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Abstract The results of a series of laboratory tests on
unimproved and cement-improved specimens of two clays
are presented, and the ability of a bounding surface
elastoplastic constitutive model to predict the observed
behavior is investigated. The results of the oedometer,
triaxial compression, extension, and cyclic shear tests
demonstrated that the unimproved soil behavior is similar
to that of soft clays. Cement-improved specimens exhibited
peak/residual behavior and dilation, as well as higher
strength and stiffness over unimproved samples in triaxial
compression. Two methods of accounting for the artificial
overconsolidation effect created by cement improvement
are detailed. The apparent preconsolidation pressure
method is considerably easier to use, but the fitted OCR
method gave better results over varied levels of confining
stresses. While the bounding surface model predicted the
monotonic behavior of unimproved soil very well, the
predictions made for cyclic behavior and for improved
soils were only of limited success.
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List of symbols

A. Shape parameter defining hyperbola section of
bounding surface in compression

Ae Shape parameter defining hyperbola section of
bounding surface in extension

a, Cement content

C Projection center parameter

C. Virgin compression index

C; Recompression index

Cc Coefficient of curvature

Cy Coefficient of uniformity

D5 Diameter in the grain size distribution curve
corresponding to 50% passing

e Void ratio

hy Shape hardening parameter for states in

immediate vicinity of I axis
he Shape hardening parameter in
compression
Shape hardening parameter in triaxial extension
Slope of the critical state line in compression
Slope of the critical state line in extension
Mean effective stress
Deviatoric stress
Normalized deviatoric stress
Shape parameter defining ellipse 1 section of
bounding surface in compression
Shape parameter defining ellipse 1 section of
bounding surface in extension
Elastic nucleus parameter
Specific gravity
Shape parameter defining ellipse 2 section of
bounding surface
u Excess pore water pressure
Uy Normalized excess pore water pressure
Veoil Volume of soil solids

triaxial
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W, Mass of cement

Wi Mass of soil solids

W mix Mass of water in total improved soil sample

We sty Mass of water in slurry

wic Water-to-cement ratio

wr:ic Total water-to-cement ratio

o Cement factor

&, Axial strain

K Slope of the recompression line in e versus
In(p’) space

A Slope of the virgin compression line in e versus
In(p’) space

v Poisson’s ratio

Op Back pressure

o Effective axial stress

ol Effective confining stress

ol Effective consolidation stress

a; Effective preconsolidation pressure

ol Effective vertical stress

Terms

Apparent preconsolidation The yield stress determined

pressure from improved specimen

oedometer test results

The OCR value calibrated
using test results by treating
it as a constitutive model
parameter

The OCR calculated from the
maximum confining stress
imposed during the
consolidation phase and the
confining stress prior to the
start of the shear phase in a
triaxial test

Fitted overconsolidation
ratio (OCR)

Imposed OCR

1 Background

Since the 1970s, researchers and designers have been using
deep mixing chemical soil stabilization methods for vari-
ous applications in civil engineering practice [3, 43].
Generally, the purposes of chemical improvement include
increasing the strength and stiffness of a marginal soil or
decreasing the permeability of a loose soil [37]. Deep
mixing methods allow chemical stabilization to be com-
pleted at large depths below the ground surface [37]. In
practice, such improvement methods have been used to
increase the bearing capacity of foundations, decrease
settlements, reinforce slopes and excavations, and control
seepage in dams and contaminated sites, among other
applications [37].
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Much research has been dedicated to characterizing the
engineering properties of these chemically treated soils and
developing design tools and guidelines for practitioners
[8, 52]. Use of cement as the stabilizing agent creates
cementitious and pozzolanic bonds between soil particles.
The engineering behavior of cement-improved clays has
been shown to be influenced by a number of factors such as
the initial soil type, cement content, water-to-cement ratio,
and curing time [21, 36, 44]. One-dimensional compression
curves for improved clays show a large amount of non-
linearity; however, zones similar to recompression and
virgin compression zones, as well as a yield stress, often
referred to as the apparent preconsolidation pressure, can
still be identified [2, 17, 31, 54]. In other words, cement
improvement seems to create an artificial overconsolida-
tion effect in clays. Results of triaxial compression tests on
improved specimens have also demonstrated artificial
stress histories, which depend on both cement content and
confining stress [2, 23, 59]. These tests showed behaviors
ranging from those similar to heavily overconsolidated
clays for improved specimens with high cement contents or
low confining stresses to lightly overconsolidated clays for
improved specimens with low cement contents or high
confining stresses [59]. Limited triaxial extension and
cyclic test results on improved clays exist in the literature.
The most significant contributions in this area have been
related to the cyclic characteristics used for roadway
applications [1, 35, 57]. Upadhyaya et al. [55] published
results for cyclic shear tests on improved clays with large
shear strains. Recognizing that bonded soils exhibited
unique stress—strain behaviors, researchers started to pro-
pose constitutive models for naturally bonded soils [e.g.,
6, 7, 19, 24, 34, 41, 51] in the early 2000s. This class of
models was then extended to include models better suited
to artificially cemented soils [e.g.,
4,5, 12, 14, 18, 22, 27, 33, 45, 46, 56, 58]. Although the
exact methods vary, each model determines the size of the
yield surface using some bond parameter which, in most
cases, decreases due to loading or accumulated strain.

