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1.0 INTRODUCTION

This report documents the results of research accomplished under

* 2 Air Force Office of Scientific Research contract F49620-80-C-0088,

* - "Fundamental Properties of Soils for Complex Dynamic Loadings," during

the period 1 August 1980 through 31 July 1984. Three annual technical

reports have been issued under this contract: [Dass, Bratton and

Higgins (1981); Dass, Merkle and Bratton (1983); Merkle and Dass

(1983)]. The objective of the study reported herein was to develop a

general soil stress-strain model which can be used to solve a wide

range of soil dynamics problems of interest to the Air Force. These
P

problems include prediction of ground shock loads on and shock

isolation system attachment point motions within current and future

generation ICBM missile silos and launch control centers, under threat

nuclear attack conditions. Another problem of interest is the design

of structures hardened against conventional weapons, earthquake

resistant structures, pavement subbases for concentrated dynamic

loads, and vibrating machine foundations. The approach used was to

review existing soil constitutive models used to predict the response

of soil masses to complex dynamic loads, and then formulate a new

model for that purpose.

In military hardened structure design, free field ground shock

.I,,

predictions are rarely an end in themselves. Generally, free field
0v

motions and/or stresses serve as inputs for structure medium

interaction (SMI) analyses, frequently using a soil island approach.

b . '-These yield grourd shock loads on and interior motions of a surface

6A A
}A "~ . 9 . t b ~ t f s. A



flush or buried hardened structure. Thus, although free field ground

shock strain paths characteristic of a surface nuclear or conventional

explosion are important for the design of a hardened structure, they

are by no means the only strain paths a soil dynamic constitutive

model must accomodate in a hardened structure analysis. Strain paths

in the vicinity of a hardened structure, which are most affected by

structure medium interaction, are no less important and much more

diverse and complex than their free field counterparts.

Hardened structure ground shock response predictions are

generally accomplished using finite difference or finite element

numerical methods on large digital computers. Field tests are used to

identify material and structural behavior modes which need to be

modeled, and to assess the accuracy and reliability of calculated

predictions. The calculation sequence is roughly as follows: - -

a) Using previously calculated or prescribed stresses and body

forces, calculate new accelerations from equations of motion.

b) Calculate new velocities and displacements by integration,

using the new accelerations.

c) Calculate new strains from the new displacements, using

strain-displacement equations.

d) Calculate new stresses from the new strains, using soil

dynamic constitutive equations.

e) Repeat steps (a) through (d).

Details of the above calculation process are not of concern

here, in particular whether the new displacements are obtained

2
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explicitly or implicitly. What is important is that the new stresses

are obtained from the new strains by using the soil stress-strain

i 
I ' •  

r... ' _

equations in a strain-controlled mode. The reasc,, this is important ..

. ..- i . i

is that the equations of plasticity theory, which are the basis for

*I 4

many soil stress-strain models, were originally formulated for use

under stress-controlled conditions. Their use under strain-controlled

conditions requires some reformulation, and careful consideration of

* their fundamental physical significance.

The requirements to be satisfied by a useful soil stress-strain

model can be grouped under five headings:

a) Theory--e.g. the model should not generate energy under

cyclic loading, and inelastic deformation must dissipate

energy, not create it;

b) Phenomenology--e.g. the model should exhibit some hysteresis,

as well as coupling between shear strain and volume strain;

c) Comp~utational efficiency--e.g. the strain increment required

for numerical stability should be large enough to permit

reasonable run times, and the model algorithms should be

comiputationally efficient;

0q

d) Convenience--e.g. the model parameters should be easy to -

determine for someone other than the model originator;

e) Accuracy--e.g. the model should correctly describe elemental

0o

response along stress or strain paths other than those used

to determine the model parameters, and predictions of soil

mass response to complex dynamic loads should be accurate and

reli a ble.

3
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With the above requirements in mind, eight existing soil dynamic

stress-strain models were studied, including exercising them along

common stress and strain paths for comparison. The models were:

a) Linear elastic

b) Linear viscoelastic

c) Hyperbolic

d) Pyke cyclic simple shear

e) Elastic-perfectly plastic

" "f) Modified AFWL engineering

g Effective stress cap

.- h) Lade

The discussion of each model includes: motivation, assumptions,

basic equations, parameter determination, and computed behavior.

Based on the above review, the Lade model was selected as the best -

point of departure for developing a new soil stress-strain model for

complex dynamic loading, because of its accuracy and flexibility in

representing soil stress-strain behavior, ease of parameter

determination, and ease of developing intuition for parameter physical

significance and accuracy. The same five attributes discussed for

0- each existing model were examined for the new ARA conic model, so -

called because its principal mathematical surfaces are conic sections.

Requirements for soil stress-strain models are discussed below

in Section 2; the review of existing models is summarized in

Section 3; and development of the ARA model is summarized in Section

4. Mathematical details are presented in Appendices A through W.

4



2.0 SOIL CONSTITUTIVE MODEL REQUIREMENTS

2.1 The Nature of Soil

Soil is a particulate material. Soil particles vary in size, shape,

hardness and surface texture, and although they can be bonded together by

mineral deposits, this is the exception rather than the rule. There are

In four primary consequences of the particulate nature of soil [Lambe and

Whitman (1969:Chapter 2)]:

a) Deformation of soil is partly the result of individual particle

deformation, but primarily the result of interparticle sliding

and rolling.

b) Soil is inherently multiphase. The soil particles constitute

the solid phase, and the remaining space is pore space. The

pore space is fillee by pore fluid, consisting of a gaseous

phase (usually air) and a liquid phase (usually water). In dry

soil the liquid phase is absent, and in saturated soil the

gaseous phase is absent. The pore fluid chemically influences

the nature of soil particle surfaces, including contact

H surfaces, and hence affects the process of interparticle force t.

transmission and resistance.

c) The pore fluid can flow through the pore space. Whether flowing

or still, the pore fluid physically interacts with the soil

particles, thus further influencing the process of interparticle

force transmission and resistance.

d) Sudden load changes are carried jointly by the soil skeleton and

the pore fluid. The resulting change in pore pressure usually

causes pore fluid flow, which alters the proportion of load

5



carried by the soil skeleton and the pore fluid, as well as

changing the configuration of the soil skeleton.

