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Abstract:Weak confinement governs the bulging failure of granular columns. Pervious concrete columns have granular columns like drain-
age with stiffness of concrete column are thus independent of the confinement from the weak surrounding soil can be treated as an alternative
solution. Moreover, it is well established that under-reaming bulb enhances the bearing resistance to the pile shaft. Therefore, the present
experimental and analytical study investigates circular pervious concrete column (CPCC) and under-reamed pervious concrete column
(UPCC) in improving the bearing capacity of loose pond ash fill. CPCC and UPCC are constructed in a model pond ash fill subjected to
vertical loading. The load-carrying capacity, settlement failure mechanism, and consolidation parameters were examined. Theoretical anal-
ysis for evaluating the load-carrying improvement factor (LCF) with nondimensional parametric variation of area replacement ratio (Ra),
underreamed bulb ratio (Br), and length ratio of the column (RL) was also done. Efficacy of CPCC was also numerically studied (Plaxis
3D). Experimental results show that the vertical settlement is reduced by 52.8% with CPCC and UPCC. UPCC renders higher load-carrying
capacity than CPCC. Both CPCC and UPCC undergo deformation at depth of 4D during failure. For the same area replacement ratio (Ra), the
experimental and theoretically computed values are found in good agreement. The rate of consolidation is reduced from 53 to 23 days by
using CPCC signifying its drainage potential. DOI: 10.1061/IJGNAI.GMENG-7659. © 2022 American Society of Civil Engineers.
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Introduction

In India, more than 40,000 ha (CRRI 2019) of land is occupied by
industrial waste ash fills. The fill sites of Delhi, Mumbai, Kolkata,
and Chennai itself occupies about 228,400 ha (Gupta et al. 2015)
of the subcontinent. Due to the large fill depth of 4–30 m, shallow
depth treatment for improvement of these sites becomes ineffective
for moderate to heavy loaded structures. Furthermore, due to the
large lateral spread of the fill area, ground improvement using admix-
tures becomes costly. Thus, for a disposed material with low cohe-
sion, smaller unit weight than silt or sand, and poor load-carrying
capacity due to weak confinement can best be improved by using
stone columns. Though the granular stone columns increased the
rate of consolidation and bearing capacity and decreased the lique-
faction potential and settlement of poor soil condition, the bulging
failure mechanism of a typical granular stone columns occurring
about two–three times the column diameter from the ground level
was governed by confinement provided by the surrounding soil. Uti-
lization of granular stone columns in very poor soils is generally lim-
ited owing to the minimum lateral confinement provided by the
surrounding soil against bulging failure (Barksdale and Bachus

1983; Bergado et al. 1994; Suleiman et al. 2014). To overcome
this issue, researchers incorporated the concept of partial or full en-
casement of the granular columns using geosynthetics to enhance the
stiffness (Murugesan and Rajagopal 2006, 2010; Khabbazian et al.
2010; Alexiew and Raithel 2015; three Chen et al. 2021; Zhang
and Zhao 2015; Kumar et al. 2020; Mohapatra and Rajagopal
2017; six Cengiz and Güler 2018; seven Hosseinpour et al. 2019;
Thakur et al. 2021a, b, c). The encapsulation of granular columns
minimized the squeezing of column material into the surrounding
soil and limited the bulging only up to a certain extent. Likewise, re-
searchers such as Golait and Padade (2017, 2018) employed ce-
mented stone columns for increasing the stiffness of the granular
material that converted the bulging failure into a pronounced punch-
ing failure but with a compromised column permeability. Therefore,
to achieve a punching dominant failure mechanism with significant
permeability, Suleiman et al. (2014) developed a pervious concrete
column with an average porosity of 20%, permeability of 1.33 cm/
s, and 28-day compressive strength of 18.3 MPa, resulting in an un-
confined compressive strength of 10 times more than that of the con-
fined granular columns. Moreover, the pervious concrete
pile-reinforced surface reduced the peak horizontal acceleration
amplification by 57% versus 27% as obtained by granular piles
(Zhang et al. 2017). The installation of pervious concrete pile
(PCP) using a vibrating sinking tube significantly improved the bear-
ing capacity of surrounding soil, reduced the excess pore water pres-
sure, and increased the pile–soil stress ratio, and depicted reduced
lateral displacement (Qing et al. 2021; Zhang and Zhao 2015). The
flexural strength of the pervious concrete columns decreases in
the order of ternary, binary, and single material mixture, varying in
the range of 1.5 to 3.2 MPa (Chandrappa and Biligiri 2018). The
cast in situ PCPs also showed higher bearing capacity than did pre-
cast PCPs because of larger mobilization of frictional stresses during
installation. In addition, inclusion of a bulb at 0.4 to 0.6 times the
length of the pile is found to provide the maximum resistance in co-
hesionless soil (Prakash and Ramakrishna 2004). Golait and Padade
(2018) also showed that using underreamed cemented stone
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columns, the bearing capacity improvement factor Fb increases by
45%–50% in comparison with straight-shafted cemented stone col-
umns with an enlarged bulb located at a depth of five times the col-
umn diameter.

Thus, it can be summarized from the literature review that in soil
conditions without significant lateral confinement, stone columns
with high stiffness (independent of the confinement) and having
drainage characteristics such as granular columns with increased
end-bearing resistance against punching can be treated as a feasible
solution. Based on this, the present research work aims to accom-
plish the following objectives:
1. To experimentally evaluate the load-carrying capacity, settle-

ment, failure mechanism, and consolidation parameters of
pond ash fill reinforced using circular pervious concrete column
(CPCC) without bulb and underreamed pervious concrete col-
umn (UPCC) with bulbs.

2. To theoretically analyze the reinforcing mechanism of CPCC and
UPCC, determine the load-carrying improvement factor (LCF)
with nondimensional parametric variation of area replacement
ratio (Ra), underreamed bulb ratio (Br), and length ratio of the col-
umn (RL) and propose equations with experimental validation.

3. To examine the efficacy of CPCC by evaluating the rate of
change of consolidation of an embankment supported on
CPCC embedded in pond ash fill through finite-element numer-
ical study using Plaxis 3D.
To achieve these objectives, a pervious concrete mixture was

prepared, and ash pond fill condition was set up in a test tank.
The ash pond fill was reinforced using two different types of col-
umns: (a) CPCC without bulb, and (b) underreamed UPCC with
a single bulb. Both the CPCC and UPCC were thus subjected to
a gradually increasing axial loading. The load-carrying factors
were determined from the theoretical analysis and the reinforcing
scenarios were also studied for parametric variations of area re-
placement ratio, bulb ratio, and column lengths ratio. The experi-
mental results were also validated with the analytical results.
Two cases of an embankment resting on untreated pond ash fill
and improved pond ash fill using CPCC were also investigated to
evaluate the efficacy in terms of rate of change of consolidation
and dissipation of excess pore water pressure using Plaxis 3D.
The present study examines the performance of CPCC and
UPCC for its drainage and bearing-capacity improvement criteria.

Materials

Pond Ash

Pond ash was collected from the thermal power plant, Ropar, Pun-
jab, India. The preliminary physical parameters were tested in ac-
cordance with the Bureau of Indian Standards (BIS) for
recording the various geotechnical properties of pond ash (PA),
as summarized in Table 1 (Kumar and Sharma 2018). The grain
size distribution of ash fill varied from 0.075 to 2 mm (Fig. 1).

