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o Factors influencing creep of frozen soils
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TYPICAL creep curves for frozen soil (Ting 1983)

Frozen soil displays features very similar to those of unfrozen soil
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Both very much stress dependent.
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Temperature plays a role similar to load
Minimal strain rate and time to failure all dependent on temperature
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1.-0.5°C, 1.4 MPa; 2.-1.0°C, 2.2 MPa; 3. -2.0°C, 3.4 MPa From Wu and Ma. 1994

Generally, different water content range, different minimal strain rate development
for frozen siity clay (samples from Lanzhou, China)

* Total water content: ice is counted as water together with unfrozen water
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o Creep of Warm Frozen Soils: Observation data



State-of-the-art:

— Shields et al. (1985): -2.5and -3.0 °C.
— Foster et al. (1991): -1 °C
— Tsytovich(1975): different temperature boundaries for different soils

Temperature boundary:
— Detecting unfrozen water content is rather difficult (NMR)
— Tend to use mechanical properties

ourWork:

Constant load and stepped temperature
i ® Material: silty clay (CL) Qinghai-Tibet Plateau

i ® Different water content: 40%, 80%, 120%

E ® Constant Loads: 0.1, 0.2 and 0.3 MPa, respectively
i ® Temperature steps: -1.5, -1.0, -0.6, -0.5 and -0.3 °C



Strain rate vs. Temperature
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Compressive Coefficient vs. Temperature

Compressive coefficient (x102kPaz?)

Turning point around: -1 °C
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-1 °C is defined as the temperature boundary for warm frozen soil for the silty clay we
frequently encounter on the plateau.
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Settlement of road embankment
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(Warm) Frozen Soil: Creep

Different layers, different physical and mechanical processes

— Thaw Settlement
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State of The Art: Creep Models for Frozen Soils
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Model classification based on its scale of representation:

o Microscopic view

> The theory of rate process

» Damage creep model

o Phenomenological view

> Empirical model

> Elementary element based creep model

4-1



» The theory of rate process: Considers deformation as a thermal activation process

Statistical A
thermodynamics

!

[ Activation energy ]

'+ AF— Activation energy

Activation energy

Displacement

; _kT E AS
Equation for rate ¢=C — exp exp —
of deformation RT k

+m
< ) from Fish 1983

Related studies: Andersland (1967), Assur (1980)

A reasonable physical description

Difficulty: Parameters obtained qualitatively by current testing technology




The damage creep model: damage or recovery of soil structure

[ Damage mechanics for ] ®:> Damage mechanism

continuum medium ll
lL grain orientation; damaged area + Ilce content

{ Damage variable ]

P

Creep damage =
equation

Dissipation potential

G\"[3 h
A <N> [E (1 — 3h5_4]’3)5_15kl + (CX + 65_1> Okl

From Miao et al. 1995

Following thermodynamics; Unique internal variable in frozen soil: ice content

Difficulty: Calibration of Parameters for thermodynamics and damage mechanics




Empirical methods : a mathematical description of creep curve

Basic form: Classified by creep stages:

|. Primary creep model (Vvalov, 1966)

Il. Secondary creep model (Ladanyi,1972)

@ Stress-strain rate-time _
lIl.  Tertiary creep model (?)

Simple structure; conveniently applied in simple engineering analysis (first estimation)

1) Poor versatility; 2) do not reflect internal mechanism




Elementary creep model: combination of mechanical elements

Basic elements: - AAANANT* - I

Viscous Plastic

Typical P n AKoA_
Combination: — AN P , o
Maxwell body Kelvin body
E -
by I3 m—
vV 7 ' Bngnr N A A— n |_"'
Standard Generalized Bingham
Viscoelastic body body

Reasonable mechanical basis; simple structure; convenient in engineering design

Reasonable parameters decide the precisions.
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SUMMARIZATION

o Some are too complicated in form, too many parameters,
even impossible to be obtained from conventional tests

o Some are lacking mechanism, just mathematical
description

o Some are difficult to accommodate different thermal or
load conditions

We need something new.



AGENDA

O

O

Our attempts on constitutive modeling
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BORROW THEORIES FROM UNFROZEN SOILS

o Ladanyi (1999): creep of frozen soils is not very much different
from that of unfrozen soils

o Warm frozen soil is between frozen and unfrozen soils, most
likely closer to unfrozen solls



—Creep of unfrozen soils based on p,
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Questions

Is there an index in frozen soils similar to p_.?

If so

What is its relationship with creep?

How is it possible to apply creep model of unfrozen soils
to frozen soils?
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Testing
Phases Purpose Conditions Samples
Same T

_ _ . 4

. Prove the existence of an index Different y,
similar to Pc Same v, A

Different T
2 Influence of creep on this index V4, 1, Preload 30

Comprehensive analysis Orthogonal design:
3 : . vg: 1, preload, 10
Relationship: Creep vs. Pc :
creep time

48 creep tests so far
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K, Test Pseudo preconsolidation pressure
PPC for frozen soils

‘ @
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In “In(1+e)~InP” coordinates, there is clearly such an index
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PPC / kPa

PPC: Mechanical behavior of frozen soils
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»PPC increases with the increase in y4, then does not change obviously
»PPC increases linearly with the decrease in temperature

Well reflects the bonding in frozen soils



ISSMGE TC 202, 15T SINO-JAPAN WORKSHOP: HIGH SPEED RAILWAY GEOTECHNICS

PPC / kPa

4 4
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»When preload is less than original PPC, PPC increases with time

»When preload is larger than original PPC, PPC decreases with time

We are not ready to get a relationship between PPC and
temperature, creep time; but we successfully proved the
existence of such an index.
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AN ELEMENT MODEL FOR CREEP OF FROZEN SOIL (Dr. Songhe Wang)

