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Abstract

The bearing capacity of the composite-formed soil, such as grouted peat soil, is a crucial design parameter that can be improved
by employing jet grout columns (JGCs). The coupling effect of the requirement of new industrial sites and reduction in the
suitable regions for construction requires research on improving the bearing capacity of abundantly available peat soils.
Despite routinely reported studies on peat soil, improvement studies basically took upon the disturbed soil samples. Research
on the sample collecting techniques or experiments on undisturbed peat soil has not been conducted intensively. This study
uses a domestic jet grout device to compare features of the undisturbed peat soils at the laboratory using axial loading tests.
While samples were collected undisturbedly using specially designed steel boxes, the peat soil within the steel boxes was
improved by jet grout columns. Additionally, PLAXIS 3D simulations were used to estimate the behavior of the improved
soil. Results showed that the bearing capacity of the soil increased 4 times for square foundations (2 x 2 JGC) and 4.5 times

for strip foundations (3 x 1 JGC) compared to the unimproved organic soil.

Keywords Peat soils - Jet grout columns - Improvement - Physical and numerical modeling

1 Introduction

The organic soils (OS) are often challenging to use for
construction purposes (residential buildings, industries, and
other infrastructure facilities) by engineers, for having low
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shear strength and high compressibility features [1, 2]. The
rapid development of developing countries caused the con-
struction of production facilities and industrial areas to fetch
the needs of society. This situation also caused the secrecy
of the reliable sites. Currently, alternate sites must be con-
sidered even if they have poor engineering performance by
developing modern engineering methods to improve their
deficiencies. For example, one of the densely industrialized
zone in Kayseri (KFZ) has a peatland of approximately 2400
ha. As for the international perspective, peat soils cover 4
million km? in over 500 different regions [3-5].

OS is regarded as soft or weak soil, and buildings con-
structed on such soils are exposed to various engineering
challenges. It is essential to determine soil behavior cor-
rectly to overcome the challenges, such as bearing capacity
problems, high deformation, and settlement issues. Since
extensive research dealing with soft soil improvement has
only been carried out in the laboratory environment on the
disturbed soil, merely relying on such studies is not engineer-
ingly feasible. Research on undisturbed soil is inevitable for
an accurate estimate of soft soil behavior. Undisturbed block
sampling provides reliable data for calculation of the settle-
ment and bearing capacity of OS [6-8].
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Fig. 1 Location map of the study site

However, collecting the samples undisturbedly is a chal-
lenging job, and strains induced on samples during the
collection process, swelling, stress relief, and changes in
moisture content during storage are some mechanisms by
which disturbances might be introduced [9, 10]. Efforts must
be made either by improving the sample collecting tech-
niques or by employing appropriate apparatus to collect the
samples undisturbedly. The block sampling method incorpo-
rated in this project is an attempt to solve this issue.

As for improving the bearing capacity of soft soils, jet
grouting systems are industrially active and considerably
useful, practical, and efficient. This is because the bear-
ing capacity of the soft soil increases by transferring loads
onto the grout columns. As for the installation of the grout
columns, jet grouting is constructed using the injection of
lime or cement under pressure into the soil. The dimensions
and shape of the jet grout columns (JGCs) can be affected by
jet pressure, rotation, and lifting speed [11].

Many recent studies have dealt with load-carrying capac-
ities and settlements of grouted soft soil conducted and mod-
eled using the finite element method by several researchers
[12-14]. The construction of many jet-grouted columns in
general creates a challenge that is difficult to analyze, and
numerical methods are increasingly used to estimate the per-
formance of improved soil.

This multi-aspect study aims to highlight the positive
impact of JGCs on the bearing capacity and settlement behav-
ior of the undisturbed OS. While engineering efforts were
made to collect the samples from the sites undisturbedly
using specially designed steel boxes, the features of the soil
were analyzed and compared with the site conditions. Steel
boxes assisted in undisturbed sample collection and conduc-
tion of the loading tests. The dimensions of the steel boxes
were determined according to the preliminary finite element
(PLAXIS 3D) analysis.

A jet grouting device was designed to be compatible with
the steel boxes and used for installing the JGCs into the OS.
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The dimensions of the grout columns were determined as
a result of various optimization experiments. While 2 x 2
and 3 x 1 JGCs configurations of the columns within the
soils were used, square and rectangular footing setups were
used for loading tests. PLAXIS 3D was also performed to
model improved soil behavior, and simulation results were
compared with the actual experiments.

2 Physical Modeling
2.1 Site Characterization

This study involved three different materials: OS, silty sand,
and cement. The undisturbed OS samples were collected
from the Kayseri Free Zone (Fig. 1), KFZ, and an area of
about 7 million square meters within the boundaries of the
Kayseri Province of Turkey.

The standard penetration tests were performed at the
research site to define the site characteristics of OS. The log
of boreholes (BH-1, BH-2, and BH-3) is given in Fig. 2. The
soil profile consisted of silty clay, OS, silty sand, and low
plasticity clay from top to bottom. The OS was composed of
plant roots, sedges, and fibers.