Geosynthetic Material for Encasement
The geosynthetics were used as horizontal circular discs within the
column at a vertical spacing of 1.5d. The tensile stiffness strength
of the biaxial geogrid was 30 kN/m. The horizontally placed circu-
lar geosynthetics discs provided shearing resistance on the top and
bottom geosynthetic–aggregate interface, which contributed to ar-
resting the lateral displacement of aggregates into the surrounding
soil under axial loading (Thakur et al. 2021c).

Mix Proportions of Pervious Concrete

Ordinary Portland Cement (OPC 53 Grade). Coarse aggre-
gates. Based on the reported literature (Suleiman et al. 2014; Golait
and Padade 2018; Chandrappa and Biligiri 2018), the pervious con-
crete was prepared with a water/cement ratio of 0.3 and aggregate/
cement ratio of 5 and used uniform graded single-sized particles
(Fig. 1) passing through the 12 mm and retained on 10 mm . The
specific gravity and water absorption of the aggregates was found
to be 2.66 and 5.2, respectively. The aggregate size ranging be-
tween 4.75 to 9.5 mm was employed in the field for installation
of pervious concrete piles as per the existing literature reported by
Qing et al. (2021) and Zhang et al. (2016). Likewise, aggregates of
a size classified as poorly graded gravel was used for casting of the
recycled aggregate porous concrete pile (Kim et al. 2012). It was
also reported that beyond the 7 mm, the effect of aggregate size on
compressive strength is negligible (Yu et al. 2019), however using
smaller aggregate size decreases the permeability of the pervious con-
crete (Hung et al. 2021). Hence, with the main objective of having
drainage similar to granular piles and sufficient compressive strength
to have a column stiffness independent of the confinement from the
surround weak soil, a larger aggregate size between 10–12 mm was
used. As per Wood et al. (2000), for all practical purposes the ratio
of column diameter (D) to aggregate size (d) should be between
12–40 for stone columns. From the published literature (Qing et al.
2021; Zhang et al. 2016) for pervious concrete columns, D/d ratio
of 50–120 is found acceptable. Based on the lower limit of D/d
ratio, for aggregate size between 10–12 mm, the pervious concrete
column diameter of 500 to 600 mm could be constructed and in-
stalled. This range of diameter lies within the acceptable column
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Fig. 1. Particle size distribution analysis for surrounding ash fill (pond
ash) and coarse aggregates used in pervious concrete.

Table 1. Physical properties of ash fill

Property PA values

D10 (mm) 0.2
D30 (mm) 0.31
D60 (mm) 0.43
Cu 2.15
Cc 1.12
Max. dry density (kN/m3) 10.2
Min. dry density (kN/m3) 7.7
Dry density (kN/m3) 9.7
Optimum moisture content (%) 35
Coeff. of permeability (cm/sec) 0.00086
Cohesion, c, (kN/m2) 0.33
Angle of internal friction (ϕ) in (°) 32
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diameter range of 0.3 to 0.5 m as recommended by DB37/T
5214-2018 (CBMP 2018) for all practical purposes.

Fine aggregates were purposely omitted in the mix proportion to
create large, open porous concrete. After mixing the components,
the mixture was placed in the cubic mold (150 × 150 × 150 mm)
[Fig. 2(a)] and cylindrical mold of 100 mm in diameter and a length
of 200 mm [Fig. 2(b)]. The concrete mixture was placed in layers:
three for cubes and four for cylinder. Each layer was compacted
with a standard proctor rammer by giving 20 blows to each layer
uniformly. Each layer of the pervious concrete column was com-
pacted with a 12-mm tamping rod. The energy applied to compact
the PCC was about 52.26 J, corresponding to the mass of 12 mm
rod giving 20 blows on each layer with a fall of 30 mm. The tamp-
ing time of 10 s was adopted as per as Suleiman et al. (2014), which
renders adequate compressive strength and permeability without
segregation of cement paste and aggregates during the compaction
and after the removal of the column. After 24 h, the specimen was
removed from the mold and placed in a curing tank. The strength
tests were performed on cured concrete to calculate the compres-
sive strength of pervious concrete. The compressive strength was
found to be 16 MPa at 28 days, with a permeability “k” of
1.24 cm/s and split tensile strength of 2.19 MPa.

Load–Settlement Tester Tank
The load–settlement tester tank (shown in Fig. 3) was used for
model testing and determining the load–settlement of the
PCC-supported pond ash fill under vertical loading. The setup
was made up of mild steel having a length of 1,200 mm, width
1,000 mm, and depth of 630 mm. The depth and size of the tank
were certain to take care of the boundary effects. The size of the
tank was more than six times the diameter of the test column
(Ali et al. 2014). The four sides and bottom of the tank were
made of 12-mm-thick mild steel plates and were stiffened laterally
with steel angles on the outer surface to achieve essential stiffness
against bending during the tests. The inner surface of the tank walls
was coated with silicon grease to minimize friction and boundary
effects. The rainfall technique was used to fill the tester tank with
pond ash having an average relative density is 40%. The tank
was filled in layers of 100 mm, with regular determination of dry
unit weight being carried out using a nuclear density meter.

Installation Methodology

Circular Pervious Concrete Column (CPCC)
Previous studies (Suleiman et al. 2014; Ni et al. 2016; Munaga et al.
2020) on pervious concrete columns had utilized the technique of
cast-in-situ casing method that had been employed for installation
of sand columns. Similarly, the pervious concrete column of the pre-
sent study was also installed using an external pipe casing and subse-
quently casting the concrete column. Suleiman et al. (2014) and Ni
et al. (2016) used the method of driving a hollow steel mandrel in a
sand tank having a relative density of 32%. The pervious concrete
column was cast with the help of a PVC pipe with an inner diameter
of 75 mm used as a casing. For conventional stone columns, the di-
ameter is generally varied from 0.6 to 1 m (Wood et al. 2000), and
a diameter of up to 1 m is usually recommended for encased stone
columns (ESC). In the case of CPCCs, a diameter of 0.3 to 0.5 m
is recommended by DB37/T 5214-2018 (CBMP 2018) for all practi-
cal purposes. From the literature review for all lab studies, L/D ratio
ranges between 2–12 and similitude ratio of 1/4.5 to 1/5 has been
adopted for model studies on pervious concrete columns (Munaga
et al. 2020; Cai et al. 2021). Therefore, scaling down the recom-
mended diameter for practical purpose by using ratio of diameter
(model)/diameter (prototype) equal to 1/5, a CPCC diameter of
75 mm was chosen. The length of the pervious column used was de-
termined for L/D ratio of 7. The calculated value gives a length of
525 mm, but since the soil depth in the tank was 530 mm, the column
length was rounded off to 530 mm, which yielded an L/D ratio of
7.06. However, the L/D ratio adopted is well within the range as
adopted by previous researchers for CPCC model testing (Table 2).

Hence, the model pervious concrete column with a of diameter
75 mm and length of 530 mm (Fig. 3) corresponds to prototype col-
umn of diameter 375 and 2,650 mm length. It can be seen from
Table 2 that a similar dimension has been employed in the field
for similar soil conditions, which signifies that the adopted dimen-
sions are practical and economical.

