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The influence of ground improvement with panels of overlapping lime-cement columns on the behavior of a
braced excavation loaded to failure has been investigated using 3D numerical analyses and the results are
compared with an experimental full-scale failure test. The analyses reveal that stress-induced strength anisotropy
of lime-cement improved clay needs to be considered when the stress path for the actual field conditions differs
from that in conventional laboratory testing. In addition to strength parameters, the modulus of deformation that

is consistent with the actual encountered stress path is also needed for reasonable predictions.

1. Introduction

Excavations in soft clay deposits in urban areas are one of the most
challenging problems for geotechnical design engineers, due to the
large ground displacements resulting in a risk of damaging adjacent
structures. To reduce excavation induced displacements, and to im-
prove the safety against basal heave failure, different ground im-
provement techniques have been employed. These include jet grouting
and deep mixing, thus creating soil/cement columns in the passive zone
[1-6]. Several FE-studies regarding the effect of soil improvement by
deep mixing in reducing the excavation induced wall displacements and
the structural forces in the retaining structures have been presented
[7-13]. In the majority of these studies, the concept of composite ma-
terial has been adopted to represent the material properties of the im-
proved soil. An isotropic strength for the columns, normally evaluated
from unconfined compression tests, UC, is commonly used in practice.
However, several researchers [14-17] have highlighted that the iso-
tropic strength may not represent the actual performance of deep
mixing columns in the passive zone. Thus, they have introduced
strength reduction factors to the material composite strength to account
for the stress-induced anisotropy. Although promising, these studies are
generally based on hypothetical excavations. The pre- and post-failure
behavior of a full-scale column-type ground improvement supported
excavation has not been documented in field conditions.

To investigate the field behavior and the efficiency of ground im-
provement with lime-cement columns, LCC, in the passive zone of an

* Corresponding author.
E-mail addresses: razvani@kth.se, razvan.ignat@kerberosgeo.se (R. Ignat).

https://doi.org/10.1016/j.compgeo.2019.103296

excavation, two full-scale tests were performed during 2014 in
Enkoping, located in the Eastern part of Sweden. Both tests were
comprehensively instrumented. The test set-up, test execution and the
results from the field tests have been presented in a previous publica-
tion [18]. Basically, excavations with braced sheet pile walls supported
by panels of overlapping LCC were first excavated, and then brought to
failure by applying a stepwise increasing load behind the sheet pile
wall. The LCCs installed in the passive zone were thereby subjected to
first unloading, and then lateral loading during the excavation and
loading to failure. The set-up was designed to isolate the failure due to
excessive horizontal movements as the main mode of failure. In order to
generalize the results, and have confidence in future predictions, the
results need to be analyzed with the help of numerical modelling.
This paper presents numerical analyses of the failure tests of full-
scale excavations supported by panels of LCC. The Hardening Soil
model (HS), [19], implemented in Plaxis was used to describe the
stress-strain behavior of LCC. The dependency of the undrained shear
strength, s,,.,;, on the stress path to failure was also considered. This was
done by assessing the strength based on results from isotropically
consolidated undrained triaxial extension tests, CIUE, conducted under
stress paths to failure similar to the theoretical stress paths in the ex-
perimental LCC panels. The post-peak behavior of the strength and the
stiffness anisotropy of the soft clay was considered by deriving para-
meters from anisotropically consolidated undrained triaxial compres-
sion and extension tests, CKoUC and CK,UE, and constant rate of strain
oedometer tests (CRS). The parameters were then used in the
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Fig. 1. Basic material properties of the soft clay at the test site.

constitutive model S-ClaylS developed by Koskinen et al. [20] and
Karstunen et al. [21], implemented in Plaxis 3D by Sivasithamparam
[22].

2. Geotechnical conditions and test description

The general stratigraphy and conditions at the test site are presented
in Fig. 1 and are described in detail by Ignat et al., 2016 [18]. Below the
ground surface there is a 1.0-1.5 m thick layer of weathered clay crust,
on top on a soft post-glacial clay layer with a thickness of 7-9 m. Under
the clay there is a 3-7 m thick deposit of silt and sand, followed by a
thin layer of stiff till closest to the bedrock. Down to a depth of ap-
proximately 5-5.5m, lenses of sulfide bearing clay occur and the clay
has a high water content, w,of 80 to 90% and a liquid limit, wy, of
67-81%. The clay layer below this depth was classified as banded silty
clay with a significantly lower w andw;, 55-70% and 40-53%, re-
spectively, and with a unit weight that increases with depth. The ver-
tical pre-consolidation pressure, a;,,evaluated from constant rate of
strain oedometer tests, CRS tests, suggests that the clay is lightly over-
consolidated with an OCR of about 1.5 and 1.2 at 5 and 7 m depth,
respectively. The undrained shear strength of the clay, s,, determined
from site field vane shear tests and CPT tests was 9-11 kPa from the top
of the soft clay layer to a level of about 4 m below the ground surface,
and showed an average strength increase of about 1.1 kPa/m below this
level. The sensitivity of the clay, S;, increased with depth from about 20
at 2m depth to 50 at 7 m depth, and was classified as highly sensitive
below 5m depth, S; > 30.

The dependency of s, on the stress path followed during undrained
shearing (stress-induced anisotropy), a feature typical of soft
Scandinavian clays [21,23-28], was investigated by means of CK,UC
and CK,UE tests conducted on undisturbed clay samples collected from
depths of 5 and 7 m, respectively [29]. The clay at the test site exhibits
not only anisotropics,, but also significant reduction of s, with further
straining after reaching a peak value. This strain softening, evidenced in
the CKoUC tests, is a characteristic behavior for sensitive soft clays
[30,31].