Figure 2 shows silty clay and topsoil combinations from
the surface between 0.3 and 0.5 m. Below this layer, there
are OS deposits that contain clay bands that range from 50
to 200 mm in thickness. The top of the OS deposit (between
the surface and a depth of about 1.0-1.6 m) contains sedges,
plant roots, coarse fibers, and some silty clayey soil, whereas
the lower levels consist of the finer fibrous and amorphous
OS. Figure 3a shows the cut operation until the water table is
reached and the steel test boxes are placed. The boxes were
pushed into the peat to collect the undisturbed OS (Fig. 3b).
The clay band, fibrous, amorphous peat, and fibers can be
seen in Fig. 3c.
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organic soil

@ Springer



14062 Arabian Journal for Science and Engineering (2023) 48:14059-14078
Fig.4 a The schematic view of ot |
DCP, b performing DCP test e

on-site, ¢ performing DCP test in
the laboratory

pecetrion bar
2

Table 1 The recommended methods for evaluating the disturbance of samples (quality) [18]

Method Parameter Sample quality

Very good to excellent Good to fair Poor Very poor
Andresen and Kolstad [19] &y <1 14 4-10 > 10
Lunne et al. [16] for OCR = 1-2 Aeleg <0.04 0.04-0.07 0.07-0.14 >0.14
Lunne et al. [16] for OCR = 24 Aeley <0.03 0.03-0.05 0.05-0.10 >0.10
Karlsrud and Hernandez-Martinez [20] Mo/My, >2 1.5-2.0 1.0-1.5 <1

&, = Volume change, ¢y = Initial void ratio, OCR = Over-consolidation ratio, Ae = Change in void ratio, o ¢ = Effective stress, Mo/ M =

Oedometer stiffness ratio

The degree of disturbance (i.e., quality) of block samples
of the soft soils is critical.

In this research, the thickness of the boxes was 10 mm
to provide the necessary rigidity against bending moments
while pushing and lifting approximately 350 kg of peat soil.
The thickness was chosen based on the results of computer-
aided solid modeling software. In addition, the cutting edges
of the sample boxes were designed and sharpened similarly to
the thin-walled tube to provide easy penetration and collect
undisturbed sampling. The degree of undisturbance of the
sample collected by various methods can be expressed by
the area ratio (A;) for thin-walled tube sampling [15], which
is given as follows:

D2 — D?

1

where D; is the inner diameter of the cutting edge, D,, is the
outer diameter of the cutting edge. A soil sample generally
can be undisturbed if A; is less than 10%. According to Eq. 1,
the value of A; for this research is calculated as 4.9%; peat
samples can be accepted as undisturbed.
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According to Lunne et al., the evaluation of the distur-
bance quality is based on the normalized void ratio (Ae/eq)
and over-consolidation ratio (OCR) [16]. Thus, consolidation
tests were carried out in the current study following the pro-
cedures outlined in ASTM D2435 [17]. The quantification
of sample disturbance is listed in Table 1.

The volumetric change rate (e,) was determined as
0.032-0.710. The normalized void ratio variation (Ae/eq)
and over-consolidation ratio (OCR) were 0.009-0.0254 and
1.55-1.90, respectively. The sample quality of the OS, taken
as a block from the study site, was determined to be ‘very
good to excellent’ as per Table 1.

A detailed explanation of sample quality for this soil type
can be found in the reference [18]. In addition to the consoli-
dation test, dynamic cone penetration (DCP) and vane shear
test (VST) were performed to check the samples’ disturbance
level. DCP test measures the strength of in situ soil and the
thickness of subsurface soil layers [21]. The test is carried
out by repeatedly striking a metal cone with an 8 kg weight
dropped from a distance of 575 mm. The schematic view of
the device and DCP tests in the field and laboratory can be
seen in Fig. 4.
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Fig.5 The penetration curves of the DCP test for site and laboratory

DCP test was performed at the same depth as the samples
were taken. In the site, penetration of as long as 500 mm was
observed to compare the results obtained at the laboratory.
The DCP tests could only penetrate until 400 mm in the
laboratory as the penetration limit is restricted by the depth
of the boxes (450 mm). However, despite the difference in the
penetration lengths, the penetration curves of both types of
experiments were similar, as shown in Fig. 5. Hence, it can be
claimed that the samples were transported to the laboratory
in good quality.

The VST determines the undrained shear strength of soils,
especially for soft clays [22]. VST can be performed at both
the laboratory and the site. The torque and c, values obtained
from the undrained shear strength tests are given in Table 2.
It can be seen that the values for both locations are similar.
From this point of view, it can be said that the amount of
sample disturbance is relatively low, if it is present at all.

2.2 Material Properties

The particle size distribution curves obtained from the sieve
analysis and hydrometer test for OS and sand are illustrated in
Fig. 6 according to the ASTM D421-85 and ASTM D422-63
standards [23, 24].

The geotechnical properties of OS and silty sand are listed
in Table 3. Unconfined compression tests, direct shear tests,
permeability, and pH tests were performed at Erciyes Uni-
versity Soil Mechanics Laboratory. The moisture content
of OS was determined as the mean value of three samples
obtained at the site. The organic matter content of the OS
samples was determined using a high-temperature furnace
based on the ASTM D2974-00 standards [25]. The labora-
tory fall cone test determines soft soils’ consistency limits
(liquid and plastic limits). Results were more satisfactory
than the Casagrande test because the groove opening was
not appropriate due to the fibers of peats [26].

