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Bozkurt et al. (2023)
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Design based on UCS strength, but in most applications key

consideration is actually stiffness (settlements, horizontal = e

movements and vibrations) Marte et al. (2017)
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Investigating time-dependent stress-strain response of deep excavations
and embankments stabilised with lime-cement (LC) columns in soft clays

 Validate VAT for embankments
« |[dentify the interaction mechanism between clay & column material
e Derive a volume averaging technique (VAT) for excavations

* Inspecting the factors having the largest impact on the system response
and associated anthropogenic greenhouse gas emissions
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Volume Averaging Technique (VAT
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columns and soil (3D) composite system (2D plane strain)

 Colum/soil system response
* Use the known behaviour of constituents (soil and column)
« Computationally efficient/fast
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Volume Averaging Techniqgue (VAT)

U

Formulation

* Interaction effects
» Kinematics
* Local equilibrium

Schweiger&Pande (1986)
Lee&Pande (1998)

T

|

embankments

Verification
Vogler&Karstunen (2008)
Vogler (2009)

|
excavations

Validation
Abed et al.
(2025)

Formulation & Verification
Bozkurt et al. (2025a, 2025b)

Robust
sensitivity study

Bozkurt et al. (2025c¢)
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VAT for embankments

equivalent
2D-VAT material column  clay
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Implementation (Vogler 2009)

PLAXIS2D

finite element
code

<

stiffness matrix D (f(o’, k))

CHALMERS
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previous stress state O
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state variables
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(for every integration point)

UDSM

VAT subroutines

S-CLAY1S
MNhard

Averaged material
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User defined soil model

(UDSM)

Volume Averaging Technique (VAT)
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Plaxis
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UDSM — VAT
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- 3D vs 2D
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« about 500 15-noded triangular elements
(8000 dof)

» about 5000 15-noded wedge elements (43000
dof)
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» modelling column improved area with

(@)
£
(@)]
©
S
(b}
>
(qv]
(b}
=
=
®)
>

(4b)

| -

4

[

((b)

(@]

(@)

'}

(¢D)

—

d—

[

(4b)

(&)
£

()]

[

-
=

(@)

(@]

(4]
<4

(4b)

-

(@)
N2
©

O o

C -
=

(¢b)
o O

o O

£ =

[ ]

10



2025-08-20

0
:
W :
20
-3
<
It
(O]

columns for full 3D

calculations

distribution:
- Higher stress in centre of

- Vertical effective stress
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Load-displacement curves

centreline A toe B
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 very good match

* slight deviation under toe
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» total horizontal displace-
ments of 77 mm

* very similar displacement
patterns

3d

[10°m]
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Application: Paimio test embankments
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Abed et al. (2025)
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Application: Paimio test embankments
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Application: Paimio test embankments
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VAT for excavations

column fraction :
clay fraction

clay

Ac
QC:X
Q= 1-

Qc

stabilised clay
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Equivalent stiffness matrix

D®d = O .DSS; + QDS
S7° = f (Qs/Q., D5, DY)

Kinematic constraints: Local equilibrium:
Aeyn = Ay = Aegy A §y Ao, = Aoy,
Aey) = AeS, = A&, ATy = Aty = AT,
N e ATy, = ATy, = ATS,

\ £

D®1
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Equivalent stiffness matrix pest

Ded = 0;D*S] + O D°S]
Si;c = f (Q./Q., D%, D)

Kinematic constraints: 4[ iY
Aery = Mgy = Aey

eq __ c S
AE"ZZ - Agyy — Agyy

Ao = Dge = Ay
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Equivalent stiffness matrix

D4 = (O DSS§ + O D°S§
S7° = f (Qs/Q., D5, DY)

Local equilibrium:

eq S S
Aoy = Aoy, = Aoy, Ac”, At
At xy = A1y, = Aty

S
At yz = Aty,, = ATy,

\ 4

stress corrections
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Modelling soft clay: S-CLAY1S
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Karstunen et al. (2005)
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o Volumetric hardening
o Evolution of anisotropy

o Destructuration

Deviatoric effective stress, g [kPa]

80

60

40

20

CHALMERS

UNIVERSITY OF TECHNOLOGY

Axial strain, &5 [%]

| = FE simulation
--6-- Laboratory test

1 10

100

1000

Vertical effective stress, o', [kPa]

——FE simulaticn

Laboratory test (CADE)
(E02CCH.3-01 14m)

—FE simulation

o] Laboratory test (CADE)
{E02CC6.3-01 14m)

et S

20 40 60 80
Mean effective stress, p’ [kPa]

100 0

2 4 6 8 10
Axial strain, &5 [%]

2025-08-20



Modelling lime-cement columns:
Matsuoka-Nakal hardening (MNhard) model
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Verification of VAT for excavations

CHALMERS
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Comparison of 2D and 3D

3D

2D-VAT
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Design of experiments (DOE)

. . PLAXIS 2D Factorial design
System-level sensitivity analysis UDSM — VAT us,ng DOE