The results of s, normalized by the vertical consolidation stress, a;,
as a function of OCR are presented in Fig. 2, together with established
empirical relationships for the anisotropy of s, for Scandinavian clays
[26,32] derived based on the SHANSEP methodology, presented for
artificially overconsolidated clays [33,34]. The evaluated anisotropy

ratio, sZ/s’, varied between 0.66 and 0.75, which is in line with pre-
vious results for Scandinavian clays [24] and other soft clays [35-38].

2.1. Field test set-up

Two separate full-scale tests were performed to study braced sheet
pile walls, SPW, supported by panels of overlapping LCC. Except for the
center distance between the LCC panels, S,qn, chosen to be 3.0m in
Test A and 1.5 m in Test B, all other geometric and material parameters
of the retaining structure were identical. In each test two SPWs with a
crest length of 20 m were installed parallel to each other so that the
width of each excavation pit was equal to 12m. The SPWs were in-
stalled to a depth of 7 m on the loaded side and 7.5 m below the ground
surface on the opposing side. The wall was not driven to the sand layer
underneath, to simulate the use of LCC panels against excessive lateral
movements in excavations on soft clays. Overlapping LCC with a dia-
meter of 0.6 m and center distance of 0.5 m between each column were
installed all the way to the frictional soil layer below the soft clay in a
panel wall configuration between the two SPWs. The geometrical
layout of the tests including the LCC panels, the SPWs and bracing
system and excavation level are presented in Fig. 3. The location of the
instrumentation used in these tests (including earth pressure cells, in-
clinometers, pore pressure transducers, strain gauges mounted on the
strut beams) have also been included in Fig. 3 to explain the field test
results presented. This way the failure mechanism due to excessive
lateral movements can be isolated from the combination of that and the
failure due to bottom-uplift.

The LCCs were manufactured by the Scandinavian dry deep mixing
method, (CEN 2005). The amount of binder was chosen to be 120 kg/
m3, 50% quicklime and 50% Portland cement. The SPWs in both tests
were braced with steel beams installed at a center distance of 3.0 m.
Both tests were instrumented with inclinometers, earth pressure cells
and pore pressure transducers on the active and the passive side of the
SPWs, both in the column panels and in the clay. In addition, strain
gauges were installed on the steel structures. A similar construction
sequence, as described in Table 1, was adopted in both tests. To load the
structure to failure two containers placed on steel frames above a stiff
Load Distribution Platform, LDP, on the active side were filled with soil.
The load in the containers was measured by 4 load cells centric located
under each container frame and the total applied distributed load be-
hind the SPW, including the weight of the LDP, is presented asq;,,,.
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Fig. 2. Measured normalized peak shear strength of soft clay versus OCR and empirical relationship for Scandinavian clays.

In Test A, Spune=3.0m, a failure emerged about 10h after the
loading process started. In Test B, spape = 1.5 m, a failure emerged about
50h after the loading process started. Following an initial loading
process with duration of approximately 30h in Test B, an additional
excavation of 0.5 m was conducted after partial unloading of the con-
tainers. The unloading was necessary to perform a safe additional ex-
cavation before the containers were loaded again and the structure was
brought to failure. A detailed description of the construction sequence
of Test B is presented in. [18]. The structure was thereafter monitored
for a period of 14 h before the load was again increased in one step and
brought to failure.

2.2. Field test results

The results of the field tests are described in full detail in [18], and
are only briefly presented here. In both tests the developed failure
mechanisms were identified as a stability failure of the SPWs, resulting
in large displacements at the bottom of the excavation and at ground
level on the active side of the SPW. The horizontal displacements, uy,
measured in the clay behind the SPW and in the clay and LCC panels in
front of the SPW (at the same distance from the SPW and depth below
excavation), before and during failure of Test A and Test B respectively,
are presented in Fig. 4. To clarify the propagation of the failure, the
horizontal stress change in the LCC panels, Agj.,, and the magnitude of
the applied load behind the SPW, g, have been included in the figure. A
peak load, defined as the maximum applied load, g,,,,, of 40.6 kPa was
measured after the last load step was applied in Test A, about 7.5 h after
the start of the loading process, illustrated in Fig. 4. A failure load, gy,
characterized by a sudden large drop of Agy.and an increase of uy,
equal to 39.0 kPa, was observed 2.5 h later, followed by a further load
drop post-failure, due to the tilting of the containers. In Test B, after
unloading to 40 kPa (70% of the applied load) an additional excavation
of 0.5m was conducted and monitored for 14 h, before the load was
again increased in one step to g, of 56 kPa. The last load step was
applied at a faster rate than the previous load steps, and the load im-
mediately started to gradually decrease until failure, g, = 50.5kPa,
followed by a sudden load drop to 40 kPa post-failure.

Although the same overall failure mechanism was obtained in both
tests, significant differences between the pre- and post-failure behavior
in the two tests were observed. In particular, the failure in Test A was
initiated in the clay between the column- panels due to the large LCC
panel center distance, whilst the failure in Test B was initiated si-
multaneously in the LCC panels and the clay between the panels.

Failure in Test A was sudden, with very small deformations observed
pre-failure, and a total collapse of the structure with very large post-
failure displacements.

Observations of horizontal stress change, Adye, and Aoyqqy (only
Aoy presented in Fig. 4), and horizontal displacements, uy,, indicated
that a local failure was initiated in the clay between the column panels,
followed by failure of the LCC panels close to the SPW. After the last
load step was applied, the columns started to yield (Aoy, started to
decrease) initiating load transfer to the clay between the panels (Adjqy
started to increase). Prior to failure uy, in the clay, in both the active and
the passive zone, increased at a faster rate than in the columns, and a
sudden local failure occurred in the clay between the LCC panels in
front of the Load Distribution Platform (LDP). This was immediately
followed by failure of the adjacent LCC panels close to the SPW, dis-
played as a large drop in Adgj,, and sharp increase in uy, resulting in a
total collapse of the structure.

