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Introduction

� Oversimplification of present evaluation of the
mechanical behaviour of artificially frozen soils

� Insufficient understanding of the mechanical
behaviour of frozen soils (the collapse of
a tunnel in Rastatt, Germany, August 2017)

� Most popular currently used mathematical
description of creep in artificially frozen soils
violates the principles of rational mechanics
(Orth 1986, Cudmani 2006, Cudmani et
al. 2022)

∗Müller 2012

∗www.tunneltalk.com

∗www.tunnel-online.info



Creep of frozen soil

Three stages of creep

� primary

� secondary

� tertiary

εm =
∫ tm
0
ε̇ dt = const

ε̇m = ε̇m(σ,Θ)



Visco-plastic strain reserve as a new state variable

� Creep tests with interruptions and recovery of the creep rate ε̇

� unloadings

tm?

εR = εm − ε

� overloadings/reloadings



Universal creep curve
Unique description of the creep of a given type of frozen soil depending on
εR along the maximum principal stress direction

ϵ̇ = −F (ϵR) with F (ϵR) =

{
−m (ϵR)4 − 1 for ϵR  0
−n (ϵR)2 − 1 for ϵR < 0

and
ϵ̇ = ε̇/ε̇m

ϵR = εR/εm



Volumetric deformation during creep

� Creep tests with the particle image velocimetry (PIV) measurement



Volumetric creep curve
Description of the volumetric creep depending on the void ratio e, degree of
saturation S and εR

ϵvol = B

√
1 +

(ϵR − C)2

A2
+ 1− B

with

ϵvol = εvol/εvolmax , ϵR = εR/εm

B = 1/
(
1−

√
1 + (C − 1)2/A2

)
,

C = C(e, S) , A = A(e, S) and

εvolmax = εvolmax(e, S)



Purely volumetric creep due to air bubbles

� Creep tests under isotropic pressure



Induced anisotropy of the creep rate via evolution of the
tensorial strain reserve εR

� Creep tests with changes of the loading direction



Novel model Mrożon

Visco-plastic constitutive framework in the general rate form

σ̇ = E : (ε̇− ε̇vp) with ε̇ = ε̇el + ε̇vp

� Total stress σ

� Constant isotropic elastic stiffness E

� Coaxial: σ and ε̇vp

� Principal stress directions i = 1, 2, 3 with σ1  σ2  σ3

∗Pixar Animation Studios 2004



Visco-plastic strain rate

ε̇vp consists of two portions: volumetric and deviatoric

ε̇vp = ε̇vpP δ⃗ + ε̇
vp
Q σ⃗

∗

Rates of the isometric strain invariants

ε̇vpQ =
1√
6
ε̇m1 [−3F (ϵR1)− εvolmax/εmG⋆(ϵR1)]

ε̇vpP =
1√
3
ε̇m1 εvolmax/εmG

⋆(ϵR1)

Minimum creep rate ε̇m1 along the maximum principal stress direction σ1

ε̇m1 = ε̇m1 ref H with H = HσHεRHΘHSHeHU



Conclusions

Novel model Mrożon for artificially frozen soils

� new state variable, viz. the visco-plastic strain reserve to the
tertiary creep, does not violate the principles of rational mechanics

� includes description of some new, crucial aspects of creep

� physically sound constitutive equations

� only two creep tests under uniaxial stress suffice for calibration of
the model

� clear mathematical formulation ready to be refined by further lab
tests

∗ZSoil User Manual Tutorials 2020 (pp. 31)

∗Pixar
Animation
Studios
2004


