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Chapter I 

INT BOD OCT ION 

1. 1 MOTIVATIO~ !l!Q OBJECTIVES 

The advent of the modern digital compu~er has lead to 

increased use of numerical models to simulate various 

physical phenomena. The Finite Element Methcd (FEM) is one 

such model which has been used extensively for solving 

complex engineering problems. Simulation cf construction 

sequences and soil-structure interaction is one such problem 

to which the FEM has been applied. 

Accurate simulation of construction sequences and 

soil-structure interaction has been attempted many times in 

the past. Most of these attempts have froven to be 

successful only for limited classes of const=uction 

sequences and soil-structure interaction prcblems. The 

difficulty occurs due to factors such as nonlinear 

materials, complex geometries, contact phencmenon between 

soil and structure and nonhomogeneous materials. The FEM is 

capable of handling many of these factors with considerably 

less effort than ether numerical or analytical techniques. 

The work presented here endeavers to extend and improve, in 

a unified manner, on formulations and codes developed in the 

past. 

1 
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1.2 DESCRIPTION fil VARIOtJS TECHNIQUES 

The FEM is a numerical technique based on discretization 

and interpolation. Its advantages are rather great compared 

to other methods such as the finite difference method. The 

FEM's major drawback is its generally higher cost in 

computer time as compared to other methods such as the 

finite d.if£erence method or the boundary integral method. 

However, as the complexity of the problem increases, the FEM 

becomes more and more competitive in this respect. The 

major strong points of the FEM are its ability to accoun~ 

for complex geometries, nonhomogeneities and material 

nonlinearities. 

The basic idea in the FEM is to divide the ccntinuum into 

discrete subdomains called elements. These elements are 

connected at discrete points called nodes, which lie on the 

element boundaries. The form of the solution for each 

element is assumed Eriori by using appropriate 

interpolation functions for the unknown quantities within an 

element and from node to node. The solution for the tota.l 

domain is found by solving the set of simultaneous equations 

arising from assembling the eguations for all of the 

elements .. 
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There are four main types of finite element formulations 

based on variational principles (energy methods). They are 

the displacement approach, the equilibrium afproach, the 

hybrid approach and the mixed approach. Each of these 

approaches have their ovn strengths and weaknesses. A 

displacement approach model was chosen for this research due 

to its simplicity and the availabilty of vast amounts of 

kncwledge on it. 

Derivation of a formulation for a displacement FEM model 

for simulation 

soil-structure 

of construction 

interaction was the 

sEquences including 

major result of this 

research. The major sequences considered were initial 

(dewatering), 

tie-backs and 

stress state (in situ), consolidation 

excavation, deposition or embankment, 

structural components. 

The 

making 

material nonlinearity of the soil was 

several different assumptions such 

modeled by 

as linear 

elasticity, nonlinear elasticity and plasticity. A FORTRAN 

computer code was written to implement the formulation. 

This program for modeling SECuential CONstruction {SEQCON) 

represents the bulk of the work. It is intended to be a 
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practical tool for use by engineers in the construction 

area. 

1.4 QJ11.1Ifil OF CHAPTERS 

The research consisted of three major sections. These 

sections are the formulation of the model, the coding of the 

formulation and the verification of the cede. 

The formulation of the model is discussed in chapters I 

through V. Chapter I provides the introduction and 

discusses the choice of the tasic model type. Chapter II 

contains a literature review and highlights past work in the 

area of construction sequences and soil-structure 

interaction. Chapter III discusses the physical nature of 

the various contributions to the simulation problem 

including geometry and constitutive modeling. Chapter IV 

contains the actual derivation of the various parts of the 

formulation. 

The coding of the formulation is explained in chapter v. 
A great deal of emphasis was Sfent in obtaining an efficient 

code which is easy to implement. The details of how this 

was accomplished are included in this chafter. 
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Verification cf the computer code is on€ of the more 

important sections. The verification ~rocedure is outlined 

and discussed in chapter VI. It is in this chapter that the 

various capabilities of the code are demonstrated. The 

importance of this section is due to the need to establish 

the validity of the program and to build ccnfidence in the 

mind of the user. 



2.1 1.llRODUCTION 

Chapter II 

LITERATURE REVIEw 

A review of the past work in the area of finite elements 

and construction sequences was performed in order to provide 

a basis for the present research. Emphasis was placed on 

the review of previous models for simulation of construction 

sequences. The description of these models generally 

included such subjects as basic FEM procedures, material 

models and interface elements. Although this review is not 

complete, an attempt was made to provide an overview of the 

history and the state-of-the-art of the simulation of 

seguential construction. 

2.2 BASIC FE~ 

The FEM has been popular for many years now. Most of the 

general aspects of the FEM have been descrited in books. 

