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INTRODUCTION

This trip rep'ort discusses travel to two locations in foreign countries. The prin-
cipal location visited was Ghent, Belgium, where I presented a paper entitled “An
Evaluation of Constitutive Models for Salt Creep” at the 2nd International Sympo-
sium on Numerical Models in Geomechanics. Information related to this conference
is attached. This segment was charged directly to our contract with the Office of
Nuclear Waste Isolation (ONWI).

While attending the 5-day conference in Ghent, Belgium, I was invited to visit
the facilities of the Federal Institute for Geosciences and Natural Resources (BGR)
in Hannover, West Germany. I spent one day touring their new core storage and rock
testing laboratory facility and discussing information related to my presentation in
Ghent, Belgium. My host at the BGR was Manfred Wallner. This segment was not
charged directly to ONWIL.

ITINERARY

March 29 Travel from Rapid City, South Dakota to Washington, DC
March 30  Travel from Washington, DC td Ghent, Belgium

March 31  Attend the 2nd International Symposium on Numerical Models
to April4  in Geomechanics

April 5-6 . Weekend
April 7 Vaéa.tion :
April 8  Travel from Ghent, Belgium to Hannover, West Germany

April 9  Visit the Federal Institute for Geosciences and National Resources
(BGR) and travel to Brussels, Belgium

April 10  Travel from Brussels, Belgium to Washington, DC
April 11  Vacation |
April 12 Weekend

April 13 Travel from Washington,ADC to Rapid City, South Dako_ta
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PURPOSE OF TRIP

The primary purpose of this trip was to attend the 2nd International Sympo-
sium on Numerical Models in Geomechanics at Ghent, Belgium, and to present a
paper entitled “An Evaluation of Constitutive Models for Salt Creep.” A secondary
purpose of the trip was to visit Professor J. P. Ottoy from the Applied Mathematics
Department of the University of Ghent to discuss his computer program for a non-
linear curve-fitting technique. Also, I was invited to the BGR in Hannover, West
Germany, to visit their facilities and to discuss the work that I presented at the

symposium in Ghent.

ESSENTIAL DETAILS OF THE FOREIGN TRAVEL

March 31-April 3: I had discussions with Dr. Pande who was the co-chairman of

the organizing committee of the symposium in Ghent, Belgium. I asked him why
the vast majority of papers at this conference were related to soil mechanics. He
thought that the distribution of papers between soil mechanics and rock mechanics
reflected the geotechnical problems that currently exist. Also, he was reluctant
to éxpand this conference beyond 100 presentations. We also discussed a prior
request by Dr. Pande to publish an extended version of the paper that I submitted
to this symposium. He is the editor of an international journal, Computers and
Geotechnics, and hopeé’to release a special edition at the beginning of the next
calendar year. I told him that it may be difficult because of the complications with
the current study and the need for apprdval by ONWI and DOE.

April 2: I presented my paper entitled “An Evaluation of Constitutive Models
in Geomechanics” at the 2nd International Symposium on Numerical Models in
Geomechanics in Ghent, Belgium (see Attachment No. 1 and 2). As is usual at
symposiums, there is not much time allocated for questions following the oral pre-
sentations of the paper. The questions that were asked were mainly related to
clarification of the subject matter. Because my topic was unique and relevant to
the theme of the éymposium, I believe it was a worthy contribution to this sympo-
sium. _ 4

Several keynote lectures were given at this symposium, but the most interesting
speech was given by Professor O. C. Zienkiewicz. Although his topic was related
to soils, it was general enough to apply to the study of rock behavior. His main

theme was to establish standardized tests for verification of models used in the soil



mechanics community. Apparently, the issue of model verification is as important in
soil mechanics as it is in rock mechanics. He admits that the various tests considered
may not be applicable to all models, but that enough tests could be appl_ied to ahy
model to sufficiently evaluate its capability. Similarly, a standardization of tests to
evaluate models in the rock mechanics community could be undertaken. Currently,
models developed to characterize rock behavior are subjected to some types of
verification problems, but all models are not verified in the same manner.
Although many of the papers presented at the conference were related to the
mechanical behavior of soils, there were a few papers that directly related to the
type of studies of rock behavior preferred at RE/SPEC Inc. In particular, a paper
entitled “Thermal Structural Modeling of a Large Scale In-Situ Overtest Experi-
ment for Defense High Level Waste at the Waste Isolation Pilot Plant Facility,”
by H. S. Morgan, C. M. Stone, R. D. Krieg, and D. E. Munson was presented at
this conference. This paper dealt with the comparison of field measurements and
numerical calculations that are related to some of the tests conducted at the Waste
Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico. Most of the comparisons
of thermal behavior are good, whereas the comparisons of the displacements indi-
cate that the field measurements can be as much as three times greater than the
numerical calculations. Various sensitivity studies were performed to understand
this substantial discrepancy. Their conclusions are that closure calculations may
need to include some additional mechanical behavior such as damage, fracture, or
plastic behavior. Also, the field measurements include the early-time displacements
that are sometimes neglected by other investigators which tend to influence the

closeness of comparisons between the measured and calculated displacements.

April 3: I met with Professor J. P. Ottoy who is at the University of Ghent in
the Applied Mathematics Department in Ghent, Belgium. Professor Ottoy is a co-
author of the paper entitled “A Computer Program for Non-Linear Curve Fitting,”
‘which was used in the study that I presented at the symposium in Ghent, Belgium.
Because of this coincidence, I decided to set up a meeting between the two of us. He
has not done much work on non-linear curve fitting since he published the paper.
He did not credit himself with the derivation of the concepts presented in the paper,
but rather he assembled the existing kndwledge on related non-linear curve fitting
techniques into a computer program. When I asked about the usage of the same
shrinkage factors in the ridge regression, he thought that it would be advantageous
to have unique shrinkage factors for each non-linear parameter of the expression.
His response was interesting because we are currently using commercial software
for non-linear regression (BMDP) that does provide individual shrinkage factors for



ridge regression. He said he was motivated to create his own non-linear curve fitting
program because of the difficulty in adapting commercial software, such as BMDP
and SAS, to his needs.

I also asked his opinion on the tradeoffs of fitting each laboratory test individ-
ually or combining all the tests and solving directly for a single set of parameters.
Basically, he was not prepared to provide a response since he had never encoun-
tered a similar problem. He was interested in our expansion of his program to
include multiple independent variables. Finally, he mentioned that several of the
references in his paper are good sources for information related to non-linear regres-
sion. For example, papers entitled “An Algorithm for Least Squares Estimations of
Non-Linear Parameters” by D. W Marquardt and “Iterative Methods for Solving
Non-Linear Least Squares Prbblems”by V. Lereyra are good references. Professor
Ottoy’s paper is provided in Attachment No. 3.

April 8-9: I met with personnel of the BGR in Hanover, West Germany. I was given
a tour of BGR’s new core storage and rock testing labdratory. Among the items of
interest was a display of several types of salt that exist at their proposed nuclear
waste repository site. The existence of several types of salt further complicates _
their ability to characterize the thermomechanical behavior of the host rock. Many
of their rock testing machines are relatively new. Among them are the 100-mm-
diameter triaxial creep testing machine that is capable of applying a stress difference
of 250 MPa and temperatures of 400°C. Another testing machine has been modified
to study the effects of moisture on the creep response of salt. This effect appears to
be signiﬁcant and it will be documented in a report they plan to release in the near
future. Also, they have developed a new measurement technique in which they can
detect axial strains to the nearest micron.

Following the tour of the core storage and testing facilities, a meeting was held
with Professor Langer, Dr. Wallner, Dr. Wipp, Dr. Shultz, and Dr. Albrecht of
the BGR who are directly involved with the rock mechanic studies related to the
German waste disposal program. Professor Langer is the head of this group. Also,
Dr. Morgan of Sandia National Laboratories was in attendance. I presented infor-
mation related to the paper I had written for the symposium in Ghent, Belgium. -
Following my presentation, discussion of model fitting continued with a series of
questions and answers. Most of the questions were related to clarification of the
approach to evaluate various models for salt creep. In general, they thought this
attempt to evaluate models was unique and worthwhile, but since they have not
attempted a similar study, they were not prepared to offer advice or shggéstions
based on their experiences. '
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_ ABSTRACT

- Seven constitutive models are evaluated for their ability to calculate creep of salt. The paramecter.
. - values for each model were determined from a nonlinear curve-fitting technique that considers 47 crecp.
-tests. The effective stresses and temperature conditions for these creep tests ranged from 3.5 to.
-31.1 MPa and 25°C to 200°C, respectively. The evaluation of the constitutive relations is based.
- primarily on the difference between the measured and calculated strains. Also considered in the
-evaluation was the agreement between measured and predicted strain rates at the end of each crecp
~test. An extension to the evaluation included a numerical simulation of an in situ experiment, which-

- =1 INTRODUCTION
-Many structural problems involve materials that
-exhibit inelastic behavior when subjected to
-thermomechanical loads. The accurate predic-
—tion of this inelastic behavior using numerical
~“methods requires the implementation of sophis-
“ticated constitutive models. Several constitu-
" “tive models have been developed that attempt
“to characterize the inelastic response of a mate-
“rial. Because engineering problems that involve

~ _inelastic behavior can be so varied in terms of
_material type and loading conditions. it is diffi-
—cult to choose which constitutive model will be
—the most appropriate for a particular application.

-In this study, seven constitutive models are eval- .-

-uated for their ability to calculate creep of salt.
The parameter values for each constitutive
-mode! are determined from a nonlinear curve-
-fitting technique using a common data base con-
“sisting of 47 creep tests. The evaluation of the
“models is based on the ability to reproduce the

“behavior of the 47 creep tests. This quantitative -

“evaluation contrasts other attempts to evaluate

“constitutive models which usually consider the - *

_forms of the modecls in terms of the micromech-
_anisms or internal state variables that are sup-
_posed to characterize the inelastic behavior of the
—material. ‘

~2 METHODOLOGY

—=The objective of this study was to evaluate con-
“stitutive models with regard to their ability to
_predict the creep behavior of salt when subjected

-

- involves a spatially inhomogeneous stress state, with one of the more favorable constitutive models. -

. . 1o a specified range of thermomechanical load-

ing. To evaluate the constitutive modecls. their

- respective parameter values were determined by

using a nonlinear curve-fitting technique 291-
toy and Vansteenkiste, 1983]. This minimiza-

" tion technique consists of concepts developed by

Marquardt [1963] which are modified with an
eigenvalue analysis to increase the computat.lqna]
efficiency. Also, included in this technique is a

. method.developed by Golub and Pereyra [1973]

. in which only nonlinear paramelers are required.
. Therefore, this nonlinear curve-fitting technique
is based on proven and accepted concepts that

- should insure that appropriate parameter values
- are determined for each of the models.

The parameter values for each constitutive

- model were determined by minimization of the

* following expression:

> Wil 1] - &) ddodr

i=1

J [ [ dtdodT ’
Tot
where:
NN = Number of creep tests.
W;= Weight factor to normalize the influence
) of data points in each creep test.
- [ = Integration over the domain of j (e.g.,
" temperalure, cflective stress, and time). -
. ¢. = Calculated strain.
¢ = wvleasured strain.

—



—_——

- The data basce of laboratory-measured strains

-was identical for each constitutive model. The
“~iterative technique mentioned above is well
-suited to cvaluate pardmotcrs that comprise
" *~highly nonlinear expressions, such as the con-
=stitutive models considered in this study. In
~most cases, the iterative procedure was termi-
“nated when the relative change in the sum-of-
“the-square error was less than 0.001 of a percent.
~ Another attempt to standardize the determina-
“tion of the paramctier values was to integrate
numerncally the rate forms in the constitutive
—models in a similar manner..
Upon the determination of the parameter
- values, an evaluation of the constitutive models
=is poss:ble with respect to their ability to repro-
-duce the laboratory tests from which the values
-of their respective parameters were determined.
“'The integrated error over the duration of each
"‘test. between the measured and predicted strains
~is the primary criterion for rankmg the constitu-
~tive models. Also, consideration is given for the
“relative difference of the measured and predicted
Jistrain rates at the end of each test.
ot Once the constitutive models were evaluated
—~with respect to their ability to reproduce the
—.creep tests, one of the more favorable models was
- used to predict the inelastic response of an in situ
-~ —experiment. Fundamentally, this in situ test dif-
* =fers from the laboratory tests in that the time

- duration is longer, test specimen is larger, and

- the stress state is spatially inhomogeneous.

