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Background & Motivation
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Design based on UCS strength, but in most applications key
consideration is actually stiffness (settlements, horizontal
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Aim and objectives

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
* 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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CHALMERS

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 Technique (VAT)
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Formulation

* I[nteraction effects
» Kinematics
* Local equilibrium

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

Verification
Vogler&Karstunen (2008)
Vogler (2009)

Robust
sensitivity study

Bozkurt et al. (2025¢)

|
excavations

Validation
Abed et al.
(2026)

Formulation & Verification
Bozkurt et al. (2025a, 2025b
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VAT for embankments equivalent
2D-VAT | 3D material column clay
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Implementation (Vogler 2009)

PLAXIS2D

finite element
code

<

stiffness matrix D (f(a’, k))

. rn—1
previous stress state O

strain increment &
state variables

n
updated stress state O
updated state variables

<

(for every integration point)

UDSM

VAT subroutines

S-CLAY1S
MNhard

Averaged material

2026-02-06



User defined soil model

(UDSM)

Volume Averaging Technique (VAT)
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Application: Paimio test embankments
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Application: Paimio test embankments

Time [days]
0 100 200 300 400 500 600 700 800 70 1
0 ¢ . : : L L . . ! P
10 Q o eg
T 60 {Bg 0000 6m dee
x L U P
E 30
£ SEU N
o @ o B_O--- Oy 4.5m deep
c [5] =t
[T 0] |
g a 40
E © o )
o | TSR + \5@; 3m deep
7 g 301§ ¥o-6-000000TO
%0 { --e-Measurements (greenfield) e T )
g9 | ——MNumerical results using SClay1S model in plane-strain conditions =2 é_ 20
--=--Numerical results using SClay1S model in axisymmetric conditions ®
100 - > )
g 10 - --o--Measurements (greenfield)
o 0+ . . - . s OO ! . .
o; o “%‘;.%2; ----- e e Omsom e og 8 < ——Numerical results using S-Clay1S model
g 5] us e I 0 . ) 5 . . . .
z 0 100 200 300 400 500 600 700 800
2 ¢
= Time [days]
©
o

--0-- Relative error in 2D FE results using S-Clay1S model vs. measurements

2026-02-06



12

Application: Paimio test embankments
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Gothenburg central station
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VAT for excavations
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Equivalent stiffness matrix

D¢ = O .DSS§ + O .DCS§
S1¢ = £ (Qs/Q¢, DS, D)

Kinematic constraints: Local equilibrium:
Aeyd = Al = Aes, Aoy, = Mgy, = Ay,
Ae,, = Aegy = Mg}, Atyy = ATy, = AT,
MYz = Ay = DS AT = ATS, = ATS,

\ 4

D*4
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Verification of VAT for excavations
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Comparison of 2D and 3D
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Sensitivity analyses (DOE)
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Bozkurt et al. (2025)
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o various column lengths and spacings
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Sensitivity analyses (DOE)

range of factors: 5%
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Influential factors
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How weak can the columns be?
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Gratio = GSO(COI)I G50(clay)
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Linking stiffness, length, and
stabilisation ratio
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Material use related GHE

Proportion Quantity COsz-eq emissions factor Total COs-eq emissions
Combination Component
(%) (ton) (kg CO2-eq/ton) (ton COz-eq)
QL 50 921 1450" 1335
OPC 50 921 870 801
Total 100 1842 1842
gwer boundar QL 50 144 14502 208
Gratio=2.0 (30 kg/m*)” oPC 50 144 870 125
Leot =125 m
Total 100 288 2320 »
Qe = 0.27

@ COg-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 = G50(col)/ GSO(clay)

column fraction: Q1
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Conclusions

* 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 separately the individual constituent (clay and
columns).

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

* VAT can significantly save computational time, yet yields 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.

35 2026-02-06



Key references for VAT

* Abed, A, Vogler U. & Karstunen M. (2026). Volume Averaging Technique for Deep Mixed Columns under Embankments: Verification and Validation.
ASCE International Journal of Geomechanics. DOI: 10.1061/IJGNAI/GMENG-11450.