The use of cement-improved clays in seismic regions is
increasing [38]. One application of cement improvement in
soft clay profiles is to decrease the potential for large lat-
eral deflections of piles and pile groups by strengthening
the surficial soils surrounding the piles using a technique
called cement deep soil mixing (CDSM). The Network for
Earthquake Engineering Simulation-piles in low E soils
(NEES-pilEs) project aims to characterize the seismic
behavior of and provide guidance on the design of such
systems through a two-pronged approach of testing and
computational modeling. As a part of this project, several
centrifuge tests [25, 26, 28, 29, 48-50] and a full-scale field
test [11] were performed. Computational modeling is being
used to expand the data on behavior of pile systems in
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CDSM reinforced soil beyond those configurations and
loading histories which were directly tested through the
centrifuge and field tests. One such computer code that is
being used in this study is TeraDysac [32, 40]. TeraDysac
is a three-dimensional, fully coupled finite element code
capable of simulating static and dynamic problems in sat-
urated and unsaturated soils, including soil-structure
interaction problems. To date, no constitutive model for the
prediction of soil-cement stress—strain behavior has been
implemented into the TeraDysac platform. Of the consti-
tutive models currently available within TeraDysac, the
bounding surface elastoplastic model [9] was deemed to be
the most appropriate choice to simulate cement-improved
clay. Kirupakaran et al. [20] presented an initial investi-
gation of using TeraDysac, and the bounding surface
model, to simulate the behavior of improved pile systems
subject to base shaking.

The two clay soils investigated in this study are the
laboratory-created soil used in centrifuge tests, and the
natural clay found at the field site in Miami, Oklahoma.
Laboratory test results, including triaxial cyclic and
extension test results, for the laboratory-created [53] and
the natural clay [39] are presented and analyzed in this
paper. The ability of the bounding surface plasticity model
[9] to predict the stress—strain behavior of improved and
unimproved clays is also investigated in this paper. Two
methods of accounting for the artificial stress history
resulting from cement improvement are proposed. The
laboratory testing and modeling results presented herein
will aid researchers interested in computationally simulat-
ing the above-mentioned centrifuge and field tests. In fact,
Taghavi [50] used the unimproved and improved (with
fitted OCR method) laboratory-created clay model param-
eters presented in this paper within TeraDysac to simulate a
centrifuge test of pile groups in unimproved and improved
soft clays subject to base shaking. Taghavi’s predictions
showed reasonable agreement with centrifuge test results,
indicating that the level of accuracy in single element
constitutive model predictions discussed in subsequent
sections may be sufficient to predict the macroscale
behavior in boundary value problems, especially at small to
moderate stresses far from failure.

2 Specimen creation and laboratory testing

Two clay soils were used in this study, both in unimproved
and cement-improved states. A series of oedometer and
triaxial tests, including isotropically consolidated
undrained compression (CIUC), extension (CIUE), and
cyclic (CIU Cyclic) loading, were completed for each soil

type.

2.1 Choice of soils and soil properties

The characterization and soil testing presented in this study
were completed to aid in centrifuge and field testing per-
formed during the NEES-pilEs project. The clay used in
centrifuge testing is a laboratory-created soil. Three
requirements were imposed in the mix design for this soil:
(1) that the soil be classified as a clay by all common soil
classification systems, (2) that the soil properties and
specimen behavior remain consistent between all samples,
and (3) that consolidation be made efficient, with respect to
time, by creating a clay with relatively high permeability
[53].

