Simple Cyclic loading model based on Modified Cam Clay

Implemented in CRISP main program verson 2002.2 and higher
By Amir Rahim, The CRISP Consortium Ltd

Introduction

This report presents a smple soil mode which provides a reasonable prediction of behaviour of
clays under repeated loading. The mode is based on the work of Carter, Booker and Wroth'. The
model has been implemented into CRISP FE code. The parameters used are the same asin the
exiging Modified Cam Clay with the addition of one more parameter which characterizes cyclic
behaviour. This parameter may be determined by performing cyclic triaxid tests under undrained
conditions.

The Modified Cam Clay model

Thismodel is based on Criticd State Soil Mechanics. The main variablesin CSSM theory are
The effective mean stress ', the deviatoric stress g and the voids ratio e. These are defined as
follows
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where de is the change in voids rétio, and dv isthe incrementa volume strain

The Modified Cam Clay (MCC) modd requires the specification of five parameters, vaues of
which can be obtained from standard oedometer or triaxia compression tests. These parameters are:

| the gradient of the norma consolidation linein e-In(p’) space
K the gradient of the swelling and recompression linesin e-In(p’) space

€ the critical voids ration which locates the consolidation linesin e-In(p’) space. Thisis
taken asthe voidsratio a unit p’ on the critical sateline
M the value of the Sressratio g/p’ a critica date. Thisis rdated to the angle of friction

though the rdationship M :w
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G the dadtic shear modulus
When a dress sae is dadtic, the following rdationship is used:
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where K is the bulk modulus defines as

! Carter, J.P, Booker, JR., Wroth, C.P. “A Critical State Soil Model for Cyclic Loading” published in Soil Mechanics—
Transient and Cyclic Loads, 1982, John Wiley & Sons Ltd
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Figure 1 TheModified Cam Clay model

Thefunction for the yield surface of the MCC modd is defined as
q2- M¥{p(p. - p)}=0 £ 6
P c is the preconsolidation stress which acts as a hardening parameter.

When a dress dates satisfies the yield surface function, plastic deformation takes place, which is
governed through an associated flow rule. The permanent change in incrementa volumetric drainis
given as
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Each stress sate has aloading surface, which is defined as:
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The following conditions gpply when a materid isloaded:
Hardening when dp,, =dp, >0
Softening when dp,, =dp, <0

Neutral loading when the yield locus does not change while plastic behaviour occurs, dp,, =dp, = 0

During plastic behaviour the yield locus changes according to the law:
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Theincrementa stress-drain law during yielding is defines as
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h =the stressratio g/p’



Cyclic Loading Model

Repeated loading usualy causes the permanent strain to occur earlier than previous loading cycles.
Thisimpliesthet the yield stresslimit is decreasing. In the conventiond Modified Cam Clay modd
this cannot be reproduced as the yidld surface is unaffected by activity in the éastic zone when the
materid is unloaded. In the new modd it is assumed that the Size of the yield surface reduces
gradudly with eadtic unloading.

The following relationship is assumed when the loading surface p'y iswithin the yield surface p,
and isreducing (ie dagtic unloading is taking place)
do. _ 5 %Py
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If J iszero, then the modd behaves exactly in the same was as the conventiond MCC. If J is

unity then the yied surface would contract so that the stress State remains on it. It is expected that
the yidd surface will contract only asmal amount inwhich case J isasmdl vaue.

Eq. 11

When the materid isdadtic and p'y isincreasing (ie eagtic loading), then the current yield surface
remains unchanged, ie

d—p.° =0 Eg. 12
P.
The figure below shows the digtinction between these two types of behaviour.
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Path | represents elastic loading in which case p'C iskept constant

Path I represent elastic unloading in which case p'c contracts.
Figure 2 The new Cyclic L oading model
The new moded is very smilar to the conventional MCC. The criterion for yielding is the same, the

flow rule and the hardening law are the same, and the incrementd dagtic and asto-plagtic stress-
drain relations are the same. The only difference is the modification to the yield surface associated



with éastic unloading. This festure has important consequences to the repeeted loading problem,
which would be useful for undrained aswell as drained conditions.

Validation Examples on Normally Consolidated Clay

The following examples will be carried out using the following parameters:

| =0.25 k=025 M =1.2forf =30° G=200C_,
where C, istheinitid undrained shear srength defined as
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Theinitid voidsratio is taken as e,=0. Thisgivesacritical voids retio of:
€ =6 +KIn(p,) +(I - K)In( py,) Eq. 14
Modéd preparations

Thisexample represents atriaxid test with cyclic axid load at congtant cell pressure. In each case
loading is gpplied so that the deviator stressis varied continuoudy between zero and a pecified

limit, ie one way compressonwhere s, 3 s, with s, constant.

Weuse J =0.1and -2 =0.75

uo

The FE modd consigts of 2 LST axi-symmetric dements, which will represent one quadrant of the
triaxid sample due to symmetry. Aninitid siress of 150K pais applied to the Sdesas shown in
order to satisfy equilibrium. The sampleis assumed to be weightless (ie g,,, =0). Theinitid
fixities are as shown below.
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Figure 3 Starting mesh in SAGE CRISP



Thein-gtu stressis st as 150K pa as shown below. Asthisis an undrained normally consolidated
sample, p,, = p, =150KPa
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Figure4 In-situ stresses

The material properties are entered as shown
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Figure5 Material Properties (except J )

IMPORTANT NTOICE:

THE FIELD FOR PARAMETER J ISNOT YET PROGRAMMED IN THE CURRENT
VERSION OF SAGE CRISP GUI (FEB 2002). THE USER MUST EDIT THE MPD FILETO
ENTER THE PARAMETER J . READ THE SECTION RUNNING ANALY SIS BELOW

Stress-controlled loading

With this test we apply a pressure to the top edge which is reversed (ie removed) for each cycle. A
number of load blocks were created in SAGE CRISP. Each load block represents haf acycle (ie
ether loading or unloading). Each cycle would have anumber of increments. It is aso advised to
use the Define option and vary the incrementa load fractions in the load options menu as follows:



Each Halves for the loading part of the cycle, ie increments reducing in size towards the end
of the load block when stress path approaches the yield surface.