-2.1 Data Bases

--This study incorporates two distinct data bases
-which consist ‘of laboratory and in situ mea-
-surements. The laboratory-measured strain data
- comprises an extensive data base that includes
=47 triaxial creep tests of 100 mm diameter salt
~specimens from Avery Island, Louisiana. For
—computational efficiency, every other measured
~strain value was used in the determination of pa-
~ rameter values, but this still provided a data base
~ that consisted of more than 25,000 data points,
_which is an average of more than 500 data points
_ per test.

- The matrix of effective stresses and temper-

—atures in the creep tests includes a range from
-3.5 to 31.1 MPa and 25°C to 200°C, respectively
- (Figure 1). Depending on the loa.dmt7 condition,
- the duration of each test varied between 1 and
- 200 days which represents nearly 2,000 total days
-of t.est.mg

- A series of corcjack tests were performcd to

provnde an in situ data base from test situa-
~tions that can be readily modeled using numer-
“ical methods. The corejack test can be repre-
“sented as an axisymmetric configuration w:l.h a
"~ uniform pressure boundary. One of the prlma.ry
_advanlages of this type of in situ experiment is
- that the preexisting stress state in the surround-
-ing salt is not a factor.

In the corcjack test, the prmmrv measure-
. ment is the temporal change in the diameter of a
borehole that has an initial nominal diameter of
=200 nmun. This borchole is concentrically located
-within a cylinder of salt that is one meter in di-
-amecter and depth. Pressure is applied to the
“outer circumference of the hollow cylinder, but
" no axial loading or axial dnplacement constraint
is applied. The temperature is maintained at ei-
“ther ambxcnt or elevated to a prescribed level.
. Eight in situ tests were performed with
. unique temperatures and stress conditions. Since
-it is not the intent of this study to perform a
-complete simulation of the in situ tests, only a
-representative corejack test (10 MPa and 60°C)
- was considered. This simulation provided an op-
- portunity to evaluate the ability of one of the
ab best fitting constitutive models to predict a test
~more comp]ex than a creep test. :
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: Fig. 1. Matrix of the 47 Creep Tests.

- 2.2 Constitutive Models

. Seven constitutive models that are consistent
-with the phenomenalogy and micromechanics
- of salt have been selected from the literature.
- Although these seven constitutive models are
‘- representatlive of existing models, a continua-
- tion of this study is likely to incorporate addi-
- tional models. For simplicity, only scalar (onc-

~dimensional) forms that are compatible with

n’ c-
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_triaxmal compression are presented. Some of the
_ _modcls were developed to incorporate both load-
_ing. and unloading, but only the loading por-
: ~tion was considered because the parameter val-
-ues were determined from creep tests. In the
-model equations, o is the effective stress, T is
- the absolute temperature, R is the universal gas
-constant, u is the shear modulus, X is the heav-
-iside function, ¢ is the ineclastic strain, and é is
- the inelastic strain rate. If practical, the strain-
-rate forms of the models were integrated prior
~to the determination of the values of the fitting
~ parameters. Consequently,-the seven viscoplas-
" tic models are presented in either their strain or
_strain-rate form, depending on which form was
_used in the curve-fitting technique.
~2.2.1 Munson-Dawson (M-D)

~ This model is based on the deformation mech-
_anisms that are believed to control steady-state
- deformation over the ranges of stress and temper-
- ature that were imposed in the creep tests |[Mun-
* -son and Dawson, 1982]. The model emphasizes
-steady-state deformation; whereas, transient
- deformation is modeled empirically using the
" =conceptl that the approach to steady state will

‘-be different depending upon whether the mi-
-“:~crostructure is hardening or softening (recov-

¢ .~ery). The micromechanisms that.are incorpo-
“rated in this model are dislocation glide, disloca--

“tion climb, and an undefined mechanism.
The equations that define this model are:

¢ = Oq(1-H(e-e)

. e _f_i -A _ v
+ (‘I +€3.¢t.+ A (exP ])) H(e-¢),

1. (A, A
- =14+ A In (‘t' Canl + exp ) (2
- m
L
- IS
i a=atplog(2), (4)
- Iy
- 3
. b=2 b (5)
- i=1 . ’
- o
e (@)
- (dislocation climb),
: : L fo\™ .
- &G, = A2 exp~9/RT (%) (7

(undefined mechanism),

[ S I |

—te
.

(n. -

(3

and

(‘ﬁ: = 2 (Bl cxP-Ql/n7'+,}2 cxp_(,alnT) (8)
x sinh [q (U__;f_‘l)] H (o - o0)
(glide).

- There are 14 fitting paramcters in this model: :
Ay, Az, By, By, K, m, &, B3, ¢, @1, Q2, ny, 12, and
ou. The value of ;2 was assumed to be 9,620 MPa.

2.2.2 Ashby-Frost (A-T) .

- This model is also based on the micromechanisms
| that operate at steady state [Frost and Ashby,
- 1982]. Howecver, no transient model is proposed
* by these authors. For simplicity, the Munson-
Dawson transient model is adopted. The dif-
ference between the Ashby-Frost and Munson-
Dawson models is the number and kind of mech-
anisms that are assumed to operate and the func-

~ tional form appropriate for each mechanism.

The equations that define this model are:

.e = Ge: (1-H(e-¢)) ‘ (9)

. g Ct - Y - 0' .
.*f (c! T €l + A (exp' a —1)) He-¢), '

e;1+%1n (%E,.,l-!-—exp"") (o)

cx@

A=a+pln (E) (12)
_e,-=ge,..,_ ' (12)

= (S oo B (-] o

(g-lide),

o Bl e
a 2 .
o (5 -]

(climb),

Y A e B
A:;T (p)cxp R ]

(Harper —~ Dorn creep),

€ayg =



The equations that define this model are:

1o
¥
™o
.
-
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——
—
-3
A
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€= bl 4 ca [l - cxp("")] ) (20)

- X
- A e [- L -
: +g oxp RTD i - .
- (diffusional flow). - tar = Ao expl=@/IT), (21)
- - €a , . . . .

- | | D= i = g (e = ) H (e~ ), (22
-There are 16 fitting parameters in this model: - as Cos ‘
-Ala AF’ Ty A?: n, A'za A3a Ah A'M Ka m, a, ﬁ: ° ¢ = Bé;a'*'B(él-' - E;.-)H(é-" - E.;.w)l (23)

“Qy, @, 2and Q.. The average grain size, d, was
~taken to be 0.0075 m and the expression for u is

-given below: - There are 6 fitting parameters in this model:

' -n,Q, A, B, ¢, and &,.
- p = 11,000(1.+ (300 - T)s -

- 6.797 x 10™*) MPa. -2.2.5 Endochronic (ENDO)
- : , ‘°t The endochronic model is based on the irre-
. =2.2.3 Krieg (KRG) - . '3yersible thermodynamics of internal variables.

= . L - The theory assumes that the current stress is
=This model uses a single internal variable, @, -a function of the strain history with respect to
—to incorporate thermomechanical history }Krieg. = a time scale that is not the absolute time scale-
—1982]. This variable has the dimensions of stress - measured by the clock, but a time scale which
~(MPa) and is referred to as the backstress. Mi- -is'a material property |Valanis, 1971). A signif-
“jcromechanically, the backstress can be related to  ~icant difference between the endochronic model

the mobile dislocation density. Hardening (or " and the other models discussed in this study is
softening), such as occurs during transient creep, ~that the elastic deformation is an integral part

results from an increase (gor decrease) in the back- ” of the model. Therefore, only the strain that re-

. Jstress, which corresponds to an increase (or de- _ sults from thermal expansion needs to be added
"-lcrease) in the mobile dislocation density. Steady _ to the strain predicted. by this model to obtain
—state is reached when the hardening and soften- _ total strain. ) :

ing balance and the backstress becomes constant.
The equations that define this model are:

.The equation that defines this model is:

€ = épexp [].-—-?exp(Q/RT)exp -(24)V

X (i—E ex'p(Q/_RT)e)] .

¢=Aexp(glo - o) (o - o), (18)

& = Béexp|-¢asgn(c - a)] - Clale, (19)
--There are 4 fitting parameters in this model:

~ variables. Internal variables which represent the

' . T . . microstructure are not incorporated explicitly
There are 8 fitting paramecters in this model: in the model. The influence of the evolving

“lwhere :Eo,'E, Q, and g.

i A = Aoexp(-Qa/RT - o te

7] B = Bg exgg-*-ggéRT; T 2.2.6 Tgxas A &M University (TAMU)

7 ¢ = Coi';pa_>Qg/RT) - This model is based on.the concept of an equa-
7] sgn(oc—a) = -lc<a - tion of state which uniquely relates the state

:AO’ Qas Bo, @s, Co, .QC’ g, and S * substructure is, however, introduced through a
R : _ hereditary integral that contains a fading mem-
-2.2.4 Exponential-Time (E-T) . ory of strain-rate history [Russell et al., 1985].

The equation that define this model is:

jThis model is’ based on the assumption that

“[creep strain rate is governed by first-order ki- -, [ 1 -B/T ¥ ' ey
jnetics [Senseny, 1983]. The steady-state strain -¢~ K- P (25)

Jrate is controlled by a thermally-activated mech- T =2
janism. A critical strain rate divides the relation- -[(1. — exp™™‘) + C (1 — exp™"*)] =

“ship of transient and steady-state responses into J[ra(1+ C) = (ry + r3) exp™" =C (rz + r3) exp™">
two regimes. : L

":+ r cx‘p-(r.-br;;)( +Cr, cxp—(rg-fr;)(] '




- _Thiere are 7 fitting parameters in this madel:
qy ]’, T\ T2, T3, and C.

-,

* 7 2.2.7 Bodner-Partom (B-P)
_ This model is characterized by a single internal

- variable, Z, that represents the material resis-
- tance to plastic flow by dislocation motion and

- which can be interpretted as a measurc of the -
_ -stored cnergy of cold work [Stouffer and Bod- *

. .- ner, 1982]. No tempecrature dependence has been
C - proposed previously for this model. Because the
~ equations are somewhat similar to those of Krieg,
= the temperature dependence is assumed to be
~ similar to the temperature dependence assumed
~ by Krieg.
The equations that define this model are:

- %Dex?'{-% [g]zn ("_;*“_’)}, (26)

- Z=m|z -Z]aé.- AZ (2;22)" (27)
- . . 4

-where

- D = Dgexp|-Qp/RT]

E "m = mgexp|Qm/RT}

- A = Apexp|-Qu/RT].

_ There are 10 fitting parameters in this model:
-rn, Zh ZZa Do, Mmgq, A(h QD) va and QA'

_3 MODEL FITTING RESULTS

The values determined for each set of fitting
parameters of the seven constitutive models are
_ presented in Table 1. An examination of these
- parameter values indicates that some terms of
- the constitutive models will have a negligible in-
— fluence on the calculated strains for loading con-
- ditions considered in this study.