Specimens were created using the slurry consolidation
method described by Sheeran and Krizek [42]. The clay
was created by mixing a commercially available (No. 1
Glaze Clay from Old Hickory Clay Company in Hickory,
Kentucky) kaolin (70.8% kaolinite, 22.4% quartz, 4.5%
feldspar, 2.3% miscellaneous trace minerals) and a fine
sand (Sg = 2.65, Dsp = 0.14 mm, Cy =16, Cc=1)
from George Townsend Co., Inc. in Oklahoma City,
Oklahoma (Quikrete Commercial Grade Fine White Sand,
No. 1961-55). The slurry consisted of 1:1 kaolin/sand by
dry weight mixed at a water content of 64% (twice the
Liquid Limit). The slurry was placed into a consolidation
device depicted in Fig. 1. Axial loads were incrementally
applied, and the vertical deformation of the soil column
was recorded. The final load increment imposed a vertical
stress of approximately 103 kPa, the average overburden
pressure in the clay layer during centrifuge testing. After
consolidation, the soil was extruded from the consolidation
device for testing.

The natural clay in this study was retrieved from the
field test site in Miami, Oklahoma. This site has a 3.4-m
layer of medium stiff to very soft silty clay underlying a top
layer of lean clay with gravel and construction debris.
Undisturbed soil samples were taken from 0.5 to 4.0 m
below the ground surface [47]. Initial testing showed the
clay layer to be homogeneous along the full depth, and
therefore, the results from multiple depths are combined
together in the analyses of the results. Some of the key soil
properties of both the laboratory-created and natural clays
are summarized in Table 1. Although Liquid Limit, Plastic
Limit, and average water content are similar for both the
soils, the natural soil has more fines.

Improved clay specimens were created using both clay
soils. The mix design properties for both soils are listed in
Table 2. Water-to-binder ratio (w:c), binder content (a,,),
binder factor (o), and total water-to-binder ratio (wr:c) are
standard measures used in chemical soil improvement,
proposed by Filz et al. [10]. As cement is the binder used in
this research, the term ‘binder’ was replaced with ‘cement’
for clarity. The pertinent definitions are as follows:
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Fig. 1 Slurry consolidation device

Table 1 Soil properties of tested clays

Laboratory-created Natural
clay clay
USCS classification CL CL
Liquid limit (%) 32 31
Plastic limit (%) 17 18
Average water content (%) 28.4 29.6
Percent passing #200 sieve 50 93.3
(%)
Specific gravity 2.69 2.76
W,
i — Wowslury 0
We
We
ay = — x 100% 2
v @
W,
0= (3)
Vsoil
W, mix
Wric = —— 4
T W (4)

The mix design used in this study for both the laboratory-
created and natural clays aimed to recreate the amount of
cementation and water-to-cement ratios used in the
centrifuge and field tests, respectively. In both cases,
prospective mix designs were investigated with a series of
unconfined compression tests (UCT) in accordance with
ASTM D2166. Figure 2 shows the increase in unconfined
compression strength (UCS) with curing time and cement
content (w:c = 1). The final cement contents selected were
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Table 2 Mix design properties of improved clay specimens

Laboratory-created clay Natural clay

Water-to-cement ratio 1 1
Cement content (%) 10 20
Cement factor (kg/m®) 270 550
Total water-to-cement ratio 4.40 2.48
Curing time (days) 28 60
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Fig. 2 Unconfined compression strength with curing time and
cement content
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Fig. 3 Unconfined compression strength of improved natural clay

10 and 20% for the laboratory-created and natural clays,
respectively. In Fig. 3, the variation of UCS with curing time
and cement content is shown for the natural clay. Also
shown in this figure are the UCS values for the samples taken
from a special double sleeve sampler installed in the field
and retrieved after 60 days of curing during the pile testing.
Note that 60 days of field curing resulted due to schedule
constraints for the pile testing. The trend lines indicate the
logarithmic best fit for the laboratory-improved specimens
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Table 3 Saturation and consolidation details for triaxial tests (b)
Test designation Consolidation 14
Soil type Test Imposed Max d, Final ¢/, o 1.2 &'
type OCR (kPa) (kPa) 5 104 P
Laboratory-created clay % 1
Unimproved CIUC 1.0 207 207 > 0-81
cruc 12 207 179 061
CIUC 9.0 345 38 100 10" 102 10° 104 100 100 102 10° 10%
CIUE 1.0 207 207
CIUE 4.4 207 47
Cyclic 1.0 207 207 S
Improved CIuC 1.0 207 207 -%
CIUC 15 207 138 7
CIUC 5.0 207 41 s
CIUE 1.0 207 207 < 201 —e— Unimproved
CIUE 50 207 41 25 > Improved
T T T T T T
Cyclic 1.0 207 207 109 10" 102 10° 104 10° 10' 102 10° 10°¢
Natural clay Vertical Effective Stress (kPa)
Unimproved - CIUC 1.0 207 207 Fig. 4 Oedometer test results: a laboratory-created clay; b natural
CIuC 20 207 103 clay
CIUC 5.0 207 41
CIUE 10 207 207 mixture was placed into cylindrical molds and tamped to
CIUE 443 214 48 minimize air voids. Mass was used as an indicator to ensure
Cyclic 1.0 207 207 consistency in void ratio among samples. Specimens were
Improved CIuCc 1.0 207 207 removed from the molds after 1 day and cured in a tem-
CluCc 183 219 120 perature and humidity-controlled room. The laboratory-
CIuC 5.0 207 41 created and natural clay specimens were cured 28 and
Cyclic 1.0 207 207 60 days, the amount of time the improved soils were