The soil strength parameters were obtained using a direct
shear test. The undisturbed samples were sheared at a con-
stant shear rate of 0.5 mm/min according to the ASTM
D3080 standard [32]. Tests were conducted using a tradi-
tional oedometer test, where the time to failure was set as
t50/8 (t50 represents the time to 50% consolidation). 10, 20,
and 40 kPa and 50, 100, and 150 kPa were chosen as two
normal stress groups, which are also compatible with the
research of Amuda et al. [31, 35]. The strength parameters
were obtained as ¢’ = 9.7 kPa and ¢’ = 29.8°. Compared to
soft soil, these strength parameters seem high, but according
to Landva and La Rochelle, the internal friction angle of peat
is often higher than inorganic soil. Den Haan et al. reported
the internal friction angles as 32° to 58° for peat soils [36,
37].

Ulusay et al. investigated the geo-engineering character-
istics of peat soils from the KFZ area and reported internal
friction angles between 42.6° and 59.8° [38]. Since peat fibers
are not constantly solid and can be periodically filled with
water and gas, their high friction angle might not be solely
influential in causing high shear strength. Due to the fibers’
reinforcement effects, the fibers’ existence changes how peat
behaves in terms of shear strength [39, 40]. After the geotech-
nical parameters of OS were obtained, the direct shear test
was performed for the sand layer. The sand specimen was
compacted in the shear box with 60 mm width and 20 mm
thickness at a relative density of 60%. Cohesion and internal
friction angles for sand were 10.70 kPa and 41.2°, respec-
tively.

X-ray fluorescence (XRF) analyses were performed to
determine the components of the OS, as shown in Table 4. As
a result of the analysis, the highest content of silicon oxide
(8i0y), calcium oxide (CaO), and aluminum oxide (Al;O3)
was determined as 62.2%, 15.1%, and 10.8%, respectively.

The cement used for grout is Portland Cement (PC)
type CEM 1-42.5R, according to ASTM CI150 [41]. All
laboratory-scale jet grout columns were installed at a water-
cement ratio of 1:1, and the grout density was 1.45 g/ml. The
water/cement ratio was similar to that used on the site.

Springer
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Table 2 Undrained shear

strength test results of OS (site Test No. Site Laboratory
d laborat
and laboratory) Torque (kg cm) Cu (kg/cmz) Torque (kg cm) Cu (kg/cmz)
1 338.6 0.188 336.6 0.178
2 489.6 0.262 496.2 0.268
3 469.2 0.250 479.1 0.255
4 487.5 0.261 520.2 0.277
5 417.1 0.223 459.0 0.244
6 392.7 0.209 387.6 0.206
7 342.7 0.183 357.0 0.190
8 405.9 0.216 418.2 0.223
Fig.6 Grain size distribution 100
curves of soils and cement
80
S 60
8
g
(89
§ 40
S
=W
20
—2— Sand
—O— Organic Soil ]
—{1— Cement
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Particle Diameter ( mm )
Table 3 Physical properties of organic soil and silty sand
Material name Organic soil Silty sand
Moisture content (w), % [27] 184.8 -
Specific gravity [28], 1.93 2.70
Liquid limit (LL), % [29] 221.5 -
Plastic limit (PL), % [29] 98.7 -
Plasticity index (PI), % 122.8 -
Unconfined compressive strength (g,,), kN/m?2 [30] 22.3 -
Undrained shear strength (c,,), KN/m? [31] 9.7 10.70
Internal friction angle (¢), degree [32] 29.8 41.20
Permeability coefficient, (k) m/day [30] 1.38 x 1070 0.86 x 1073
pH [33] 8.9 -
Unified soil classification system (USCS) [34] High plasticity organic clay (OH) Silty sand (SM)
Von post classification system H4-H6 -

Ash content (AC), % [25]

High ash content (ash content % 34) -

@ Springer
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Table 4 Chemical and physical properties of organic soil and ordinary
Portland cement

Composition Organic soil (%) Portland cement (%)
SiO; 62.20 12.75
CaO 15.10 67.45
Al,O3 10.80 3.54
Fe, 03 3.70 7.32
MgO 3.90 1.27
Na,O 1.50 0.39
K,O 1.20 0.94
SO3 0.16 4.86

2.3 Testing Equipment

The testing equipment consisted of sample collecting boxes,
a jet grout system, a data logger, transducers, and footings.
The steel boxes consisted of three parts: the main body, the
top cover, and the sliding bottom cover. Two types of boxes
were used in loading tests of grouted organic soil samples.
The square test boxes (750 x 750 x 450 mm3) and rectangu-
lar test boxes (750 x 1000 x 450 mm?) are shown in Fig. 7.
The thickness of the steel was chosen as 8§ mm to ensure
rigid boundary conditions. A sandbox (filled with sand) was
placed below these sampling boxes to mimic the silty sand
layer.