- Once the parameter values were est.ablxs_hed,
- the constitutive models were evaluated based on
- two criteria. The minimization of error between
- the measured and calculated strains was taken
~ to be the most important criterion. Also, close
" agreement between the measured and calculated
~ strain rates at the end of each creep test was con-
" sidered. Both of these criteria will help to assess
~the ability of the models to predict responses be-
_yond the duration of the creep tests.
- Figures 2 through 4 show strain- versus-timc
-~ models and the laboratory measurements. These
- types of graphs allow relative evaluation of the

- model’s ability to fit the measured creep re-

- sponse. Since it was not practical to present all
- 47 creep tests, a cross scction of the thermal and
- mechanical loading conditions in the 47 test ma-
-=trix are provided in thesec-figures. The respec-
“tive temperalure/ecffective stress conditions for

- curves corresponding to the seven constitutive -

the three tests are 25°C/ 15 MPa, 100G/ 10 Ma, ™
and 200°C/3.5 MP’a. Although these three ereep
tests are representative of the 47 creep tests, it

-would be inappropriate to infer that the trends

-diagnosed in Figures 2 through 4 exist for all

- 47 creep tests. ,

TEMPERATURE = 25°C
EFFECTIVE STRESS = 15 MPa
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. Table 1, Parameter Values for th.e Corlétii{xt:ive Models Based on Avery Island Salt

° .
v "
.
L)
e

Munson-Dawson! Ashby-Frost? Kricg Endochronic I Bodner-Partom «
Parameters Value Paramelers "~ Value Parameters Value Parameter Value Paramter Value
Ay 4.87 x 10% Ay 1.91 x 108 Ao 7.67 x 1073 & 7.84 x 10~ r 0.893
(sec™) : (sec™t) ‘ . . (MPa"-:ccf“) {sec™1) .
7 2.12 x 10'° AF 1.32 x 104 Qa 9632. E 1.19 n 0.087
(sec™t) . (cat/mole) (cal/mole) (MPa)
B, C 147 x 1012 r 118, Bo 168. Q 2692. Z 6.95 x 10°
{sec™) , (MPa) {MPa) (cal/mole) . (MPa})
B, 0.978 ~Aa 3.11 x 108 Qp - 2384, B 2.01. Zs 312 x 10°
(sec™1) (K/MPa - gec) - (cal/mole) k (MPa)
K 1491, n 23.9 - -Co 0.400 » Do 2.03 » I10'®
. : {MPa=!—gec™!) TAMU } {sec™t)
m 1.71 Al 9.87 x 10'! Qc 1,17 x 104 K -3.11 mo 2.11
: : . : _ . (cal/mole) (MPa - sec?) (MPa=1)
a -1.78 x 10~" Ay 3.60 x 1072 q 0.232 q 0.158 Ao 37.0
(K/MPa = 3ec) : o , (1./MP3) _ [sec™?)
i} -1.46 1A.' ' 1.5 x 10°M ¢ 0.317 B’ 1358, Qp | 130 10
: (K~ m3/MPu ~sec) (1./MPa) (K) (cal/mole)
q 3267, A 1.27 % 10~4 B o 625. m 865.
(ms I5xponential-Time (cal/mole)
Q, 3.74 x 10! K 4.01 % 10° n .3.53 r2 0.165 A 1.48 x 10!
{cal/mole) . (cal/mole)
2 1.38 x 10" m 2,42 Q 9480. rs 1570,
fealfmule) (cal/inole) ’
ny 8.00 a -10.46 A 1.22 x 106 C 414
. (MPa=" < gec™t)
na 3.35 A -4.58 B 168.
oo 9,20 v - 1.13 x 1078 € 0.078
{MPa) (cal/mole) .
Qs . 5.29 x 101 €5 2.15 x 10-8
(cal/mole) (scc™t)
: 2.36 x 10*
{cal/mole)

YAssumes g = 9620 MPa

*Assumes p= 1,10 % 10 (1. + (300 = T) + 6.79 x 1071) MPa
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._Fxg 4. Comparison of the Constitutive Models

-—

' tive Stress of 3.5 MPa.
The evaluation of the constitutive models

_I_L_I_

_assessed by determining the number of tests in

Ability to Simulate a Creep Test in Salt '
With a Temperature of 200°C and Effec-

abilities to reproduce all 47 creep tests can be -

- tive difliculty in predicting creep strains.

“to predict the creep strain rates at the end of the

test relatively wcll, but all three models had rela-
This is

. disconcerling because the error between the mea-
. sured and predicted strains was the basis for the
- minimization technique used to determine the fit-

_which the relative difference in the measured and .

—predicted strains is within a specified percent-
—-age. The bar chart shown in Figure 5 shows this
-type of comparison between the seven constitu-
—tive laws. Based on this criterion, the Munson-
—Dawson, Krieg, and Bodner-Partom. models
—performed relatively well because the calculated
=strains were within 20 percent of the measured
~strains for more than one-half of the 47 creep
“tests. The remaining constitutive models appear
“to perform comparatively similar except for a
“slight improvement by the Ashby-Frost model in

- ting parameter values for each modcl

STRAIN COMPARISON

e 47 CREEP TESTS ON SALT
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CONSTITUTIVE MOOELS

) Fig. 5. Comparison of the Ability of the Con-

stitutive Models to Simulate Laboratory-
Measured Creep Strain. .

.4 PREDICTION OF AN IN SITU EX-

_which the predicted strains were within 30 per- .

—cent of the measured strains for approx:matcly ,

—70 percent of the creep tests.

The models ability to reproduce the mea-
-sured strain rates at the end of the test is shown
—~graphically in Figure 6. These bar charts indi-
—-cate a close agreement between all of the models
—except for the endochronic models. This result is
—interesting because it identifies a different group-
~ing of constitutive models than was evident when
“strain prediction was considered (Figure 5).

Based on the above results, it appears that
~the Munson-Dawson, Ashby-Frost, Krieg, and
“JBodner-Partom have performed relatively well in

Jreproducing creep strains and strain rates that
_lwere measured in ‘the 47 laboratory creep tests.
_iThe next grouping of constitutive models con-

sists of the Texas A&M University, exponential-

time, and endochronic models. The Texas A&M

University and exponential-time models appear

PERIMENT

An in situ experiment was designed in which the
stress state is inhomogeneous, but the geometry
and thermomechanical loading conditions could
be accurately simulated by the finite element

. method. The Munson-Dawson model, which is
- one of the more favorable constitutive models,

was used to simulate this test. Since the param-

- eter value for unloading in the Munson-Dawson
* model could not be determined from the creep
* tests, a value was obtlained from a study per-

" formed by Munson and Dawson [1982}.

PO}

This

approximation is adequate because a subsequent
calculation was performed without the unloading

. parameter, and the difference in borehole closure

was less than one-tenth of a percent. The loading
conditions in the in situ experiment consisted of
the radial pressure of approximately 10 MPa and

. a constant temperature distribution of 60°C.

The comparison of the predicted and mea-

. sured borehole closure along the midheight of the
- corcjack test is shown in Figure 7. The agree-

O P het. Gvea. ReR B RRENY, Cu6 waar. BERRTgY. wer.e s
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< T ment between the measured and predicted bore- 75 CONCLUSIONS

_hole closure is encouraging. Although only oncin

situ experiment was considered, the results indi-

caté an mnprovomuxt over a recent simulation of

T thls in situ experiment that was performed prlor
- to this evaluation of constitutive models.

. This evaluation has provided insight to the ad-
“equacy of seven constitutive models to sinulate
the creep response of salt. For the conditions
_ considered in this study, it appears that the seven,
- constitutive laws can be grouped into two cat-,

: ' STRMN'RATE_ COMPARISON -egories of performance. The Munson-Dawson,
- 3 ® AT END OF TEST - Ashby-Frost, Krieg, and Boc_iner-Partorr.l mod-,
R - els performed rclatively well in reproducing the!

® 47 CREEP TESTS ON SALT - creep strains and strain rates that were measured

-in the 47 laboratory creep tests. The next group-

- ing of models consists of the Texas A&M Univer-

"sity, exponential-time, and endochronic models’

- which perform comparatively similar in terms of

_reproducing the inelastic response of the crecp
tests.

oo  This type of study cannot. be performed with-

10 out the evolution of other related substudies

_and / or xmprovemcnts Some important aspects

- not addressed in this study would include an in-

- - vestigation of the individual contribution of the

- micromechanisms or internal variables that com-

- prise the formulation of some of the models. This

- may lead to a formulation of a more represen-

‘ - - tative constitutive model that incorporates the

CONSTITUTIVE MODELS .~ favorable segments of various constitutive mod-:

o T “-els. The data base of laboratory tests needs to

Fig. 6. Comparison of the Ability of the Con- _ be expanded to include tests with unloading so'

stitutive Models to Simulate Laboratory- that the models that incorporate recovery can be .

"Measured Strain Rates at the End of the "~ evaluated more fully. An investigation of various

. __ Creep Tests. .~ nonlinear curve-fitting techmques need to be per-
- - 8 o " = 7 _formed to find the most appropriate method for
- ‘ L L determxnmg parameter values. The method used
- - . Zin this study |Ottoy and Vansteenkiste, 1983] is

COREJACK TEST

16
r PRESSURE 2 [0 MPg
- - TEMPERATURE » 60°C

- based on accepted concepts, but other nonlinear,
- curve-fitting techniques may exist that are eas-.
- ier to apply and computationally more efficient..

- - Other models need to be considered to insure

* - -that the most representative model is selected for

o T "~ -~ the conditions considered. Finally, the brittle be-

" havior of salt needs to be modeled to provide a

1 more complete simulation of structural problems

- ~that exist in salt.

This study has presented a method to evalu-
_ate constitutive models. Although some adjust-
- _ments could enhance this met.hod this study did.
. identify the more appropriate models that should
be consndered for furt.her evaluation.

0 —
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CONFERENCE _ARRANGEMENITS

HOW 10 REAEH GHENI

there are Sabena Airlines coaches fram frussels airport
to Ghent - SL-Pieters at 7.30, 10.30, 13.30, 16.30,
and 19.00 hours. Journey time is one hour. If you
arrive at a time when there is no convenient coach,
take a train tao Brussels Central and change foe  Ghonl-
“St-Pieters. Journey time can vary fram %0 Lo 90 minules,
You should buy a tickel far Gheol-St-Piotors, Price
approximately O.fe. 200 '

ACCOHHODATION

Take a taxi for Haliday fnan (if you have made a booking
there) ar ta your down town hotel. Sce map for the
tucation of Holiday lan,

REGISTRATION

Deleqgates can reqgister in the foyer of Holiday lon
from 18,00-21,00 hrs, an Sunday, 30 March. lhuy can
also register between 9.00-11.00 on Monday, 51 March
in the foyer of the Congress Hall (ser map) whoere
all technical sessions will be held.

Those who ﬂrfive late can reqister during coffee hreaks
in.the foyer of the Conqgress Hall,

TRANSPORT

Reqular transport will be provided between Holiday
lan and the Congresa Hall according to the timings
af the technical ound social progrommes.

LECTURES ) "

Keynote lectures by the invited speakers will be held in
the main audltorldm of the Conqreéa Hall. Two sessions
for presentation of papers will run in parallel in
samaller lecture theatres.

PRtSENlAIION OF PAPERS

Time allocated for presentation of papers including
discuassjon is normally twenty minutes., For each session
the presenters of papers must see their Session Chairman
beforehand. Two s8lide projectors and an overhead
projector will be available. If you require any special
facilities for your presentation, please let us know
in advance.

EXININITION

A number of engineering companies and publishers of
technical books will be setting up diasplays in the
foyer of the Congress Hall where their representives

will be available.

SOCIAL PROGRAMME

There is a full social programme for the delegates.

The details are as follows:

Monday 31 March Reception 19.30 - 22.300 hrs. at
The Europa Hotel, Gordunaleaai, GChent



Tuesday 1 April Concert 20.30 hrs.

Wednesday 2 April Boat trip - sight seeing
Thursday 3 April Conference banquet in St, Pleters

Abbey, 20.00 hrs.

LADIES PROGRAMME

An accompanying persons programhe will be arranged,
In addition to the participation of the social programme

for the delegates as above, {t will include a day
trip to Brussels, a day trip to Brugge and a

canducted tour af the city of Ghent and enviraens.

Priée B8.Fr. 7000. far further details write to:

Nrs, Christiane Bonte, fiesta Relzen N.V., 2uidatrant
21, B-8800 ROESELARE, Belgium. Tel.(051)222 288

before 1st. Harch 1986..

WEATHER

Weather in Ghent during April is wvariable. Please
bring sufficient warm clothing and rain-wear.

PROCEEDINGS

Praceedings of the symposium will be availabe
to all the deleqates at the conference. Additional
copies may be ordered from the publishers M. Jackson
& Sen (Publishers) Ltd., Station Will, REDRUTH,
Cornwall, TR15 2AX, England.