of various cement contents. The 20% cement content trend
line is extended to show a prediction for 60 days UCS.
Although the factors which control the increase in strength
due to cement improvement in the field are varied and
complex, Fig. 3 shows the mix design used in laboratory-
improved natural clay samples is a good representation of
the approximately 20% cement content and 1:1 water-to-
cement ratio used during improvement in the field [11].
Mixing procedures for laboratory improvement were
similar to those outlined by Hodges et al. [13], Filz et al.
[10], and the Japanese Geotechnical Society [15]. The
laboratory clay was first created with an initial water
content of 34% (the average water content of the clay layer
in centrifuge tests after consolidation) before the addition
of the cement slurry. For the natural clay, previously tested
unimproved natural clay triaxial specimens were combined
and mixed to a water content of 29.6%, the average in situ
water content from the Shelby tube specimens, before
being mixed with the cement slurry. For both natural and
laboratory-created clays, the unimproved soil was mixed
with cement—water slurry by hand. The improved clay

allowed to cure for the centrifuge and field tests, respec-
tively. For oedometer testing, the tests began on the last
day of curing. For triaxial tests, the tests were scheduled in
order to allow shearing of the sample to occur on the final
day of curing.

2.2 Testing protocol

Each specimen type was subjected to a similar laboratory
testing regimen of one-dimensional consolidation and tri-
axial testing. Oedometer specimens were saturated during
the initial loading increments of each test. The soil volume
was allowed to change freely due to the addition of water.
Limitations of the testing apparatus dictated the maximum
vertical stress applied during these tests. Triaxial testing
included isotropically consolidated undrained compression
(CIUC), extension (CIUE), and cyclic (CIU Cyclic) tests.
Samples were first back pressure saturated. During the
consolidation phase of testing, various overconsolidation
ratios (OCRs) were imposed through loading and unload-
ing of the specimens. Stresses imposed for improved soil
consolidation were chosen to mirror the OCRs used in the
corresponding unimproved specimen testing. These
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Table 4 Compression indices

Laboratory-created clay

Natural clay

Unimproved Improved Unimproved Improved
Virgin compression index 0.322 0.104 0.240 0.285
Recompression index 0.067 0.006 0.016 0.015
Preconsolidation stress (kPa) 25 225 130 1500

imposed OCRs represent the history of stresses applied to
the specimens, not any artificial OCR that resulted from
cement improvement. A complete list of the triaxial test
results presented in this paper with test details is given in
Table 3.

Compression shear tests were run with a constant axial
strain rate of 1% per hour for unimproved specimens and

chosen in accordance with ASTM D4767 and oedometer
test results. Two extension shear procedures were used
during testing: strain-controlled tests in which the axial
stresses decreased while the cell pressure remained con-
stant and stress-controlled tests in which the cell pressure
was increased while the axial stress remained constant.
Limits on the testing apparatus did not allow for successful