Furthermore, construction of pervious concrete columns (PCC) in
industrial waste, such as the pond ash, will be inert to the chemical
attack due to the fact that concrete is generally attacked by sulphate
and sulfuric acid occurring naturally in soils, corrosive chemicals
present in industrial waste fills, organic acids, and carbon dioxide
present in ground water. The percentage of sulphate, sulfuric acid,

(a) (b)

Fig. 2. Specimens tested for pervious concrete properties: (a) cube; and (b) cylinder.
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and dissolved carbon dioxide presented in the pond ash were found
in an insignificant portion of less than 0.5% (Harle 2019; Andhra
Pradesh Power Generation Corporation Ltd 2019; Sonawane and
Dwivedi 2013; Kumar and Sharma 2018; Bhatt et al. 2019). There-
fore, the reaction between concrete and pond ash due to sulphate and
sulphate-generated compounds was negligible. In addition, due to
the absence of steel reinforcement bars in the employed concrete

columns, the chances of corrosive action on concrete columns
were eliminated.

The open-ended PVC is driven into the ash-fill bed and the soil
within the casing was removed by using an auger. The prepared
pervious concrete mixture was then placed within the PVC casing
in layers of 50 mm in thickness, with each layer being compacted
well with a 12-mm-diameter tamping rod. When the pervious

Fig. 3. Load–settlement model tank with circular steel plate and dial gauges for testing of CPCC and UPCC along with the used underreaming tool.
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column attained the desired length, the PVC casing was retrieved
gradually. The driving of the casing lead to vibrations that dis-
turbed the surrounding soil and simultaneously increased its rela-
tive density. Since PVC casing pipe was used, there was no issue
of mixing of surrounding pond ash and pervious concrete during
construction. After the formation of the column PVC casing was
gradually retrieved, filling of the surrounding voids might have oc-
curred. However, this mixing occurs only in the space created by
the soil displaced due to the casing thickness (cavity expansion),
as also reported by Suleiman et al. (2014).

The top surface of the soil was leveled, and the loading plate
was placed flush to the column top. A dial gauge with a magnetic
base was attached to the tank and the needle was touched with the
loading plate (Fig. 3). Each rotation of the dial gauge reading cor-
responded to a 1-mm settlement.

UPCC
The pervious concrete column of shaft diameter 75 mm was bored-
cast in the model tank using the replacement method. An under-
reamed bulb was provided at a depth of 1.5D (D = diameter of the
shaft) from the top of the column having a diameter of 2D. The bore-
hole of the required geometry was made with the help of an auger.
The underreaming tool with its bucket arrangement (Fig. 3) was low-
ered into the excavated borehole. The underreamed tool was fixed in
level and rotated gentlywhile pressing the handle at the top so that the
collapsible sharp edges opened at the required position. The handle
was rotated to cut the fill material and form a small bulb-cavity.
The cut soil was collected in the bottom bucket and the entire assem-
bly was shrunk to its closed condition and retrieved gradually. The
operation was repeated unit the required geometry of the bulb was
formed. The prepared pervious concrete mix was poured into the
borehole in layers (each layer thickness was less than 50 mm) and
compacted with the tamping rod. Due to the collapsing tendency of
the walls of the bulb, a clay slurry was used to stabilize the excavated
shape of the bulb and column walls, thus contributing significantly to
the difficulties encountered during preparation of the underreamed
columns. The pouring of pervious concrete replaced the clay slurry,
but the authors believe that complete replacement of the slurry was
difficult to attain due to the complex shape of the UPCC, which re-
sulted in a bulb with slight irregularity. However, after a few trials
and failures, satisfactory construction of the UPCC was achieved.

Loading Sequence and Instrumentation of CPCC and UPCC
The CPCC and UPCC were subjected to vertical load using a model
footing plate of 100 mm in diameter and 25 mm in thickness. The
diameter of the footing was kept larger than the diameter of the col-
umns so that the load fully occupied the column tributary area and
was applied on the composite bed as well. Boundary effects were
also verified through the 2V:1H method of footing load distribution.

It was observed that the required tank width at the depth of 0.6 m
should be 0.8 m, which is within the available tank width of 1.0 m
at the same depth, and, hence, boundary effect is considered as neg-
ligible. The model footing was connected through a hydraulic jack
which was operated manually by turning the loading wheel clock-
wise for applying the gradual vertical load (Fig. 3). The axial vertical
load was recorded using a load cell of capacity 100 kN and resolu-
tion 0.01 N accuracy. Dial gauges with a magnetic base were used
to measure the settlement of the footing. A separate load recording
cell was attached to the hydraulic system that gave the load and ver-
tical deformation values [Fig. 5(a)]. The least count of the dial
gauges and load cell was 0.01 mm. The dial gauges can measure
up to 40 mm of maximum vertical displacement. The load in kN cor-
responding to the unit rotation of the dial gauge was recorded from
the load cell attached. The load–settlement behavior was recorded at
an interval of 3 and 7 days for different columns.

Experimental Test Results and Discussions

The area replacement ratio (Ra) of 12.3% and column length to diam-
eter ratio is 7, and the pervious concrete column (PCC) with circular
cross section and UPCC were tested in the model tank under the
200-mm-diameter circular steel plate. The experiments were carried
out after 3 and 7 days of curing of both the CPCC and UPCC sam-
ples. The results of the three-day testing are shown in Fig. 4(a).
Fig. 4(a) shows the load–settlement ratio relationship at 3 days
after construction. It is evident from the figure that UPCC depicts
higher load bearing than PCC at any settlement ratio (S/Dc) (where
S= total displacement and Dc= diameter of the column). The initial
portion of the curve was almost linear, signifying the direct propor-
tionality between axial load and settlement ratio. The enlarged bulb
(UPCC) case rendered 68% higher load-carrying capacity than did
the PCC, at a settlement ratio of 40%. The reason for this increased
load-carrying capacity of UPCC can be accounted for by the location
of the enlarged bulb (i.e., 1.5D), which lay within the failure zone
(plastic zone). The identification of the plastic zone was based on
the depth at which bulging failure of the ordinary stone columns tra-
ditionally occurs. The constant increasing load capacity with the set-
tlement behavior of the curve depicts the improved stiffness of the
pond ash–column system. The results are in accordance with the
load–settlement behavior of cemented stone columns as reported
by Golait and Padade (2018). The stiffness of the composite pond
ash–column system was found to be 116 and 213 kN/m for PCC
and UPCC, respectively. It was observed that the load-carrying ca-
pacity increased by 25% from 3-day to 7-day intervals in each case.