The top cover of the boxes was strengthened to prevent
self-yielding while being pushed into the soil using force.
The top cover also contained holes so the trapped air could
be removed when the box is uniaxially pushed down. The
edges of the box at the bottom were deformed to have an
angle of 30° to encourage a knife effect and easier insertion
into the soil without significant disturbance. After placing
the box in the soil, a movable bottom cover slided sideways
to close the box, and thus, undisturbed organic soil samples
were collected to represent the site conditions.

/— Top cover

045 m
\
\
'\;>
- -
\\\
0.75m

N

Fig.7 Details of model test boxes used for undisturbed sampling

— Sand Box
|

Sliding Bottom Part —/

The jet grout setup used in this study was designed by
the authors. The jet grouting setup comprised a mixing tank
(cement and water), a high-pressure pump, drilling rods with
different nozzle diameters, some grout-injection accessories,
and the control unit. The selection of the pneumatic pump
is crucial because it directly influences the viscosity of the
grout. While the rod was allowed rotational and transitional
movement, the lifting and rotating speeds could also be con-
trolled. While Fig. 8a shows the jet grouting device and its
dimensions, the rear view with the steel test box installed can
be seen in Fig. 8b.

2.4 Testing Procedure

Figure 9 shows the formation procedure of JGCs. As men-
tioned before, the water/cement ratio was chosen as 1:1 for
all JGCs.

The optimization process aims to obtain soilcrete columns
of 60 mm diameter and 450 mm length. Various attempts
were made to optimize the dimensions of the soilcrete
columns by altering the rotating speed, lifting speed, and
injection pressures as shown in Fig. 10. Images were obtained
after removing the columns from the soil and tagged based
on the number of experiments as JGCa, JGCb, JGCc, JGCd,
JGCe, JGCT, and JGCg as shown in Fig. 10.

The details about the parameters for the production of each
column (shown in Fig. 10a—g) are given Table 5.

Since the JGCg is dimensionally accurate, the installation
process was completed using the parameters used for JCGg
(nozzle diameter = 1.5 mm, grout pressure = 5 bar, rotat-
ing speed = 27 mm/s, lifting speed = 2.4 mm/s). After the
installation of the columns, the boxes were wrapped with a
Nylon cover to preserve the moisture content. Later, boxes
were cured at 24 °C for 28 days, followed by the loading
tests.

The loading tests are conducted using the sandbox and
test box to place the latter on the former. The dimensions of
both types of boxes are given in Fig. 7b, and d. Literature

Test Box — r— Shallow Foundation
|

@ Springer
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Table 5 Properties of JGCs and their dimensions

Column Nozzle Diameter Grout pressure, p Rotating speed Lifting speed Mean diameter of Column height
name (mm) (bar) (mm/s) (mm/s) column (mm) (mm)

JGCa 1.5 6.00 23.0 2.20 150 350

JGCb 1.5 9.00 19.0 3.20 200 400

JGCc 1.5 10.00 21.0 3.00 200 360

JGCd 1.5 6.00 23.0 2.00 160 410

JGCe 1.5 8.00 20.0 3.20 220 450

JGCf 1.5 6.00 23.0 2.80 60 450

JGCg 1.5 5.00 27.0 2.40 60 450

Loading Frame

Hydraulic Jack —

Test box

lUsz‘ P

* 4.0m

Fig. 11 3D test setup and view of the loading frame

suggests a sand thickness of 0.7D—4.0D (D = diameter of
the column) under the column; therefore, the thickness of
the sand layer was chosen as 300 mm [42]. The sand layer
was compacted in 5 layers at a relative density of D, = 60%.
A 100-kN loading frame system was used with a hydraulic
jack and displacement and load control unit. The loading
rate of the hydraulic jack could be changed between 0.5 and
10 mm/min. An S-type load cell with a capacity of 50 kN
was just below the hydraulic jack. 16-channel data logger
connected the measurement elements, such as the load cell,
and linear variable differential transformers (LVDTs) were
located under the load cell. In addition, on the left side of
the frame system, there is a horizontal crane system with
a capacity of 30 kN to remove the bottom cover; hence the
OS and sand form the top layer of the model experiment. The
studies carried out during the execution of model experiments
in the frame system are presented in Fig. 11.

Two types of box setups were used for the experiments:
square boxes (750 x 750 x 750 mm?) and rectangular boxes
(750 x 1000 x 750 mm?). Within both setups, the upper box
contained the undisturbed organic soil (Layer-1) collected
from the site, and the lower box contained sand (Layer-2).

Movable Loading System

Data Logger

The sand was placed to mimic the site conditions during the
experiments in the laboratory.

The upper boxes in both configurations were covered with
rigid steel plates of 20 mm thickness. The other dimensions
of the plate were selected as 240 x 240 mm? and 80 x
240 mm? for 2 x 2 JGCs and 80 x 240 mm? configuration,
respectively.

Single JGCs and groups of JGCs were formed in OS using
a laboratory-scale JG device. The JGCs were formed at three
different spacing and diameter ratios (S/D: 2.0, 2.5, 3.0),
where ‘S’ is the distance between the center of JGCs and ‘D’
is the diameter of the JGC. For each experiment, the JGCs
were constructed considering the square and strip pattern
with a diameter of 60 mm and a length of 450 mm.