Authors such as Desai and Abel (19), Desai {17), Oden and 

Reddy (48), Zienkiewicz {57), and others {2) have presented 

complete details on the basic FEM. Therefore, cnly topics 

relevant to seguential construction s+eps such as 

embankments and excavations will be discussed in detail. 

6 
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Most of these specialized topics are only tcuched upon in 

the books mentioned above. 

2 .. 3 EMBANKl!ENT.§ 

one of the earliar works on embankments was performed by 

Goodman and Brown (27). They recognized the error in using 

direct gravity turn on analysis and devised an incremental 

solution based on closed form elasticity soluticns. Cnly 

the stresses and equilibrium of the embankment were 

analysed. 

One of the earlier studies on embankment analysis which 

considered sequential deformation of the system was by 

Clough and Woodward (14). Their work ccnsidered most 

factors of simulating embankment construction that are used 

now. These include incremental solutions and nonlinear 

material properties. 

They contended that 

Emphasis was placed on deformations. 

although most embankment designs 

satisfied stability requirements, often excessive 

deformations could cause problems. 

Kulhawy, Duncan and Seed (42) presented the use of the 

a hypertclic law to FE~ for embankment analysis using 

simulate stress-strain curves. Their 

of Clough and Wood~ard's work (14). 

work is an extension 
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2.4 EXCAVATIONS 

Finite element modeling of excavations was begun very 

shortly after the FEM became available. Brown and King (3) 

did some of the earliar analyses in this area. They 

extended the work of Goodman and Brown (27) en embankments 

for application to the simulation of excavation. No 

retaining structures were considered. They developed a 

general FEM prog~am for modeling both excavation and 

embankments. Major emphasis was placed on eguilibrium and 

stability considerations. 

Clough and Duncan (9,8) made important advances in 

modeling excavations. They developed a prcgram based on 

four node quadrilaterals for simulation of general 

construction sequences including retaining structures and 

interface elements. Interpolation of the stresses of 

several elements was used to calculate the stress on the 

excavated surface. Use of a nonlinear elastic material 

model was made. Results of finite element predictions for 

various assumptions of wall roughness were compared to 

theoretical solutions and field observaticns for lock 

structures. 



Design and analysis of a tied-back wall system was done 

by Clough, Weber and Lamont (13). Th€ work presented 

demonstrated the power of FEM modeling of excavation and 

sequential construction in application to design. The FEM 

results are compared favorably to field measurements. 

Desai, Johnson and Hargett (21) applied the FEM with 

sequential construction to the problem of a gravity lock on 

pile foundations. The results were ccmparEd with field 

observations. They pointed out various limitations of 

previous models for simulating construction seguences. 

Christian and Wong (6) demonstrated that numerical 

procedures involving 

material could be in 

excavation 

serious 

assuming linear elastic 

error. They showed that 

excavating a straight cut in one lift was not egual ~o using 

several lifts. They reasoned this was due to inability of 

lower order elements to model the high stress gradients at 

the toe of the excavation. 

The validity of the plane strain assumption for modeling 

tied-back retaining walls was addressed by Tsui and Clough 

(56). Through the use of laboratory models, closed form 

solutions and numerical methods they concluded that the 
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plane strain assumption can be valid for many ccnventional 

tie-back spacings. For walls which use solider piles with 

wide spacing the use of plane strain models may be in error. 

Clough and Mana {10) demonstrated the usefulness of a 

linear strain isoparametric quadrilateral for tied-back and 

braced walls. Their major contribution was a procedure for 

obtaining an approximent stress free boundary by satisfying 

total element equilibrium. 

One of 

excavations 

the most 

was made 

recent advances in 

by osaimi and Clough 

FEM model 

(49). 

of 

They 

developed a model which accounts for excavaticn, retaining 

a coupled structures and consolidation. The inclusion cf 

consolidation formulation provides a means cf accounting for 

pore water pressure changes in a consistent manner. 

2.5 INTER.f!£1 ]1EMENTS 

Interface or jcint eleme.nts have often l:een used to 

account for earth-structure interactions. One of the 

earliest joint elements was developed by Goodman, Taylor and 

Brekke {29). It was initially developed for mcdeling rock 

join ts. Desai ( 18) and others {9, 21} have adopted the 

element for use in soil-structure interaction Froblems. The 
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basic features of the Goodman, Taylor and Brekke model are 

that it is based on relative displacements as guasi strains 

and assumes zero joint thickness. Althcugh relative 

displacements are used in the formulation, the element 

equations contain nodal displacements as unknowns. 

Zienkiewicz, et al. (58) has made use of solid isoparametric 

elements to model interface behavior. Ghaboussi, Wilson and 

Isenberg (26) have criticized the previcus interface 

elements for a variety of reasons. They have developed ac 

element in which the relative displacements themselves are 

the unknowns to be solved for. Ghaboussi, Wilson and 

Isenberg claim better numerical stability among other 

benefits for their element. However, their formulation may 

not be much different from the previous approaches. 