It was observed that at the later stages of loading, a higher load
capacity was obtained for UPCC than for PCC. From Fig. 4(b),
note that at the vertical settlement ratio of 40 mm, UPCC resisted
63%more load than did PCC. It was observed that up to a settlement

Table 2. Summary of adopted pervious concrete column/pile dimensions for different soil types from published literature

S. No.
PCC diameter “D” (mm) PCC length “L” (mm) Soil Type L/D ratio Study scale Reference

75 530 Pond ash 7.06 Lab Present study

1 600 1,000 Silt 1.66 Field Zhang et al. (2016)
2 500 10,000 Silt, silty clay, and silty sand 20 Field Qing et al. (2021)
3 76

102
864
1,219

Sand 11.36
11.95

Large Suleiman et al. (2014)

4 102 1,321 Sand 12.95 Large Ni et al. (2016)
5 125 430 Clay 3.44 Lab Kim et al. (2012)
6 76 916 Sand 12 Lab Lin et al. (2016)
7 50 300 Sand 6 Lab Munaga et al. (2020)
8 70 500 Silt 7.2 Lab Cai et al. (2021)
9 50, 70, 90 100 to 720 Clay 2–8 Numerical Rashma et al. (2021)
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ratio of 20 mm, both PCC and UPCC followed a similar trend. How-
ever, beyond 20 mm, UPCC rendered more bearing capacity and at a
lower settlement ratio. The higher load capacity obtained for 7-day
testing can be accounted for due the curing time, pozzolanic reaction,
and increase of stiffness. The stiffness of the composite pond ash–
column system calculated after 7 days of testing was obtained as
156 and 308 kN/m for PCC and UPCC, respectively. Similar
kinds of characteristic for cemented stone columns were also re-
ported by Golait and Padade (2018).

Validation of Experimental Results with Numerical
Methods (Plaxis 3D)

The details of numerical simulation of embedded CPCC in pond
ash domain using Plaxis 3D are given in the section for

consolidation studies using 3D numerical study. The results ob-
tained in the numerical modeling were compared with the experi-
mentally measured values, and the same is presented in Fig. 5.
Note from Fig. 5 that numerical and experimental values are in
close agreement up to a settlement of 40 mm. However, the numer-
ical method analysis gives less conservative load values than exper-
imental load results with increasing settlement. The variations
between the experimental and numerical results were found to be
13% and 17% for CPCC and UPCC, respectively. This variation
between the results may be attributed to the fact that both CPCC
and UPCC are treated as embedded columns while modeling in
Plaxis 3D. Therefore, the installation effects such as variation of in-
situ stresses due to installation disturbances during displacement in-
stallation of columns is not incorporated in the numerical modeling.
Pervious concrete is modeled as linear elastic and pervious. The
other parameters, such as column–soil interaction values, are lim-
ited due to the constraint of subroutine. This may be the reason
that it yields fewer conservative results. The higher stiffness of
the pervious concrete column without and with underreamed
bulbs provides larger load-carrying capacity even in compressible
soils (Golait and Padade 2018) and loose cohesionless soils such
as pond ash, as in the present case.

An increased degree of consolidation and bearing capacity and
reduced settlement were obtained for both CPCC and UPCC, how-
ever UPCC yielded more significant results. During the model test-
ing and numerical modeling, the drainage property of both CPCC
and UPCC was taken as constant throughout, which in reality var-
ies with time due to clogging of the pores of PCC. Therefore, the
future scope of the present work can include the effect of clogging
of the voids in the pervious concrete columns and corresponding
variation in the rate of consolidation.

Failure Mechanism of CPCC and UPCC

Fig. 6 presents the failure of the pervious concrete column without
and with a single underreamed bulb. The failure of CPCC and
UPCC has a marked feature of lateral deformation in the form of
convex column shape on one side and concave shape on the
other. The high stiffness of both CPCC and UPCC makes it inde-
pendent of the confinement offered by the weak surrounding

(a)

(b)

Fig. 4. Load settlement behavior of CPCC and UPCC treated soil at
(a) 3 days; and (b) 7 days.

Fig. 5. Validation of experimental results with numerical (Plaxis 3D)
results.

(a) (b)

Fig. 6. Failure of (a) CPCC; and (b) UPCC.
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pond ash (relative density of 40%). Due to stabilization of the sur-
rounding soil having relative density of 40% using the traditional
granular columns, the failure of columns by bulging at a depth of
1D to 3D (D = diameter of the column) was generally observed.
This bulging is due to the insufficient lateral confinement offered
by the poor surrounding soil. Conversely, pervious concrete col-
umns possess high bond strength between the column materials
due to the binder material. After curing, the pervious concrete col-
umns gained the desired compressive strength and when subjected
to vertical loading, underwent only punching failure in the case of
floating columns. However, in the present case, both CPCC and
UPCC are constructed as end-bearing columns and, hence, lateral
convex and concave curving is observed under the compressive
vertical loading and subsequent end bearing from the column bot-
tom. During installation using the casing, the phenomenon of cav-
ity expansion (soil moving downward and laterally outward)
increases the vertical stress and, consequently, increases the inter-
face friction at the column–soil interface. Furthermore, cavity ex-
pansion also leads to nonuniform lateral soil movement along the
column length (Suleiman et al. 2014), which governs the column
deformation during failure. Moreover, the deformation of columns
as shown in Fig. 6 that appears like bulging is precisely a conse-
quence of lateral movement of soil due to installation effect. During
installation and subsequent retrieval of the casing, the surrounding
soil is observed to be displaced laterally up to 1D distance from the
column center. This lateral soil movement, however, diminishes
beyond a depth of 5D (Suleiman et al. 2014). In the present
study [Figs. 6(a and b)], the local deformation of columns is
found to occur at about 4D. Moreover, lateral bulging is primarily
associated with stone columns and encased stone columns only.

Theoretical Analysis

Golait and Padade (2018) described the analytical and experimental
work on cemented stone columns without and with underreaming
bulbs located at the bottom and intermediate depth of 5d (d= diam-
eter of the column) from the top surface. However, the analytical
solution was developed for compressible clay soil only. In the pre-
sent study, an attempt is made to test the pervious concrete column
with the circular cross section and underreamed bulb at 2d distance
from the top surface. The use of pervious concrete contributes to
accelerating the consolidation process and utilizing its high stiff-
ness for improving the weak surrounding cohesionless soil. The
various forces acting along the CPCC and UPCC under vertical ap-
plied force [Figs. 7(a and b)] are described as:
1. The resistance offered by the unit-cell boundary soil area (Au −

as) within the assumed local shear failure of loose to medium
dense cohesionless soil underneath the rigid circular plate base
(Rs), where as = area of the stone column, and Au = unit cell area.

2. The development of shaft skin friction resistance (Rf) over the
length of the column.

3. The mobilized resistance offered by the underreamed bulb (Rb)
4. The point tip resistance mobilized at the bottom of the column

(Rt)
To balance the static vertical forces the following equation is

used

Qf = Rs + Rf + Rb + Rt (1)

The different forces that act on the column which contributes to
carrying the load involved in Eq. (1), can be formulated with the
following assumptions:
1. The soil is loose to medium dense (relative density is less than

60%), the angle of shearing resistance ϕ= 28° (local shear fail-
ure), and cohesion is small (less than 1 kPa).

2. The skin-friction resistance (shaft) develops over the length of
the column and tip resistance develops at bottom of the column
(RL=L/d ).

3. The enlarged area (underreaming bulb) assumed as horizontal,
the resistance develops is Rb.

4. The bearing capacity factor is assumed to vary from zero (at 2d )
to 1 (at 22d ), where d = column diameter [Fig. 7(c)]. The reduc-
tion value of rd at any depth z along the length of the column can
be given as

rd = 0.05
z

d

( )
− 0.1 (2)

As per Terzhaghi’s bearing capacity analysis for strip footing,
the failure of the footing takes place within the width of the footing.
The bearing capacity starts to reduce beyond one width of the foot-
ing. From Boussinesq’s theory of pressure bulb, the resistance of-
fered by the pile reduces beyond two times the footing width.
Moreover, as per the conventional pile foundation analysis, the re-
sistance offered by the pile skin friction reduces beyond two to
three times the pile diameter.
5. It is assumed that the top layer of loose to medium dense soil

within 2d depth participates in the local shear failure below
the circular loading plate.