PROVISIONAL PROGRAMME

SUNDAY 30 MARCH

3£ 18,00 - 21.00

MONDAY 31 MARCH N

REGISTRATION IN HOLIDAY INN

" 9.00 - 11.00 REGISTRATION IN CONGRESS HALL, Y ;7
K 11.00 - 11,85 WELCOME Q‘n“”
X
% 12.00 - 14,00 LUNCH /5
e

Y 14.00 - 14.35

KEYNGTE LECTURE: B. B. BROMS

Experience with finite element analysis of hraced
excavation in Singapore.

14,40 - 15.40 Session 1A

;V~The plastic equilibrium of a Coulomb-Rowe medium
P, De Simone )

-

X Inierpretatloﬁ of hardenlnngoftenidq rule
E. Evgin & 2. Eisenstein .

X A mathematical description of elatoplastic

e al deformation in normal yield and sub-yield states .
K. Hashiquchi
14.40 - 15,40 Sessjion 18

15.40 - 16,00

Comparison between centrifugal and numerical
modelling of unsupported excavetion in sand
R. Azevedo & H. Y. Ko

Comparision of numerical and experiﬁentnl results
for buried pipes
A. B, Fourie & G. Beer

Identification of parameters in tunnel excavation

problem
A. Ledesma, A. Gens & E. E. Alonso

COFFEE BREAK




16.00 - 17.40 ‘ :
1 17.4 Seasion 1A (continued) 9.40 - 11.00 Sessien 2 A
¥ Initial state far anisotropic elasto-plastic model

F. Holenkamp & A. van Ommen Modelling of sand behavieur with beunding surface

: plasticity
?/ An extention to the deformation theory of plasticity J. Bardet :
P. A. Vermeer & G. J. M.Schatman Nomerlcal simulation of shear-band bifurcation
Soil structure directionally dependent interface in sand bodies
constitutive equation - application to prediction ! R. de Borst
of shaft friction alon iles t
H. Baulon & C. Plytas P A theoretical model using a lew number of parameters
5, Chaffois & J. Honnet )
A Pseudo-elastic stress constitutive operator for A numerical model analysing free torsion pendulum
soils
A.G.Kasim & W. N. Houstan Pee e e, M. VanDenBroeck & W.F. Van lmpe

flow surface model of viscoplasticity for normally

consolidated clay 9.40 - 11.00 Session 28
T. Hatsui & N. Abe : * : brenching
. nt sanalysis of steel lined
16.00 - 17.40 Session 10 (Continued) ’ i it:i::a olene Y
Stability of soil and rock masses-factor of safety ) D. V. Thareja, K. G. Sharma & K. Hadhavan
calculated by nonlipnear analysis and b linear . .
programing Y ’ . &( finite element analyses of retaining walls
A. C. Hatos, P.S. Marques & J. B. Hartins K.J.Bakkar & P. A, Vermeer
. -rest
Three dimensional simulation of rock-liner interaction . "3. Lateral earth pressure development  from  at-re
near tunnel face o to active behind retaining walls
F.Pelli, P.K,Kaiser & N.R. MHorgenstern S, Bang & H, T, Kim
Numerical solutions for the axisymmotric tunnel
prablem using Hoek-Brown criterion _ Y Semi-analytical epproech to no contact tension
M. B. Reed prnblama

: 1. D, Desai & V, S. Chandrasekaran
The influence of joint orientation and elastic

.anisatropy in analysis of tunnels in jointed 11.00 - 11,20 COFFEE BREAK

rock masses

H. F. Schweiger, W. Aldrian & W. Haas ) 11.20 - 11,55 KEYNDTE LECTURE: W.D.L.FINN
The elastic response of cylindrical rock anchars : 12.00 - 13.00 Session 2A (Continued)

with base delaminations

A. P, S, Selvadurai 4 H.C. Au A cyclic viscoplastic constitutive equation for sofls

’ with kipematic hardening
1,30 RECEPTION at The Curaopa Hotel, Gordunaleaai, Ghent, D. Aubry, Y. Heimon & £. Kodaissi
] hasted by a. v. Pieux franki
IESDAY 1 APRIL _ Shear band analysis in granular material by Cossersat
00 - 9.35 KEYNDIE LECTURER: A. VERRUTIJT theory A

' ' H. B. Muhlhaus.
. A finite element model for simultaneous Flow

of fresh and salt qround water A constitutive model for anisotrapiec qranular media

R. Nova
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12.00 -

13.00 -

14.30 -

15.10 -

13.00 Seasion 2B (Continued)

Numerical analysis of anchared reinforced concretea
diaphraga walls

R. Falic & P. Pavlovic

Ihree dimensional analysis of flexible earth retaining
structures

H. Hatoes Fernandes

Analysis of induced stresses and
defarmations

R. B,.Sead & J. M. Duncan

campaction

14,30 LUNCH BREAK

15.05 KEYNOTE LECTURE: J. GHABOUSSI

Two - dimensional and three - dimensional Discrete
Element anelysis

16.10 Seasion 3A

A constitutive madel C(or secondary consolidation

H. Akaishi, A. Tonosaki & G. N. Pande

A viscoplastic constitutive model of normally
consolidated clay under three-dimensional stress
condition

f. Oka

Hadelling behaviOur of stone column reinforced

soft clays

" H. F. Schweiger & G. N.Pande :

15.10 -

16,10 Seasion 38

Numarical nélysis of aoil-structure interaction
problem in loess : ~
S. K. Sargand .Y R Janardhanam

Interaction betweenAthe bottom of cylindrical tank

and soil
M. 1, Heinisuo & K. A. Miethinen

~

aé} Interaction analysis of footing using an elslopla%txc
K constitutive mode
' ) R. Kuberan, K. G. Sharma &8 A. Vardarajan

16.10 - 16.30 COFFEE BREAK .-

16,30 - 17.50 Seasion 3 A (Continued)

Three dimensional model for rock Joints
I. Carol, A.Gens & E. E. Alonso

A constitutive model for jointed and fissured materials
S. Pietruszczak & D. F. €, Stolle

Anisotropic fFailure of a'laminated sediment
P. Smart & B, H, A, Omer

Numerical model for jointed media
A. A. Serrano Gonzalez & A. Soriano

Session 3B (Continued)

foundations

16,30 - 17.50

Finite
seams
K. G. Sharma, A. Yardarajan & C. Chinnaswamy

element analysis of dam with

the London clay: A comparison
long term

A raft foundation on
between the predicted behaviour and the
measurements
L. A. Yood & A, ). Perrin
4 Assessment of different excavation procedures in
tunnel excavation

J. Xtang, J. Huat & J. Lu

Prediction v ol radial displacements at the face
of shallow tunnels

A. Negro, I. Eisenstein & H, Heinz

An examinstion of various constitutive
model with model pressuremeter test
G. Li & J.Pu
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. ,>( A general procedure for numerical solution of statics
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9.45 - 10.45

'0.45 - 11.00 ' .
11.00 - 12.00

11.00 -

tUniaxial strain testing of soils in =8 aplit-

Hopkinson pressure bhar
c.pw. Felice, E. 5. Gaffney & J. A. Brown

The determination of appropriate soll stiffness
parameters for wuse in finite element analyses
af geotechnical problems .

A. B, Fourie, D. M. Potts & R. J. Jardine

Seasion 4B

Numerical modelling of pile driving
H. Balthsus & S. Kielbassa . .
Analysis of efficiencyof axially loaded pile
groups ,

M. R. Hadhav & B. B. Budkowsaka

the erack - expanded model. and finite element
analysis of creep of rock slope
2.1a0 & Q. Yu

i | f coluan and
i capacit and displacements O
gi?;l?gundagion :ubjected.tu the horizontal forces
£. Dembicki 4 W. Odrobinsaki

COFFEE BREAK
Sennion 4 A (Cantinued)

A data acquisition and procassinq system far the

triaxial test

€. Gaelen, R. Carpentier & W. Verdonck
Comparison of models in deformation analysisa
of saft ground under embankment

Z.).5hen & J.D. Yi

Evaluation of
creep _
R. A. Hagner & P. E. Senseny

éonstitufive models for salt

12.00 . Seasion 4B (Continued)

“‘lhermal structural modelling of alarqge scal

in-situ avertest experiment far defence high
level wasle at the waste isolation pilot plant facility
H. S. Horgan, C. M. Stone, R.D.Kreig 4 D, £. Hunson

S

A" Calculating contaminant migratiaon in groundwater
using microcamputers "
R. K. Rowe & J. R. Booker

Contact pressure and (oundation forces with
four soil models

2. €. Yao & J. R. Zhang

12.00 - 1.30 LUNCH BREAK

13.30 - 17.30 SICHT SEEING TOUR

THURSDAY 3 APRIL

9.00 - 9.35 KCYNOTE LECTURE: M. JAMETOLKOWSKI
_)g The role of experimental soil enginearing in numerical models
for geomechanics

9,40 - 10.40 Seagion 5A

The hehaviour of reinforced earth walls under
. self-waeight and external loading
G. € Bauer & Y. H. Howafy

A model to simulate excavations supported by
nailing

A, S. Cardoso

FEM analysea af compected reinforced soil walls
R. B, Seed, J. G, Collins & J. K, Hitchell

9.40 -~ 10.40 Seasion 5B

The distinct element modelling for earthquake
response snulysls
1. Ohmachi & Y. Arail

The eveluation of wave fronts in a saturated
porous medium
H. v. d. Kogel

Application of non linear surface wave response
analysis to the liquefaction damaqe to Hachirogata
reclaoimed dyke due to Nihonkai Chabu Earthquake of 198)
5. Nakamura & E. Yanagisawa

10,40 - 11.00 CorFec BREAK
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n.on -

11.00 -

i

13.00 -

13.00 Seasion 5A (Continued)

Numerical modelling of reinforced embankment
constructed on weak loundation
R. K. Rowe

Incremental analysis of layed viscoelastic half
space
B. B. Dudkowska

Study of soil geotextile interaction - a reinforced
embankments : .
J. Hannet, J. P. Gourc & M. Hommessin

TRIADH: A constitutive model and its application
to the prediction and analysis of embankment .dam
performance

Ph, Des. Crnix & £. Frossard

Analysis of failure of an embankment on soft sojl:
A case study .
J. A. M. Teunissen, Chr. M. H. Bauduin & £, 0, F, Calle

Numerical prediction and real behaviour of nb rein-
farcemenl system for a tunnel in Northern Italy
G. Barla & P, Jaree .

13.00 Session 58 (Continued) .

Numerical modelling of non linearities ln groundwater
flow.
J. A. H, Teunissen

Hathematical maodel for a controlled qroundwaterlowering
during the construction of the Berendrecht Sealock
at Antwerp

Raedscheldcrs. J. Haertens & S. Vanmarcke

Simulation of sand liquefaction in shaking table
tests by two phase r,[. analysis
H. Hatanana et &l

Dynamic behaviour of saturated sand: predictions
based on multiple neutral loading loci concept
S. Pietruszczak & D.f. E. Stolle

Seismic response and liquefaction of embankments
numerical solution and shaking table testa
1. lanaka, M. Yasunakn & S. lani

Finite element model to predict ‘permnnent displace-
ment of ‘ground induce by liquefaclion
I. Towheta

Finjite element analysis of coupled loading and
consnlidatjon
R. 1. Woods

14.30 LUNCH BREAK

n

Ammam rm. W= e W

. —

'16Jm - 17.50 Session 6A - '

Elastoplastic finita element analysis of undrained problems ,
by a mixed weighted residual formuslation ‘

.