Key factors in models with many factors @ python

Identlfy main
effects

o)
o)
o The full range of all model parameters
o0 Interaction effects

variance (ANOVA)

A

Key model
parameters

|
: |
[ AnaIyS|s of ]
: |
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Sensitivity analyses (DOE)

. 12.5m . Point A

+ ‘%‘ embankment
2.5m | i S-line
2.0m | VR S diyerust,

. l'ml
15.0m st:et:;:s:d natural clay
Vags e VN H-line
Y ” I,
! .x 30m i I

o 2D-VAT and DOE, fully coupled analyses o soft clay: S-CLAY1S model

o fractional factorial design: a range of 5% o0 columns: MNhard model

Bozkurt et al. (2025)
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o various column lengths and spacings
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Sensitivity analyses (DOE)

12.5m
5

, == _embankment
2l5m > ./ B
2.0m | ~ drycrust
15.0m |  Stabilised natural clay

region
T

ST X 30m

Point A
S-line
L::cvl
H-line

L.,: various

100
200
300
400
500
600
700
800
900
1000
1100

Settlement, 6, [mm]

range of factors: 5%

—@— Natural clay

il Lo =7.5m
_*'- Lco] — 10 m
"’ ) LCDl — 15 m

Ovimax) ' 48 Mm e NG i

Gy(max) : 127 mm|
‘ﬁv[max) . 240 mm|

“Sv(max) : 1169 mmil_

120(1

100 1000 10000 100000
Time [days]

S-line

2025-08-20



Influential factors
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End-bearing columns:
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How weak can the columns be?

column fraction
'Qcol

E://\

stabilisation
ratio

column
length

relative
stiffness

L., various

CHALMERS

G.o~binder

Gratio = Gso(cot)! Gso(clay)
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Linking stiffness, length, and
stabilisation ratio
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Material use related GHE

L Proportion Quantity COs-eq emissions factor Total COsz-eq emissions
Combination Component
(%) (ton) (kg COsz-eq/ton) (ton CO3z-eq)
IV QL 50 921 1450* 1335
Cratio=5.6 (110 kg/m® OPC 50 921 870 801
Lot = 15 m
Total 100 1842 1842
Qear = 0.38
QL 50 144 1450* 208
Gratio=2.0 (30 kg/m?*)? OPC 50 144 870 125
Leat =125 m
Total 100 288 2320 »
Qo= 027

% COgz-eq emissions factors are based on Klimatkalkyl version 7.0 by Trafikverket (Swedish Transport Administration).

b Binder contents corresponding to target stiffness moduli are estimated based on Paniagua et al.|(2021].

Gratio = Gs0(col)/Gs0(clay)

column fraction: Q)

34

Total CO5-eq emissions [ton]

UNIVERSITY OF TECHNOLOGY
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Conclusions -

e For most geotechnical problems on deep mixed columns, serviceability limit
controls the design.

* Volume Averaging Technique (VAT) enables mapping of a periodically arranged
column system to 2D, yet modelling the individual constituent (clay and columns)
separate.

« VAT formulations were developed for two cases: embankments and excavations,
and verified against 3D simulations.

VAT can significantly save computational time, yet similar results to those of 3D
analysis.

* The systematic approach, using the VAT in combination with factorial design, can
be used to perform efficiently sensitivity analyses and/or data-driven procedures in
a plane strain analysis.
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CHALMERS

Future studies

* Incorporating VAT with a probabilistic method, such as the Random Finite Element
method, helps account for the spatial variability of the properties of both natural
clay and stabilised clay.

* VAT can be implemented to investigate the creep rate-dependent response of
stabilised clay using appropriate constitutive soil models.
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Stiffness reduction methods

! _ ! !
E composite — ratio(column) xE column T (1 _ aratio(column)) x E clay.avg

37

250c
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Linear elastic

\
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E composite’ Ccomposite'
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¢ composite
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Stiffness reduction methods

! _ ! !
E composite — ratio(column) xE column T (1 _ aratio(column)) x E clay.avg

-

Linear elastic

o @ 4
Mohr | MNhard
Coulomb model

% N .

\ J
X |
I/ !/ !
E compositer Ccomposite: ¢ composite
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Advanced numerical analysis
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Modelling lime-cement columns:

Matsuoka-Nakal Hardening (MNhard) model
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Modelling soft clay: S-CLAY1S
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Volume averaging technique (VAT)
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Volume averaging technique (VAT)

Column Clay

Soil fraction Qg =
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Equivalent stiffness matrix
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Nonlinear vs linear soil response
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Site location
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Conclusions

* One-dimensional compression tests are inadequate for modelling stabilised
clay.

e Accurate estimation of the overall response of stabilised excavations
requires considering the responses of both in situ clay and stabilised clay.

e Using soil models that employ hardening/softening plasticity and stress-
dependent stiffness ensures a realistic representation of stabilised clay
behaviour.

« The VAT has proven to be an efficient tool for the numerical analysis of
stabilised deep excavations.
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