Herrmann (32) has presented interface mcdeling as the 

more general case of contact problem modeling. He does not 

generally use a specific element for interface modeling, 

instead, he makes use of springs connecting the two 

materials across an interface. 

2.6 CONSTITUTIVE MODELS 

Constitutive models for geologic media have developed 

greatly in recent years. Several excellent overviews of 
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constitiutive modeling are available. One of the best is by 

Christian and Desai (5) - The reader is referred to their 

work for a complete review. 

A critique and the state-of-the-art on varicus aspects of 

soil-structure interaction is presented in the text by Desai 

and Christian (20). Detailed consideraticns en constitutive 

laws for geologic media are also presented in this book. 



3., INTRODUCTION 

Chapter III 

THEORETICAL DEVELOPMENTS 

Simulation of construction seguences and soil-structure 

interaction requires consideration of various physical 

characteristics of the froblem. An accurate simulation 

model must consider as many of the factors affecting the 

process as is possible. The complex nature cf construction 

sequences and soil-structure interaction requires that more 

factors be considered compared to other commcn problems. 

The remainder of this chapter discusses these complexities 

and describes how they are handled in a numerical procedure. 

3. 2 IRBEG.Y!..!!i GECMETRIES 

interaction Construction sequences and soil-structure 

problems usually involve complex geometries. An additional 

simulation of complexity that often occurs during 

construction sequences 

domain. Two examples 

during which the domain 

is changes in the geometry of the 

of these changes are, excavation 

becomes geometrically smaller, and 

deposition during which the domain increases. Such domains 

may include arbitrarily shaped slopes and other factors such 

as right angles and curves. 

13 
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Most analytical solution techniques 

idealized geometry. Most geometries 

utilize some type of 

encountered in the 

simulation of construction sequences have nc known closed 

form solution. The finite difference method may be capable 

of handling certain levels of complex gecmetries, but 

special techniques or efforts are often necessary. 

techniques which can handle irregular gecmetries 

easily are the FEM and the boundary integral method. 

Two 

quite 

The 

boundary integral method has some other difficulties which 

will be mentioned later. 

There are two major reasons for the FEe's ability to 

model complex geometries easily. First, element shapes can 

be arbitrary and can be chosen to fit whatever boundaries 

that are likely to be encountered. Possible element shapes 

include triangles and quadrilaterals with va~icus orders of 

curves for the element sides. Second, and most impor~antly, 

elements do not have to be the same size er shape. Using 

only guadr~laterals it is possible to model a circular 

boundary by dividing the domain into sufficiently small 

elements. 
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3. 3 

Geologic media is well known far its great variation in 

properties and highly nonlinear constitutive tebavior. Real 

problems dealing with geologic media usually have many 

layers of material with each layer having different 

porperties. 

complexity 

solutions. 

The nonhomogeneity of 

which precludes the easy 

The FEM is capable 

geologic media 

use of closed 

of handling 

is one 

form 

the 

nonhomogeneous nature of geologic media through its ability 

to include any number of elements with different materials 

properties. By dividing the domain in such a way that 

element boundaries coincide with the interfaces of different 

materials, nonhomogeneous 

element formulaticns can 

media can 

also be 

be modeled. Finite 

derived wherein the 

material properties vary ~ithin an element. 

The nonlinear behavior of geologic media frcvides one of 

the more difficult problems in the simulation Frocess. The 

FEM is capable of accauuting for the nonlinearity but it 

requires the use of an incremental and/or iterative solution 

approach. The main problem in nonlinear geolcgic media is 

not the solution procedure itself. Instead it is the 

representation of the stress-strain relaticnship of the 

material in a realistic manner. The stress-s~rain 
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relationship is known as the constitutive law er model of 

the material. constitutive models are functions of many 

variables such as the present stress state, the density, the 

temperature, the strain state, the water content, the stress 

history and the type of loading. To determine which of 

these factors are significant, extensive (laboratory) tests 

must be performed. A constitutive model may then be derived 

using the laboratory data as the basis. 

Three basic material model classes were considered. They 

are· linear elastic, non-linear elastic and elastic-plastic. 

Each of these model classes are applicable to geologic media 

although the most realistic models are probably those based 

on plasticity. 