Soil pressure sensors (2 MPa capacity) were placed inside
the boxes and close to the edges to check boundary condi-
tions. According to the soil pressure calibration certificate
taken from the supplier, the sensitivity of the soil pressure is
less than or equal to 0.005%; this means 1 kPa sensitivity is
possible when 2 MPa capacity is used. Negligible stress levels
were measured using the four soil pressure sensors installed
perpendicular to the four sides of the boxes. This proves that
the frame sizes determined from the preliminary studies are

@ Springer
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Fig. 12 a, b Plan view of 2 x 2 JGC and 3 x 1 JGC ¢, d Cross section view of 2 x 2 JGC and 3 x 1 JGC

sufficient. All sides of the test box were solidly fixed to pre-
vent lateral displacement during loading. To reduce the effect
of side-wall friction, the inner side of the test box walls was
lubricated. In the study, two LVDTs (100 mm vertical dis-
placement capacity) are placed on both sides of the plates, and
the average settlement value is given in the related graphs.
The loading rate was defined as 1.0 mm/min, which is com-
patible with previous studies on expansive soil [43, 44]. All
tests were simulated with a numerical model and analyzed.
The schematics of the improved soil with soilcrete columns,
box dimensions, footings, and cross sections can be seen in
Fig. 12. The square and strip rigid plates represent square
footing (SQF) and strip footing (STF), respectively.

The index properties of OS taken from the center of each
box were determined at the end of the experiments, consider-
ing that there may be changes in the geotechnical properties.

@ Springer

The results are given in Table 6, which show that the values
of index properties were close to each other.

These findings indicate an approximately uniform struc-
ture with the study area and laboratory samples.

In this study, the bearing capacity of the unreinforced OS
was obtained in the loading test. Then, for a single JGC, the
square and strip footings were placed in the OS, and second-
group loading tests were carried out. Finally, third-group
loading tests were carried out for square and strip footings
placed on JGCs formed by group columns with different
spacings (S/D: 2.0, 2.5, 3.0). Figure 13 shows the loading
test arrangement for the square and rectangular test boxes
before and after the loading, respectively. All loading tests
ended when the ultimate peak strength or displacement con-
ditions were reached, which meant no more load increase
was observed.
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Table 6 Geotechnical properties
of organic soil after the Index properties Organic soil Single column S/ID =2.0 SID =2.5 S/ID=3.0
laboratory model experiments
Unit weight (y5, kN/m3) 18.20 18.32 19.10 19.20 18.80
Moisture content (w, %) 182.8 176.3 184.8 173.8 167.8
Liquid limit (w,, %) 208.9 201.2 203.2 207.2 211.2
Plastic limit (wp, %) 95.6 98.3 102.1 101.9 104.5
Plasticity index (/p, %) 1133 102.9 102.9 105.3 106.7

Fig. 13 Loading test arrangement for square test box (a), the position
of 240 mm x 240 mm square footing and LVDTs before the test (b),
the position of 8§ mm x 420 mm rectangular footing and LVDTs before

3 Numerical Modeling

Geotechnical softwares are specialized tools for modeling
soil behavior and providing solutions for most geotechnical
tasks. New softwares for geotechnical purposes are con-
stantly being introduced and developed [45]. In this study,
PLAXIS 3D software was used for simulating the model
experiments and determining the foundation settlement and
bearing capacity of the soil [46]. The numerical model’s
calibration enabled the observation of obtained load settle-
ment curves that closely matched the results of the laboratory
model under vertical load testing. Further numerical assess-
ments for a larger group of jet grouting columns can be
performed by obtaining a pile load test on the site. Finite ele-
ment (FE) analyses were performed for the unimproved OS,
and group JGCs were used as the reinforcement of soft soil.

the test (c), the position of square footing after the loading (d), the top
view of 2 x 2 JGCs configuration after the loading (e), the top view of
3 x 1 JGCs configuration after the loading (f)

The geotechnical characteristics of the soil must be defined
in the model to simulate time-dependent and nonlinear soil
behavior [47, 48]. In PLAXIS 3D, soft soil and soft soil
creep material models are recommended for the modeling
of peat soils. The SSC model is preferable when creep or
secondary (time-dependent) compression is considered. This
study focused on interpreting the bearing capacity behavior in
an undrained condition. Since secondary consolidation anal-
yses were not considered during the current experiments (due
to the longevity of secondary compression), the SS model
was adopted [46, 49].

Additionally, the material manual of PLAXIS 3D suggests
that near-normally consolidated clays, clayey silts, and peat
may be modeled using the SS model. Such soils have a high
degree of compressibility; therefore, oedometer tests were
performed. As aresult, modified compression index (A*) and
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Table 7 Soil model types and parameters for numerical analysis

Material Organic
properties soil

Silty sand Jet grout columns

Material Soft soil Mohr—Coulomb Mohr-Coulomb

model

Young’s - 15 x 10° 5% 10
modulus, E

(kPa)
Poisson’s - 0.30 0.25
ratio, v
Cohesion, ¢ 9.70
(kPa)
Friction
angle, ¢
(degree)
Dilatancy - 0 0
angle, ¥
(degree)

A (Lambda) 0.20 - -
k (Kappa) 0.04 - -

10.70 900

29.80 41.20 0

modified swelling index (k*) values were obtained. Direct
shear tests were performed to get the strength parameters of
OS. The material properties and other relevant parameters
of the OS and silty sand used in the numerical analysis are
given in Table 7.