Each Doubles for the unloading part of the cycleie incrementsincreasing in Sze as sress
path moves away from yield surface into the dagtic zone
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Figure6 Load Blocks

Thefirst load block isthen selected an the top edge is selected. A pressure load g, isthen applied.
This corresponds to
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Figure7 Applied stressfor aloading case

The process is repeated for the next load block, but this time with apressure of - ¢, ie unloading.



IMPORTANT NTOICE WHEN RUNNING THE ANALYSIS:
THE FIELD FOR PARAMETER J IN THE MATERIAL PROPERTIESISNOT YET
PROGRAMMED IN THE CURRENT VERSION OF SAGE CRISP GUI (FEB 2002). THE USER
ISADVISED TO DO THE FOLLOWING IN ORDER TO ACCOUNT FOR J :
Create the mesh and enter al properties, loading etc.
Click on Fle>Run Andysis
Click on Creste CRISP Files
Go to Windows Explorer, or My Compuiter, locate the MPD file for this andyss and edit it
using atext editor
Locate Record D (the materia properties) and enter the value for J in the 11™ fidd of the
meateria properties.
Savethe MPD file
Go back to SAGE CRISP and click on Run Analysis Now. Do not click on Create CRISP
filesagain asthiswill overwrite the MPD file you have just changed.

The following graphs are the results of the stress controlled cyclic test;
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Figure 8 Variation of qv P for stress controlled one-way cyclic loading of undrained normally consolidated problem
showing initial and final yield surfaces.



Normilised g against normalised p'

Normalised q against vertical strain
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Figure 9 Results of one way stress controlled, undrained triaxia test with OCR=1, J =0.1

Strain Controlled Loading

The same FE modd above was used with aloading of axid strain. Smilar cell pressure was used as
above. The axid drain loading represent atwo way test in which the sample was subjected to

compression as well astension.
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Figure 10 Input for edge fixities corresponding to acompressive axia strain of —0.001

The incrementd fractions were again adjusted so that smaler increment are used when the stress
path is gpproaching the yied surface and larger increments are used when the siress path is going
away from the yied surface. The degradation parameter J was set to 0.1, and the material was
assumed to be isotropic (ko=1.0). Only 10 cycles were used.
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Figure 11 Stress path for two way axial strain test
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In thistype of strain controlled test the stress path moves steadily towards the critica state
condition, oscillating between compresson and tension, with the mean effective stress gradudly
reducing to zero. This behaviour implies thet the sail isliquefying.
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Figure 12 Resultsfor two way axial strain using OCR=1, J =0.1and G:200Cuo.q* = (S1 -S 2)

It can be seen from the graphs above that agradua increase in pore pressure causes a reduction of
effective mean sress as the soil dowly movesto liquefaction State.
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Experimental determination of the model parameters

The parameters | and K can be obtained from oedometer or drained triaxid tests. The frictiond
parameter M isdirectly rdated to f which may aso be obtained from drained triaxid tests. The

elagtic parameter G can ether be obtained from bender element tests or it can be estimated as one
third of the gradient of the deviator Stress-axid strain curve on an unloading portion of an undrained
triaxial test. It is also possible to us the effective Poisson’sratio n'instead of using G. Refer to
SAGE CRISP Technica reference manud for further details.

It is possible to obtain avaue for the parameter J from the results of one unloading-reloading
cyclein aconsolidation test. However, better estimates can be made using large number of cycles

for undrained cydlic tests. Knowing the ratio Zg—C , and the number of cyclesfor aparticular salil, it

ispossbletoobtain J from the chart obtained for that type of soil. See figure 9.21 of the reference
of Carter, Booker and Wroth

The reference above a so provides other dternatives on estimating J  (eg from the number of
cycles required to generate a given excess pore pressure).

Comparison of FE results with experimental results.

The normalised effective mean stress decreases as the number of load cyclesincreases until the
effective mean stress reaches zero (ie liquefaction state). Experiments have been done by Taylor
and Bacchus in which snusoidd srain-controlled cycles were applied to artificialy prepared
saturated clay samples. Comparison has been made in the reference by Carter, Booker and Wroth.

Conclusions

A s0il modd capable of producing the response of clay when subjected to repeated |oading has been
implemented into CRISP. The new mode is based on the Modified Cam Clay modd but with the
addition of a degradation parameter to account for reduction in size of yield surface during cyclic
loading. This new parameter may be determined from undrained cydlic triaxid tests.

Themodd is capable to produce many of the trends that have been observed in laboratory tests.

The modd has the fallowing limitations:
A large number of increments is needed in order to produce an accurate stress path. The
increments must be sufficiently small when the stress path is on or near the yield surface.
The modd cannot produce kinematic hardening in which the yidd surface “ shifts’ during
cydlic loading.
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