Linear elastic models are the simplist tc derive and usea 

They are also the least accurate since the nor.linear nature 

of the problem is ignored. Their main use can be for 

initial studies of simulation problems. For froblems with 

small displacements and stresses. the linear elastic model 

may provide reasonable results. There are only two material 

parameters required to completely define the cehavior for a 

linear elastic and isotropic mateial. Overall, the linear 

elastic model has limited value in most soil-structure 

interaction problems including simulation of ccnstruction. 
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Nonlinear elastic models represent the first step toward 

a true nonlinear constitutive law. These mcdels are based 

on a piecewise linear elastic assumption and as such are 

merely an extension of linear elasticity. The procedure 

followed is to modify the (two) material farameters from 

linear elasticity in an incremental fashion to follow 

nonlinear material behavior. The material farameters are 

often taken to be functions of the current ~tress state. 

Several different models have been derived in this class. 

Their basic feature is that 

in either 

various laboratory test results 

a tabular form or in a direc~ are represented 

functional farm. Most of the models are assumed to fit some 

type of function such as a hypErbola, spline, polynomial or 

exponential. Hyperbolas are the most popular functions in 

use at this time although others such as splines or modified 

Bamberg-Osgood may he super for. 

Hyperbolic models have been used for several years and 

there is a great deal of information available of their use. 

They are relatively easy to implement and to use in solving 

general simulation problems in construction sequences. 

Their major drawback is the inconsistency of their 

formulation. They can be used to represent only one se~ of 

stress-strain curves at a timE. Hence, they cannot be used 
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for problems involving large variations of str€ss paths. 

Therefore their use in soil-structure interaction problems 

is limited and great caution is needed when they are used. 

Plasticity models can allow consideration of stress 

history and stress paths. Twc plasticity models which ~ill 

be used here are a Drucker-Prager type model and a cap type 

model. Most plasticity models are based on stress 

invariants. They are usually derived in a consistent 

fashion and can lead to well behaved mcdels for a given 

class of problems- Most simple plasticity models do not 

adequately represent geologic media and it is necessary to 

use more sophisticated types. 

Plasticity models make use of so called yield surfaces 

for determination of the state of the body. At any point in 

a body either the medium is on the yield surface or belo~ 

it. The body is said to be flastic if the state of stress 

is on the yield surface and elastic if below it. The yield 

surface can be either some type of failure envelope or a 

pre-failure yield envelope. Yield surfaces are usually 

direct functions cf the stress invariants and often some 

additonal quantity representing the history cf loading of 

the body. The maximum past hydrostatic pressure is one 
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variable which may be used to represent the history of 

loading. 

The Drucker-Prager mcdel represents one of the simplist 

models which have been applied to geologic media. They make 

use of only one yield surface ~hich is def~ned by (5): 

Eq. 3. 1 

Where 

J' = [ ( a -a ) 2 + ( a -a ) 2 + (a -a ) 2 J/6 2 xx yy YY zz xx zz 
+ o2 + 02 + cr2 

xy xz yx 

Il = (J + (J + (J xx yy zz 
a. , k = material constants 

a .. -= stress tensor l.J 

Linear elasticity is usually assumed for s~ress sta~es 

below the yield surface. !he major abjection to the 

Drucker-Prager model is the large volumetric Flastic strains 

which the model predic~s. 

observed in laboratory tests. 

These strains have not been 

Therefore the Crucker-Prager 

model may no~ be very satisfactory for representing many 
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geologic materials. It is included here due ~o its 

simplicity and as a demonstration of the use cf a plasticity 

model. 

Capped yield models represent one of the improved 

constitutive laws for application to geologic media. 

Through the use of two er more yie1d surfaces it is possible 

to have a continuous nonlinear response. One or more yield 

surfaces represent the failure envelope in a car model while 

the ether yield surface allows plastic strains to develop 

below failure stress states. This pre-failure yield surface 

is commonly refered to as a cap. The cap is allowed to move 

depending upon some variable such as the plastic volumetric 

+ . s .. rain. There are a variety of functions us€d to describe 

the cap and failure surfaces. The failure surface is often 

assumed to be of the Drucker-Prager type while a bullet or 

ellipse is assumed for the cap. 

3. 4 CONTACT PRO~LEMS (SOIL-STRUCTURE IN.I]E!CTlQ!} 

Transitions from geologic media to man made structures 

usually involves large changes in material prcferties. The 

changes are often so great that the medium may become 

discontinuous at the soil-structure interface4 The 

resultiag phenomonen, known as soil-structure interaction, 
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is the most complex factor to be considered in simulating 

construction 

difficulty 

sequences .. 

lies in the 

Basically the reason for the 

fact that under ccmfression the 

interface remains continuous. Tension causes the interface 

to separate and th€ body becomes discontinuous. The problem 

is magnified by the requirement that under comfression the 

interface has infinite normal stiffness while under tension 

it has zero stiffness .. Relative shear movements between the 

t WO materials must also be accounted for .. For 

soil-structure interaction problems, shearing behaviour is 

the important mode to be modeled. Shear strains can be as 

large as several hundred to several thousand fercent at an 

interface. 