In Test B the columns started to yield during the final loading stage,
and the decrease in Aoy, occurred at a significantly faster rate than in
Test A, followed by an equal increase in u;, in both column panels and
the clay between the panels. A large drop in Agj,., was measured at the
time of failure. However, contrary to Test A, no total collapse of the
structure occurred. At failure in Test B, very similar u;, was registered in
both the column panels and the clay between the panels at equal dis-
tance from the SPW, indicating a simultaneous failure of the LCC panels
and the clay between the panels in front of the LDP.

2.3. Triaxial extension behavior of lime-cement admixed clay

The strength and the stiffness properties of improved clays are
normally assessed based on results from UC tests. However, the loading
conditions in the field tests, involving unloading and lateral loading,
deviate significantly from those imposed in a conventional UC test. Clay
collected from the test site, from a depth of 5.5-6.5 m, was mixed in the
laboratory with a binder content of 120kg/m3, 50% quicklime, QL
0-0.1 KO, and 50% Portland cement, CEM II/A-LL 42.5 R, similar to the
dry binder content used in the full-scale field tests, see [39] for details.
After mixing, the samples were sealed with rubber lids before being
stored for 28 days in a climate room at 7 °C without curing stress. Iso-
tropically consolidated undrained triaxial extension tests, CIUE, on the
laboratory mixed lime-cement improved clay were conducted at dif-
ferent consolidation stresses, g,, to investigate the material stress-strain
behavior sheared under different triaxial stress paths, [39]. Iso-
tropically consolidated undrained compression triaxial tests, CIUC,
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Fig. 3. Geometrical layout and instrumentation of the experimental tests.

were also conducted for comparison. Three different stress paths were
investigated: triaxial extension, CIUE-L (increase in radial stress under
constant axial stress), triaxial tension, CIUE-U (decrease in axial stress
under constant radial stress), and a stress path where a decrease in axial
stress and increase in radial stress were applied simultaneously, CIUE-
UL, analogous to stress paths anticipated in the field experiments. In-
crease in radial stress and decrease in axial stress resembles the stress
change in the LCC close to the SPW during excavation. Results are
presented in Fig. 5, in terms of the measured peak deviator stress, g;,
normalized by applieds, as a function of OCR, as well as the relation-

ship between g and the secant modulus, Esp,. Test results strongly in-
dicate that g,is stress path -dependent and the material exhibits

significant stress-induced anisotropy at low values ofg,. However, the
differences ing, between different applied stress paths decreases with
increasinga;.

Based on CIUC and CIUE-L tests g, normalized to o, was related to
OCR according to the SHANSEP methodology, as was also shown by
Ahnberg [40] and Kasama et al. [41] for improved soil. For unloading
stress paths, CIUE-U and CIUE-UL, g; was less dependent on OCR, re-
sulting in a different relationship betweean, OCR, ando;, illustrated in
Fig. 5.

A much lower strain at failure was observed in the extension tests
compared to the compression tests (both CIUC and UC), resulting in
significantly higher mobilizedEs,. Independently of applied stress path,
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Construction sequence of the experimental tests.
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Stage  Feature Elapsed time Elapsed time
Test A (days) Test B (days)

1 Installation of LCC panels by the dry DMM 1 1

2 Installation of the SPW 1 1

3 Installation of group of LCC 2 2

4 Excavation to level +4.0 22-24 24-28

5 Installation of the strut system 25-29 31-35

6 Excavation to level +2.0 30-31 -

7 Excavation to level +1.5 35 43*

8 Construction of stiff load distribution platform, LDP, 6x6 m, positioned 0.5 m from the SPW 35 44

9 Stepwise increased load - applied by filling two containers (L. X B X H = 6.3 X 2.6 x 2.5m) with 36 (failure at t = 9:55h after 49-50

soil material, start of loading at t = 0 start of loading)
10 Unloading and additional excavation to level + 1.0 - 50
11 Stepwise increased load - 51 (failure at t = 49:50 h after

start of loading)

* Stage 6 and 7 were conducted simultaneously in Test B.

the tests indicated a linear relationship between Esg andqf, where Es5; in
extension tests varied between 440 and 680 q;, with the lowest ratio
from CIUE-U tests and the highest from CIUE-L tests.

3. Finite element analyses of field tests
3.1. Finite element model and boundary conditions

The finite element program Plaxis 3D version 2017.0 was used to
simulate the full-scale field tests. For the soil, 10-noded tetrahedral
volume elements were used and the volume pile technique was used to
model the overlapping LCCs forming the panels between the SPWs. The
SPWs were modeled with six-noded triangular plate elements, while
beam elements were used to model the strut system. The boundary
conditions in the FE model were chosen such that the bottom boundary
was fully fixed. The vertical model boundaries parallel to the yz-plane
were fixed in the x direction and free in the y and z directions, while
vertical model boundaries parallel to the xz plane were fixed in the y
direction and free in the x and z directions. Due to symmetry condi-
tions, one half of the geometry of each test was modeled and in order to
avoid boundary effects the length and width of the model were chosen
to be 56 m and 30 m, respectively (see Fig. 6).