Similar to many studies in the literature [50-53], the linear
elastic, perfectly plastic model (Mohr—Coulomb) was used to
represent the soil and JGC behavior in the numerical analy-
ses. The input parameters for the FE analysis of soil/cement
columns have been adopted from the study by Han et al.
and Yi et al. [54, 55]. Interface elements were set between
the soilcrete column and the surrounding OS. Applying an
interface reduction factor Rjyr = 1, the interaction between
JGCs and the surrounding soil can be assumed as rigid. The
basic soil elements were the 10-node quadratic tetrahedral
elements. The bearing capacity of soil, which is modeled
using medium mesh and fine mesh, rarely differs. This is in
accordance with findings of Broere and van Tol [56]. Wehn-
ert and Vermeer suggest utilization of an interface element
between the pile and the soil to achieve reliable findings [57].
Under and around the loading area, finer elements were used,
and medium meshes were used near the lateral boundaries.
When gravity loading is used, the soil layers have no initial
stresses at the start of the calculations. In the first calcu-
lation phase, the stresses are produced by adding the soil
self-weight. This was achieved by plastic calculation by set-
ting the loading input as the total multiplier and Meignt as
1.0. After the initial stresses, the displacements were reset to
zero at the beginning of the calculation phase.

@ Springer

4 Results and Discussion
4.1 Experimental Results

In this study, since no significant bearing capacity can be
obtained from the vertical load—settlement curves, the 0.1B
method was used to determine the bearing capacity of unim-
proved organic soil [58]. In this method, the bearing capacity
of soil is obtained from the stress value corresponding to the
0.1B (one-tenth of the footing width) settlement value. The
vertical loads applied to all soilcrete columns, and the ulti-
mate bearing capacities were determined by analyzing the
load—settlement curves obtained from the loading tests. The
graphical methods developed by Brinch Hansen, De Beer and
Wallays, and the double tangent approach were used to deter-
mine the ultimate bearing capacities [S9—61]. Brinch Hansen
proposed that ultimate pile capacity must be defined as the
load that gives four times the pile head settlement attained
for 80% of the load. The *80% criterion’ can be calculated
directly from the load—settlement curve; however, it is more
precisely established by plotting the square root of each set-
tlement value divided by its load value against the settlement.
After a certain point, the graph continues linearly. The load-
—settlement graph is drawn on a logarithmic scale for both
axes in the De Beer and Wallays technique. The points on the
graph are located around the straight lines on the different
slopes if the load applied to the test pile passes the ultimate
load. The slope of these straight lines has no result, but the
point where they intersect is the point at which the pile’s
reaction to the applied load changes and the load that corre-
sponds to this point is the ultimate load. The ultimate bearing
capacity of piles can be estimated using the double tangent
method by drawing the first tangent lines to the starting and
ending portions of the load—settlement curves. The junction
point of these two tangents represents the ultimate bearing
capacity of the pile. An improvement factor (IF), which is
the ratio of the bearing capacity of grouted soil to that of the
unimproved soil, is given to express the improvement rate.
A comparison of calculated and measured ultimate bearing
capacity of soilcrete columns and IF can be seen in Table 8.

The IF values obtained using tangent methods are
1.62-1.69 for single JGCs, 3.57-4.27 for group column-
SQF, and 3.84-4.73 for group column-STF. According to
Table 8, the OS bearing capacity increased approximately
1.70, 3.50—4.50, and 3.80-5.00 times for a single JGC, a
group column-SQF, and a group column-STF, respectively.
Although the JGCs have the same diameter and length, the
corresponding IF values vary considerably. In general, the
vertical displacement of 10% of the column diameter is cru-
cial for the calculation of the bearing capacity of improved
OS. Therefore, nearly 6-7 mm settlement value is consid-
ered in the comparison since the column diameters were
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Table 8 Comparison of calculated and measured ultimate bearing capacity of soilcrete columns

Soilcrete column info Brinch Hansen 80% De Beer and PLAXIS 3D Measured double IF (Improvement
Wallays tangent method factor)
All units in kPa

Unimproved OS (STF)* - - 71 82 -

Unimproved OS (SQF)* - - 87 94 -

Single JGC (STF) 147 156 127 139 1.69

Single JGC (SQF) 158 171 133 152 1.62

Group column S/D = 2.0 352 331 311 315 3.84
(STF)

Group column S/D = 2.0 364 355 325 336 3.57
(SQF)

Group column S/D = 2.5 370 349 337 342 4.17
(STF)

Group column /D = 2.5 407 399 361 376 4.00
(SQF)

Group column /D = 3.0 427 402 376 388 4.73
(STF)

Group column S/D = 3.0 442 416 389 401 4.27
(SQF)

*The bearing capacity of unimproved OS (STF) and unimproved OS (SQF) were calculated by 0.1B method