Most interface models use the conceft cf relative 

displacements to avoid the problem of finite strains. These 

models use stresses and displacements as basic quantities .. 

They have material parameters which relate the stresses 

directly to the relative movement of the two materials. 

These interface models have had limited success for a 

variety of 

instabilities 

prcblems. Often 

in a problem. The 

they cau!::e numerical 

reason may lie in the 

inconsistency of their formulation as ccmfared to the 

two-dimensional solid elements us€d. Research in this a=ea 
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is continually going on and hopefully imfrcved interface 

models will become available in the near future. 

3. 5 CONSTRUCTION SEQUENCES 

The actual stefs of construction need to be considered 

for an accurate simulation. Since the problem is generally 

nonlinear, the ordBr and manner of the actual construc~ion 

needs to be taken into account. The problem is to identify 

the steps in the actual field construction and then reduce 

them to valid numerical equations. The reduction to the 

numerical equations needs to include as many cf the field 

conditions as can be thought cf. During the formulation of 

the model is where most simplifying assumftions should 

occur. 

Six main features of construction are considered and a 

list is given below. 

1. in ~itu - Calculation of the initial stress state 

of the medium. 

2. Dewatering - Process of lowering the ir.itial wate~ 

table. 
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3. Excavation - Process of removing material from the 

domain. 

4. Deposition - Process of adding material to the 

domain. 

S. Support system - Procedure of adding tracing, 

anchors, tie-backs 

6, Structure - Process of adding various man made 

structural components such as concrete and steel 

to the domain. 

The initial stress state in a domain is generally assumed 

to be known before the solution begins. Obtaining this data 

is an important and difficult froblem. 

The procedure to calculate the in situ stresses requires 

the knowledge of the gecmetry of the body, the density of 

the material and the coefficient of lateral earth pressure 

at rest (45,1). 

following form (40): 

The governing equations are of the 

0 
V 

H 
= J ydh 

0 
Eg. 3. 2 
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a = K a h O V Eg. 3.3 

Where 

a = vertical stress V 

ah = hcri.zon tal stress 

'( = effective unit weight 

H = depth from grcund surface 

K -= coeff icie.nt cf lateral earth 
0 at rest pressure 

The process of dewatering is commonly enccuntered during 

construction. 

e xca va tion. 

Osually it is a preliminary step to 

The ~roblem occurs when the water table lies 

above the level of excavation. Dewatering is usually 

accomplished by installing well points at various places in 

the domain and then pumping water from the well fcin~s. The 

dewatering causes consolijation process 

modeled as such. 

and s.hould be 

There are many consolidation models available, each 

making different assum~tlons about the nature of the 

problem. The mos~ sophisticated model is frcbably Biot's 

theory of consolidation. Biot's theory is a coufled ~odel 
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in which deformations of the soil skeleton are linked to the 

changes in excess pore water fressure. 

describing Biot•s theory of consolidation are: 

The equations 

Eg. J. 4 

K .. 
+ -2:.1.(u .. + f .. l = o 

y JJ. J,J. ·w ' 
E g. 3. 5 

Where 

cijkl = constitutive matrix of scil s~eleton 

E:kl = strain tensor of soil skeletcn 

a= interaction coefficient 

5ij = Kronecker delta function 

Ue = excess pore pressure 

X1 = body force of soil 

= ti~e drivative of 

K .. = Darcy permea J: ili t y tensor 
1. J 

Yw = unit weight of fluid 

f. = fluid body force 
J 

Excavation is the basic construction process required in 

most construction jobs- It is 

foundation of almost all ~uildings. 

used tc prepare the 

The simulation of 
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excavation has great importance due to the large number of 

buildings constructed in close proximity to exis":ing 

b ui.ldings .. The major questions tote answered are what 

effect will the excavation have on exis+ing buildings and 

how much bracing will be required to support the excavation. 

These two questions are guite closely related. The answers 

to these questions will determine to a great extent ~he cost 

of the excavation and foundation. 

The physical process of excavation is not very complex 

and its governing equation is guite basic. Note that ·,1hile 

the process itself is si~ple the actual numerical modeling 

is not. The difficulties of modeling excava~ion will be 

discussed in chapter IV. The governing equation is a 

statement of the satisfaction of equilibrium at all stages 

of excavation. The equations are as follows: 

Where 

a .. . + f. = 0 l.J,J l. 

a. . = stress tensor 
l. J 

fi = body force per unit volume 

Eg. 3.6 
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From the use cf equation 3.6 equivalent leads may be 

found resulting from removal of material frcm the domain-

These loads are then treated like any ether surface 

tractions and the new displac€ment and stress state may be 

calculated. 