4% per hour for improved specimens. These rates were = completion of CIUE testing on improved natural
(a) (b) (c)
120 0 I 80
100 g 60
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- 80 40
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© 40
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Fig. 5 Triaxial test results for unimproved laboratory-created clay: a CIUC tests; b CIUE tests; ¢ CIU Cyclic test
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Fig. 6 Triaxial test results for unimproved natural clay: a CIUC tests; b CIUE tests; ¢ CIU Cyclic test

specimens. Cyclic shear incorporated both compression
and extension loading. Tests were run with a 1% per hour
axial strain rate for unimproved soil and improved natural
clay tests, and 4% per hour for the improved laboratory-
created clay. Loading was reversed when the deviatoric
stress reached a predetermined value, herein defined as the
cyclic bounds. Tests on unimproved and improved labo-
ratory-created, as well as unimproved natural, clay speci-
mens used cyclic bounds equal to 60% of the deviatoric
stress at failure of the respective normally consolidated
CIUC or CIUE tests. Due to very large failure deviatoric
stress and early onset of dilation for the improved natural
clay in the normally consolidated CIUC test, the cyclic
bound in compression was chosen as a value on the stress
path prior to dilation in the normally consolidated CIUC

test. The cyclic bound in extension was set roughly equal to
55% of the bound in compression. Cyclic tests comprised
of 20-40 cycles.

3 Laboratory test results
3.1 Oedometer tests

Oedometer test results for unimproved and improved tests
are compared in Fig. 4. Schmertmann reconstruction was
used to account for disturbance to the unimproved speci-
mens. Recompression and virgin compression indices, for
the unimproved soils, were calculated from the corrected
oedometer results.
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Fig. 7 Triaxial test results for improved laboratory-created clay: a CIUC tests; b CIUE tests; ¢ CIU Cyclic test

Various compression indices for each specimen type are
given in Table 4. Recompression indices were calculated
from points on the unloading curves. The virgin compres-
sion sections for improved specimens are not clearly
defined. Use of higher axial stresses may have resulted in a
better defined linear virgin compression zone. Virgin
compression indices for the improved soils were calculated
through the final two points of the loading curve. Lorenzo
and Bergado [30] showed that compression indices are
often not drastically changed as a result of cement
improvement: The recompression index may be reduced,
but the virgin compression index is often increased due to
the rapid breakdown of cementitious bonds after failure at
higher stresses. However, in this research, the compression

@ Springer

indices for the laboratory-created clays changed drastically
as a result of cement mixing. One may note that the
unimproved laboratory-created clay specimen has a dra-
matically larger initial void ratio compared with the
unimproved field and improved specimens due to the
method of specimen creation. This drastic reduction in both
the recompression and virgin compression indices may be
in part due to the large discrepancy in initial void ratios.
The improved clay specimens have limited real stress
history as a result of the specimen creation method;
therefore, the approximately bilinear behavior is an effect
of chemical bonding due to cement improvement. An ap-
parent preconsolidation pressure can be obtained directly
from the results using the Casagrande Method. Apparent
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Fig. 8 Triaxial test results for improved natural clay: a CIUC tests;
b CIU Cyclic test

preconsolidation pressures for the improved laboratory-
created and natural clays were found to be 225 and
1500 kPa, respectively (see Fig. 4). A key aim of chemical
improvement is increased stiffness. This increased stiffness
is a result of the shift in the preconsolidation pressure and
not a drastic change in individual compression indices. The
results in Fig. 4 clearly show the axial strain incurred by
both improved soil specimens is significantly lower than
that of their respective unimproved specimens over the
tested vertical stress range.

3.2 Triaxial tests

Triaxial test results are reported in Figs. 5, 6, 7 and 8.
Imposed OCR values are also given in these figures. The

mean effective stress (p') and deviatoric stress (g) are
defined as:

Fig. 9 Typical modes of deformation of improved triaxial CIUC
specimens following testing

Fig. 10 Typical modes of deformation of improved triaxial CIUE
specimens following testing

o, +2 x ¢
/:(1 3 3) (5)

(6)

Division of the excess pore water pressure () and devia-
toric stress by the final effective confining stress during
consolidation results in the normalized generated pore
water pressure (#,) and normalized deviatoric stress (gy).
Triaxial test results for unimproved specimens, displayed

o /
q=0,—0;
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Fig. 11 Accumulation of axial plastic strain during cyclic loading of
improved specimens
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Fig. 12 Degradation of cyclic secant shear modulus during loading
of improved specimens

in Figs. 5 and 6, agree with expected soft clay behavior.
Trends associated with increased OCR: Increased normal-
ized strength, increased normalized stiffness, and increased
tendency for dilation during shear can be observed in both
sets of data. Generation of positive pore water pressure, as
measured during CIUE tests, is associated with the stress-
controlled loading-type extension shear protocol chosen for
this testing. CIU Cyclic results show gradual decrease in
the amount of pore water pressure generated and axial
strain accumulated per cycle as the number of loading
cycles increase.