60 mm [62]. Figure 14 illustrates the vertical load and set-
tlement curves of JGC in natural OS. The ultimate vertical
load value of the strip foundation for natural OS was about
1.43 kN. After placing jet grout columns with S/D = 2.0 and
2.5 intervals under the square foundation, the ultimate ver-
tical load values for the square foundation were obtained as
2.30 and 3.40 kN, respectively. As for the strip foundation,
the ultimate vertical load values were obtained as 2.45 and
3.45 kN for S/D = 2.0 and 2.5 intervals, respectively. The
vertical load value of STF at 6.0 mm settlement was 4.64 kN
for S/D = 3.0. This value increased further and reached 7
kN at 10 mm settlement. The shape of the curves obtained in
Fig. 14a for SQF was similar to those obtained in Fig. 14b.
The soilcrete columns increased the bearing capacity of OS
2.5-4.0 times for square foundation and 3.0-4.5 times for
strip foundation. The S/D = 3.0 ratio gives the highest bear-
ing capacity for both foundation types. The loadings were
not stopped at 6 mm settlement and continued until the JGCs
reached the peak stresses.

The loading of soilcrete columns was conducted to obtain
the ultimate bearing capacity. The tests were terminated when
the load started decreasing, and the settlement continued to
increase. The ultimate bearing capacity of the soilcrete col-
umn was defined when a large displacement was observed
at the soilcrete column’s head. In Fig. 15, the relationship
between soilcrete head load vs. soilcrete head settlement and
applied stress vs. settlement for square and rectangular test
boxes was given, respectively.

The OS settlement goes up to 100 mm, and there is no peak
point since the failure type is punching. However, the failure
type of improved soil with JGCs settlement curves shows
general shear failure. In both boxes, the group column with
S/D = 3.0 reached the highest ultimate bearing capacity. This
finding might be correct because the influence lines of S/D =
2.0 and S/D = 2.5 overlapped. Therefore, this highly stressed
zone reduced the bearing capacity for S/D = 2.0 and S/D =
2.5 ratios. Group columns provide a higher bearing capacity
than single columns for improving the bearing capacity and
strength of problematic peat soils because group columns
work as a block, and failure is dependent on skin friction
along the group columns’ periphery and end-bearing.

The deep soil stabilization process not only forms a soil
column but also stabilizes the surrounding soil, increasing
the bearing capacity by increasing adhesion between the soil
column and the surrounding stabilized soil.

In the numerical simulation, three soil-cement columns
were placed in a 3 x 1 JGCs configuration, and four soil—ce-
ment columns were placedina?2 x 2 JGCs configuration. The
JGC head load-JGC head settlement curves of model tests
and FE analyses results can be seen in Fig. 16. The compari-
son of the curves indicates that they follow a similar trend. It
can be seen that the results of the FE analysis and model tests
results are identical. In general, the bearing capacity values
obtained by the numerical analysis using medium meshing
were nearly 10% lower than the model experiments. How-
ever, fine meshing analyses converged to experimental curves
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Fig. 14 Load-settlement curves
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within the 5-10% difference range. The numerical analysis
results are lower because the PLAXIS 3D program’s input
parameters do not adequately account for the influence of the
soil’s intact fibers and the voids created by ruined fiber and
plant residues on the engineering qualities of the soil.

As aresult, it is thought that the FE analysis findings are
accurate and reliable for estimating the bearing capacity of
OS. After the loadings were removed, half of the test boxes
were excavated to expose the side views of the columns,
as shown in Fig. 17. When the JGCs reached their ultimate
load capacity, the cracks of the columns generally occurred
between L/4 and L/3 from the surface. This is because the
load and stress are primarily concentrated in that region.
Additionally, it was observed that there was no leaning of
columns from the vertical axis.

It was observed that the OS in the box tends to swell up to
60% of the settlement in the unimproved condition and the
range of 40% to 45% of settlement in the improved condi-
tion after the unloading. This observation can be explained
by the fact that the ruined and undisturbed plants and animals
remain in the organic soil giving the soil an elastic structure.
Consequently, a movement in the opposite direction of settle-
ment occurs when the soil is unloaded. The soilcrete samples
were removed from the OS after the loading tests. The sam-
ples were cut with the concrete saw without disturbance to

S @ Springer

(b)

perform a compressive strength test (Fig. 18). The core sam-
ples were prepared as a length/diameter ratio of L/D = 2 with
an average diameter value of 60 mm.

The uniaxial compressive strength tests of the cylindrical
concrete specimen were performed for three JGC samples for
each loading group according to ASTM D1633. The resultant
average strength values for 28 days are listed in Table 9 [63].

The compressive load was applied continuously at a rate
of 0.3 MPa/s until the ultimate peak strength was reached.
Because the column is an in situ mixture of cement, water,
and soil, the compressive strength properties are determined
mainly by the nature and composition of the soil. The mois-
ture content of the soil may raise the water/cement ratio
of the soilcrete, hence lowering its compressive strength.
Moreover, the compressive strength may decrease due to
the organic soil’s high moisture content (194%) of plant and
fiber remains. These columns are called soilcrete since the
columns consist of cement and soil. There are two soil layers
in the current study’s test box: OS and silty sand. Accord-
ing to Table 9, the average compressive strength value of the
JGCs samples (5.1 MPa) is between the limits and closer to
the upper limit for peats and clay soils, which is suggested by
Stoel and given in Table 10 for different soil types based on
the ground conditions [64]. Wang mentioned that a field study
in Seoul proved that after 28 days of curing to grout W/C = 1
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Fig. 15 Load-settlement and (a)
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by weight, the unconfined compressive strength of the JGCs
may reach 5.0-6.0 MPa [65]. Another field study shows that
the unconfined compressive strength of JGCs can vary from
2.78 t0 5.52 MPa [66]. A field study that includes five differ-
ent sites improved with JGCs revealed that the unconfined
compressive strengths were between 1.54 and 6.70 MPa [67].