Analysis of Unit Cell Concept for Underreamed Pervious
Concrete Column (UPCC)

A rigid circular plate of diameter Du placed on loose to medium co-
hesionless soil is assumed to develop local shear failure of depth
equal to Du. The ultimate bearing capacity (UBC) can be given as

UBC = σ′ · Nq (3)

where σ′ =Effective overburden pressure; σ′ = γ·L; and Nq= bear-
ing capacity factor.

Rs = resistance offered by the area (Ap – as), where Ap = area of
the circular plate, as = area of the column. Rs can therefore be ex-
pressed as

Rs = σ′ · Nq · (Ap − as) (4)

Simplifying Eq. (4) by substituting the Ap and as values and in-
troducing a nondimensional parameter (Ra) for area replacement
ratio defined as Ra= as/Ap, Eq. (4) can be written as

Rs = σ′ · Nq · Ap 1 −
as
Ap

( )

Rs = σ′ · Nq · Ap · (1 − Ra) (5)

Rf = ultimate skin friction resistance developed along the col-
umn surface over the length Le.

Le = [L – (Br – 1) · d], where L < Le

The shaft resistance offered in loose cohesion less soil can be
expressed as

Qf = fs · (Ac)

fs = (K · Tan δ · σavg)

Rf = (K · Tan δ · σavg) · π · d · Le (6)

where fs= skin friction resistance; Ac= surface area of the column;
K= lateral earth pressure coefficient; σavg.= average effective over-
burden pressure; and tan δ= coefficient of friction between soil and
pile.

© ASCE 04022304-7 Int. J. Geomech.
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By simplifying Eq. (6) and using

Le = [L − (Br − 1) × d]

where Br= bulb ratio= d2/D2
b; and K= lateral earth pressure coef-

ficient, recommended as 0.5 for loose cohesionless soil, Rf can be
given as

Rf = 1.57(σ′ · Tan δ) · [L · d − (Br − 1) · d2] (7)

The third component of the column is the resistance offered by
the bulb, Rb (for a column with single bulb) and Rb= 0 for a uni-
form cross section of the column. The resistance is offered by the
horizontal projected part of the bulb, calculated as Ab – as, where
Ab= horizontal projected bulb area. The resistance mobilized at
this zone is less than the ultimate resistance at the tip of the col-
umn. The reduction of the resistance is determined in terms of the

bearing capacity reduction factor (Rbd) from the location of the
bulb at length (L – 2d ). Eq. (2) can thus be modified as

Rbd = 0.05 · L − 2d

d

( )
− 0.1

Rbd = 0.05(RL − 2) − 0.1 (8)

where RL= length ratio given by RL= L/d.
Thus, bulb resistance Rb can be calculated as

Rb = σ′ · Nq · (Ab − as) · (1 − Rbd)

where

(Ab − as) = 0.785(B2
r − 1) × d2

Rb = (1.2 − 0.05RL) · [0.785 · d2(B2
r − 1)] · σ′ · Nq (9)

(a)

(c)

(b)

Fig. 7. Free-body diagram and forces acting on columns made up of pervious concrete of (a) circular section; (b) underreamed single bulb; and
(c) reduction of bearing capacity with the depth.
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The tip resistance Rt is offered at the bottom of the column and
depends on the bearing capacity reduction factor at the column tip.
Referring to Eq. (2), the bearing reduction can be written as

Rbd = 0.05
L

d

( )
− 0.1

Hence,

Rt = σ′ · Nq · as(1 − Rbd)

Simplifying this equation by substitution of the reduction factor
value Rbd gives

Rt = (1.2 − 0.05RL)(0.785d
2) · σ′ · Nq (10)

where σ′ = effective overburden pressure at the tip of the column;
(σ′ = γ · L); and Nq= bearing capacity factor.

The load-carrying capacity at the failure (qf)u for reinforced
loose cohesionless soil can thus be determined as

(qf )u =
Q

A
=

Rs

A
+
Rf

A
+
Rb

A
+
Rt

A

[ ]

Rs

A
= σ′ · Nq · Ap

A
· (1 − Ra)

Rs

A
= σ′ · Nq · (1 − Ra) (11)

From Eq. (5),

Rf

A
= 1.57(σ′ · Tan δ) · L · d

A
− (Br − 1) · d

2

A

[ ]

where

L · d
A
= L · 4

π
· d

D2
u

L/d = RL, and d2/D2
u = Ra

Further substituting and simplifying Eq. (5), the following is
obtained:

Rf

A
= 2(σ′ · Tan δ) · Ra · [RL − Br + 1] (12)

From Eq. (9),

Rb

A
= (1.2 − 0.05RL) · 0.785 · d

2

A
(B2

r − 1)

[ ]
· σ′ · Nq

Rb

A
= (1.2 − 0.05RL) · [Ra · (B2

r − 1)] · σ′ · Nq (13)

From Eq. (10),

Rt

A
= (1.2 − 0.05RL) 0.785

d2

A

( )
· σ′ · Nq

Rt

A
= (1.2 − 0.05RL)(Ra) · σ′ · Nq (14)

Therefore, by adding Eqs. (11)–(14), the ultimate failure load-
carrying capacity (qf)u of reinforced loose cohesionless soil for
the underreamed bulb can be determined as

(qf )u = σ′ · Nq(1 − Ra) + 2σ′ · Tan δ · Ra[RL − Br + 1]

+ (1.2 − 0.05RL) · Ra · (B2
r − 1) · σ′Nq

+ (1.2 − 0.05RL) · Ra · σ′Nq (15)

Analysis of CPCC without Underreamed Bulb
Fig. 7(a) shows the forces acting on a uniform circular cross
section pervious concrete column under the applied force Qf

and the mobilized resisting forces acting along the column as
Rs, Rf, and Rt. The resisting forces are constant due to the uni-
form circular cross section. Since there is no underreamed bulb,
the resistance mobilized due to the enlarged projected bulb (Rb)
is considered as zero. Hence, Eq. (15) is simplified and rewrit-
ten as

(qf )c = σ′ · Nq(1 − Ra) + 2σ′ · Tan δ · Ra[RL − Br + 1]

+ (1.2 − 0.05RL) · Ra · σ′Nq (16)

Considering the circular rigid base plate of diameter Du and area
A, resting on the loose to medium-dense cohesionless soil, the ulti-
mate bearing capacity qf is expressed as

qf = σ′ · Nq (17)

Load-Carrying Capacity Improvement Factor

The amount of ultimate bearing capacity of loose to medium-dense
cohesionless soil can be increased by installation of pervious con-
crete columns. The load-carrying capacity improvement factor
(LCF) is defined as the ratio of ultimate load carried by the column
reinforced composite ground to the ultimate load carried by the un-
reinforced ground. The equation of LCF for reinforced loose to
medium-dense cohesionless soil by a UPCC can be obtained by di-
viding Eq. (15) by Eq. (17). Similarly, dividing Eq. (16) by Eq. (17)
gives the LCF for CPCC. The calculation values are in agreement
with IS 2911 (Part 1/sec 2) used for bored cast in-situ concrete
piles. The LCF value depends on three nondimensional parameters
characterizing the replacement ratio (Ra), column-length ratio (RL),
and underreaming ratio (Br).