R. Correia -

A tranaition elemant for consjistent mash refinement applied
to creep cnalysis of rock sale
B. Kroplin, M, Schwesig, A, Honeckar, H.K. Nipp & M. Wallner

A semi-analytical F.E, model fér,aﬂ soil foundation
J. Kujawski, N.E, Wiberg 8 M. Olajnik

Hybrid stress model in geomechanics
M. Sargand h

Modelling of slope stability by the BOundary'E)ement Methua
H. Suchnicka R'H, Konuerla R

Apbl!callun of Distinct Element Mathod in geotechnical
angineering

J.M. Ting, B, T. Corkum & C. Greco

Symmetric fornulation of tangential stiffness for non-associated
visco-plasticity
W. Xiong

Session 6B

1600 - 17, 50

N Equivalent linear analysis in earth quake geotechnical

engineefing - a reappraisal
E. L. Prater

Boundary element salution for "dynamic so1l -
structure interaction

0. Tullberqg, 2. Xi-Reng &'[. Wiberg

A numerical approach for the 3-D propagation and growth of
hyddraulfc fracture in a layered ground
S. U, Amnou

Analysis and design of hydraulic fracturing using o fully three
dimensional simylator
K. Y. Lam

Varfoational solutinns ta boundary {ntegral equatiuns in
alasticity and their application to three dimensional
computation of fracture propagation

E. Touhoul & K.D, Naceur

The experimental verification of two new numerjeral
desiqgn methods for very heavy duty industrial pavements
J.W.Bull, M. H.H. M, Ismail & 5. H. Salmo
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G.N. PANDE W.F, VAN IMPE State Univarsity of Ghent, Ghant, Baisum
GENT-CENTRUM Department of Civil Engineering  Labratorium Voor Grondmechanica 315t March - 40 April 1986
pe " University College of Swansea State University of Ghent ' C
\t-‘“ Singleton Park Grotesteenweg - Noord 2 )
‘ \ . \3’9‘) @ SWANSEA SA2 8PP 8-9710 ZWHNAARDE
i . Wit sonple Lnited Kingdom Belgium - ;
JLants ! Q\ l " Second International Conference on
r g:s ‘ \ 4 , Telaphone {0792) 295517 Telephone (091) 225755 NUMERICAL MODELS IN GEOMECHANICS
Si]28
& R
3]
X I 2o\ ’ i 30 December 1985
2 l \ ‘- CONGRESS l. ecember 1
o AR\ HALL
g NUMOG 1T
RAILWAY Hoveniersberg .

STATION

Dear Delegate,

Thank you for yeour enquiry’' about accommodation in
Chent. during the NUMOG 11l week, 31 March - &4 April 'B&.
We have made a block booking at the Holiday Inn in
Chent at a very favourable discount price of
8.F. 2500.00 per day includina breakfast. If you
would like to avail of this arrangement, please fill
in the enclosed form and send it to  Prof. Van lmpe
as soon as posasible,

Alternatively, {f yon wish, you could make your own
arrangements throuqh Tourist Board, Belforstraat 9,
9000 Ghent, Tel: (N91) 253641,

b3

SEICrnme

With season's greetings,

Yours sincerely,

s wiy

P Lgyan rbnde’
————————
(G. N. PANDE)
for Orqanising Committee

Enca.

e . ————— e v (—— &

Techncat Advisory Panel

LDEBLLH DN CATHIF t COAML AU R DUNGAFk
Cihent State Univeruty, Hetgum Cuzaottng Ergge v firataety  Utversity Ldre O Bruvsels Beigeum M1t Columss 1re Santicsared
WO FINg 2 Lnataitas 1WE LLin UL Prrn s s

1o wenety OFHILY bt o Fogemet, 400 et theaaen b, WA Co bena Bedow; Urieery *s i 15 .



Organisars

G N PANDE

Department of Cwil Engineering
Un:versity Cotiege 08 Swansed
S.agletun Patk
SWANSEA SA? 8PP

Unded Kingdom

Tetephone 10792) 295517

PLEASE

W F VAN IMPE

Labratonum Voor Grondmechanica
State University of Ghent
Grotesteenweg Noord 2

8 9710 ZWIINAARDE

Belgwu~a

« Telephone {091) 225755

State Univensity of Ghent, Ghant, Balgium
J1et March - 4th April 1988

NUMOG I

Second International Conference on
NUMERICAL MODELS IN GEOMECHANICS

RESERVATION OF ACCOMHODATION

RESCRVE  ACCOHHODATION

THE NIGHIS OF

Rooms

SUNDAY 30 MARCH
HONDAY 31 MARCH
TUESDAY 1 APRIL
WEDNESDAY 2 APRIL
THURSDAY 3 APRIL
FRIDAY ‘&4 APRIL’
.SATURDAY S APRIL

(Please tick mar

in HOLIDAY INN are tw

are per room. It will not th

extra
yau,

I shall be accompanied by

money if you brought

IN MOLIDAY INN  FOR

1986
1986
1986
1986
1986

1986
1986

nogooDa

k)
in bedded and charges
erefore cost you any

your wife/family with

o wife/husband

(o} children

Tachnaat Advary Panet

€ DE BEER

Granl Sists Unnersity, Baigum
wDL FINN

Un~egdy of Brton Columba. -
o e e Fesmme

DN CATHIE | CORMF AY

R. DUNGAR

Consuttinyg Engineer, Bruseli  Univerity Litee O¢ Brussels. Betgum.  Moror Columbus (nc, Switzerfand

4 GHABDUSSH - e st{o

0C 2ILNKIEWIER

Unmrste 0F HLNOW, LIEIAS,  Unatey vy 1 Cal iuad Berbetey Unwersty College of Swanses, U.K.
YT LERY £ . e g

- e

~e




Place in an envelope and mail to :

PROF. Dr. ir. W.F. VAN IMPE,

or

Dr. G.N. PANDE,

LABORATORIUM VOOR GRONDMECHANICA,
GROTESTEENWEG — NOORD 2

B- 9710 ZWIUNAARDE

BELGIUM.

UNIVERSITY COLLEGE OF SWANSEA,

DEPARTMENT OF CIVIL ENGINEERING,
SINGLETON PARK,

SWANSEA SA2 8PP

{U.K.)

SYMPOSIUM THEMES

Numerical modelling of soil and rock be-
haviour under monotonic, cyclic and trans-
ient loading. ‘ ‘

Numerical modelling of soil and rock re-
inforcements.

Comparison of numerical predictions with

physical model tests and field measurements.

Applications of numerical models to the
solution of practical geotechnical problems.

Microcomputers in geotechnical testing,

.analysis and design.

First Announcement
and Call for Papers

2nd International Symposium
on °
NUMERICAL MODELS
IN
GEOMECHANICS

VA ST I RCY DR
ke

31st March - 4th April 1986
GHENT STATE UNIVERSITY
BELGIUM




ORGANISING COMMITTEE

G.N. PANDE W.F. VAN IMPE
University College Ghent State University,
of Swansea, U.K. Belgium.

TECHNICAL ADVISORY COMMITTEE

E. DE BEER
Ghent State University, Belgium.

D.N. CATHIE
Consulting Engineer, Bmsse}s.

I. CORMEAU
University Libre de Brussels, Belgium.

R. DUNGAR _ -
Motor Columbus Inc., Switzerland.

'W.D.L. FINN
University of British Columbia, \’amouver,
Canada,

J. GHABOUSSI
University of lllinois, Urbana, Illinois, U.S.A.

" H.B.SEED
University of California, Berkeley, California,
U.S.A. ‘

0.C. ZIENKIEWICZ
University College of Swansea, U.K.

CORRESPONDENCE
Abstracts and enquiries regarding the con-
ference should be addressed to : -
Dr. G.N. Pande,
Department of Civil Engmccrmg,
University College of Swansea,
Singleton Park,
Swansea. SA2 8PP
U.K.

OBJECTIVES

The role of the finite element method in geo-
technical engineering practice has been firmly
established in recent years. The key to the
successful sofution of problems lies in the
choice of appropriate numerical models and
their associated parameters for geological
media. Much research effort is currently in
progress and a number of models are now
available for application to practical problems.

The main objective of tﬁe symposium, second
in the series - first was held at Zurich in 1982.

"is to provide a forum for discussion and ex-

change of views between researchers and
practising engineers. A special emphasis will
be given to the verification and evaluation of
models for practical applications such as em-
bankment dams, offshore structures, found-
ations, tunnels and underground structures,

-earth - retaining structures etc. Monotonic,

cyclic and random loading including pred-
iction of liquefaction potential under earth.
quake conditions will be discussed. Papers on
verification of numerical models through
physical model e\:penments are specially
welcome.

CALL FOR PAPERS

Abstracts of papers, not exceeding 500 words,
are invited on topics outlined overleaf.

These should be submitted hefore 31st July
1985. Final manuscripts will be due before
31st December 1985. All papers will be pub-
lished in the proceedings of the symposium.

LOCATION
The symposium will be held at the State
University of Ghent, thnl': Belgium.

LANGUAGE
The official language will be English.

2nd International Syposium on oo
Numerical Models in Geomechanics

31st March - 4th April 1986

to be held at the

Ghent State University Ghent, Belgium.

Preliminary Registration Form

Intending participants should complete the
following :

I intend to submit a paper at NUMOG 11 l —f
I wish to attend NUMOG II as a delegate  [__|
I require information on accommodation [__|

I wish to receive details of the proceeedings
when they become available.

NAME - _TITLE____

ORGANISATION/AFFILIATION

MAILING ADDRESS

CONFERENCE FEES

The registration fees, inclusive of reception,
lunches, conference proceedings and social
programme are as follows :

Before 31.12.85 After 31.12.85.

Authors £275 - £300
Delegates £300 £325
Students £200 £225

Cheques should be made payable to ‘NUMOG®

Please retum to either Dr. G.N. Pande
or Prof. Dr.ir W.F. Van Impe




LIST OF PARTICIPANTS'

NUMOG 1X

CHENT 31.03.1986 - 4.04.1986 :

.
i
.

25.03.1985 _ °

NAME TITLE CAFFILTATION NAME TITLE AFFILTIATION
AKAISHI M. Prof. Department of Civil BEN AMMOU 'S, Mr.- C/0 Boudillet
: : Fnaqineerina j 21 Rue DBeccaria
Tokail Lniversity 75012 raris
Kitakaname 1117 ' FRANCE
lliratsuka -
Kanamawa 250-12 BERNARD A Ir. Hydro Soil Services
JADPAN ! Scheldedijk 30
‘ : 2730 2Zwijndrecht (Antwerp.)
AZEVEDO R. Prof. pontificia Univer- : BELGIUM
’ sidade - Catolica do '
Pio de Taneiro BOLLE A, Ir. Université de 1l'Etat a Liégqc
Cept. de Enq. Civil : - Institut du Rénie Civil
Rua Marques de Sao ! Ouai Banning 6
Vincente 225 ¥ 4000 Lidqe
Rio de Janeiro-22453 . BELGIUM
BRAZIL ;
BOULON M. br. Université Scientifique et
. : Médicale de Grenoble
BACKX E,. br., K.U.L, _ . Institut de Mécanique de
' Celestijnenlaan 20Q0A : rrénoble
30720 lleverlee = : FPANCE
BELOIUM L
_ : BORDING PR.: Mr. amoco Production Company
BAKKER K.J. Ir. Deltadienst Pijks- ' P.0O. Box 3185
“waterstraat ' Tulsa, Oklahoma 74102
v. Plkemadelaan 400 . U.S.A.
's=Cravenhaqe ’ ) :
' THID NETHERLANDS BENCTSSON K. Ir. Swedish Ceotechnical Instit.
S - 58101 LinkOping
3ARDET J.D, pr. Dept. of reotechnical ' SHEDEM
Ena, - University of
Suthern California BROMS B, rrof. Manyamq Technoloqgical

Lniversity Park
l.os Anreles

California 400f0-0243
< n

Institute NI
15, l'aculty ave,
SINGAPOPE 2263



‘LIST OF PARTLCIPANTS

NUMOG II

GHENT 31.03.1986 ~ 4.04.1986

AFFILIATION

Cn

. v

NAME TITLE NAME TITLE AFFILIATION
BROWN J. Mr. M. Jackson & Son CORMEAU I. Pr.Ir. 53, av. Gabriel Péri
(rubl.) Ltd. - 02503 Pueil - Malmaison
Station Hill B.P. 83 FPANCE
Redruth, Cornwall
Fnaland TR 15 2AX COPPEIA R. Ir. Dept. de Geotecnica
UNITED KINGDOM Laboratorio Nacional de
_ } Engenharia Civil
BUDKOUISKA B. Dr. Pent. of Civil Enea. Av. do Brasil 101l
Concordia University ‘1700 Lisboa Codex
Sir reorqe Williams PORTUCGAL
Campus - 14455 De
Maisonneuve Blvd. Wes}| CRUCIFIX P. Ir. Solvay S. A.
Montreal, Ouebec H3C rue de Pansbeek 310
1M8 - CANADA 1120 Rruxelles
BELCIUM
BULL J.W. Dr. Pept. of Civil Enq. : .
: - University of Newcaslff CULLUM A. Mr. Elsevier Applied Science
upon Tyne ‘ . Publishers Ltd.
~Claremont Road Crown llouse, Linton Poad
Newcastle Upon Tyne Barking, Essex IG 11l 8JU
‘NE1 7PU UNITEL wiie 'uCH
UNITED KINGDOM
CARDOSO A.S. Mr. Cabinete de Estrutu- DEAN R, Mr. Dept. of Engineering
ras - FEUP Cambridge University
Pua dos Bragas Irumpington Street
4099 Porto Codex Cambridge CB2 1P2
PORTUGAL UNITED KINCDOM
CARPENTIER R. Dr.Ir. Pijksinstituut voor DE BEEPR E. Em.Prof. Keizerlijk Plein 3

Grondmechanica

29 de Meelissquare
1040 Brussel )
BELGIUM

0300 Aalst
BELGIUM
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LIST OF PARTICLPANTS

NUMOG 11

GHENT 31.03,1986 - 4.04.1986

s .