Because soil deforms primarily by interparticle slip, soil strength

is basically frictional in nature; and because pore fluid pressure reduces

interparticle contact normal forces, the strength of a soil element is

controlled by the difference between the total normal stress acting on the -'

element and the value of the element pore pressure, i.e., by the effective

stress. Due to the nature of soil formation and deposition processes,

natural soil deposits are often inhomogeneous and inherently anisotropic,

and soil profiles are frequently erratically discontinuous.

2.2 Soil Stress-Strain Characteristics

Soil stress-strain characteristics are a consequence of the

particulate nature of soil and the processes by which soils are formed,

deposited and subsequently altered in place. The following list of soil

stress-strain characteristics is prioritized for construction of soil

constitutive models to predict the behavior of soil masses under complex

dynamic loads, such as explosions, earthquakes, and moving vehicles:

a) Soil deformation and strength are governed by effective stress.

b) Both volumetric and deviatoric stress-strain curves are

nonlinear, even at small strains, and the type of nonlinearity

0L
is stress path dependent. Figure (2.1) shows the continuous - L

transition from concavity to convexity with respect to the

vertical strain axis of a plot of vertical effective stress
6!

versus vertical strain, measured in a drained triaxial test.

The parameter controlling the shape of the stress-strain curve

is the direction of the effective stress path. At mean

6
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pressures above 500 psi some volumetric stress-strain curves

exhibit a convex yield region due to grain crushing at highly

stressed interparticle contact points, but at even higher mean

pressure the volumetric stress-strain curve again becomes

concave to the strain axis. Figure (2.2) illustrates the above "- "

behavior. A similar phenomenon is observed for one-dimensional

compression curves at much lower stresses, due to interparticle

slip followed by subsequent skeletal stiffening.

c) Under drained conditions, shear strain and volumetric strain are

coupled. This coupling is called dilatancy. Under undrained

conditions the tendency of the soil skeleton to change volume is

opposed by the relative incompressibility of the pore fluid,

which develops an excess pore pressure sufficient to maintain

the soil skeleton at constant, or near constant volume. It is

vital that soil e.ilatancy be correctly modeled in order to

obtain the correct pore pressure and effective stress ur ?r all

loading conditions.

d) At large shear strain a given soil approaches a residual or

ultimate shear stress and void ratio which depend on the

confining pressure, but are independent of the initial void

ratio prior to shearing. The residual or ultimate shear stress

and void ratio define the critical state at the given confining

pressure [Casagrande (1936:262)].

e) In approaching the critical state an initially dense or

overconsolidated soil will attain a peak shear stress greater

than the critical state value. The peak stress generally
. . ? .:...

h~B
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corresponds closely to the maximum expansion rate. At larger .

shear strains in a strain-controlled test the shear stress

decreases (strain softening) and the soil continues to expand at

a decreasing rate until the critical state is attained. Both

dense and loose soils show a tendency toward densification at

small shear strains, due to particle rearrangement. Loose sands

also initially compact, then expand as they approach the

critical state, but normally consolidated clays compact

throughout their approach to the critical state. Loose sands

exhibit steadily increasing shear resistance as they approach

the critical state; even normally consolidated clays can exhibit

a peak shear resistance with subsequent strain softening as they

approach the critical state. These basic soil stress-strain

phenomena are illustrated in Figures (2.3), (2.4), (2.5) and

(2.6)."-i-

f) The intermediate principal effective stress can have a

significant influence on both the peak and the ultimate friction

angles. Figures (2.7) and (2.8) [Merkle (1971)] show

representative soil strength data plotted in the octahedral

plane. In those plots 0 is the Mohr-Coulomb friction angle, and

is Lode's parameter. If 02 had no influence on 4, the data

points would all lie on a straight line of constant -.

Figures (2.7) and (2.8) show a sixty degree segment of a shear

failure surface cross-section taken normal to the hydrostatic

axis in principal stress space. The entire failure surface has

six-fold symmetry, so only a sixty degree segment need be

10
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Data from Bell (1965)
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plotted to completely define the entire cross-section. The

diverging lines extending from a point on the left hand vertical

axis to the right hand vertical axis marked p define values of

Lode's parameter, which defines the relative position of the
":-. C '. ,

intermediate principal stress with respect to the major and

minor principal stresses. A line from the top of the left hand

vertical axis to a point on the bottom horizontal axis marked

sin defines the value of the sine of the angle of obliguity.

The distance of a point from the origin (the point from which

the constant p lines emanate) equals times the ratio of the

octahedral shear stress to the octahedral normal stress, for ar

material with no effective stress cohesion. (See Figure (C.4)

and the accompanying explanation in Appendix C, and also

[Merkle (1984)].

g) Because soil particles are generally not bonded together, soil

tensile strength is primarily the result of particle

interlocking, and is very small. Soil tensile failure causes

It
stress redistribution in a loaded soil mass.

h) Plastic (irrecoverable) volumetric and deviatoric strains are

both generated from the onset of loading.

i) Separate yield and plastic potential functions appear to be

necessary for compression and shear, for a classical plasticity

model. Plastic flow is frequently nonassociative, especially in

shear. ...

j) Soils exhibit the Baushinger effect, i.e., loading heyond the
-...- -

virgin yield point in one direction increases the elastic range

17
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and yield point for unloading and reloading in that direction,

but decreases the elastic range and yield point for subsequent

loading in the opposite direction [Timoshenko (1956 11:412);

Nadai (1950:20)].