The load values at the 7-mm settlement measured from the ex-
perimental results and computed with the help of the developed
equations are detailed in Table 3. Not from Table 3 that the mea-
sured and computed values are in good agreement, within permis-
sible error range of 4.4%.

The load-carrying improvement factor was calculated by vary-
ing the area replacement ratio (Ra= 12.3%, 16%, 20%) and
column-length ratio (RL= 5, 7, 10, 15, 20). The bulb ratio (Br)
was kept constant at 2.5 (BIS 2010 (Part 1/sec 2)). It is evident
from Fig. 8(a) that the load-carrying improvement factor for
UPCC increases with increase in the area replacement ratio (Ra)

Table 3. Validation of analytical results with experimental results

S. No. Description
Experiment

(kPa)
Analytical
(kPa)

Settlement
(mm)

Error
(%)

1 Underreamed
bulb with
pervious
concrete

133 132 7 0.75

2 Circular section
with pervious
concrete

113.7 108.9 7 4.4

© ASCE 04022304-9 Int. J. Geomech.
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and column-length ratio (RL). The LCF is found to increase up to
6.02 for Ra= 20% and RL= 20 at a bulb ratio of 2.5.

In the case of CPCCs, as shown in Fig. 8(b), the trend line of the
increment is almost identical to UPCC, with slight variation up to
Ra= 20%, and as the RL is increased up to 15%. At RL= 20, LCF
value increases with the area replacement ratio. At the Ra= 20%
and RL= 20, the LCF is 64% more in UPCC than in the CPCC.
This is due to the enlarged area of the bulb, which contributes to
its effectiveness in bearing the axially applied load in loose cohe-
sionless soil.

The variation of LCF with changing bulb ratio (Br) from 2, 2.5,
and 3 is shown in Fig. 9. It is observed that as Ra increase from
12% to 20%, an increment rate of 25% is observed constantly
for LCF. As for IS 2911 (part III: 2006), for a bulb ratio of 2.5,
LCF value of 2.72 is obtained with an area replacement ratio of
12.3%, which is in accordance to the obtained values. Also, a
close agreement is found between the calculated values and pub-
lished data by Golait and Padade (2018) for cemented stone
columns.

Consolidation Studies Using 3D Numerical Model

To understand the efficacy of the pervious concrete column, con-
solidation analysis is conducted on an embankment model on un-
treated pond ash and on pond ash fill supported with pervious
concrete columns. The case study aims to record the time rate
of expulsion of excess pore water pressure and amount of time

allowed to achieve the maximum degree of consolidation for
treated pond ash fill using the Plaxis 3D [finite-element analysis
(FEA)].

Parametric Study
The embankment is constructed to a total height of 4 m in two
stages. In the first stage, 2 m height is constructed, which is
then allowed to consolidate, and then another 2 m is constructed,
which is further allowed to consolidate to a minimum excess
pore water pressure. To make the analysis less cumbersome,
only one-half of the embankment is analyzed, as shown in
Fig. 10. The materials properties used for modeling the embank-
ment, CPCC, and surrounding pond ash are summarized in
Table 4. The numerical study has been carried out to check the
efficacy of the PCCs with respect to dissipation of excess pore
water pressure and change in the degree of consolidation when
installed in pond ash subjected to embankment loading. The
comparable study of CPCC and UPCC using numerical study
has not been carried out to assess the dissipation and consolida-
tion rate, since it is predominantly dependent on the behavior of
the pervious concrete used. The comparable study depicting the
effect of bulb as in UPCC as compared with CPCC is best eval-
uated based on the experimental load–settlement investigation.
The numerical study only denotes the drainage potential of the
proposed columns which make them comparable with the free
draining traditional stone columns.

Modeling in Plaxis 3D

The consolidation analysis of the embankment on the pervious con-
crete column was carried out only for the static condition. The col-
umns were treated as embedded columns in pond ash fill resting
over a layer of sand (Fig. 10). The CPCC installed had a diameter
of 1 m and were spaced at 2.5d (d= diameter of the column). The
embankment was constructed in two phases, with a 2-m lift in each
phase. The pond ash was analyzed as soft soil and sand, and the em-
bankment as hardening soil, while pervious concrete columns were
modeled as a Mohr–Coulomb system. The material properties
adopted for the various modeling elements were adopted as per
the existing reported studies (Chandrappa and Biligiri 2016; Pul
et al. 2017; Alkhorshid et al. 2021; Sudheer et al. 2021). The pub-
lished k value (falling head test) equal to 0.01 m/s at the 10 kPa/m
pressure was adopted based on Qin et al. (2015).

(a)

(b)

Fig. 8. Variation of LCF with area replacement ratio at Br= 2.5 for
(a) UPCC; and (b) CPCC from theoretical analysis.

Fig. 9. Variation of LCF with Br= 2, 2.5, 3 and area replacement ratio
from theoretical analysis.
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Consolidation Analysis

Since consolidation progresses by the dissipation of excess pore
water pressure, the degree of consolidation at any time is given by

U =
Uo − Ut

Uo
= 1 −

Ut

Uo
(18)

where U= degree of consolidation; UO= initial excess pore water
pressure; and Ut= excess pore pressure at any time t0.

Case 1. Embankment on Pond Ash without Pervious Concrete
Column
The embankment was constructed in two stages. When the first
2-m-high embankment was constructed, complete consolidation
of soil was allowed prior to the modeling of then next 2-m-high em-
bankment lift. The consolidation of the final 2 m was thereby al-
lowed to consolidate. In this manner, the total consolidation
occurred in two stages. In the first stage of loading, the excess
pore pressure increases linearly up to 21.2 kN/m2. During the con-
solidation time, the excess pore water pressure dissipated in 27
days. In the second stage of loading, the excess pore pressure gen-
erated increased linearly to 27.94 kN/m2 and took 79 days for com-
plete dissipation. The total time for consolidation without any
provision of drainage path (pervious concrete column) for a 4-m
height loading embankment was therefore 79 days (Fig. 11).

Case 2. Embankment Supports Soil with Pervious Concrete
Column
To understand the contribution of CPCCs in improving the consol-
idation rate, a different number of CPCC (N= 1, 2, 3, and 4) were
installed at the middle of the embankment. However, for practical

purposes, smaller spacing of columns beneath the central portion of
the embankment as compared with the connecting side slope was
reported to contribute more to reducing both the total and differen-
tial settlement than the columns under the sloping side of the em-
bankment (El Kamash et al. 2014). Hence, use of four columns
for assessing the bearing capacity improvement of pond ash be-
neath the critical central embankment portion signified the partial
practicality of the used numerical model. However, previous stud-
ies (Rajagopal and Mohapatra 2016; Chai et al. 2017) reported that
columns located near the toe of the embankment are subjected to
lateral loading rather than vertical loading, which is acting on the
columns near the center of the embankment. Based on this loading

Fig. 10. Schematic representation of parametric study of road embankment (sketch not to the scale).