Deposition usually occurs then embankmen~s fa~ buildings, 

roads and dams are constructed. The procedure in the field 

usually proceeds in the following manner. Initially a layer 

of material is deposited evenly over the site of the 

proposed embankment. The layer is then ccmfacted to some 

predetermined density to form a section of the embankment.. 

The total embankment is constructed by a series of similar 

layers or lifts. The material has little strength until the 

compaction step is performed. Therefore when a lift is 

placed its main effect is to add a surface loading or 

traction to the layers beneath it. 

The governing equation for deposition is very simple and 

the problem itself is often well behaved. The monotonic 

nature of the problem is the main reason that the solution 
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is comparatively easy. The equation is a follcws: 

Where 

F = f ydV 1 V1 E g. 3. 7 

Y = effective unit weight of lift 

Vl = vclume of lift 

F = surface traction due to lift 

Installation of support sys~ems can be considered si~ilar 

to ~he prestressing of concrete beams. Fo:r example,. 

tie-backs act to prevent tension in the geolcgic media by 

imposing an overall compressive stress. The comfressive 

stress is greater than nay tension stresses which ~ight 

result and thereby the soil is always keft in a compressive 

state .. The installation of tie-backs in the field involves 

three basic steps. The first step is to drill a hole (at an 

angle to the horizontal) into the face of the excavation. 

The hole is bored to depth beyond the zone cf influence of 

the excavation. The ~ext step is the installation of the 

tie-back into the torehole. Installation is accomplished by 

sliding the tie-back into the hole and then f~essure 

grouting the end cf the tie-back tc from ~he anchor. The 
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tie-back itself usually consists of either s~eel cables or 

steel reinforcing rods. 

tie-back is grouted. 

Only the last pcrtion of the 

The remainder of the tie-back is 

usually encased in a plastic 

of load to the media near 

sheath to prevent any transfer 

the excavation face. The last 

step is t~e tensioning of the tie-back tc provide the 

overall compressive stress. 

The last feature of a model to simulate construction 

sequences is the ability to handle the add~ticn of various 

structural components to the domain. The main requirement 

is that the structural elements be added or deleted to the 

domain at the proper stage of construction. The structural 

elements considered here are generally either retaining 

walls or tunnel linings. 

3. 6 COl!!Mfilf.I.§ 

A description cf the physical nature and the theory of 

the simulation of construction seguences has been presented. 

The details from this description will be used to formulate 

the simulation model in Chapter IV. 



4.1 INTRODUCTJQJ 

Chapter IV 

POB~ULATION 

Formulating a model for simulating construction sequences 

requires considerable judgement. Each facet of the actual 

process must be accounted far or a reason given for ignoring 

it. Formulation involves a balancing of accuracy versus 

cost. More complex formulations are usually more accurate 

but they are also more expensive. During each step in the 

formulation it is necessary to ask what is the simplist 

formulation which will give adeguate results. 

Acknowledgement of the limitations and probatle errors must 

be detailed in the formulation. 

Formulation of the sequential construction model was 

developed in four ~arts. The basic FEM model is the first 

part and all of the remaining parts are linked in some 

manner to it. Modeling of material Froperties is the second 

part considered. Development of various sfecial finite 

elements used forms the third part. The formulation of the 

various construction sequences is developed last. 

30 
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4.2 BASI~ lORMOlATIO] 

Displacement finite element models have been used for a 

wide range of solid mechanics problems. Their numerical 

stability and ease of formulation has been demcnstrated for 

many problems. Due to their wide usage, a large amount of 

information on them is available. 

An eight node isoparametric element ,_ i th quadratic 

variation of 

distributions 

displacements leads 

within the element. 

to linear stress 

The process of 

construction sequences can involve high stress gradients and 

therefore the linear stress element was chosen as a 

compromise between 

order models would 

lower and higher order models. Lower 

not be capable of accurately reflecting 

the high stress gradients unless a fine mesh was used. 

Higher order models could be too expensive in terms of 

computer time. Ano~her difficulty with higher order 

elements is the requirement in sequential construction 

problems of a minimum number of elements. A winimum number 

of elements is reguired to accurately model the geometry and 

different materials in the problem. Thus, the increased 

capability of the high order element would cften be under 

utilized. 
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Factors considered in the formulation cf the element 

include internal 

concentrated loads. 

body forces, surface tractions and 

The body force is assumed to be only 

due to gravity and acts in the global Y direction. The 

surface tractions may vary linearly along the element 

boundary. Concentrated or point loads may be specified at 

any nodal point. The quadratic isoparametric formulation 

allows the element sides to be a parabolic curve. Curved 

boundaries may be modeled using fewer elements as compared 

to straight sided linear elements. 

An outline of the element formulation vill now be given. 