* k) Soil stress-strain behavior can be strain rate dependent, both

because the effective stress-strain behavior of the soil

skeleton is strain rate dependent, and because of the time

dependence of pore fluid flow and the associated pore pressure

ad.ustmen t.

1) Cyclic loading in compression and/or shear below a critical

value produces a number of effects: initial densification;

hysteresis; decreasing increments of permanent shear and

volumetric strain with each cycle, leading eventually to stable

hysteresis; stiffening; and decrease in damping.

m) Natural soil deposits exhibit both inherent (depositional) and

stress- (or strain-) induced anisotropy.

n) Sample disturbance often makes the stress-strain behavior of a

soil sample different in the laboratory from what it would have

been in-situ.

The above characteristics significantly influence the response of a
e

soil mass to complex dynamic loads associated with explosions, earthquakes

and moving vehicles.

2.3 The Soil Element Model -

A computer code has been developed which can exercise any

constitutive model over several stress and strain paths. The models

incorporated in the Soil Element Model (SEM) are formulated to calculate

. . . ...
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increments of stress, given strain increments, the current state of

stress, and the stress-strain history at a point. The strain-control

formulation was chosen because this is how most dynamic finite difference

and finite element codes operate, and thus the models developed in the SE" -

would be immediately ready for use in these larger codes. Figure (2.9) .' -"

shows a basic flow diagram for the code, and lists the primary options for !- , .

boundary conditions and material models.

The single element mode of operation allows a model to he tested over

a wide variety of stress-strain conditions. Most laboratory test boundary

conditions have been incorporated. Triaxial compression/extension

encompasses all tests which can be performed in a standard triaxial

device, including K uniaxial compression. Only strain-controlled

(rigid platen) true triaxial tests can be simulated, however, as no multi-

dimensional iterative scheme has yet been written for the program.

A one-dimensional finite difference processor for wave propagation -

studies was adapted from [Hart (1981)] and incorporated, directly using

the SEM model routines. This boundary condition option allows the modeler

to study the implementation of a given model and its computational

features, such as efficiency and stability. Simple in-situ explosive

tests, such as DISC TEST, CIST, and buried spheres can also be calculated
eL

using any of the implemented models. Note that the JWL high explosive

material model [Lee, et al. (1968)] has been included specifically for

these types of calculations. A post-processing option exists for Fourier

transform analysis of the resultant time-histories. .

The SEM is written in Fortran and can be used either in an

interactive mode or in a hatch mode. The full version of the code is .

19
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operable on the Cray systems at the Air Force Weapons Laboratory and Los

Alamos Nationdl Laboratory. A much-abridged version has been made ,

operable on an Apple II-C personal computer. Future plans for the SEN i,

include its use as the comnon material model processor for several large

wave propagation codes. Such a common processor would yield advantages in

parameter specification and comparability between results generated with

different codes.

2.4 Computational Exercises for Model Comparisons

As a basis for comparing the stress-strain behavior produced by the

constitutive models described in the following section, a common set of

exercises has been run for each. The exercises consisted of laboratory

test boundary conditions as shown in Figure (2.10), plus arbitrary strain

path excursions. All exercises were calculated using the SEN.

2.4.1 Test Descriptions

Each exercise is described below as it would be performed in the

laboratory:

a) The isotropic compression test (IC) subjects a cylindrical

I
specimen to an equal all-around confining pressure. Typical measurements

are changes of the specimen's height and diameter. Note that in the

experiment, measurements are made only at a few specific locations and it

becomes necessary to assume a complete deformation pattern to actually

calculate volume strain. [Ehrgott (1971)] describes several possible

assumptions for deformed shape, and the associated methods for calculating
*q

volume strain. For this report, actual laboratory data have been

interpreted as if cylindrical specimens remained cylindrical during

deformation.

21
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b) The constant cell pressure triaxial compression test (CTC) is

conducted after a desired equal all-around confining pressure has been

reached via an IC test. While the lateral pressure is held constant,

;. axial load is increased and measurements of the specimen's height and

diameter changes are made.

c) The constant cell pressure triaxial extension test (CTE) is also

conducted from an initial equal all-around confining pressure. While the

lateral pressure is held constant, the axial pressure is decreased and

height and diameter change measurements are made. Note that for this type

of test, the axial piston is the same size as the specimen to allow

control of axial stress independent of cell pressure.

d) The reduced cell pressure triaxial compression test (RTC) also .

starts from an initial equal all-around lateral pressure, but the axial

load is held constant, while the confining pressure is reduced.

e) The increased cell pressure triaxial extension test (RTE)

increases the lateral pressure from an initial equal all-around value,

while the axial stress is maintained constant.

f) The pure shear compression test (PSC), as it is called here, is

somewhat harder to perform in a standard triaxial cell because both the

axial load and lateral pressure are varied from an initial IC state.

Increase of axial load is proportional to decrease of lateral pressure to

yield zero change in mean normal stress.

g) The pure shear extension test (PSE) starts from an initial equal

all-around confining pressure. Lateral pressure is then increased and

axial load is proportionally decreased to maintain constant mean normal

stress.

23 I.. -, 0
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h) The uniaxial strain compression test (UXC) can be run either in

a uniaxial device (oedometer) or in a triaxial cell. In the uniaxial

devicc., vertical pressure is applied to a wafer-shaped specimen that is

physically restrained from deflecting radially. Applied axial stress and

specimen height change are measured. When run in a triaxial cell the test " '

is typically called a K0 test. It is conducted by applying lateral

pressure to a specimen until a slight inward movement of the diameter is

detected. Axial load is then applied until the specimen returns to its

original radial position. (Or, axial load can be applied until slight

outward movement is observed, whereupon the lateral pressure is increased

to zero out the radial strain.) Axial and lateral pressure are measured,

along with specimen height and diameter changes.

i) The uniaxial strain extension test (UXE) is conducted in a

triaxial cell from an initial equal all-around confining pressure. Axial

stress is reduced while maintaining zero radial strain with respect to the

specimen's diameter at the end of the IC phase.