25.03.1986

NAME TITLE AFFILIATION NAME TITLE AFFILIATION
1]
DE BORST R. Ir. Software Technoloqy DUPONT E. Ir. Fundex N.V.
: Department Kustlaan 118
Section DIANA 1380 Zeebrugge
P.Q. liox 40 BELGIUM
2600 AA Delft
THE NETHERLANDS DU THINH K, Ir. Veritec AS
’ P.0. Box 300
DE BRUYN D. Mr. CEN/SCK 1322 ligvik, Olso
‘Boeretang 200 NMORWAY
B - 2400 MOL : . .
BELGIUM FAINSTEIN G. Student flavia Poich 55
Ramot Pamez, flaifa 32541
DE SIMONE P. rrof. Instituto Tecnica ISPAEL
Fondazioni
Via Claudio 21 FELICE C.W. Dr. U.S. Air Force
80125 Napoli MFVL/NTES
ITALY ) Kirtland AFB
: New llexico 87117-6008
DETOURNAY E. Pr. Dowell - Schlumberger U.S.A. ‘
: P.0. 2710 )
Tulsa, OK 74 101 FERNANDES-MATOS | Prof. Gabinete de Estruturas -
U.S.A, FEUPr - Pua dos Bragas
‘ 4009 porto Codex
DE VIQLF P, Ir. M.O.W, PORTUCAL
Dienst der Kust ’
Vrijhavenstraat 3 FINN W. Prof. Civil Enaineering .
400 Oostende University of British
BELGIUM Colombia
2075 tlesbrook Place
) Vancouver, B.C.
. , CANADA
DUNCAR R, Dr. Motor Coulombus Inc.
Parkstrasse 27 FONDER G, . rrof. University of Lidqe
Baden ' Inst. of Civil Eng.
SWITSEPLAND Quai Banning 6 - 4000 Li&gs
' RELGIUN




LIST OF PARTICIPANTS

NUMOG 11

GHENT 31.03.1986 - 4.04.1986

NAME

“w, .

v b

NAME CTITLE AFFILIATION TITLE AFFILIATION
]
FOURIE A. Dr. Dept. of Civil Engq. CENS A. Ir. Universitat Politecnica
University Nuinsland : de Catalunya
Brisbane Jordi Girona Salgado 31
MUSTRALIA 08034 Barcelona
SPAIN
FRY J-J CIr. Electricité de France
_R.E. Alpes Lyon CHABQUSSI J. Prof. University of Illinois
-3 et 5, rue Ponde : at Urbana
73010 Chambery Champaiqn, Urbana
FRANCE . Illinois 61801
o . : U.S5.A.
FUCHSBERGEP M. | Prof. Technische Universit. '
' ’ Graz - Inst. Boden- : :
mechanik, Felsmechani] HAAS Mr. T.D.V.- Liithergasse 4
und Crundbau - fO10 Crass
8010 Graz AUSTPIA
Rechbauverstrasse 12
MUSTRIN . HANSDRO S, rrof. Chalmers University of
' Technoloqy
Sven Hultins oata 8
GAFFNEY E. Dr. Los Arlamos Laboratory 412 96 coteborq
Los Almos lMNew Mexico SULDEN
R7545 - ESS~5, MS F66 v
u.S.hn. . HASHICUCHI rrof. Pert. of Aqrieultural
: , : . Enaineering
GOELEN E. . Ir. Rijksinstituut voor Kyushu University, Hakozak:
Crondmechanicd Higashi-ku, Fukuoka 812
28 de Meelissquare JADPAL
1040 Drussel
BELCIUM Dr. Dept. of Civil Eng.

HEINSISUO M.

Tampere University of
Technoloaqy

pP.0, PBox 527

SF - 33101 Tampere IO
FINLAND
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LIST OF PARTICLPANTS <

NUMOG 11

- . ——

GHENT 31.03.1986 - 4.04.1986

NAME TITLE AFFILIATION i NAME TITLE AFFILIATION
HIPOSE " Mr. ~ | Akishima city ; JANIOLKOWSKI M, rrof. Studio feotechnical Italian
TOKYO  JAPAN . Cia Pipamonti fio
: : ’ 2Nn130 Milano
HOLEYMAN A, Dr.lr. S.A. Franki i . ITALY
' 176, rue Créty
4020 Liéqe
BELCIUM . KASIM A. Mr. llallenbeck and Assoc.
' ; ' 1485 rark Ave
HONECKER A. Ir. . Control Data CMBH : S Emeryville CA 94608
- Distrikt Nord ! , ' ' , U.S.A. '
Mexikoring, 23 '
2000 Hamburqg 60 - KODAISSI E. Dr. Institut Francais du
B.R.D. ' ) pétrole - B.P. 34
, ' n"2 506 Pueil Malmaison
HOLS W., Dr. Institute filir Bergbau-|’ FRANCE
sicherheit i : -
DDP 7030 Leipzig _
Friederiken Strasse 6(] LANACAN P, 1 Elsevier Applied Science
D.D.R. ) : Mublishers Ltd.

Crown llouse, Linton Road.
Barking, Essex IG 11 8JU

ISHIHARA K. Prof. | University of Tokyo UNITED KINGDOM
Bunkoy-ku .
Tokyo 113 LOUSBERG E. rrof. Université Catholique de
JAPAN ' . L.ouvain - Unité Constructio
: ' Batiment Winci
JACKSON M. Mr. M. Tackson & Son . Place du Levant 1
(rubl.) - Ltd - Sta- 134R Louvain-La-Neuve
tion Hill ! BELGIUM '

Pedruth, Cornwall '
Enqland TR 15 2AX ‘
UNITED KINCDOM, MADHAV M. Ir. Concordia University

: ' Sir Georqge Williams Campus

1455 De Maisonneuve BLVD,Weé

: - Montreal, Quebec H3G 1MA
i . SESeToN”




'LIST OF PARTICIPANTS

NUMOG 11

CHENT 31.03.1986 - 4.04,1986

<)

AFFILIATION

NAME TITLE AFFILIATION NAME’ T TITLE
MAEPTENS J. Ir, 73 'lorhoutsteenweq MOEN K, Ir. Division of Structural
1200 Rruaqe : Hechnanics - Nerweagian
BELGIUM Inst., for Statikk
_ : 7024 Trondheim~-NTH
MARTINS J. rrof. Universidade de Minho MOPWAY
Liarqgo do Paco
471° Braaa Codex MONNET 7. Trof. IPICM
POPTUGAL : Université de Grenokle
‘ : B.r. 68 '
MASSAPCH PR. pr. Pieux Franki S.A.. 38410 Grencble
106, rue Gréty TI'PANCE
4020 Licdqe ,
BELGIUM MORCAN H.S. Dr. Dpivision 1521
' Soudia lMational Laboratories
MATSUI T. rrof. Dept. of Civil Engq. P.0O, Box SBQO
' Faculty of Enn, Mlbuquerque - New Mexico
Nsaka University,
2-1 vamadaoka, Suita MUHLHAUS H. ir. Institiit f¥ Bodenmechanik
Osaka 565 und Felsmechanik Univ,
JAPAN Postfach 6380
7500 Karlsruhe
MEISSNEP H, Prof. Fachgebiet Bodenmech. GEPMANY (W)
unc Crundbau der .
Universitdt Kaisers- NAKAMUPA Mr. Ena. Pezeonck Inst,
lautern - : 47-1, ‘Santa Atsugi city
Postfach 3040 , Kanaagawa Prof.
6750 Kaiserslautern 243-02- JAPAN
CEPMMANY (W)
NIPP 11, Dr. Bundesanstalt filir Geowissen-
MODARESSI A. Student Ecole Centrale des Aris schdften und Pohstoffe
Mrs, et Manufacteres '

Labo de Mécanique

des Sols- Structure
Crande Voie des Vianed
02205 Chatenay Malabry

FRANCE

Stillewaq 2
0n0 Hannover 51
n.p.D.



" LIST OF PARTICIPANTS

NUMOG 11

GHENT 31.03.1986 ~ 4.04.1986

<

«

MAME TITLE AFFILIATION NAME TITLE AFFILIATION
NOMERANCE J. - Ir, Pijksinstituut voor PANDE C. Dr. Dept. of Civil Eng.
Grondmechanica . ' University College of
28 de Meelissquare Swansea
1040 Brussel Sinqleton Park
BELGIUM Swansea SA2 APP
) UNITED KINGDOM
{OVA R. Prof. Milan University of
- Technoloay PASTOR M. Dr.ir. CEEPYC
riazza Leonardo do . Antonio Lorez 81
Vinei 32 28026 Madrid
20132 - Milona: SPAIN
- ITALY ; , ' '
PETRASOVITS ., Prof. Technical University of
. Budapest
DHMACHI T. Prof. Dept. Environmental 1521 Budapest, Miiegyetem
Ena. - The Graduate rkp. 3 HUNGARY
- Shool at Nagatsuta, ‘
Tokyo Institute of PIETPUSZCZAK St. | Prof. Dept. of Civil Ena.
Technoloay McMaster University
4250 Nagatsuta,Midori Hamilton
Yokohama 227 Ontario
JAPAN ’ CAMADA
JMEP Dr. Khiirstoim Kartoum PRATER E.G. Dr. Institute fiir Grundbau und
Polytechnic ) Bodenmechanik
Sudan - MAFPIOUR ETH~-lIOnqaerberqg
. CH-80°3 Zurich
JKA F. rrof. Dept. of Civil FEnq. SWITZEPLAND
; Cifu University’
Yanaqgido 1-1
Cifu PAEDSCHELDERS H, | "rof. Lodvan Sullstraat 47

JAPAN ‘501-11

2600 Berchem
BELGIUM




).-_,.,-... R

S isl

LIST OF PARTICLPANTS

NUMOG 11

C"ENT 3[.0301986 hd 400".'986

‘~’