To reduce the number of elements, the thickness of the frictional soil

200 100
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below the soft clay included in the model was 2 m, resulting in 247 000
elements in the 3D finite element mesh for Test A, presented in Fig. 6,
and 306 000 elements for Test B. In order to keep the calculation time
within reasonable period, a convergence criterion of 4% was chosen.
A construction sequence similar to the construction sequence of the
field tests was chosen, assuming undrained conditions. The initial
stresses were generated by the “K,” procedure adopted in Plaxis as the
soil layers were simplified and assumed to be horizontal. In the next
two steps the LCC panels and the SPWs were activated. The LCCs were
“wished in place”, implying that no volume strain or disturbance of the
clay affecting its parameters was taken into consideration. Interface
elements on both sides of the sheet pile wall were defined in order to
consider the adhesion between the soil and the steel structure.
Excavation to final depth was conducted in two steps and the strut
system was activated after the first excavation step. The LDP, simulated
as a rigid block (linear elastic material) with a thickness of 0.5 m and
corresponding unit weight, was activated after the last excavation step.
The loading process was simulated by activating a distributed load on
top of the LDP, increased in constant steps of 10kPa until a failure
collapse mechanism was obtained. The failure mechanism “soil body
collapse” in Plaxis occurred, when the specified load increment for the
stage in question was not reached and the applied load was reduced in
magnitude in five successive calculation steps whereby the calculation
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Fig. 4. Experiential horizontal displacements and stress changes in the column panels at failure.
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Fig. 5. Strength and stiffness properties of lime-cement improved clay from triaxial laboratory tests.

was terminated. For comparison with the experimental tests, the max-
imum load that could be applied before reduction was chosen as
gpeax@nd the resulting load at “soil body collapse” was chosen as .
The construction sequence of Test B followed that of the field test with a
partial unloading, and an additional excavation, before the final load
step was applied. The time sequence was not taken into consideration in
the analyses, as both the excavation and the loading process were
conducted over a relatively short period of time and undrained condi-
tions prevailed.

3.2. Constitutive models and model parameters

3.2.1. Soft clay

The model adopted in this study, S-Clay1S, developed by Koskinen
et al. [20] and Karstunen et al. [21] originates from critical state
models, and is a further development of the S-Clay1l model presented by
Wheeler et al. [42]. Similar to S-Clayl the model adopts an inclined

Whale beams

yield surface to take initial anisotropy into consideration, and a rota-
tional component of hardening to represent the development fabric
anisotropy during plastic straining. In addition, the S-Clay1S model also
incorporates the influence of bonding and destructuration by introdu-
cing an intrinsic yield surface, as presented by Gens and Nova [43],
which is necessary when modelling sensitive clays. Both S-Clay1l and its
extension S-ClaylS have been successfully validated against experi-
mental laboratory results for several typical Scandinavian soft clays
[44-47] and a full description of the model mathematical formulation is
presented by Sivasithamparam [22] and is not repeated here.

Model parameters for the FE analyses were obtained by calibrating
the CKoUC and CK,UE test using the Plaxis “soil test” facility. Evaluated
material parameters for S-Clay 1S are presented in Table 2 and Table 3.
The over-consolidation was represented by a vertical pre-overburden

pressure, POP (=0, — 0,, where g, is the vertical pre-consolidation

stress and o, is the in situ vertical effective stress). The compression

| Column panels

Fig. 6. Model geometry and FE mesh of Test A.



R. Ignat, et al.
Table 2
Conventional clay parameters.
Layer  Depth vy eo v x p POP  Rinter
c ¢'
1 1-6 15.4 2.22 0.15 0.022* 0.550 18 1.0 10.0
2 6-10 17.1 1.57 0.15 0.014* 0.440 12 1.0 10.0

* Chosen as 0.3k evaluated from computed Plaxis “soil tests”.

Table 3

Clay parameters in S-Clay1S.
Layer Depth 2; M./M.* ag " B Xo a¥t  b*¥
1 1-6 0.165 1.3/091 050 20 0.87 32 10
2 6-10 0.132 1.2/0.86 046 20 0.76 50 10

* Compression/Extension critical state ratio chosen in the clay on the active/
passive side of the SPW.

** For calculation of lower and upper bound values the ratio 1;/2 = A{/A*
where 1* = 1/(1 + e;) was assumed.

“** A higher b value chosen in the active zone in order to consider the post-
peak strain softening observed in CKo,UC tests.

index, A, was evaluated from the slope of the specific volume-stress
curve of the CRS tests. The ratio between the intrinsic and natural
compression index, 4;/4, was assumed to be 0.3, based on the results of
oedometer tests on reconstituted clay samples with similar properties
[27,48].

Unloading reloading oedometer tests were not performed, and
hence the swelling index, x, was adjusted in order to obtain a good
match of the triaxial tests stress-strain behavior.

The anisotropy parameters, initial inclination of the yield surface,
ap, and soil constants that control the absolute rate of rotation of the
yield surface and the relative effectiveness of volumetric and deviatory
strains in rotating the yield surface, § and u, were determined following
the procedure described by Wheeler et al. [42] and values suggested by
Zentar et al. [49]. Lower and upper bounds for destructuration para-
meters a and b were estimated according to equations presented by
Gras et al. [50].

Computational results illustrating the deviator stress — axial strain,
q — &, and excess pore pressure — axial strain, Au — ¢,, together with
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laboratory test results are presented in Fig. 7. The magnitude of the
peak deviator stress obtained from CKoUC and CKoUE tests is very well
captured with the model. The computed q — ¢, relationship post-peak
and also Au — ¢, of the CKoUE tests from both 5 and 7 m depth agree
well with results from CKoUE tests. However, the rate of post-peak
strain softening and Au development observed from the CKoUC tests
cannot be accurately predicted from the computed results, probably due
to formation and progression of shear bands and strain localization in
the highly sensitive clay in the laboratory tests, where the failure mode
was a distinct shear plane failure.

3.2.2. Lime-cement columns

The majority of previously published FE analyses involving cement
improved clay have used either a total stress analysis based on Mohr-
Coulomb failure criteria, based on results from UC tests, or a linear
elastic model to describe the material properties of deep mixing col-
umns [12,51-58].