4.2 Numerical Results

The appropriate mesh size is vital in numerical modeling
since the mesh’s quality increases the analyses’ accuracy.
A convergence study was carried out to select mesh size.
The computing effort has therefore been minimized. A very
fine mesh was employed at the stress concentration zone,
and mesh refinement was performed toward the edges, from
coarse mesh to very fine mesh. Vertical cross-sectional and
horizontal cross-sectional views for square footing (SQF)
and strip footing (STF) are given in Fig. 19.

As shown in Fig. 19, the total displacement contours
have not reached the edges of the boxes for both vertical
and horizontal cross sections; therefore, there is no bound-
ary condition. Considering the vertical stress concentrations
for OS, the contours are denser near the surface. Cracks in
the columns were observed in this zone at the end of the
axial loading test. The S/D = 2.0 value has a very close gap
between columns; due to these conditions, stress bulbs may
overlap; hence, the bearing capacity for S/D = 2.0 is a little
bit low compared to other spacing ratios. Fine and very fine
meshing at the stress concentration region (plates, column,
and surrounding soil) resulted in the convergence between
experimental and numerical study curves. Fine meshing
resulted in more compatibility with the model test curve;
however, there is not too much difference from medium
meshing because using an interface element between the
footing, column, and surrounding soil lower the dependence
of the calculated end resistance.
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Fig. 16 Applied stress and
settlement results of the model
loading tests and numerical
analysis a square test box and
b rectangle test box
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Fig. 18 Uniaxial compressive strength test on excavated soilcrete sam-
ples

5 Conclusion

Jet grouting is a convenient solution to many geotechnical
problems and is widely used as a soil improvement technique.
The physical modeling of the jet grouting mechanism was
investigated in this study. The authors designed a jet grout
device and fabricated to construct the test-scale columns. The

present study is limited to the model test on end-bearing soil-
crete columns, simulating a site scenario where the columns
go down to silty sand. The floating column behavior was not
investigated. Additionally, developing a theoretical model to
predict bearing capacity can be done by expanding the num-
ber of tests and the number of analyzed parameters. The
current study is bound by time constraints and the limited
number of undisturbed samples.

Field study, large-scale model tests, and dimensional anal-
yses are recommended before using the results of the present
study in site applications. The following conclusions are
drawn due to the improvement of the OS and the laboratory
studies.

e Group columns provide a higher value than single columns
for improving problematic peat soils’ bearing capacity and
strength.

e The highest bearing capacity value is observed when S/D
= 3.0 for both JGCs configurations.

o The failure mechanism of the soil and columns were visu-
alized after the loading tests. The cracks were observed at a
distance from the soil surface L/4 between L/3 of columns
because the stress contours are denser in this area.

e The bearing capacity values obtained by the numerical
analysis using fine meshing were nearly 5% lower than
the model experiments.

It is believed that organic soil removed from the site with-
out being disturbed can be improved using soilcrete columns

Table 9 Compressive strength

values of excavated JGCs Sample type JG Sample 1 Strength JG sample 2 JG sample 3 Mean
(MPa) Strength Strength Strength
(MPa) (MPa) (MPa)
Single column 4.9 5.4 4.6 4.9
S/D = 2.0 Square footing 5.8 4.6 5.5 53
S/D = 2.5 Square footing 5.2 53 5.7 54
S/D = 3.0 Square footing 4.7 54 5.1 5.1
S/D = 2.0 Strip footing 5.1 5.6 5.7 55
S/D = 2.5 Strip footing 5.6 52 5.5 54
S/D = 3.0 Strip footing 53 5.1 4.5 5.0
Table 10 Typical average
uniaxial compressive strengths of S0l type UCS (MPa)
JSett;glr(Egzd soils according to Lower limit Upper limit
Peat 1.0 6.0
Clay 3.0 7.0
Silt 5.0 15.0
Sand 10.0 40.0
Gravel 10.0 40.0
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(A1) (A2)

(BI)

(B2)

(A3)

(B3)

Fig. 19 Fine meshing, vertical cross-sectional views, and total displacements of the soilcrete columns after numerical analyses with PLAXIS 3D
for 2 x 2 JGC S/D = 3.0 SQF (A1-A2-A3) and 3 x 1JGC S/D = 3.0 STF (B1-B2-B3)

according to the results of model tests and numerical analy-
ses, but the correct spacing should be defined by considering
the soil’s geotechnical parameters. It should be remembered
that numerical analysis results in these organic soil sites can
be helpful for early evaluation. Still, choosing the correct
parameters for the analysis programs is crucial.
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