-,

7y

25.03.1¥86

NAME TITLE AFFILIATION NAME TLITLE AFFILIATION
REED M.B, Dr. Oxford Univ. Computine SCHVIEIGER II. Mr. Institute of Soil and Pock
Laboratory Mechanics, T.V. Graz
Numerical Analysis Pechbauerstr. 12
froup ' 8010 Craz
fi-11 Keble Road AUSTRIA
Oxford OX1l 20D '
UNITED KINGDOM | SEED R.B. Dr. Dept. Civil Enaineering
: , ’ ' Stanford University
POLNICK H. Dr. Ms. Technique et Dévelop- Stanford (CA)
' ’ pement Solé&tranche U.S.A.
Entreprise :
6, rue de Watford SHAPMA K.C, Dr. Dept. of Civil Enaq.
02000 Nanterre Indian Institute of
FRANCE Technoloay
' ltauz Khas
ROVWE R. Prof. Faculty of Enq. New Delhi - 110016
' Science, The Univ. of INDIA
Wlestern Ontario '
London, -Ont, Canada SHEN 2. Dr. Nanjino Hydraulic Pesearch
N6A 5BA9 Institute
. CANADA 223 CGuanazhou Poad
Nanjing -  CHINA
SARGAND Ir. Dept. of Civil Ena, SILENCE P, Ir. Kersebomenlaan 47
Stocker Center ‘ 1000 Overijse
Ohio University, Ather BELG1UM
Ohio 45701-2079 :
U.S.A. SMART P. Dr. Glasaow University
‘ : Clasqow G 12 800
SCHOFIELD A. Prof. Dept. of Enagineering ' UNITED KINGDOM
Cambridqge University . ,
Trumpinaton Street SOPIANO PENA A. Dr. llilarion Eslava 27

* UNITED KINADOM

Cambridqe

28015 Madrid
SPAIN




LIST OF PARTICIPANTS

NUMOG 11X

GHENT 31.03.1986 ~ 4.04,1986

PP

25.03.1986 4

L4

NAME TITLE AFFILIATION NAME TITLE AFFILIATION
STOLLE D, Dr. Mc. Master THOQFT . Ir. Alfred Amelotstraat 60
University, Hamilton ' 8750 Zinaem
Ont. CANADA 28S4L7 BELGIUM
STORPER O. Ir. Université libre de TONOSAKI A. Mr. Dept . of Civil Eng.
Bruxelles Kanazawa Institute of Tech.
Mécanique des Sols Ooaigaoka 7-1, Nonoichi-cho
Crl24/2 Kanazawa 9221
7, Av. Adolphe DBuyl JAPAN
1050 Bruxelles ‘
BELGIUM . TOWHATA I. Prof. Asian Institute of Techn.
) G.P.O, sox 2754
: , Banakok 10501 .
TANAKA T. Prof. Div. of Aqgricultural THAILAND
Ena. - Meiji Univ.
1-1-2 Tamaku TULLBEPG C. Mr. Ccoteborgs Datacentral
Higashimita T f6r forskning och hiégre
Kawasaki City . Utbildninqg
JAPAN Box 19070
o 4¢ir 12 COteborg
TEUNISSEN J. Mr. Delft Soil Mechanics SWEDEN
Laboratory ' ‘ .
P.0. Box 69 VAN MLBOOM €, Ir. Pijksinstituut voor
2 Stieltjeweq crondmechanica
2600 AR Delft 21 de Meelssquare
THE NETHEPLANDS 1040 Brussel '
. BELCIUM
THIMUS J. Ir. Université Catholique o o _ .
de Louvain - Batiment VAN DFEN BPOECK M. Ir. -Labo voor Grondmechanica

Vvinci, Place du Levant
1348 Louvain-La-Neuve
BELGIUM :

Grotesteenweg-Noord 2
0710 Zwijnaarde
BELGIU!




HAME

cln ' .rl l'.
ot

LEST OF PARTICLPANTS

NUMUG 11

CUENT 31.03,1986 ~ 4.04.1986

AFFILIATION

NAME '

urlal-l l.
b
ol

v
L .
.. . .

25.03. 1986

AFFTLIATION

VANDER CRUYSSEN

VAN DER KOGEL H.

.JAN IMPE W,

JAN LAETHEM M.

JAN 'OMMEN A,

JELVE B.T.

JERDONCK W,

Ir.

Ir.

rrof.

P;of.

Mr.

Mr.

Ir.

Achtenkouterstraat 13
0040 Cent
BELGIUM

Laboratorium voor
Crondmechanica
Stieltjesweg 2
Delft .
~“I'HE NETHEPLANDS

Labo voor frondmech.

-rfrotesteenwea-Noord 2

0710 Zwijnaarde
BELGIUM

K.U.Leuven
Celestijnenlaan 200A
3030 fleverlee
BELGIUM

Labo voor: Grondmech.
Postbus 60
2600 ADB Delft

THE NETHEPLANDS

- Trondheim

NMOPWAY

Rijksinstituut voor
Grondmechanica

28 de Meeilissquare
1040 Brussel
BELGIUM

VERMEER P,
VERRUYT A.

VERVOORT

WACNEP P.
WELTEPR Ph.
WITTKE W.A.

WOoODS R,

ZIENKIEWICZ O,

Dr.:

Prof.

Mr.

P"r.

Ir.

rrof.

Dr.

Prof.

I,abo voor Crondmechanica
Stevinwvea 1 '

2628 CN Delft

THNE NETHEPRLANDS

Techn. llogeschool Delft
Stevinweg 1

2628 CN Delft

THE NETHERLANDS

st.wernelusstraat 23
3500 Hasselt
BELGIUM

PE/SPEC INC.
P.0, ..ox 725

Papid City, SD 57709

U.S.A.

Pijksinstituut voor Crondmec!
28 de Meelissquare

1040 Brussel

BELGIUM

Technische llochschule Aachen
Mies-Van-Der-Rohe~Strasse
5100 Aachen :

CEPMANY (W)

Dept. of Civil Eng.
Morthampton Square
London - UNITED KINGKOM

Univ. College of Swansea
Swansea, SN 2 2PP
UNITED KINGDOM




ity

L1ST OF PARTLICIPANTS

NUMOG 11

GHENT 31.03.1986 - 4,04, 1986

2,04.1986 3

NAME TITLE AFFILIATION ’ NAME _' TITLE AFFILTATION
ALONSO E. Dr. Univ, of Catalunya LEDESMA A. Student University of Catalunya
Jordi Cirona Jordi Girona Salgado 31
Salagado 31 08034 Barcelona
08034 Barcelona SPAIN
SPAIN
: : OZANAM O. Mrs.. Bureau d'Etudes Coynebellxer
CAPOL I. Dr. Univ. of Catalunya : Paris - FRANCE
Jordi Cirona
Salqado 31 . - .
OR034 Barcelona PARRINGEP P. - Dr. Einstein Strasse
SPAIN GERHANY
CHAN Mr. UNITED KINCDOM "PAVLOVIC Prof. University of Novi Sad
: Veljka Vvlahovica 3
_ YUGOSLAVIA
DLUZEWSKI J. Mr. Politechnika Warszawdka '
00-637 Warszawa PELLI Student University of Alberte
Al. Armii Ludowej 16 Edmonton, Alberta
POLAND : CANADA
- ' PEMBEPTH Student University College of
KATZIP M. “Ir. 44, Revivim St, Swansea =~ Sinqgleton Park
P.0. llox 10107 Swansea SA2 8pp
Telaviv 61100 UNITED KINGDOM
ISPAEL
. : ) PRIOLI Dr.
KIM Student 434, East Fairmont,
Bld - App 3 '
Papid City (STHP) SERIANI C. Dr.
57701 :
U.S.A. ' SEPRANO Dr. SPAIN




- . LIST OF PARTICIPANTS
NUMOG 11
CHENT 31:03.1986 ~ 4.04.1986

NAME TITLE AFFILIATION ‘ NAME TETLE

.

.y

2,04, 1980 o

- +

AFFILIATION

TANI Ir. 2-705-301 .
Saicura-villace
Nzharioun, Ibaraki
JAPAN




ATTACHMENT NO. 3

A PROGRAM FOR A NONLINEAR CURVE-FITTING
COMPUTER TECHNIQUE

by

3. P. Ottoy
G. C. Vansteenkiste



A computer program for non-linear curve fitting

J. P. OTTOY and G. C. VANSTEENKISTE

Department of Applied Mathematics, Unicersity of Ghent, Coupure Links 533, 9000 Ghent,

Belgium

Recently several techniques for non-linear curve fit-
ting have been developed. The implementation of a
non-linear curve fitting procedure is treated for
mathematical models in which the linear and the non-
linear parameters are separable. The technique of
Golub and Pereyra is used so that a minimization
algorithm only for the non-linear parameters is
needed. The minimization algorithm of Marquardt
has been completed with an eigenvalue analysis. In
order to reduce the computation steps the inverses of
matrices of the form A+ /] are calculated with the
eigenvalues and eigenvectors of the matrix A. Of
particular interest is the obtained convergence speed
and the ease with which the method can be applied.

INTRODUCTION

During the last decade the techniques of non-linear curve
fitting have emerged as an important subject for study and
research. The increasingly widespread application of this
subject has been stimulated by the availability of digital
 computers and the necessity of using them in complicated
systems.

The intention of curve fitting can be: (a) to verify the
correspondence between a mathematical model and some
experimental data (x;, y;, i = 1, m); (b) to determine certain
unknown parameters by means of a valid supposed
mathematical model. As long as all the parameters afi=1,
n) are linear in the model, e.g. a model of the form:

y=ag+a;@(x)+...+a,0,(x)

the determination of the unknown parameters is not
difficult. They are solutions of the linear normal equa-
tions. However, if the model depends also on non-linear
parameters, the fitting is more difficult and needs iterative
methods. If there are several non-linear parameters, the
‘computer time can therefore increase very rapidly. In this
paper a computer program is described to fit in an eflicient
way a non-linear mathematical model. Only one inde-
pendent variable x is considered, but the method can
casily be extended for several independent variables.

It is supposed that the lincar and the non-linear
paramecters are secparable. A least squares problcm is
called separable if the fitting function can be written as a
linear combination of functions (p(b x) involving further
paramcters in a non-linear manner. Suppose the data (x;,
Y i=1,m) has to be ﬁllcd the modcl:

y=o(@h: x)=lz ajp AB: x)+ (B x) (1
=

with
GeR", beR* and n+k<m

The functions ¢; (b: x) are not lmcar in b. One has then to
minimize the followmg sum of squares of deviations:

— L] - 2
ry(@b) Z[ —@olb: x)— ;aﬂ”(b; x,)] (2

" If: @ =the vector eR™ with i-component y;,— ,(b: x)) and

@ =the matrix eR™" with (i —j}-clement ¢ (&: x,), the non-
linear functional (2) can be written as:

n@)=1-0ar @

First, it is proven that it is possible to transform such a“
separable problem to a minimization problem involving
the non-linear parameters only.

THEOREM

Sup{)osc ry(@hb) has a s:mplc isolated minimum for beS
R* and that the matrix &D(B) is of' rank n with continue
derivatives in this region for b. If b is constant, the
minimum of r,(a, b} is attained for @ bcmg the solutions of
the set of normal equations:

(¢T®)5=®T§J 4

for the correspondmg linear regressxon This equation can

be solved for @ as:
-ath)= (ofo)- 1oy ' (5)

because of the rank of (®™®)is thesame as the rank of ®and
thus equal n. After putting this result in equation (3) we get
the non-linear functional:

r(B) =P — D(OTD) T2 . {6)
which is only function of the non-linear parameters b, The
following thcorem is now proven:

IIZES is the minimum of rz(l';) and if

cquation (5) in which (D=tb(l7) is substituted, then (&.b) is
the minimum of r,(@h).

is given_ by
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FProof

One can always find an orthogonal m by m matrix Q,
which reduce @ to his “trapezoidal® form:

=[G p=l] o

with U a triangular n by n matrix of rank », and Q,eR™"
and Q,eR™~""™ (sec Acton'). As a result of the orthogo-
nality of Q, the following relation between Q, and Q, is
obtained:

070=070,+010,=1 )

and from equation (7) is found:

¢=Q'[(‘)"] and OT=[UT0]Q ©)

Using these relations one proves easily after some calcu-

lations that:

o(00)107= 07! g]Q=QIQx (10)

and
I1-(@T0)"'0T=0]0, (11)

For the identity matrices I, we have denoted the rank nas
1,, only where it was necessary.