Two types of strain path tests were calculated:

j) An axisymmetric strain path test (AEPT) is conducted in a

standard triaxial test device. Following an initial hydrostatic loading a

specified strain path is followed by controlling the vertical strain and

manually adjusting the lateral confining pressure to yield the desired -

radial strain. (Note that lateral pressure could also be servo-

controlled.) Measurements include axial and lateral stress, and specimen

height and diameter changes.

Figure (2.11) shows two axisymmetric strain paths tested at WES

[Akers (1983); Akers (1985)] and used for this exercise. They are denoted

24
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"WES Path 3V and "WES Path 3C". Two paths tested by [Lade (1983)] were

also used and are shown in Figure (2.12).

k) Arbitrary three-dimensional strain path tests (EPT) require a

true-triaxial test device, because three independent strains must be

applied. With a strain-controlled rigid platen device this can be

accomplished directly; with a stress-controlled flexible platen device

each applied stress must be servo- or manually controlled to yield correct

strain increments. Figure (2.13) shows the 3-D strain path used for this

exercise. It is Path 3A from [Ko and Meier (1983)], which they used for ,. .

testing remolded Nellis baseline sand.

2.4.2 Test Data

So that all models could be fairly compared, each was fit to the same

set of data from a single material. The material chosen was a dry

alluvium obtained at the CARES DRY site near Yuma, Arizona. The material

is a brown clayey sand (SC) which contains about 33 percent fines (clay

and silt) by weight. Figure (2.14) shows results of gradation and index

tests for this material. All test data used for this study, except those

for true triaxial strain path 3A, are from tests on remolded samples, with .

the original material taken from near the surface. The majority of the

tests were performed at the U.S. Army Engineer Waterways Experiment . -

Station (WES), and are documented in [Cargile (1984)] and [Akers (1985)]. -

A small set of strain path experiments were also performed by [Lade

(1983)] and these have been included in the exercises. From the many

tests performed, a few have been identified as "most representative" of

the behavior of CARES DRY alluvium. Table (2.1) lists the tests by number

which were used for parameter fitting and comparison with SEM model

26

.....................................--~-~-HI-



C>

CD

-CD

CDj

CD

CD

-0.014 -0.05 -0.00 -0.0 0.02 -0.0 5 -0.00 -0.005 0.000

E 33

(a) PATH NO. 1

Fiur 2.12 Lad _ _smm i Stai Path

CD _ ________ _ __ ___ __27



C~*)
o j

LfL

C\j

CD
ii;

-9.0 -3.0 -7.0 -6.0 -5.0 -4.0 -30-2.0 -i.0 0.0 1.0 2.0

E33 *103

Fiue21. TreDmesoa tanPt

S _ _ _ _ _ _ -28



0 00 0 0 0 0

0o0

)

tn

00,-

PIC

1 *0

LLLUA 

0

C C-z C,

c 4--'

L04-'

.0 .I

Ln

< >1
-40 3

0000,0-4 4-

4-)

zi 
* (

29



TABLE 2.1. REPRESENTATIVE DATA FOR REMOLDED CARES-DRY SAND _A~

Test Type Confining Pressure Test Number Dry Density 4

(MPa) 49cc

IC,-- RDC-IC-3 1.807

0.7 RDC-TXC-11 1.817
1.4 RDC-TXC-1 1.809

CTC 3.4 RDC-TXC-2 1.819
7.0 RDC-TXC-4 1.816

58.8 RDC-TXC-7 1.806
100.0 RDC-TXC-16 1.844 .--

1.8 RDC-TXE-12
CTE 3.5 RDC-TXE-2 1.808

7.0 RDC-TXC-13

UXC Dynamic -- RDC-DUX-19 1.809

UXC K0  - RDC-KO-1

1.8 RDC-ICKO-1 1.816
UXE 3.5 RDC-ICKO-2

7.0 RDC-ICKO-3

AEPT WES3A 6.9 RDC21
WES3C 6.9 RDC32

AEPT LADE PATHI 6.9 1-5 1.832
LADE PATH2 6.9 1-3 1.777

* 30



,- calculations. Figure 2.14 also shows a particle size distribution curve

for Nellis baseline sand, tested by Ko and Meier (1983) along true

triaxial strain path 3A. The mechanical behavior of CARES DRY alluvium is

similar to that of Nellis baseline sand. Consequently, prior to the

availability of stress-strain data for CARES DRY alluvium, WES recommended .

approximating its stress-strain, features by those of Nellis baseline sand.

Calculational exercises without any test data for comparison included

the RTC, RTE, PSC, and PSE stress paths.

I °*
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3.0 EXISTING MODELS

3.1 Introduction

The reason for reviewing existing soil stress-strain models was to

identify their strengths and shortcomings under complex dynamic loading

conditions of interest to the Air Force, such as those associated with

explosions, earthquakes, and moving vehicles. The five principal types of

requirements for a useful dynamic soil stress-strain model listed in

Section 1.0, viz: theory, phenomenology, computational efficiency,

convenience, and accuracy were considered, as were the fourteen key soil

dynamic stress-strain characteristics discussed in Section 2.2, which fall

under the phenomenology requirement heading above. The eight existing
0

soil dynamic stress-strain models reviewed were:

a) Linear elastic

b) Linear viscoelastic

c) Hyperbolic

d) Pyke cyclic simple shear

e) El astic-perfectly plastic

f) Modified AFWL engineering -

g) Effective stress cap

h) Lade

Detailed results of the model reviews are contained in Appendix V,

supported where necessary by mathematical derivations in Appendices A

through U. The discussion of each model in Appendix V includes:
0

motivation, assumptions, basic equations, parameter determination and

computed behavior.