Results of the monotonic shear triaxial tests on
improved specimens, Figs. 7a, b and 8a, exhibit stress—
strain behaviors reminiscent of those of overconsolidated
clays. All specimens sheared in compression show dilation
and peak-residual strength behaviors. Extension shear tests
of the laboratory-created improved clay exhibited negative
excess pore water pressure generation due to the strain-
controlled axial unloading extension shear protocol used

@ Springer
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Fig. 13 Definition of cyclic degradation measures: axial plastic
strain and cyclic secant shear modulus

Table 5 Bounding surface model parameters for unimproved clay

Model parameter Laboratory-created clay Natural clay

) 0.140 0.104
K 0.029 0.016
M, 1.00 1.30
M.IM, 0.83 0.42
N 0.3 0.3
R. 2.50 2.32
A 0.10 0.14
T 0.05 0.10
RJR. 1.00 0.60
AdA. 1.00 2.00
c 0.20 0.18
N 1.20 1.00
he 1.00 10.0
holh, 1.00 0.20
hy 1.00 6.0

for testing. No CIUE tests were successfully completed
using improved natural clay specimens due to axial loads in
extension exceeding limitations of the testing apparatus.
The presented results are in agreement with expectations of
cement-mixed clay behavior discussed in the literature
[36, 52, 59].

As far as the modes of deformations of the samples were
concerned, improved CIUC specimens exhibited brittle
behavior after reaching the peak stress that resulted in the
formation of shear bands (see Fig. 9). CIUE specimens
split along horizontal planes after reaching the peak stress
(see Fig. 10). Unimproved specimens largely exhibited
homogeneous deformation in compression and necking in
extension.

Results of the CIU Cyclic tests for the improved spec-
imens, Figs. 7c and 8b, show that equilibrium was reached
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Table 6 Bounding surface model parameters for improved clay

Model Laboratory-created clay Natural clay
parameter . X . X
Apparent preconsolidation pressure Fitted OCR Apparent preconsolidation pressure Fitted OCR
method method method method
A 0.045 0.045 0.124 0.124
K 0.0027 0.0027 0.0065 0.0065
M. 3.00 3.00 2.325 2.325
MM, 0.47 0.47 0.20 0.20
N 0.3 0.3 0.3 0.3
R. 1.30 2.00 1.30 2.30
Ac 0.03 0.10 0.03 0.05
T 0.05 0.05 0.05 0.05
R./R. 0.4 1.00 1.00 1.00
AJA. 0.6 1.00 1.00 1.00
c 0.20 0.00 0.15 0.10
S 1.00 1.00 1.00 1.80
he 85.0 200.0 85.0 10.0
helh, 0.18 1.00 1.00 1.00
hy 50.15 200.0 85.0 10.0

within very few cycles although the number of cycles
required to reach equilibrium is somewhat higher for the
improved laboratory-created samples. The stresses
imposed on the improved laboratory-created specimens
were large enough for the stress path to follow the critical
state line similar to what was seen in monotonic shear tests.
On the other hand, the stresses used for CIU Cyclic
improved natural clay testing were small compared to the
ultimate strength of the specimen.

Following the guidance of Viana da Fonseca et al. [57],
the accumulation of permanent axial strains and evolution
of the secant modulus with cyclic loading are presented in
Figs. 11 and 12, where the definitions of permanent strain
and secant modulus are illustrated in Fig. 13. The
improved natural clay specimen showed very little accu-
mulation of plastic strain and no meaningful decrease in the
secant modulus over the course of the test. Conversely, the
improved laboratory-created clay specimen exhibited lar-
ger accumulation of plastic strains and an approximately
30% decrease in secant modulus. Viana da Fonseca et al.
[57] stated that the decrease in the elastic modulus is
directly related to the degradation of cementitious bonds;
therefore, it can be inferred that the cyclic stress levels used
for the improved natural clay were too small to cause
degradation within 20 cycles. On the other hand, the cyclic
stress levels used for the improved laboratory-created clay
were sufficiently large to cause significant degradation.
However, the results presented by Viana da Fonseca et al.
[57] and Panico and Viana da Fonseca [35] suggest that
even the cyclic loads imposed upon the improved natural
clay specimen may be large enough to cause degradation of

the cementitious bonds given a suitable number of cycles
(10,000+).

Comparisons of unimproved and improved clay results
make clear the impact of the cement content on the stress—
strain behavior.

e The initial tangent moduli for imposed OCR = 1
laboratory-created (10% cement) and natural (20%
cement) improved specimens are, respectively, 4 times
and 6 times greater than the moduli of their unimproved
counter parts.

e The imposed OCR = 1 improved laboratory-created
and improved natural specimens, respectively, failed at
8 and 19 times the deviatoric stress at failure of their
unimproved counterparts.

e At similar confining stresses and OCR values, the
change in compressive strength is approximately pro-
portional to the cement content.

e Despite differing imposed OCR values, improved
specimens of the same soil type have similar failure
strengths and stiffness.