In recent years several advanced constitutive material models for
cemented clay, based on the critical state framework, have been pre-
sented [59-68]. A failure surface parallel to that of the untreated clay is
usually adopted, considering the effect of initial cementation as well as
cementation degradation through a modified mean effective stress, and
by introducing model parameters and additional hardening rules to
capture the hardening behavior up to peak stress and post-peak soft-
ening behavior. Although the main features of the behavior of ce-
mented clays from compression laboratory data are captured reason-
ably well, an isotropic failure surface is assumed and the material
strength is thereby independent of the stress path at loading. Also, a
large number of model parameters are required, making it difficult to
implement the models for calculation of complex geotechnical
boundary value problems.

In this study the Hardening Soil model, HS, [19] implemented in
PLAXIS was used to model the stress-strain behavior of the lime-cement
columns. The HS model is an isotropic hardening double surface plas-
ticity model that has proven to give realistic displacement results
especially for excavation problems. The model combines Mohr-Cou-
lomb failure criteria with a hyperbolic stress-strain relationship that
allows for stiffness degradation. Similar to critical stress models, dif-
ferent stiffness moduli are adopted in HS for primary loading and un-
loading-reloading conditions.

The HS model allows an undrained effective stress analysis to be
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Fig 7. Comparison of deviator stress/excess pore pressure - axial strain relationship between PLAXIS “Soil Test” with S-Clay1S material model and triaxial com-

pression/extension tests on soft clay.
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Table 4
Material parameters of lime-cement columns.

Lime Cement Columns

Material model

Material behavior

Unit weight, y (kN/m>)

Vertical pre-overburden pressure, POP (kPa)

Hardening Soil
Undrained B
15.4% / 17.1%
224-192 **
Friction angle, ¢ -
Undrained shear strength, sc (kPa)

0.50,(1.2ln (OCR) + 0.95)

Secant stiffness, Esrgf (kPa) 11208yc01
Tangent stiffness, E'%, (kPa) B
Unloading/reloading stiffness, ElY (kpPa) 3E5'8f
Power of stress level dependency, m 0.7
Failure ratio, Ry 0.9
Poisson’s ratio for unloading/reloading, u,'" 0.2
Interface strength, Riner 0.8

* Chosen equal to the unit weight of the clay layers.
** Varies with depth (o).
##% g assumed equal tog,,, varies with depth.

performed either with drained Mohr-Coulomb strength parameters, ¢
and ¢‘ (Undrained A), or undrained strength parameters with ¢' = 0and
¢ = s, (Undrained B). Commonly, the strength of lime-cement columns
is assessed with unconfined compression tests. The lime-cement col-
umns in the passive zone of the SPW, however, were subjected to a
combination of unloading and lateral loading stress paths in the ex-
perimental test. Hence, CIUEy;, triaxial tests were considered to best
represent the stress-strain behavior of the experimental LCC. A direct
input of s, based on CIUEy; tests, [39], was adopted using ¢;Dl = 0 and

Ceol = Sucol, Where 5,0 increased with depth as:
Sucol = 0.5¢; = 0.5, (1.21n(OCR) + 0.95) 16}

The HS model requires three stiffness parameters, 5, E/% and E/¢,
that are stress dependent reference stiffness, and hence not model
constants. However, once undrained strength parameters are specified
the material loses its stress dependency of stiffness and the reference
stiffness becomes equal to the actual stiffness. The reference secant
modulus, E, was chosen following the relationship obtained from

CIUEy, tests, Esy = 560q;. The oedometer reference modulus for one-
dimensional compression, E'¢, that controls the magnitude of the
plastic strain associated with the yield cap will be of minor importance
on the passive side of the excavation and was chosen as E'%, = EiJ. The

0
CIUEy, , o, =30 kPa
CIUE, , o, =60 kPa
@®  CIUEy , o, =90 kPa
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small strain stiffness modulus, E,, evaluated from resonant column tests
performed on each sample, [39], varied between 147 and 245 MPa
(mean 217 MPa). The unloading-reloading reference modulus E¢ was
chosen as E!Y = 3Es, that is approximately of the same magnitude
asE,.

Comparison of the triaxial extension tests and PLAXIS “Soil test” for
LCC, with material parameters according to Table 4, are presented in
Fig. 8 as the deviator stress versus shear strain, q — ¢, and effective
stress paths in p '— q stress space, where p’ is the mean effective stress.
The overall stress — strain behavior, and also the effective stress paths
obtained from the laboratory tests were reasonably captured by the HS
model for all consolidation stresses.

3.2.3. Dry crust, Frictional soil, LDP and structural elements

Similar to LCC, the HS model was chosen to describe the strength
and stiffness parameters of the dry crust and the frictional soil below
the soft clay. No laboratory tests on the dry crust were conducted due to
difficulties in obtaining undisturbed samples. Instead, the strength and
stiffness material properties of the dry crust and the frictional soil were
based on reported properties of similar soils with parameters according
to Table 5.

The stiff LDP, constructed on site from compacted stony gravel, two
layers of wooden beams and steel plates, was modeled as a linear elastic
material. Linear elastic material properties, presented in Table 6, were
chosen for the structural elements.