32.
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3.2 Evaluation Summary

Table 3.1 summarizes the evaluation of the eight existing soil

stress-strain models with respect to ten criteria:

a) ease of parameter determination

b) influence of intermediate principal stress on shear strength

c) exact match of measured shear strengths in triaxial compression

and extension

d) direct computation of shear strength for any value of Lode's

parameter, without trial and error

e) nonlinear, inelastic volumetric and deviatoric response even at

small strains

f) coupling of shear and volumetric strains even at small strains

g) prediction of plastic strain increments only when the

corresponding plastic work increment is positive

h) nonassociative plastic flow rule for shear yield surface

i) critical state at large shear strain

j) strain softening

Of the eight models reviewed, the Lade model has the greatest number of

favorable ratings.

3.3 Individual Evaluation
4L

The main advantages of the linear elastic model are ease of parameter

determination, and the availability of closed form solutions and proven,

stable, numerical solution techniques. It does not accurately represent

soil stress-strain behavior at strain levels larger than acoustic. For a

linear elastic material, volumetric and deviatoric response are

uncoupled. Thus, the computed relation between octahedral normal stress

and volumetric strain shown in Figure (3.1) is unique and independent of

33
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shear behavior. Similarly, the reldt , ,, .- 1 ; <mputo, d viatorlc

stress component and the corresp(,,' ', f-. rt .t shnwr"

in Figure (3.2) is unique an(; 1, et , -n. - response and
- .- r.

all other deviatrric resprnr, ... r 'm,

characterization of a I in(,,, • t' .. . . . n

obtained from them. The dif*V,-' • rs

is presented in Appendix V..

The main advantag(s rf nh iA, f. ,

parameter determination, the avd *I fl, I .:r d n d

proven, stable, numerical nlut~np - r-q,,. . ,' . r-oI -)Vt' to

dissipate energy. It does not accurately reprc.sert s Il stress-strain

behavior at all strain rates, and predicts complett strain recovery upon

unloading. Volumetric and deviatoric responses are also uncoupled for a

linear viscoelastic material, although each is rate dependent as shown in

Figures (3.3) and (3.4). Figures (3.3) and (3.4) are a complete

characterization of a linear viscoelastic material at particular constant

volumetric and deviatoric strain rates, and all other responses at those

strain rates can be obtained from them. The detailed evaluation of the

linear viscoelastic model is presented in Appendix V.2.

The hyperbolic model is a simple, practical procedure for

*
representing the nonlinear, stress-dependent, inelastic stress-strain

behavior of soils, under approximately axisymmetric stress conditions well

below the failure level. Model parameter determination is straight-

forward. The hyperbolic model is an incremental elastic model, in which

the incremental elastic constants depend on the current stress state but

not on stress or strain history. Thus, residual strains can result if

36
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the unloading stress path does not retrace the loading stress path, but

there is no guarantee against energy generation over a closed stress

path. The hyperbolic model does not fully account for stress path effects

on strength, stiffness, or dilatancy. To improve agreement between

calculated and measured behavior during detailed evaluation of the

hyperbolic model reported in Appendix V.3, several model modifications

were made:

a) The unloading elastic constants were made functions of maximum

past axial strain.

b) A Mohr-Coulomb shear failure criterion was added.

c) When the computed stress point violated the Mohr-Coulomb shear

failure surface, the stress point was corrected back to the ._-

failure surface along a radial line in the octahedral plane.

d) Negative values of mean normal stress were prohibited. Whenever

tensile failure (net volumetric e'.nansion) occurred, all

stresses were set to zero.

Figures (3.5) and (3.6) show the hyperbolic model's shear and volumetric

response in triaxial compression. Agreement between computed and measured

shear response is good, but the volumetric response agreement is not .-.-"--

good. The problem with the hyperbolic model's volumetric response is lack

of dilatancy. As noted above, the detailed evaluation of the hyperbolic

model is presented in Appendix V.3.

The main advantages of the Pyke cyclic simple shear model are ease of

parameter determination, and the ability to accurately describe irregular

cyclic simple shear response, including limiting the peak shear stress to

a fixed value independent of the cyclic loading history. It is not a

40
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* general stress-strain model, and therefore cannot be evaluated for a

general triaxial stress or strain path. The model's response under

irregular cyclic simple shear is shown in Figure (3.7). The detailed

evaluation of the Pyke cyclic simple shear model is presented in,:

Appendix V.4.

- The main advantages of the elastic-perfectly plastic model are ease

of parameter determination, incorporation of stress state limits observed

in laboratory strength tests, and production of inelastic strains when a

limiting stress state is reached. The main disadvantages are that

nonlinear, inelastic,dilatant behavior does not occur until the failure

surface is reached, and with an associative flow rule predicted plastic
I

volume increases at failure are frequently too large. Figures (3.8) and

(3.9) show the elastic-perfectly plastic model's shear and volumetric

response in triaxial compression. Agreement between computed and measured

shear response is fair at the two lower confining pressures, but poor at I

the two higher confining pressures. This is because Young's modulus,

which aetermines the initial slope of the stress difference versus axial

strain curve, has been assumed independent of confining pressure. A

higher assumed value for E would have improved the agreement between

computed and measured shear reponse at higher confining pressure, but ..-.

would have worsened the agreement at lower confining pressure. Had an I.

associative flow rule been used, the computed volumetric response shown in

Figure (3.9) would have exhibited considerable dilatancy. In fact, the
qI

reason the non-associative flow rule was used (which corrects the stress -

* point back to the failure surface along an octahedral plane radial) was

that previous elastic-perfectly plastic model calculations using the

43
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associative flow rule had often produced excessive dilatancy. The

detailed evaluation of the elastic-perfectly plastic model is presented in

Appendix V.5.