The basic element used appears in Figure 1 The 

displacements within the element are assumed tote quadratic 

functions of the global coordinates. They are expressed as: 

U(X,Y) 

Eg. 4. 1 

E g. 4. 2 
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X 

Figure 1: Basic Plane Elemen~ 
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The problem is simplified by making use of a set of local 

cooridinates for the element in which there is a one to one 

correspondence between local and glotal coordinates. lJsing 

interpolation functions based on local cocrdinates, the 

loaction of any point in the body may b€ found by 

interpolation. The following relationshif is used: 

8 
X = z 

i=l 

8 
y = z 

i=l 

N. X; 
J. ... Eg. 4.J 

N. Y. 
J. l. 

Ig. 4. 4 

Where N. are dEfined as the interpolation func~ions 
1. 

An 

N. 
J. 

s,t 

= 1/4(1+ss.) (1+tt.) (ss.+tt.-1) 
1 J. 1. 1. 

= Global coordinates 

= Global coordinates at node i 

= Local coordinates 
corresponding to X,Y 

s., t. = 
1. 1. 

Local nodal coordinates 
corresponding to X., Y. 

1. 1. 

isoparametric formulation implies the same 

approximation for displacements as fer the geometry. 
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Therefore ~he global displacements are defined as follows: 

Where 

a,v = 

ui,vi = 

N. = l. 

8 
U(S,t) = E 

i=l 

8 
V (S , t) = E 

i=l 

N. U. 
l. l. 

N. V. 
l. l. 

Global displacements in X 
y directions respectively 

Global displacements in X 
directions respectively at 

Same as above 

Eq. 4. 5 

Eq. 4. 6 

and 

and y 
ncde i 

The strains in the element are given by the following 

equation: 

Where 

{ e:} = [B] { q} Eg. 4 .. 7 

{e:}: vector of s~rains 

{q} = nodal displacements of the element 

[BJ= transformation matrix for 
displacement to strain 
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The displacement approach is based on the frinciple of 

minimum potential energy. The functional used is expressed 

as: 

Where 

1T = / (l/2{s}T[C]{s} - {v}T{Y})dV 
V 

f c }T - T - (tu {T } + {v} {TY})ds 1 s l X 

{s} = vector of s~rains 

!' g__ 4. 8 

[CJ= constitutive ~elation between 
stress and strain 

V = body force due to gravity 

{u},{v}= global displacements 

[T 1, [T J = 
X y prescribed surface tractions in 

X and Y directions 

area over which the surface 
tractlons are specified 

Af~er substituting fer the variou~ te1:ms, taking 

variation and equating to zero the follcwing equation 

results: 

f ( [ B] T [ C] [ B] { q} - [ N] T { f} ) dV 
V 

( ] T,- -
N t Ty 1 ) ds l = O 

Eq. 4 .. 9 
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Equation 4.9 is the basic governing equaticn for a sir.gle 

element based on the displacement approach. Ncte that only 

the displacements at the nodes are unknown. Stresses may be 

calculated by first finding the strains and t.hen using th€ 

constitutive matrix as follows: 

{0} = [C] [B] {q} E q. 4. 10 

Four constitutive models to approximate scil or ~ock 

behavior were formulated. !hey range frc~ the simplest 

possible linear elastic model to a sophisticated cap model. 

4. 3. 1 

A linear elastic model ~as first formulated. The 

material was assumed to be linear, elastic, and isotropic. 

These assumptions lead to a constitutive matrix vith only 

tvo constantsr Young's Modulus and Poisson's Ratio. No 

further discussion of the linear model is needed due to its 

common usage and simplicity. 
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4. 3. 2 nonlinear elastic 

Nonlinear elastic models in which ~he elastic paramaters 

vary in some fashion provide the next stef tcward a more 

realistic model. Young's modulas and Poisscn's ratio are 

assumed to be of a nonlinear form. The values of the 

parameters are as functions of the stress state in the body. 

The tangent Yoang's modulus and the tangent Pcission's ratio 

are assumed to be hyperbolic functions of the stress state 

in the present model. ~he equations used fc~ the tangen~ 

Young's modulus and the tangent Poisscn•s ra~io are as 

follows (Sr18,42): 

Vt = 

ilhere 

l1 -

1 -

Rf(l - sin¢) (o 1 - a 3 ) 

2c cos¢+ 20 3 sin¢ 

Eg. 4.11 

12 
I 

nl 
K'"' ( a /p ) l 

l:"' a 3 a , 
j 

Eg. 4.12 
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al,a3 = principle stresses 

Rf -= failure ratio 

cp 'C -= Mchr-Coloumb strength parameters 

pa = atmospheric pressure 

K,n,G,F,d = experimentally determined 
material parameters 

Detailed derivations of the hyperbolic formulation are 

available in (24). 

