.75 10.65 290.0 -3.04 8358 24.46 64.7
37 4 31.7 1.00 14.20 369.7 -1.40 11833  58.67 133.2
38 4(ENC) 31.7 0.75 10.65 254.8 -439 6357 9.36 25.3
39 4(ENC) 31.7 1.00 14.20 349.1 110 14716 49.84 190.0

* ENC: Encased Sand Columns
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Table 2. Physical and mechanical properties of Kaolinite clay

Specific Gravity

Liquid limit, LL, (%)
Plasticity index, Pl, (%)

Fines content (%)

Compression index, c.
Re-compression index, ¢,

Swelling index, ¢,
cv (cm?/min)

2.53
55.7
22.4
100
0.41
0.14
0.16
0.18

Table 3. Physical and mechanical properties of Ottawa sand

Dio (mm)
D3o (mm)
Deo (mm)

Coefficient of uniformity (Dgo/D1o)
Coefficient of curvature (Ds0)%(Dgo*D1o)
Max. and min. void ratios (Emax,emin)

Specific gravity

0.22
0.3
0.5
2.3

0.82

(0.75,0.49)

2.65

Table 4. Effective shear strength parameters for control and reinforced specimens

Column Diameter Area Replacement

Column Penetration

(cm) Ratio: AJ/A; (%) Ratio: H/Hs ¢ (kP ¢ (deg)
0 0 0 0 21.8
2 7.9 0.75 12 18.8
2 7.9 1 10 20
2 (Encased) 7.9 0.75 0 215
2 (Encased) 7.9 1 18 21.6
3 17.8 0.75 5 225
3 17.8 1 10 24.5
3 (Encased) 17.8 0.75 15 20.2
3 (Encased) 17.8 1 225 233
4 31.7 0.75 7 23.8
4 317 1 19 26
4 (Encased) 31.7 0.75 7 21.8
4 (Encased) 31.7 1 225 24.8

Table 5. Field tests on footings supported in stone-column improved clay

Reference A&ﬁs ?_?#QTF? Dcigmglgr Begﬂr;tgro(liaﬁmlséty Rein@;;ziitc;ag(gae)aring I;?a?':g;ecn;%r:c:?y ED):gie;;gg
(m) (m) (kPa) (%) Conditions
Baumann & Bauer (1974)  46.8 5 1 140 210 50.0 D
Stuedlein & Holtz (2012) 302 457 0.74 380 555 46.1 D/PD
Stuedlein & Holtz (2012) 242 457 0.74 380 532 40.0 DI/PD
Stuedlein & Holtz (2012) 302 305 0.74 380 645 69.7 DI/PD
Stuedlein & Holtz (2012) 302 457 0.76 380 624 64.2 DI/PD
Stuedlein & Holtz (2012) 302 457 0.74 380 615 61.8 D/PD
Greenwood (1975) 40.1 29 0.61 215 323 50.2 D/PD
Han and Ye (1991) 36 14 0.85 55 177 2218 uD
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Figure 1. Deviatoric stress and volumetric strain versus axial strain for Kaolin clay and Ottowa sand

Figure 2. Mohr Coulomb effective stress failure envelopes Kaolin Clay and Ottowa Sand for
control/unreinforced specimens.

Figure 3. Photographs of the installation process of frozen sand columns

Figure 4. Example of external and internal modes of failure of test specimens with partially penetrating (a) non-
encased and (b) encased sand columns

Figure 5. Example of external and internal modes of failure of test specimens with fully penetrating sand
columns

Figure 6. Deviatoric stress versus axial strain for specimens reinforced with partially penetrating ordinary
columns

Figure 7. Deviatoric stress versus axial strain for specimens reinforced with fully penetrating ordinary columns
Figure 8. Effect of column encasement on the response of specimens reinforced with (a) partially penetrating
and (b) fully penetrating columns (confining pressure = 150kPa).

Figure 9. Variation of improvement in deviatoric stresses with confining pressure for samples reinforced with
partially and fully penetrating columns.

Fig. 10. Effect of geotextile encasement on improvement in deviatoric stress (fully penetrating columns).
Figure 11. Drained failure envelopes for control and reinforced specimens

Figure 12. Variation of (Ese)1s With effective confining pressure

Figure 13. Effect of geotextile encasement on improvement in secant stiffness (fully penetrating columns).
Figure 14. Comparison between drained and undrained response

Figure 15. Comparison between drained and undrained Improvement in Strength

Figure 16. Comparison between effective modified Mohr-Coulomb envelops and stress paths as obtained from
identical CD and CU triaxial tests.

Figure 17. Comparison between percent improvement in strength for field and triaxial cases.
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(a) ordinary 2-cm and 4-cm columns (b) encased 3-cm and 4-cm columns
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(a) 3-cm columns (b) 4-cm columns
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