The main advantages of the modified AFWL engineering model are ease

of fitting to laboratory and in-situ test data, simplicity of the shear

plasticity formulation, and the fact that the model exhibits compressive

hysteresis, which most soils do but many elastic-perfectly plastic models

do not. Its main disadvantages are lack of pure shear hysteresis at

constant volume below the failure surface, and lack of dilatancy. The

lack of dilatancy at failure arises because when a computed stress point

violates the shear failure surface, the stress point is corrected back to

the failure surface along an octahedral plane radial. Figures (3.10) and

- .(3.11) show the modified AFWL engineering model's shear and volumetric

response in triaxial compression. Agreement between computed and measured

shear response is good at the two lower confining pressures, and fair at

the two higher confining pressures. The reason the modified AFWL

engineering model shows slightly better agreement between computed and

. measured triaxial compression shear response than does the -

elastic-perfectly plastic model is that in the modified AFWL engineering

model the segmental elastic constants were determined by fits to uniaxial

compression stress-strain and stress path data, whereas in the

elastic-perfectly plastic model the elastic constants are fixed [cf.

. Figures (V.6.1) and (V.5.1)]. The poor agreement between computed and

measured triaxial compression volumetric response for the modified AFWL

engineering model is caused by the assumption that the volumetric response ..

47
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is independent of shear. The detailed evaluation of the modified AFWL

engineering model is presented in Appendix V.6.

The effective stress cap model sacrifices some analytical and

computational simplicity for a more accurate representation of soil

behavior than provided by simpler models. The main advantage of the cap 'A

model is accuracy in representing most aspects of soil stress-strain

behavior. The main disadvantages are mathematical complexity, the large

number of material parameters required, the amount of trial and error

based on experience needed to determine the parameters, inability to

predict dilatancy prior to shear failure, and an oversimplified approach

to undrained response analysis. Figures (3.12) and (3.13) show the cap "-

model's shear and volumetric response in triaxial compression. Agreement

between computed and measured shear response is good at the two lower

confining pressures, and fair at the two higher confining pressures.

Below the shear failure surface the hypoelastic-plastic volumetric

response depends only on the octahedral normal stress, and the hypoelastic -

shear response depends only on the octahedral shear stress. These two

relations determine the value of Young's modulus in Figure (3.12), and

therefore strongly influence the degree of agreement between computed and

measured triaxial compression shear response prior to shear failure.

Because the hypoelastic-plastic volumetric stress-strain curve is

independent of shear strain, the cap model predicts no dilatancy prior to

shear failure, and therefore the agreement between computed and measured

triaxial compression volumetric response is not good. The detailed

evaluation of the cap model is presented in Appendix V.7.
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The Lade model is an elastoplastic model with two yield surfaces.

One, called the expansive yield surface, is bullet shaped with its nose at

the origin in stress space. The other, called the collapse yield surface, .

is spherical with its center at the origin. Both yield surfaces harden in ....

response to the corresponding plastic work, and the expansive yield

surface also softens when the corresponding plastic work exceeds a certain

value. The collapse yield surface is associative and the expansive yield

surface nonassociative. The main advantage of the Lade model is accuracy

in representing most aspects of soil stress-strain behavior. The model..

exhibits nonlinear, inelastic, dilatant behavior in both shear and

compression even at small strains, and the expansive yield surface has a .---

non-circular octahedral cross-section. The main disadvantages of the Lade

model are possible underprediction of compressibility under the influence

of shear at small strains, overprediction of dilatancy at large strains,

lack of flexibility in matching true triaxial shear strength data in the

.. octahedral plane, lack of a device to prevent negative plastic work, and

possible instability and lack of uniqueness due to strain softening of the

I expansive yield surface. Figures (3.14) and (3.15) show the Lade model's .

shear and volumetric response in triaxial compression. Agreement between

computed and measureed shear response is excellent. Agreement between

computed and measured volumetric response is good at the highest confining p

pressure, but dilatancy overprediction worsens as the initial confining

pressure decreases. The detailed evaluation of the Lade model is

presented in Appendix V.8. Inspection of Table 3.1 reveals the Lade model

to have the highest number of favorable ratings in the ten evaluation

areas. -...-.
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3.4 Comparative Evaluation

The ten evaluation criteria used in Table 3.1 consider general, but

not detailed stress-strain response, and the brief discussions of

stress-strain response in Section 3.3 focus mainly on triaxial

compression. This is because the triaxial compression test is well

understood and involves both deformation and strength response. However,

it is also necessary to compare the detailed stress-strain response of

several existing models over a wide range of loading conditions, because

the purpose of the models is to yield accurate detailed stress-strain

response for a wide range of complex dynamic loading conditions of

interest to the Air Force.

Figures (3.16) through (3.22) show the axial stress versus axial

strain response in uniaxial compression of the elastic, viscoelastic,

hyperbolic, elastic-perfectly plastic, AFWL engineering, cap, and Lade

models. The uniaxial compression test data curve was used to determine --

some of the AFWL engineering and cap model parameters, so it is not

surprising that the AFWL engineering model gives the best fit, the cap

model the next best, and the Lade model the next best. After shear

failure, the Lade model's response is unreasonable because of too rapid

strain softening. The other four models yield generally unreasonable

uniaxial compression stress-strain responses, which could probably be

improved somewhat by fitting them to the uniaxial compression curve, but

at the expense of reasonableness of some other response.

Figures (3.23) through (3.28) show eight axially symmetric stress

path responses for the elastic, hyperbolic, elastic-perfectly plastic,

AFWL engineering, cap, and Lade models. The eight stress paths enforce

56 .71
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constant stress difference, constant mean stress, constant radial stress,

and constant axial stress, in either axial compression or axial

extension. These eight stress paths are shown in the upper left hand

quadrant of each figure. The only model which shows a reversal of

volumetric strain without a reversal of axial strain is the Lade model.

Inspection of Figure (V.8.22) shows that such a reversal did occur for

remolded CARES-DRY sand in triaxial compression. The multilinear

character of the AFWL engineering model stress-strain plots is

unsatisfying for situations other than those in which a multilinear curve

has been fit to measured data. The cap model yields smooth curves, but

the volumetric response is so different from measured data in triaxial

compression that it might prove unreliable in a genuine two phase

calculation.