* Bozkurt, S. (2025). Numerical analysis of geostructures stabilised with lime-cement columns in soft clays. Doctoral thesis. Chalmers Univesity
of Technology. https://research.chalmers.se/en/publication/548181.

» Bozkurt, S., Abed, A., & Karstunen, M. (2025a). Alternative ways of modelling stabilised excavations. Proceedings of the 19th Nordic Geotechnical
Meeting — Goteborg 2024 (SGF Report 1:2025), 1, 160-173. Swedish Geotechnical Society. https://ngm2024.se/program/SGF%20R1-
2025%20NGM%20volume%201.pdf

* Bozkurt, S., Abed, A., & Karstunen, M. (2025b). Homogenisation method for braced excavations stabilised with deep-mixed columns. Computers and
Geotechnics, 181, 107095. https://doi.org/10.1016/j.compgeo0.2025.107095

* Bozkurt, S., Dijkstra, J., & Karstunen, M. (2025c). Influential factors on the performance of embankments stabilised on deep-mixed columns.
Transportation Geotechnics, 55, 101643. https://doi.org/10.1016/j.trge0.2025.101643

* Lee, J. S., & Pande, G. N. (1998). Analysis of stone-column reinforced foundations. International Journal for Numerical and Analytical Methods in
Geomechanics, 22(12), 1001-1020. https://doi.org/10.1002/(SIC1)1096-9853(199812)22:12<1001::AID-NAG955>3.0.CO;2-1

» Schweiger, H. F., & Pande, G. N. (1988). Numerical analysis of a road embankment constructed in soft clay stabilised with stone columns. In G. Swoboda
(Ed.), Numerical Methods in Geomechanics: Proceedings of the Sixth International Conference on Numerical Methods in Geomechanics, Innsbruck, 11—
15 April 1988 (Vol. 2, pp. 1329-1333). A. A. Balkema.

* Vogler, U., & Karstunen, M. (2008). Application of volume averaging technique in numerical modelling of deep mixing. In M. Karstunen & M. Leoni (Eds.),
Geotechnics of Soft Soils: Focus on Ground Improvement: Proceedings of the 2nd International Workshop on Geotechnics of soft soils, Glasgow,
Scotland, 3 - 5 September 2008 (1st ed., pp. 189-195). CRC Press. https://doi.org/10.1201/9780203883334

» Vogler, U. (2009). Numerical Modelling of Deep Mixing with Volume Averaging Technique [Doctoral dissertation, University of Strathclyde]. University of
Strathclyde repository. https://ethos.bl.uk/OrderDetails.do?uin=uk.bl.ethos.501779. 2026-02-06


https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://ngm2024.se/program/SGF%20R1-2025%20NGM%20volume%201.pdf
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.compgeo.2025.107095
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1016/j.trgeo.2025.101643
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9853(199812)22:12%3c1001::AID-NAG955%3e3.0.CO;2-I
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334
https://doi.org/10.1201/9780203883334

CHALMERS



	Default Section
	Bild 1
	Bild 2: Outline 
	Bild 3

	Aims
	Bild 4: Aim and objectives
	Bild 5
	Bild 6
	Bild 7
	Bild 8: Implementation (Vogler 2009)
	Bild 9: User defined soil model (UDSM)
	Bild 10: Application: Paimio test embankments
	Bild 11: Application: Paimio test embankments
	Bild 12: Application: Paimio test embankments
	Bild 13: Gothenburg central station
	Bild 14
	Bild 15
	Bild 18: Verification of VAT for excavations
	Bild 19
	Bild 21: Sensitivity analyses (DOE)
	Bild 22
	Bild 23: Influential factors
	Bild 24
	Bild 25: Linking stiffness, length, and stabilisation ratio
	Bild 26: Material use related GHE 

	Conclusion & future studies
	Bild 27: Conclusions
	Bild 28: Key references for VAT
	Bild 29: Logotype