3.2.4. Interface properties

Interface elements were added on both sides of the plate elements
representing the SPW in order to account for the soil-structure inter-
action. For the constitutive model S-Clay1S, implemented as a user
defined model in Plaxis, the interface material properties are described
by the MC strength parameters ¢ and ¢ and . Values of ¢’ = 1 and
¢ =10° and ¢ = 0 were chosen in the analyses to consider the high
sensitivity of the clay, and to account for the disturbance effect due to
SPW installation. Sensitivity analyses on the effect of Ry, (by varying
the value of ¢ by +50%) showed that the strength properties re-
presenting Rjn.r had no significant impact on the results. For the DM
columns and for the dry crust the value of Ri,. Was chosen according
to Table 4 and Table 5 respectively.
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Fig. 8. Comparison of stress - strain relationship and effective stress paths between PLAXIS “Soil Test” and triaxial extension tests on lime-cement improved clay.
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Table 5
Material properties used in FE analyses.
Dry crust Sand/Silt LDP
Material model Hardening Soil Hardening Soil Linear elastic
Material behavior Undrained B Drained Non porous
Unit weight, y/y (KN/m®) 17.5/17.5 18/21 18/18
OCR 5 1 -
Friction angle, ¢' - 34 -
Dilatancy angle, ¢ - 4 -
Effective cohesion, cv, (kPa) - 0.1 -
Undrained shear strength, s, (kPa) 30-15z* - -
Secant stiffness, B (kPa) 4000 25,000 -
Tangent stiffness, E;;fj (kPa) 4000 20,000 -
Unloading/Reloading stiffness, E,fif (kPa) 12,000 75,000 -
Power of stress level dependency, m 1.0 0.5 -
Failure ratio, Ry 0.9 0.9 -
Poisson’s ratio for unloading/reloading, u,;, 0.2 0.2 -
Young’s modulus, E, (kPa) - - 50,000
Poisson’s ratio, v 0.2
Interface strength, Rinter 0.5 - -
* 7 refers to depth below the top of the layer, 0-1 m.
Table 6

Material properties of structural elements.

SPW Strut system

Element type

Material behavior

Unit weight, y (kN/m®)
Height, h, (m)

Young’s modulus, E, (kPa)
Axial stiffness, EA, (KN)

Flexural rigidity against bending around the principal axis, EL, (kN m?), (vertical direction for SPW)
Flexural rigidity against bending around the secondary axis, EL,, (kN m?), (lateral direction for SPW)

Plate, VL604
Linear elastic

Beam, HEB300
Linear elastic

78.5 78.5
0.36 -

210 x 10° 210 x 10°
- 3.131 x 10°
14.100 x 10° 5.286 x 10*
2.820 x 10° 1.798 *10*

4. Results and discussion
4.1. Failure load and effect of soil improvement on SPW stability

Calculated g4z and gppp from the FE analyses are presented in
Table 7 and compared with the experimental field test results, gy,
and gp,,,- An overall good agreement between FE and experimental
test results regarding gy, was obtained for both Test A and Test B. The
observed failure in Test A was initiated in the clay between the LCC
panels due to the large LCC panel center distance of 3.0 m, immediately
followed by failure of the columns closest to the SPW. The post-peak
behavior of the clay thereby has a major influence on the magnitude of
Qurr D test A

Both the observed gy, and the failure mechanism of Test B, a
failure simultaneously initiated in the clay and LCC panels, were well
predicted by the FE analyses. For a center distance between the LCC
panels of 1.5m as in Test B, the properties of the LCCs have a larger
impact on the failure mechanism compared to Test A, and a very good

Table 7
Comparison between measured and FE analyses-calculated failure load.

agreement between ¢p,; and gp,y,,, Was also obtained.

The calculated g,z in Test B underestimated gy, Dy approxi-
mately 10%. The deviation between g,y and gpeqy, for Test B is
probably due to the faster load rate applied in the last loading stage of
Test B, which the rate-independent model in not able to capture. The
load rate has a significant impact on g, as a direct consequence of
the rate dependency of s, [69-72] and a lower loading rate would have
likely resulted in a lower gy,

Comparative analyses, Test A2 and Test B2 in Table 7, were con-
ducted using a bi-linear elastic perfectly plastic stress-strain material
model with MC failure criteria and isotropic s,., evaluated as 50% of
the UC strength (qycpmean = 192 kPa) and E.,; = 165q;,- according to the
relationship presented in Fig. 6. These analyses significantly over-
estimated gy, in both tests, as seen in Table 7.

The ratio between the mobilized shear strength and the maximum
shear stress, Tyop/ Tnax, Shows the development of the failure mechanism
in the column panels. At T,,p/Tne @above 90%, see Figs. 9 and 10 (only
every second column panel is presented for Test B for a clearer picture

Field tests FE-analyses

Test Gpeakexp (kKP2) Yfaitexp (KP2) Test Type of analysis Gpeakre (kPa) Gpaire (kPa) YfailFE
Afailexp
Test A 40.6 39.0 Test Al Anisotropic strength 41.6 41.0 1.05
Test A2 Isotropic strength 51.5 50.9 1.31
Test B 56.0 50.5 Test B1 Anisotropic strength 50.7 49.8 0.99
Test B2 Isotropic strength 57.3 57.1 1.13
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T mob /T max
1,00
Type of analyse
0,99
Test Al - Anisotropic
strength properties 0,%
0,97
0,96
Test A2 Test A2 0,95
. 0,94
Test A2 - Isotropic
strength properties
- 0,93
0,92
Qfail=50.9 kPa
. 0,91
Conin e Excavation to +1.5 Failure
completed 0,90
Fig. 9. Ratio between mobilized shear strength and maximum shear strength: Test A.
with the part of the column panels that is not covered by the scale on plastic shear strains and significant yielding. In addition to the hyper-
the right showing the material color instead) implies for a hyperbolic bolic stress-strain relationship, consideration of strength anisotropy

stress-strain relationship significant stiffness degradation causing large results in a significant difference in the development and propagation of

“T'mob /Tmax
1,00
Type of analyse Test B1
0,99
Test B1 - Anisotropic
strength properties LD
0,97
Qfail=49.8 kPa 03¢
0,95
Test B2 - Isotropic R
strength properties
0,93
0,92
gfail=57.1 kPa
. X - 0,91
Construction stage: Excavation to +1.5 Failure
_
completed
0,90