Because it received the greatest number of favorable ratings with

respect to the ten evaluation criteria in Table 3.1, and on the basis of -

the above comparative evaluation of detailed stress-strain behavior

including the many plots in Appendix V, the Lade model was selected as the

most promising point of departure for developing a new soil dynamic

stress-strain model.
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* ,4.0 ARA CONIC MODEL

4.1 Introduction

Of the eight soil constitutive models examined in Section 3 and

Appendix V, the Lade model is most appealing from three important

standpoints:

a) favorable rating with respect to seven of the ten evaluation

criteria in Table 3.1;

-- b) accuracy and flexibility in representing soil stress-strain

behavior; and

c) ease of developing intuition for parameter physical significance

and accuracy.

Consequently ARA elected to modify the Lade model rather than create a

completely new one, to develop a soil constitutive model suitable for

analyzing the response of soil masses to complex dynamic loadings.

The modifications were designed to achieve the following additional

-. desirable features:

a) better volumetric strain response under non-isotropic loading;
I

b) greater flexibility in matching shear strength data, in both the

triaxial and octahedral planes;

c) correct plastic mode selection based on the thermodynamically

related dissipation condition that a positive plastic work

increment accompany yielding;

d) finite, reasonable friction angle at low confining pressure; -"-'."

e) essentially constant shear strength at high confining pressure;

., and
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f) direct (noniterative) shear strength calculation in both the

triaxial and octahedral planes. #

Several Lade model features have been retained:

a) the basic model construction, i.e., two yield surfaces, one

compressive and one expansive, both strain hardening, the "."

compressive yield surface associative and the expansive yield

surface nonassociative;

b) both the compressive and expansive work hardening formulations;

and

c) the unloading/reloading elastic modulus formulation.

New features include:

a) an ellipsoidal compressive yield surface to increase

compressibility in the presence of shear deformation;

b) a hyperbolic expansive yield surface with a triple ellipsoidal

octahedral cross section, possessing a finite, adjustable slope

(friction angle) at low confining pressure, essentially constant

shear strength at high confining pressure, flexibility in -.

matching both compression and extension shear strength data, a

completely smooth octahedral cross section, and directly

computable shear strength;

c) enforcement of the dissipation condition;

d) development of a polar mode check based on the dissipation

condition, to determine uniquely and without trial and error -

which yield surfaces are active under a given state of stress and

prescribed total strain increment; and "- -

72

S . S .. . . . . . .. ..



e) determination of compressive yield surface parameters by fitting

the plastic hydrostat directly (using a linear transformation)

rather than having to compute compressive plastic work.

In addition, the work softening feature of the expansive hardening

function may be modified or deleted in future versions of the conic model .

I to insure uniqueness and stability, and to achieve a finite, constant

shear strength at large shear strain (a non zero critical state). An

unloading/reloading hysteresis feature has also been formulated but not

yet coded. The model is called a conic model because all three P

controlling surfaces in principal stress space have both triaxial and

octahedral cross-sections which are conic sections. It is also called a

three invariant model because the expansive yield and potential surfaces

involve three independent stress invariants: the first total stress

invariant and the second and third deviator stress invariants. The ARA

conic model rates favorably with respect to all ten evaluation criteria in .

Table 3.1.

At present the conic model uses the incremental stiffness formulation

I developed in Appendix G, rather than a trial and error yield surface L

violation correction procedure such as that discussed in Appendix S for

the cap model. However, the initial strain increments needed for

numerical stability of the conic model are very small (of the order of

1 ), and a trial and error correction procedure may be an economic

necessity when using it to solve dynamic or static boundary value problems.

4.2 Individual Evaluation

Figures (4.1) and (4.2) show the ARA conic model's shear and

volumetric response in triaxial compression. Agreement between computed

and measured shear response is excellent, and agreement between computed

7 3... . ..-
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-k V

and measured volumetric response is better than that for the Lade model,

because the ARA conic model overpredicts dilatancy at low confining --___

pressure, and underpredicts it at high confining pressure. Figure (4.3) "

shows the ARA conic model's axial stress versus axial strain response in

uniaxial compression. The ARA conic model does not have the same shear ")'

failure/strain softening problem displayed by the Lade model in

Figure (3.22) and (V.8.38), and agreement between computed and measured

uniaxial response is comparable to that of the cap model but not as good

as that of the AFWL engineering model. Note that the CARES DRY uniaxial

compression tests involved unloading to an isotropic stress condition

rather than to a zero axial stress condition. Therefore, the test data do

not show the rapid decrease of axial strain as axial stress approaches t-A

zero which characterizes some uniaxial test data. Consequently, no

speacial attention was given to this aspect of stress-strain response when

formulating the ARA conic model. The detailed development of the ARA - T

conic model is presented in Appendix W.

4.3 Comparative Evaluation

Figures (4.4) through (4.11) compare the ARA conic model's -' 
-

stress-strain response with that of the AFWL engineering, cap, and Lade

models, for various simple and complex load paths. Figure (4.4) shows the

models' triaxial compression and extension responses. The ARA conic model

shows the highest compression and next lowest extension strength, dilates

less in compression than does the Lade model, and shows the greatest

volumetric compression in extension. The test data in Figure (W.28) shows

more volumetric compression in triaxial extension than does any of the

nine models. Figure (4.5) shows the models' constant axial stress
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compression and extension responses. All four models show equal

compression strengths, and the ARA conic model shows the highest extension

strength. The ARA conic model shows the greatest volumetric compression

in compression and less dilation than the Lade model, and its volumetric

response in extension is midway between that of the cap and Lade models.