» Establishing the model E, H(F)

E W\ =

WA~ + 3+ 4 b 4+ 4k
Ny

11

T1
1

I
'IM ”N
Instantaneous Viscous(strain rate (strainvr:tceoil:wireases Viscoplastic with a
elastic approaches zero) R —— yield surface

S S. S.
g =—— +——t+——|1—exp —&t (p(F) <0)
172G, 2H, 2G, H,

_ S, Si Syl G ! Q.
e = %G, + oH. t+ 2. {1 exp[ o t]:|+ TN <¢(F)>8{a}t (4(F)>0)

The creep model is

Yield criterion(Ma, et al. 1994) F = /332 —Cc-o, tang+ tang 0;

2p,



»Long-term load test

Field load test Loading pile Numerical model
Displacement Unit: mm 0 T
sensor Fine sand
Natural
; rf
: A surrace 5
Ice-rich permafrost (Brown clay) A
Grease
E 6
o Casing pipe %‘
——— . d?-SE)- - — -pémq;&t?a'b-le-. Ice-poor permafrost (weathered mudstone) —|-|
475 a 12
+ E 15

0 3 6 9 12 15

loading board $280 Tlo O kPa Width / m
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» Numerical simulation
After implementation of this model,

0.2 0
i & O O A(Measured) A (Simulated) i & O Oln situ measured data
Simulated settlement
O 0 — c 10 —
% ) 1S -
g =
& -0.2 S 20 —
g o
= & B 7
q) Q)
n
" 04 30 —
'06 1 I 1 I ) I ) 40 | I I I ) | I
3/24/2006  4/28/2007  6/1/2008 7/6/2009 8/10/2010 03/24/2006 04/28/2007 06/01/2008 07/06/2009 08/10/2010
Date / month/day/year Date / month/day/year
Thermal state analysis Deformation analysis

A simple model for creep of frozen soil might provide a way
In engineering analysis.
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A VISCO-HYPOPLASTIC CONSTITUTIVE MODEL FOR FROZEN SOIL
(Dr. Guofang Xu, Prof. Wei Wu, Prof. Jilin Qi)

G=0,+0,
o, IS static stress, a4 1S dynamic stress.
Static part
0, = ctr(0,-0)J¢ +c, (o, )] (0.-0)+ f.- fog+| &s(6.-¢) +¢,(0,-¢)," | i
s s - ﬂ.s -C) s £ C s s tr(ﬂ'ﬁ _c)

In which c is the cohesion of frozen soil, f, is a scalar function of deformation,
f.4 IS a factor of creep damage.

f.=2—exp(a-l+p)

a and S are parameters, | is the accumulation of deformation.

= LZHE(T)HdT
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Ja =147 I:(ié(fDdT

y 1s a parameter, () is Macaulay brackets.

Dynamic part

G, = 771\/?722 +tr(e’) €

n, and 5, are parameters, g is strain acceleration.

tr[(o-c)é]
tr(g-c)

G =c,[tr(o-C))é +c,

—————(0-c)+ [, f., [ c;(g-c) +C4(5-C)dl:|
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» CALIBRATION OF THE CONSTITUTIVE MODEL

Parameters In the static part

When the two linear and nonlinear terms in the static part of the model
are abbreviated as L, L,, N; and N,, this part can be rewritten as:

. =clL,(o)etclL,(0,):e+cN, (0'5)"5‘” +c,N, (crs)”é”

In a conventional triaxial test, owing to o, = o, = 0 ,the above equation
can be divided into two scalar equations as follows:

: : : -2 -2 -2 -2
6, =cl,& +c,L,¢e, +03N11\/£1 +2¢&; +¢,N,, \/81 +2¢;

: : : -2 -2 » -2
G, =cl,¢& +c,L,, ¢, +C3Nzl\/£1 +2¢&; +¢,N,, \/6‘1 +2&;
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Owing to the radial stiffness E,; = Ex; = 0, we have

EAI = clLu + C:Lu"".a + C_%*'\ru'\l' 1+ 21".1 +‘:4*\"_1: \J'l +21'fk § 2 E
@ |
- . - T 8 A EIA :
0=cL, +c,L,v, e, Ny J1+2v, e, Ny J1+2v, & A ;
3 1 1
. ; i 3 = 1 l (a)
Ey =c, L, +c,L vy +¢, N, 1+2v; +¢, N J1+2v; } 1 c
‘ | T
| B g I
. —_— b | T :) "1 f .' ’sj : (__G
0=c¢lL,, +c,L,vg +c;,\ :11“"'—1"3 +c, N ::,-.fl +2v; K (b) E
Axial strain

The parameters ¢; (=1, ..., 4) can be obtained by solving the above
equation system with respect to the variables c;.
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Parameters a and S

Parameters o and S can be obtained from the following expressions:
a=1-(T/T,)"

f=-T/T )"

in which T is a reference temperature and can be regarded as -1°C (Zhu and
Carbee, 1984).

Parameters #, and #, in the dynamical part can only be obtained by fitting the
experimental data, as done by Hanes and Inman (1985).



» VERIFICATION OF THE CONSTITUTIVE MODEL
Uniaxial compression tests at different loading rates
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Zhu and Carbee, 1984)



Axial strain (%)

Uniaxial creep tests at different stress levels
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CONCLUDING REMARKS

o General features in stress-strain-time curves for frozen are
similar to that of unfrozen soils. Warm frozen soil is closer to
unfrozen soils.

o A warm frozen soil is defined according to mechanical

properties. Its creep was successfully observed in situ.

o Our own attempts: one Is too simple, the other has too many

parameters.

o No generally recognized constitutive models are found for

creep of frozen soils. We have tried in different ways.