Fig. 10. Ratio between mobilized shear strength and maximum shear strength: Test B.
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Fig. 11. Comparison between predicted and observed failure surface in the column panels: Test B.

the failure mechanism (Test A1 and Test B1) compared to the analyses
performed with the isotropic strength properties and linear-perfectly
plastic stress-strain relationship (Test A2 and Test B2). Also, the loca-
tion of the failure surface in the LCC panels differed between the two
types of analyses, as presented in Fig. 11 for Test B. The location of the
failure surface from the experimental results was approximately inter-
preted to be located between the two measurement points with the
largest observed difference in incremental u;, at failure. Due to higher
Sucor in Test B2, a shallower failure surface compared to the experi-
mental test was predicted, with a smaller part of the column panel
(local failure) involved and starting in the passive zone just below the

11

toe of the SPW. On the other hand, in Test B1 the depth and extension
of the predicted failure surface agrees significantly better with the ex-
perimental results than that predicted in Test B2. The more local failure
of the LCC panels in Test B2 would explain the smaller ratio of g
between Test B, Gpp,/qpum = 1.15, and Test A, Guuan/Gpiar = 1-24,
predicted by the different analyses, although the area improvement
ratio, A, in Test B, Agrsp=35%, was twice as large as in Test A,
AsTeStA = 175%.

The effect of soil improvement on the failure mechanism was in-
vestigated by excluding the LCCs in the numerical model, referred to as
Case C (4.5m excavation in unstabilized clay). Calculated gy, for Case
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Fig. 12. Comparison of calculated horizontal displacements and failure mechanism of the sheet pile wall between Case C, Test A and Test B.

C was equal to 14.6 kPa after excavation to a depth of 4.5m and a a center location between the column panels (in Case C at the same
different failure mechanism of the SPW was predicted in the FE-ana- location as Test A) are compared to Test A and Test B and presented in
lyses when LCC panels were not included in the model. Calculated total Fig. 12 (left side). The change in failure mechanism based on dis-
horizontal deformations of the loaded and the opposite SPWs, upspw, at tribution of the horizontal displacements for each analysis is also
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Fig. 13. Comparison of measured and calculated horizontal deformations for Test A; (a) active zone; (b) passive zone - LCC panels; (c) passive zone — clay between

the LCC panels.

displayed in Fig. 12 (right side). Without LCC panels, large uyspw at the
toe of the SPW on the loading side was predicted due to the low
strength and stiffness properties of the clay. The rotation center of the
loaded SPW is located at the bracing level due to the weak support
below the bottom of the excavation, resulting in large rotational dis-
placements at the toe of the SPW and low mobilization (evaluated as
the depth where the direction of upspw changes from negative to posi-
tive) of the soil behind the opposite SPW.

The LCC panels in Test A and Test B act as support for the SPW,
reducing upspw below the bottom of the excavation due to significantly
higher strength and stiffness. In addition, due to the LCC panels below
the excavation, the soil behind the opposite SPW is mobilized to a
greater depth, due to the alteration in location of the rotational dis-
placements of the SPWs. With increasing stiffness below the bottom of
the excavation the rotation center is shifted downward in both Test A
and Test B, as emphasized in Fig. 12. In Test A, Spgnq = 3.0m, a small
inward rotation of the loaded SPW at the bracing level is predicted,
suggesting that the support provided by the bracing system and the
improved soil below the bottom of the excavation is of the same mag-
nitude. On the other hand, in Test B, spazes = 1.5 m, for the initial loading
stage significantly larger inward rotation of the loaded SPW at the
bracing level was indicated due to increased stiffness below the bottom
of the excavation, resulting in a higher mobilization of the soil behind
the opposite SPW. However, in the last loading stage after the addi-
tional excavation, the rotation center of the SPW was shifted and

increasing rotation induced displacements were indicated at the toe of
the SPW. The change in rotation induced displacements from the bra-
cing level to the toe of the SPW displayed in Test B is due to the sig-
nificant yielding and stiffness degradation in the column panels in the
last loading stage prior to failure, and the support below the bottom of
the excavation was thus erased.

The failure mechanism will thereby have an impact on the magni-
tude of g;,;. The SPW improvement ratio is defined here as the ratio
between ¢y, for Test A and B calculated from the FE analyses and the
calculated gg,; of case C. In the field tests failure of Test B occurred
following a 5.0 m depth excavation, however, in order to compare g,
at the same conditions, an additional FE analyses of Test B was per-
formed for the 4.5m deep excavation before the applied load was in-
creased to failure. The SPW improvement ratio was about 2.8 and 4.1
for Test A and Test B respectively. Thereby, it can be emphasized that
the SPW improvement ratio is not only related to the A; but also to the
type of failure mechanism.

4.1.1. Horizontal deformations

The predicted horizontal deformations, uy, at the same locations as
the inclinometers installed in the active and the passive zone of the
SPWs are presented in Figs. 13 and 14 for different construction stages.
For both Test A and Test B, predicted u;, agree well with those observed
at small strain levels, during the excavation stages on both sides of the
SPW. Predicted uy, at failure for Test A were overestimated in the clay,
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Fig. 15. Observed and calculated strut forces in Test A and Test B.

as well as in the column panel, even though the location of the pre-
dicted maximum u, was correctly predicted. A reasonably good
agreement was predicted at failure in Test B although the location of
the calculated maximum u, in the active zone differed slightly from that
observed.