Out of the last equations it can even be proven that the
matrices QTQ, and QIQ, are idempotent with power 2:

(012, =010,

(01Q.1*=QIQ; 2
Let us now put:
F=P-0z .(is) '
then the modified functional (6) is givenv by:
ry(6)=97010,¥ =

7010, (14)
and the primary functional (3) is transformed as:
r@b)=t"E=%QQ0%=2"01Q, %+ E'QI0:%  (15)

A combination of equations (14) and (15) results in the
following relation between these two functionals:

I(ub)—rz(b)+ irQ'Ql: (16)

The three terms in the above equation are ccrtamly
positive, so that

min r(d. h)z minr,(h) + min .'Q{Q, (17)

ey > ahe

Choosing for d=ah)={h")" fD"P thz. second tcrm in’

the second member of equation (17) is zero, which results
in:
min r,(a, b}z min r,(b) (18)
uh\ h:\_-__

Otherwise one has always:
min r (@B min ryih)
A Ky
= o)
or with equation (16):

 min r(aB< min rzu_;) (19)
afes ks

The inequalities (18) and (19) prove the theorem.
The minimization problem of the non-linear sum of

" squares in the n+k parameters of the model (1) is thus

reduced to a minimization problem in the k purely non-
linear parameters only. Models of the form (1) are used
frequently and this reduction of the number of iteration

- parameters can sometimes improve enormously in

computer-time and numerical convergence. Consider
now the minimization algorithm for the remaining non-
linear parameters.

MINIMIZATION ALGORITHM

Tofind ncrauvely the minimum ol'r,(E) aso-called second
order method is used. The non-linear functional ry(b) in
cquanon (14) is written as:

ry(B)=7TF with 7= Q,CPeR"'" (20)

To approximate the minimum value of the objecnve

function rz(B) from pomts b near to the minimum &+ Ab
the Taylor expansxon series with second order terms is
used:

r,(F+A—b')=rz(5')+§-KE'+%ZE’THE' 1)

In this expansion g and H are respectively the Jacobian
gradient vector and the Hessian matrix. They are defined

by:
7= ("’Z) R 22)
and
52r2 k.x
B (Ebjébj (i.j =l.!<))é 23)

Our objective is to determine the vector ab of the
movement, requxred to approximate the minimum from b.

To determine Ab approximately, consider g and H as

~ fixed and differentiate partially the increment:

—"+;_ZET-H-B_I; (24)
with respect to Ah. Setting this result to zero gives:
GlB) + H(B)- Ab =0 (25)
and after solving for Ab yields:

Ab = —(H(B)~*7ib) (26)
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as the approximation for the required movement to the

minimum b,,, from a point b near to the minimum (the
current point). Equation (26) is fundamental to all second
order solutions for a minimization problem. When it is
used directly to gencrate successive movements toward a
minimum [rom a given initial value by, the method is
known as the Gauss-Newton algorithm. Direct use of
equation (26) is limited, however, because the Hessian
matrix H must be computed and inverted at cach step of
any iterative procedure. If the partial derivation of ry(b) is
analytically too difTicult to perform one can have recourse
to numerical derivations, and then several methods to
approximate H™* are available. Only one.is mentioned.
A first partial differentiation cquatlon @gnvcs

mar2 v

gl ab‘ "

and a second partial differentiation yields:

ar, az*az‘ o O°F ..
5506, T 2% agp W= 1R (28)

Hur=g5a6,~2

The Newton-Raphson least squares procedure assumes
that the second term in equation (28) can be neglected.
Therefore we take:

Ab= -—%A' 1z 29)

where A is a symmetric matrix with i-j-element:

LTt ..
Au—m (lJ: l,I() (30)

Finally, we observe the numerical convergence of the
method. It can be proven that the matrix H, evaluated at
the minimum is positive definite. However, H in equation
(26) is not necessarily positive definite, since it is evaluated
at a point other than the minimum, so that the process
may not converge. This situation is most likely to occur at
some distance from the minimum. Moreover, the Hessian
H is approximated by the matrix A in equation (30). This
is the reason why in some situations it is important firstly
to limit the step size (taken as a fraction p, <1) so that a
solution is not predicted outside the range of a valid first
order approximation to H and secondly to add a positive
scalar Z, to the diagonal elements of 4 so that A+ 24,/ is

certainly positive definite. Taking this into account, the ,

iteration scheme becomes finally:
besr=bi=plA+241)7'F (31

The practical determination of the scalars p, and 2, will be
treated in the next paragraph. (We use the index k to mean

the kth iteration step. There will be no confusion with the

number of non-linear parameters also denoted as k.’

COMPUTATIONAL PROCEDURE

Calculation of T=Q,%

The dctermination! of the orthogonal matrix @, which
reduces @ to its trapezoidal form, can best be done usinga
sequence of Houscholder transformations. A first trans-

.b‘(:—l K) (27)

formation Q"' transforms @ 1o & matrix with on the
first column all zcros except the first element, # sccond
transformation reduces the sccond column to all zeros,
cxcept the two first numbers ete. This can be visualized as:

N [ | L Y A e
Cx . x x
0 x .
=0 0 .
:o : : (32)
[ 0 0 0

(The zeros in the second member mean zero-matrices of
different kind.) Applying the same sequence of transfor-
mations on the vector ¥, we get the vector y as the last m—~
n elements of this result.

Calculation of 85/0b,

For the purpose of calculating g; and A following
equations (27) and (30) are needed the derivatives 7/8b,.
They can be calculated analytically if the derivatives
Op,/0b,; are determined. It is of course also possible to
determine them numerically. The last procedure is less
laborious for the user of the program, because no
supplcmentary program is needed to calculate 6<p_,/6b,
Yet, it introduces a supplementary inaccuracy in the
calculations. If the functions ¢, are sufliciently smooth, it
appears that numerical derivation yields no serious risk to
lose convergency, but one has to be careful il the
functions ¢, are liable to error noise (e.g. results of
numerical integrations )

Scaling of the matrix A in equation (31)

In minimization problems of the sum of squares of .
deviations the covariance matrix 4 in the normal equa-
tions is usually scaled to obtain a correlation matrix. In
this way the normal equations are better conditioned. If

=TAT (33)

with Tak by k diagonal matrix with diagonal elements
A3, then A* is the scaled correlation matrix. Using
equation (33) the increments Ab from equation (29) are
obtamcd

86 = —3T(A%"}T§ (34

Inordertoobtainalsofor A*a bosilive deflinite matrix, we
add to A* the diagonal matrix Z,/, and finally equation
(31) is reduced to: .

—

by =b— p,'r(A'+i..l)"Tg‘_ (39)

Determination of p,‘baml /y
~ Following equation (29) 8rf l‘/can choose p, = 1/2 and if

" necessary a more appropriatc p, can be determined with
" the method of successive division by two, or another line

scarch method. Some authors?? have treated this pro-
blem in detail. Here we will try to reduce the number of |
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evaluations of ry(h) rather than the number of iteration

steps. In order that A* + 4, should be positive definite, it
is nccessary and sufficient to choose A, > maximum (0,
—¢), with e the smallest cigenvalue of 4*, It is, however,
not necessary to take 2, too great, because if 4, — co then
llAb]l—0 and the convergence can be slowed down.

In his algorithm, Marquardt® has not used an eigcn-
value analysis. He starts with a small value for 2, and
takes p, =0.5ythe kth iteration stcprsucccssful then Z,,,
issetequal 4,/v(v>1), ifnot, the angle between Ab and §'is

/calculated If this angle is lower than n/4, then

{plu]:"pk/z (36) ‘

Fray =4y
is taken. In the other case:

,{Px + I.= Px 67

Apey=2g¥

In our program the eigenvalues are determined with p,
=1 and Z,=maximum (0, —e) with e the smallest
eigenvalue. If one iteration step is not successful, e.g. the
kth step, p, and 2, are transformed following equation

(36). But if p, becomes smaller than 0.03, the direction is

changed, with p,,,=1 and Z is transformed as follows:

dy ey =24(if 4 #£0)
{)'n» v=e (if 2,=0) - (38)

The inverse of (A* +2,1)
Let the cigenvalues and the eigenvectors of A* be
denoted by e;and v, (j=1,... k) respectively, then we have:

k
(407" = X e 'up} (39)

The eigenvectors of A*+ 1, [ are the same as those of A*,
but the eigenvalues of this matrix are given by e;+4,, so
that;

(A*+4,07!

Il it is necessary to test several values for the parameter 2,
(see above), this procedure seems to be very interesting,
because we don't need any matrix inversion.

Calculation of the linear parameters

After the minimization of r,(g) the linear parameters
a(b) given by equation (4) can be calculated in an easy
way’, Using equation (9), equation (4) is transformed in:

[U*O]QQ*[E’JE: [UT0]O

or

Ua=Q,? (41)

o Becausc U isa tnangular matrix, this set of equations is

easily solved for &
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r?lzl'(e,-f- AT H (40) |

Stopcriterium

If ry(5,) is the value of r, alter k iterations,and ifk + 1 is
a succcssful iteration than b,,, is taken as a local
minimum if:

ra'b) - r,(b‘...)

42
725 *2)
withea prcdcﬁncd small number, given by the user of the
program. In order to take action in a case of non-
convergence, the user of the program must also give a
value for the maximum number of iterations.

LISTING OF THE COMPUTER PROGRAMS -

The above algorithm can be implemented in a computer
program as follows. First, a main subroutine is needed
which determines the minimum of ry(b) and the cor-
responding parameters @ and b of the regression model.
For this subroutine which is named ‘BBO3IM?2’ a flow-
chart can be drawn as shown in Fig. 1. The variables have
been labeled as in the text as much as possible. This main
subroutine requires two other subroutines. A first one
which is named ‘BBO3EI’ determines the eigenvalues and
the eigenvectors of a real symmetric matrix, and a second
one which is named ‘BBO3TH reduces a generalmby n
matrix to his trapezoidal form using a series of orthogonal
transformations. In the flowchart the subroutine
‘BBO3TH’ is needed in the boxes denoted by ‘*". This

_ subroutine ‘BBO3ITH: as well as the subroutine ‘BBO3EI’
.are, of course, standard routines; they have been copied
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from the Scientific Subroutine Package (SSP-library) of
IBM. All programs are written in Fortran 1V,
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AN EXAMPLE
For each problem the user of the above subroutines has to

 furnish himself two Fortran programs. The first one is the’

main program, in which the subroutine ‘BBO3IM2Y is
called after that the data-points (x;, y,) are read in or

generated. The second one is a subroutine BBO3UF -

(A.X,FI,M,N), in which the terms (pl(b. x) of the fitting
function ¢ are generated for given non-linear parameter-
values b. In this subroutine the first argument A contains
these non-lincar parameters, the second argument X
contains the x-values of the data-points, while the last two
ones M and ‘N respectively denote the number of data-
points and the number of non-linear parameters. In the
elements F I(l J) of the matrix £I(50,11) the terms o ,(b x)

LR R T R N L Wi iy




——

— - p

with corresponding indices have to be stored. The spcci.:l
values @qb: x;) have .nlw.nys to be programmed in the
elements FI (L11). If there is no function @q(b; x) the
elements FI (1,11) must be put zero. The above described
program has been tested for several regression models.
We mention only one.

As example 50 data-points (x,, y,) have been generated '

from the equation:
y=a,+a,th[b,(log x—b,)] (43)
with parameter-values:

ay= :2()(), Ilz = 115() l) = 3 172 = 1

~and with:

x;=0.2, 04, 0, ..., 10

This regression model contains two non-linear para-
meters (by,b,) and two linear parameters (a,,a,) with
corresponding functions:

(PI(E.; x)=1
‘Pz(F; x)=th[b,(log x—b,)]

There is no function ¢4(F; x). Starting from the initial
estimations (7., 2.) for the non-linear parameters (b,,b,)
the proposed program has been used to fit the model (43)
to the generated data-points. The main program and the
subroutine BBO3UF which are needed for this problem
are listed below.
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From the computer results one can verify the very rapid
convergency from the chosen initial estimates for b, and
b, towards the exactly optimal values. Note also that the
linear parameters are updated only at the very last
iteration step, so that an initial choice is not needed for the”
procedure. Of particular interest is the obtained con-
vergency speed and the ease with which the method can be
applied. This has certainly two reasons: first the linear and
the non-linear parameters have been separated and
second the number of computation steps are reduced due
to the fact that the inverses of matrices of the form A + A1
the . eigenvalues and
eigenvectors.
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