Table 4. Material properties used in the 3D numerical program

Material properties
Experimental
values PA

Plaxis values
for PA Sand Embankment

Experimental
values PCC

Pervious concrete
column

Model Lab Soft soil (SS) Hardening soil (HS) Hardening soil (HS) Lab Mohr–Columb (MC)
Bulk unit weight, γunsat (kN/m

3) 10 10 17 16 18 18
Saturated unit weight, γsat 12 12 20 19 19 19
Cohesion, c′ (kN/m2) 0.33 0.1 0 29 1 1
Friction angle, φ′ 28 28 33 30 32 32
Dilatancy angle, ψ′ 0 0 3 0 2 2
Permeability “k” (m/s) 0.86 × 10−8 0.8 × 10−8 0.74 — 7.14 × 10−3 7 × 10−3

Sources: Data from Alkhorshid et al. (2021); Sudheer et al. (2021); Chandrappa and Biligiri (2016); Pul et al. (2017).

Fig. 11. Variation of excess pore water dissipation with different num-
ber of CPCC.
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scenario and for validation of model testing results available for
vertical loading only, columns were placed beneath the center of
the embankment. However, for practical purposes, the columns
should be placed throughout the embankment base to counter the
slip surface that induces the lateral load in the outer columns placed
near the embankment toe. Therefore, the complete investigation of
the practical scenario as shown in Fig. 10 was also carried out by
using circular PCCs installed up to the toe of the embankment.

The embankment and its consolidation were simulated in two
phases, similar to the previous case of untreated embankment.
The provision of the pervious concrete column offered additional
drainage path for better dissipation of the developed excess pore
water pressure. It was observed that using one CPCC, the

maximum excess pore pressure developed was 27.9 kN/m2,
which takes about 39 days for dissipation. Similarly, with the
CPCCs, the excess pore water pressure generated was found to
be 24 kN/m2. The total time for dissipation was recorded as 25
days for CPCCs. It was also observed that higher excess pore
water pressures were developed during the second stage of loading
(2-m embankment lift).

The decrease in the total excess pore water pressure dissipation
time with increase in the number of the pervious concrete columns
is attributed to the availability of additional drainage path in con-
junction to the low permeable pond ash below the embankment.
This also signifies that pervious concrete columns will be more
suitable in clayey soils. However, the particle size of pond ash is
classified as silt with coefficient of permeability (k) in range of
10−4 to 10−6 m/s (Kumar 2004; Bera et al. 2007; Havanagi et al.
2011; Mishra and Das 2012; Mohanty and Patra 2015). Further-
more, the Mishra and Das (2012) consolidation study on pond
ash shows that the void ratio of the samples under incremental
load applied of 3.2 kg/cm2 at 7 days was 0.908. Under similar load-
ing, the void ratio decreased to 0.842 on the 35th day. Conse-
quently, a delayed rate of consolidation was observed. However,
numerical studies have also shown that the pervious concrete col-
umns under the embankment load are found to give less significant
results in context to drainage enhancement when compared with or-
dinary and encased stone columns (Sudheer et al. 2021). The PCCs
are primarily useful for bearing capacity improvement.

From Fig. 12, it can be seen that 90% degree of consolidation is
reached in 80 days for an embankment without pervious columns.
However, the same embankment when supported with CPCC be-
neath the embankment base, 90% degree of consolidation is
reached in approximately 27 days (Fig. 12). The total consolidation
time taken by CPCCs is rather higher than the ordinary and encased

(b)

(a)

(c)

Fig. 13. Development of excess pore water pressure: (a) without CPCC; (b) with CPCC; and (c) flow path of excess pore water dissipation with
CPCC beneath the embankment.

Fig. 12. Variation of degree of consolidation with different number of
CPCC.
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stone columns (Sudheer et al. 2021), which can be accounted for by
the larger volume of interconnected voids present in granular col-
umns. Furthermore, the void spaces within the CPCC columns
may be interrupted by the cement gel formation due the reaction
with water, leading to void clogging. It is evident from Fig. 13(a)
that in absence of CPCCs, the excess pore water pressure generated
dissipates through the ash pond layer spread beneath the embank-
ment. The excess pore water pressure generated takes a much lon-
ger time to drain out because of the low permeability and distance
equal to the thickness ash pond. Alternatively, with the provision of
CPCCs, the drainage path is reduced. The generated excess pore
water pressure follows the high drainage available due to CPCCs
and thereby drains out through the underlying sand layer
[Fig. 13(b)]. The drainage path created by the CPCCs, and the
path taken up during dissipation of excess pore water pressure
can be clearly seen in Fig. 13. Nevertheless, this quick dissipation
leads to lowering of pore water pressure value beneath the embank-
ment and consequently increasing the effective stress which in turn
expedites the consolidation in comparison with the untreated pond
ash.

However, for all practical scenarios, installation of columns up
to the embankment toe provides higher excess pore water pressure
dissipation than without columns. The maximum dissipation of
28 kN/m2 is obtained in about 38 days when CPCCs are provided
up to the toe of the embankment. Without using columns, the max-
imum dissipation of excess pore water attained is only 24.4 kN/m2,
but it is attained in a smaller period of about 16.8 days [Fig. 14(a)].
It can also be seen from Fig. 14(b) that the degree of consolidation
has reduced to half when using CPCC as compared with without
columns. It is observed that 90% degree of consolidation is reached
in 18 days with CPCCs when compared with 90% of degree of con-
solidation without column supported embankment, which takes 36
days. The development of excess pore water pressure is concen-
trated at the bottom of the embankment in the absence of columns.
The developed excess pore water pressure is retained at the low per-
meability pond ash layer [Fig. 15(a)] but as the CPCCs are pro-
vided, additional drainage path is available for the excess pore
water pressure to dissipate. The developed excess pore water pres-
sure now moves away from the bottom of the embankment and
takes up the path available in the free draining sand layers

(a)

(b)

Fig. 14. (a) Variation of excess pore water dissipation without and with CPCCs provided up to the toe of the embankment; and (b) variation of degree
of consolidation without and with CPCCs provided up to the toe of the embankment.
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[Fig. 15(b)]. This further signifies the advantage of CPCCs in expe-
diting the dissipation of excess pore water pressure.

Implementation of Proposed Methodology Using an Illustrative
Example
The granular columns provide the drainage path, thereby increasing
the time rate of consolidation, reducing the liquefaction potential,
improving the bearing capacity, and reducing settlement. The ordi-
nary columns have limited stiffness and the column failures due to
bulging (at a depth equal to two times the diameter of the shaft) in
soils with poor confinement. To overcome this limitation, stone col-
umns are encased in geosynthetics, but this partially improves the
failure mechanism. To address the drainage, low bearing capacity,
excessive settlement, and very low undrained shear strength of com-
pressible soil, the author(s) attempted to investigate columns having
drainage of granular columns and stiffness of concrete columns,
making it independent to the stiffness of the surrounding soil. There-
fore, two types of columns, namely pervious concrete column with-
out and with underreamed bulbs, are suggested. Based on the results,
it is suggested that in case of fills with less-reactive elements, CPCCs
can be easily installed using displacement–replacement method.
Nevertheless, for attaining higher bearing capacity, field engineers
can opt for PCC with a bulb at a depth of 2D from ground level.
However, the construction cost may add up due to the requirement
of special underreaming tool for bulb formation. The practical appli-
cation of CPCC and UPCC are strictly based on the prime require-
ment of the site. For project involving significant bearing capacity
improvement over increased drainage, CPCC and UPCC are highly
recommended. For site conditions with poor drainage but moderate
lateral confinement, encased stone columns are suggested.