The interaction between the SPW, soft clay and very stiff LCC panels
is very complex, making it very challenging to correctly predict the
horizontal displacements at failure. The rate of post-peak strength re-
duction observed in the CKoUC tests, Fig. 7, could not be completely
reflected with the chosen set of destructuration parameters, and may
have influenced predicted u,,. Also, increased loading behind the SPW
resulted in increasing elastoplastic deformations predicted in the clay
and LCC panels during the loading stages. However, only small incre-
mental deformations was observed in the experimental tests during
loading, followed by rapidly increasing creep deformations being ob-
served prior to failure. Creep-induced displacements, which were not
considered in the calculations, combined with potential under-
estimation of cr;p due to possible sample disturbance is also a possible
reason for the deviation between calculated and measured u;, during the
loading stages.

4.1.2. Strut forces

The observed and calculated strut forces after completed excavation
and at different loading stages until failure are presented in Fig. 15. In
general, a fairly good agreement between the predicted strut forces,
Ficqie and observed strut forces, Fje.s, was obtained with a maximum
deviation between the ratio F./Fmeqs €qual to 0.74 for Test A and 0.79
for Test B. In Test A, the ratio Fq./Fymes = 0.74 in the excavation stage,
but increased for every loading stage and at failure a good agreement
with Fge/Fmess = 0.97 was obtained. On the other hand, in Test B a
good agreement was obtained after the excavation-, initial loading
stages and final additional excavation with F.q./Fmeqs = 0.99-1.14 but
at failure F,.,; was underestimated and F.q/Fpmeas = 0.79.

The deviation between the observed and the measured Fare most
likely due to differences between the observed and the calculated post-
peak stress-strain behavior of the column panels. In Test B, after the last
load step was applied a significant decrease of Aoy, was accompanied
by a large increase of s, indicating load transfer from the column
panels to the strut system. The chosen constitutive model, the HS
model, does not consider post-peak strength degradation, resulting in
underestimation of F,.,s at failure.

As already discussed, the undrained creep of the sensitive clay may
have had some impact. The soil disturbance due to column installation
and the heat generated by the column installation can significantly
affect the creep properties of the sensitive clay, see [73]. To investigate
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these effects further, future analyses should consider using a tempera-
ture-dependent creep model that also account for the anisotropy and
destructuration as necessary for sensitive clays.

5. Conclusions

Lime-cement columns (LCCs) are increasingly used to support the
bottom of deep excavations in soft clays. This paper presents numerical
back-analyses analyses of failure tests of full-scale sheet-piled excava-
tions in soft sensitive clay [18], where the bottom of the excavation is
supported by panels of overlapping lime-cement columns (LCC). In
order to understand and generalize these results, 3D finite element
analyses were performed. The main challenge was how to model the
sensitive soft soil and the LCCs on the passive side of the excavation.
Namely, for the latter the conventional isotropic unconfined compres-
sion strength and stiffness may not be representative.

The soft clay was modelled with the rate-independent S-ClaylS
model [20,21] that is able to represent the emerging anisotropic stiff-
ness and strength of the sensitive clays, as well as the post-peak strain
softening. The values for the model parameters were derived from an-
isotropically consolidated undrained triaxial compression and exten-
sion tests and constant rate of strain oedometer tests. The appro-
priateness of the model parameters was validated at element level, to
confirm that the model is able to reproduce the soft clay response (see
Fig. 7), before commencing to the analyses of the full-scale problems.

Given the stress-path in the LCC panels involves a combination of
unloading and lateral loading, undrained extension tests were con-
ducted on lime-cement admixed clay from the test site, considering
different consolidation stresses and loading regimes. Isotropically con-
solidated compression tests and unconfined compression tests were also
used as a reference. The model parameters for the Hardening Soil model
in Plaxis, used to model LCCs, were calibrated against the isotropically
consolidated undrained extension tests that involved combined un-
loading and lateral loading, as the most representative stress path (see
Fig. 8). As a reference, numerical simulations of the full-scale excava-
tions were also conducted without the columns (Case C) and using
strength parameters evaluated from unconfined compression tests
(Cases A2 and B2).

The FE analyses show that the predicted failure load with column
strength parameters evaluated from the undrained triaxial extension
tests was in good agreement with the observed failure load. On the
other hand, analyses with column strength parameters evaluated from
unconfined compression tests significantly over-predicted the observed
failure in both Test A and Test B. Therefore, it is strongly recommended
that in projects where LCCs are used on passive side, consolidated
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undrained extension tests are performed, or alternatively a constitutive
model that is able to represent the emerging materials response under
arbitrary stress paths is used.

Overall, the FE simulations are good agreement with the field tests
results, and demonstrate how the column panels installed in the passive
zone act as support below the bottom of the excavation. Increasing the
area improvement ratio (i.e. decreasing the c/c distance between LCC
panels), changes the failure mechanism by altering the location of the
center of rotation of the SPW (see Fig. 12). A reasonably good agree-
ment between the predicted and the measured horizontal displacements
was obtained for the excavation stages of both tests (Figs. 13 and 14).
The predicted strut forces at failure in Test A were in very good
agreement with observed values (Fig. 15). However, most likely be-
cause the constitutive model could not accurately capture the post-peak
stress-strain behavior of the column panels, the strut forces at failure in
Test B were underestimated.

Rate-effects were not considered, given the low hydraulic con-
ductivity of the clay and the short duration of the field test. However,
undrained creep of the sensitive clay may have influenced the response
in the field. Modelling those effects, however, is not trivial: the soil
disturbance due to column installation and the heat generated by the
curing of the columns can significantly affect the creep properties of the
sensitive clay (see [73]). To investigate these effects further, future
analyses should consider using a suitable temperature-dependent creep
model. Further work is also needed to be able to simulate the response
of LCCs under arbitrary stress paths, so that the model parameter could
be derived based on standard tests.
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