The AFWL engineering model's extension response is peculiar and not at all

similar to that of the other three models. Figure (4.6) shows the models'

pure shear compression and extension responses. All four models show

similar stress difference versus axial strain responses, although both the

AFWL engineering and cap model curves break abruptly. The ARA conic

model's volumetric response lies midway between that of the cap and Lade

models, while the AFWL engineering model shows no volumetric response at

all. Figure (4.7) shows the models' uniaxial compression response. Below

about 15 MPa the ARA conic model shows an axial stress about midway

between that of the Lade and cap models, and very close to the AFWL

engineering model. At 50 MPa the ARA model shows the highest axial

stress. The ARA stress path is similar in shape to that of the AFWL and

cap models, while that for the Lade model is peculiarly different because

of its strain softening problem. Figure (4.8) shows the models' uniaxial

extension response. The ARA conic model stress path is similar to that of

the Lade model, and considerably different from those of the AFWL

engineering and cap models, which are virtually identical but

unrealistically linear, and break abruptly. The ARA conic model is the

only one which reaches zero axial stress, and in this respect its response

seems more reasonable than that of the other three models. Figure (4.9) -

• .. shows the models' response to WES strain path 3C. The ARA conic and AFWL

S.. . -1
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.- .: engineering model stress paths follow the failure surface back to the

origin, but the cap and Lade model stress paths do not, and neither does

the measured stress path shown in Figure (W.43). The cap and Lade models

clearly give the best response for this strain path because the stress

difference for the ARA conic and AFWL engineering models decreases too

sharply with axial strain after the onset of dilation. Figures (4.10) and

(4.11) show the models' stress path and volumetric responses along the

true triaxial strain path shown in Figure (2.13). The ARA conic and AFWL

engineering models both match the measured 022 versus 033 stress path

well, while the cap and Lade models do not. The ARA conic model shows

- good to excellent agreement with the measured all versus 033 stress

path shown in Figure (W.46), the AFWL engineering model shows fair

agreement, and the other two models show poor agreement. The ARA conic

model shows good agreement with the measured volumetric response shown in

Figure (W.47), while the other models show fair to poor agreement.

Overall, of the four models considered (AFWL engineering, cap, Lade,

and ARA conic), the ARA conic model shows the best agreement with measuredB
stress-strain data, for a wide range of simple and complex stress and

strain paths.
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5. 0 SUMMARY

As stated in the Introduction, the objective of the research reported

herein was to develop a general soil stress-strain model which can be used

to solve a wide range of soil dynamics problems of interest to the

Air Force. Requirements of a useful soil constitutive model are '

categorized in Section 1, and discussed in detail in Section 2. Eight

existing models were studied:

a) Linear elastic

b) Linear viscoelastic

c) Hyperbolic

d) Pyke cyclic simple shear

e) Elastic-perfectly plastic

f) Modified AFWL engineering

g) Effective stress cap

h) Lade

For each model, five attributes were examined:

a) motivation

b) assumptions

c) basic equations

d) parameter determination

e) computed behavior

Each model was exercised, insofar as possible, under the following eleven

conditions:

a) isotropic compression

b) triaxial compression at constant cell pressure

c) triaxial extension at constant cell pressure

88
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d) triaxial compression at constant axial stress

e) triaxial extension at constant axial stress

! .f) triaxial compression at constant mean normal stress ,-

*.. -: g) triaxial extension at constant mean normal stress.,-'..

- h) constrained compression

S"i) constrained extension

j) axisyrmmetric strain path

k) true triaxial strain path --

Each of the eight existing soil constitutive models was evaluated

individually and the results summarized in Table 3.1. A comparative

evaluation of stress-strain response was also performed and the results

reported in Section 3. Based on both evaluations the Lade model was

selected as the best point of departure for developing an improved model.

*i 15The new model is called the ARA conic model because all its principal j
surfaces in stress space happen to be conic sections. It is also called a

three invariant model because its shear yield surface depends on three

independent stress invariants. The ARA conic model was also examined with .

respect to the above same five attributes, and exercised under the above

samr' eleven stress and strain path conditions. The computer code used to

exercise all nine soil constitutive models under all eleven stress and

strain path conditions is called the Soil Element Model (SEM). It can be

incorporated in large finite difference or finite element codes for

analyzing the response of soil masses to complex dynamic loads.

-9 --
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The principal conclusions of this study are:

a) Ease of model parameter determination, without help from the '"

model originator other than published instructions, is a paramount model .

attribute. If a model cannot be easily understood, and is not convenient

to use it will not win wide acceptance. '.'-.

b) The intermediate principal effective stress can have a ,.

significant effect on soil shear strength. Of the nine models studied,

only the ARA model has sufficient flexibility to match measured strength "

values in triaxial compression and extension.

c) Shear deformation often has a strong influence on the relation

between mean normal stress and volumetric strain, and can cause the

volumetric strain at a given mean normal stress to be greater or less than

that obtained in an isotropic compression test. None of the nine models

studied deals with this problem in an entirely satisfactory way, but the

ARA model does the best job.

d) The thermodynamic requirement that plastic deformation dissipate

energy rather than create it must be enforced as a separate condition.

Neither the yield criterion nor the flow rule, even for an associative -

material, guarantees plastic energy dissipation. Fortunately, enforcement -

of the dissipation condition leads to convenient uniqueness criteria for --

dual yield surface elastoplastic models under strain control.

e) Strain softening under strain control is an observed fact, but

can lead to theoretical difficulties. A strain softening formulation is

needed which matches peak stress, strain at peak stress, and the ratio of

ultimate stress to peak stress.
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f) Keeping the stress point inside the yield surface(s) is an

important numerical problem. If overlooked, erratic and unrealistic

computed behavior can result.

g) Of the nine models evaluated, the ARA conic model shows the best

overall agreement with measured stress-strain response for a wide range of

simple and complex stress and strain paths.

h) Of the nine models evaluated, only the ARA model rates favorably

with respect to all ten evaluation criteria in Table 3.1.

i) The ARA model should now be thoroughly checked out in a continuum

code, so that it can be used with confidence to predict soil mass response

under a wide range of complex dynamic loads. That work is currently under

way.
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