A more marked difference in stress—strain behavior can
be observed between the different improved laboratory-
created clay tests. However, as the initial effective con-
fining stress prior to shear decreases, the improved labo-
ratory-created clay CIUC stress path becomes increasingly
similar to that of the improved natural specimens and the
tendency toward dilation increases. The results for the
improved natural clay specimens are ostensibly the same
despite the difference in initial confining stress. It can be
inferred that the influence of cementation predominates the

@ Springer
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Fig. 14 Unimproved laboratory-created clay model comparisons: a CIUC OCR 1; b CIUE OCR 1; ¢ CIU Cyclic OCR 1

stress—strain behavior over the influence of confining stress
at relatively low consolidation/confining stress or high
cement content.

From the laboratory testing results shown here, it is clear
that the use of cement improvement can be used to increase
soil strength and stiffness. Stress—strain behavior changes
associated with cement improvement have been shown to
be similar to changes that would occur from a substantial
increase in the OCR.

4 Bounding surface elastoplastic model
Dafalias and Herrmann’s [9] bounding surface elastoplastic

model for clays uses 15 model parameters. The values of
these parameters for unimproved and improved clays are

@ Springer

listed in Tables 5 and 6, respectively. Four of these
parameters, the slopes of the recompression line (x) and
virgin compression line (1) in e versus In(p’) space and the
slopes of the critical state lines in compression (M.) and
extension (M.) in p’ versus ¢ space, were directly obtained
from oedometer and triaxial test results. The remaining
parameters were calibrated using a systematic, and
sequential, trial-and-error procedure outlined in Kaliakin
et al. [16]. To begin, all parameters were set equal to the
published typical values. Shape parameters, R. and R.,
were calibrated by comparing model predictions with
normally consolidated CIUC and CIUE results, respec-
tively. Next, lightly overconsolidated specimen results
were used to calibrate values for the projection center
parameter, C, followed by hardening parameters, A, A,
and h,. Finally, the elastic nucleus parameter, S, and shape
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Fig. 15 Unimproved natural clay model comparisons: a CIUC OCR 1; b CIUE OCR 1; ¢ CIU Cyclic OCR 1

parameters, A. and A., were calibrated using heavily
overconsolidated specimen results.

Comparisons of the model predictions and actual test
results for both the unimproved laboratory-created and
natural clays, in general, show reasonable agreement for
the monotonic shear tests (Figs. 14, 15). Although not
shown here, comparisons between predictions and test
results for CIUC tests with other imposed OCR values are
similar to those shown in Figs. 14 and 15. Predictions of
CIU Cyclic results, with the exception of p’ versus g be-
havior for laboratory-created specimen, show only little
agreement with test results. Compression and extension
loading have been demonstrated to be adequately predicted

by this model; therefore, shortcomings of this prediction
are in the unloading phases. The bounding surface model
assumes unloading to be elastic. It is possible that assuming
elastoplastic unloading behavior will improve the predic-
tions during cyclic loading.

The laboratory testing demonstrated that improved clay
specimens share some stress—strain behaviors with over-
consolidated clays. Artificial OCRs were defined for each
test. In modeling, two methods of accounting for the effect
of the artificial overconsolidation have been incorporated
into the model calibrations and predictions. In the apparent
preconsolidation pressure method, the values obtained
from oedometer test results (see Fig. 4; Table 4) were
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Fig. 16 Improved laboratory-created clay CIUC model comparisons: a Imposed OCR 1; b imposed OCR 1.5; ¢ imposed OCR 5

directly used to define the OCR used in model predictions.
The fitted OCR method of accounting for the artificial
overconsolidation effect is to treat the OCR as an addi-
tional model parameter that requires calibration. After the
15 bounding surface model parameters were determined,
OCRs were fitted by a trial-and-error method for each test.
During this fitting, it was necessary to adjust some of the
previously calibrated parameters.