The following example site problem of the design of CPCC /
UPCC layout for improvement of the loose cohesion-less soil
ground is solved to highlight the application of the methodology
described in the paper.

A thermal power station to install the steam turbines at the base
the mat foundation of 9 m in diameter is constructed on a site of
very old ash fill dump site the deep deposit 12 m thick and under-
lain by a rocky stratum and water table is at 8 m from the surface.
The proposed structure design foundation pressure is 130 kPa. The
geotechnical tests were conducted in laboratory, from the direct
shear test the shear strength parameters of soil obtained as, cohe-
sion cd= 0, angle of friction= 30°. For the proposed pervious con-
crete column, Ec= 15,000 kPa.

The purpose is to design an appropriate layout of pervious con-
crete columns for a factor of safety of 2–2.5 for the bearing capacity
and estimate the settlement of the structure.

Solution

The pervious concrete column of 0.4 m in diameter (ds), spacing
between center to center is 1.25 m in an equilateral triangular pat-
tern are proposed. The length of these columns (L) is designed to as
8 m. Hence, Du= 1.05 × s= 1.05 × 1.25= 1.31 m.

Area replacement ration, Ra= 0.785 (ds × ds/s)= 0.785 (0.4 ×
0.4/1.25)= 0.1007 (10%).

Column length ratio, RL= L/ds= 8/0.4= 20.
Using Eq. (17), the ultimate bearing capacity of untreated

ground with considering the water table effect= 120 kPa.

UPCC
Using Eq. (15), the ultimate bearing capacity of UPCC treated
ground is= 411.66 kPa.

Hence, with a small area replacement ratio of 10%, the bearing
capacity improvement factor Fb is Fb= 411.66/120= 3.43.

CPCC
Using Eq. (16), the ultimate bearing capacity of CPCC treated
ground is= 285.66 kPa.

Hence, with a small area replacement ratio of 10%, the bearing
capacity improvement factor Fb is Fb= 285.66/120= 2.38.

The factor of safety for the bearing capacity of UPCC treated
ground to a proposed structure= 411.66/140= 2.94 (OK).

The factor of safety for the bearing capacity of UPCC treated
ground to a proposed structure= 285.66/140= 2.1 (OK).

Settlement Calculations

Si =
q · B (1 − μ2)

Ec
· I

Untreated ground settlement= 310.61 mm (q= 130, b= 9 m,
u= 0.25, E= 3,000, I= 0.86).

Treated ground settlement= 68 mm (q= 130, b= 9 m, u= 0.15,
E= 15,000, I= 0.86).

Conclusions

The following conclusions are drawn from the present study of ex-
perimental work on pervious concrete columns in circular (CPCC)
and underreamed (UPCC) configurations.
1. Based on the experimental results, it can be concluded that load-

carrying capacity and load-improvement ratios of UPCC is

(a) (b)

Fig. 15. Development of excess pore water pressure: (a) without CPCC; and (b) with CPCC provided up to the toe of the embankment.
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greater than CPCC at equal settlement and equal area replace-
ment ratio.

2. The total vertical displacement of pond ash fill treated with
UPCC was reduced by 60% in comparison with CPCC. How-
ever, construction difficulties, such as caving-in of underreamed
bulb walls, contribute to a disadvantage of UPCC.

3. For end-bearing CPCC and UPCC, the failure is characterized
by lateral column deformation occurring at a distance of 4D
from the ground owing the nonuniform lateral soil movement
governed by the cavity expansion developed during displace-
ment installation. This nonuniform lateral soil movement is neg-
ligible beyond 5D.

4. The load-carrying capacity is computed with the developed an-
alytical equations for loose cohesionless soils reinforced with
PCC without and with enlarged underreamed bulbs, and the
computed results are in close agreement with the measured
values.

5. At similar area replacement ratio, column-length ratio, and bulb
ratio of 2.5, UPCC yields higher LCF (LCF= 6) value than
CPCC (LCF= 3). For UPCC, LCF increases with increase in
bulb ratio and area replacement ratio.

6. The consolidation studies depicted a reduction of 36% in the de-
velopment of excess pore water pressure and 56% decrease in
consolidation time beneath an embankment constructed on
pond ash fill supported with four CPCCs at the middle of the
embankment base. However, the time for consolidation with
CPCC is still found to be greater that as reported with stone col-
umns/encased stone columns. Therefore, it can be concluded
that CPCCs are preferable for scenarios involving primarily
bearing-capacity conditions than drainage concerns.

7. As per the practical scenario of using CPCCs throughout the
bottom of the embankment up to the toe, greater dissipation
of excess pore water pressure and lesser time (18 days) in attain-
ing 90% degree of consolidation is obtained against a scenario
with no columns under the embankment. Thus, it can be con-
cluded that CPCCs significantly enhance the rate of consolida-
tion of low permeability soils, such as pond ash.

Scope of the Future Work

During the study, the permeability behavior of pervious concrete
columns in loose cohesionless soils under axial loading was consid-
ered as constant. However, due to the solids present in ground
water and also due to the internal chemical reactions occurring
within the pervious concrete, clogging of pores becomes inevitable.
Therefore, long-term drainage potential of pervious concrete col-
umns must be investigated. Furthermore, the present study consid-
ered only the static loading condition; hence, behavior of PCCs
under lateral and dynamic loading conditions to assess the efficacy
against liquefaction of partially and fully saturated fine-grained
soils must still be addressed. Slope stability analysis can also be
verified with the PCC while changing the slope angle, orientation
of PCC, and spacing. PCC is uneconomical when compared with
stone columns at higher replacement ratios, hence modification in
the construction methodology or design consideration must be ex-
amined to make it cost effective.
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Notation

The following symbols are used in this paper:
A = area of the column;
Ab = area of the underreamed bulb;
Ac = surface area of the column;
Ap = area of the circular plate;
Au = unit cell area;
as = area of the stone column;
Br = underreamed bulb ratio;
D = diameter of the column;
Db = underreamed bulb ratio;
Du = circular plate diameter;
fs = skin friction resistance;
K = coefficient of permeability;
K = lateral earth pressure coefficient;
L = length of the pervious concrete column;

L/D = length to diameter ratio of stone column;
Le = effective length;
Nq = bearing capacity factor;
Qf = total applied load;
qf = ultimate load-carrying capacity at failure of untreated

soil;
(qf)u = ultimate load-carrying capacity at failure of treated soil;
Ra = area replacement ratio;
Rb = resistance force offered by the bulb;
Rbd = bearing capacity reduction factor;
RD = relative density;
Rf = skin friction force;
RL = length ratio of the column;
Rs = resistance force offered from soil below the circular plate;
Rt = tip resistance force of the column;
rd = reduction factor;

S/Dc = settlement ratio (total settlement to diameter of concrete
column);

U = degree of consolidation;
U0 = initial excess pore water pressure;
Ut = excess pore water pressure at any time t0;
Z = depth of the soil;
δ = friction between soil and pile (interface);
ϕ = angle of internal friction;
γ = unit weight of soil;
σ′ = effective overburden pressure; and

σavg = average effective overburden pressure.
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