Bounding surface model predictions resulting from both
the apparent preconsolidation pressure method and fitted
OCR method are compared with actual CIUC and CIUE
triaxial test results in Figs. 16, 17, and 18. Overconsoli-
dation ratios used in modeling are listed in Table 7. Each
method of modeling improved specimen behavior showed
some success in predicting the stress—strain behavior. Both

@ Springer

methods gave acceptable results for small-strain predic-
tions of improved laboratory-created specimen tests. The
fitted OCR method gave better predictions of final strength
of CIUC results. The apparent preconsolidation pressure
method was more accurate for CIUE predictions. Neither
method was able to predict the stress—strain behavior of the
improved natural clay specimens. Agreement can be noted
in the p’ versus ¢ and ¢, versus u spaces; however, strength
gain with axial strain is not accurately predicted. Failure
strengths are predicted well by the fitted OCR method, by
virtue of the fact that failure strength was a key parameter
used in the calibration of the OCR in the fitted OCR
method. Agreement between the apparent preconsolidation
pressure method predictions and test results is the best
when the imposed OCR is small.
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Fig. 17 Improved laboratory-created clay CIUE model comparisons:
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Concave initial sections of the ¢, — ¢ predictions can be
observed in all of the predictions for improved natural clay
specimens and the CIUC and CIUE OCR 5 improved
laboratory-crated clay tests. A parametric study showed
this concave behavior is due to larger critical state line
slopes, M. and M., than those normally associated with soft
clays. The degree of the concavity increases as the artificial
OCR increases.

It should be pointed out here that single element con-
stitutive models are not appropriate to predict shear band
formation and propagation in triaxial specimens. As shear
bands were first observed at, or following, the peak shear
stress in all improved triaxial test specimens, model pre-
dictions of the triaxial test results should not be expected to
be an accurate representation of specimen behavior after
the peak. Calibration of the model parameters, and the
OCR in the fitted OCR method, was completed with con-
sideration of only the stress—strain data at, and prior to, the
occurrence of peak shear stress.

The bounding surface model used in this research has
shown only limited potential for predicting the stress—strain

behavior of cement-improved clay triaxial specimens. With
the introduction of a bonding parameter to describe the
influence and degradation of the cementitious bonds in the
specimen, as proposed by many researchers [e.g.,
4, 7, 14, 18], the bounding surface model could better
describe the stress—strain behavior of cement-improved
clay soils. The behavior of cement-improved soils has been
shown to change with the degradation of the bonds, theo-
retically, returning to the behavior of the unimproved soil
after degradation of all cementitious bonds. The proposed
bounding surface model can account for such changes by
incorporating the new bonding parameter into the formu-
lation of the yield surface and the changes in soil charac-
teristics. As mentioned earlier, Taghavi [50], however,
demonstrated that the level of accuracy in single element
constitutive model predictions shown here may be suffi-
cient to predict the macroscale behavior in boundary value
problems, especially at small to moderate stresses far from
failure.

5 Conclusions

The results of a series of laboratory tests on unimproved
and improved specimens of two clay soils were presented.
Laboratory testing results of both unimproved soils showed
stress—strain behaviors in line with typical soft clay
behavior. Improved specimens exhibited peak/residual
behavior and dilation, as well as higher strength and
stiffness over unimproved samples in triaxial compression.
Depending on the cement content, the strength and stiffness
could be improved from 8 to 19 times and 4 to 6 times,
respectively.

The bounding surface elastoplastic model made rea-
sonable predictions of the stress—strain behavior of unim-
proved clays under monotonic loading. Model predictions
of CIU Cyclic test results were, however, not satisfactory.
It is expected that making the unloading behavior elasto-
plastic in the model will improve the predictions for cyclic
behavior. Two methods of accounting for the “artificial”
stress history of improved soils for the bounding surface
model predictions were detailed. The apparent preconsol-
idation pressure method is considerably easier to use, but
the fitted OCR method gave better results over varied
levels of confining stresses. The bounding surface model
has limitations in predicting the stress—strain behavior for
cement-improved clay, but can provide an approximation
of the strength and stiffness with proper calibration. This
investigation has demonstrated that the two modeling
methods proposed give the best predictions when the arti-
ficial OCR is small, which corresponds to smaller cement
contents.
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Table 7 Overconsolidation ratios used in improved clay predictions

Test  Imposed Bounding surface model
type  OCR -
Apparent Fitted
preconsolidation OCR
pressure method method
Laboratory CIUC 1.0 1.06 2.25
clay CIUC 15 1.63 4.00
CIUC 5.0 5.29 17.0
CIUE 1.0 1.09 4.0
CIUE 5.0 5.49 17.0
Natural CIuC 1.0 7.27 14.4
clay CIUC 183 13.3 21.8
CIUC 5.0 36.3 435
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