4. 3 .. 3 elast.1£-plastic 

Plasticity offers another method of modeling geologic 

media. It provides a more ccnsistent formulation than the 

piecewise linear model above. The Drucker-Prager model. is 

one of the simpler plasticity models. Althcugh it is not 

applicable to s~ils in general, it is capable of 

representing some soils. The Drucker-Prager model is based 

on the extended Mohr-Columb failure criteria given by 

(5,23): 

Where 

s = c + a tan¢ n 

S = Shear strength of media 

Eq. 4. 13 
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c = cohesion 

a = normal stress n 

~=internal angle of friction 

The yield surface, which is, in this case, a failure 

surface is defined on the basis of the first and second 

stress inva=iants. 

f == - k == 0 E g.. 4 .. 1 4 

Where 

a,k = material parameters 

An associated flow rule is used which is defined as 

follows: 

p dF.: .. 
1. J 

== Aaf ao .. 
1. J 

Eg .. 4.15 
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Also 

Eg. 4.16 

Eg .. 4. 17 

Differentiating equation 4.14, and using equations 4.15, 

4 • 16 an d 4. 1 7 t c e li min ate .\ , 

results: 

the follcwing equation 

dcr .. 
iJ = dE - [A(o o + o ' ) 2G ij kl ij ijokl 

Eg.. 4. 18 

+ Bokloij + Caijcrkl]dEkl 

Where 

A 
h = pk 

I 3Kv B 1 p-1 = (a-GTJ'!°) Jap - Ep 2 

C 1 = 2kplJ' 

/J' 9a 2 K) p =-2(1 + k G 
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T 
3K ~l 

h = 2Gcx. - 6lJ2 
K = bulk modulus 

E -= elastic modulus 

V = Poisson's ratio 

G = Shear modulus 

For plane strain condi~ions equation 4.18 reduces 

doll 
°2G = (1 - 2Aoll - B - caf1 )d(ll 

+ [-A(oll + 022) - B - Collo22) ]d(22 

+ (-Aol2 - Co11°12)dyl2 

Eg. 4 .. 19 

da22 
2G = [-A(oll + a22) - B - Collo22]dsll 

+ (1 - 2Ao22 - B - Co~2)d(22 

+ (-Aol2 - Col2a22)dyl2 

Eg. 4.20 
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do33 
= [-A(oll + 0 33) - B Call 0 33]dsll 

+ [-A(o22 + 0 33) - B - Ca22°33Jds22 

+ (-Aol2 - c0 12°33ldy12 

dol2 
"'2'c; = (-Aal2 - Collol2)dsll 

+ (-Aol2 - Col2022)dE22 

+ U2 - CG f 2 ) dy 12 

~, Band Care defined as above. 

Eg. 4 .. 21 

Eg- 4. 2 2 

a. and k are defined in terms of the Mohr-Cclumb s~=enJth 

parameters c, the cohesion, and¢, the fricticn angle. Par 

plane strain one relationship between these parameters is 

the following: 

tan¢ 
Ci. = 

I ( 9 + 12 tan 2 ¢ ) 
Eg .. 4. 23 
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Jc 
k = Eg. 4 .. 24 

( 9 + 12 tan 2 ¢ ) 

For more explicit derivations of the equaticns above see 

More advanced plasticity models may ce derived by the use 

of an additional yield surface called a caf. This cap 

permits plastic flew below the failure surface and can rnodel 

many more materials than the Drucker-Prager mcdel .. The cap 

model presented here arises from the work Fresented by 

Sandler and Rubin (52). In this model an exponential 

failure surface is used in conjunction with an ellip~ical 

cap. 

The function for the failure surface is as fellows: 

= A - C e 8J1 = /J' 2 
Eg. 4. 25 
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and for the cap: 

f c(Jl,K) 
1 /{(X(K) = R 

- [J 1 - L ( K) ] 2 } 

in which: 

L(K) = {~ t~: 

- L ( K) ] 2 

= 

< 0 
> 0 

/JI y ') ,_ 

Eg. 4. 26 

Eg. 4 .. 27 

Eg. 4. 28 

The hardening parameter is related tc the plastic 

volumetric strain by the following equations: 

if ds~~O, or K<J 1 and K<O 

otherwise 

Eq.. 4. 29 

Eg. 4. 30 
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Where 

K = hardening parameter foi cap 

s~ = plastic volumetric strain 

A,B,C,D,B,W = material parameters 

OTHER ~ENT TYPES 

The complex nature of simualtion of const:ruc-:ion 

sequences requires the use of several one dimensional 

elements. Three such elements are formula!Ed here. They 

include an interface element, a linear disFlacement bar 

element and a quadratic displacement tar ElemEnt. 

4. 4. 1 intecface elemen~ 

The interface element used to model the discontinuity 

betwe€n geologic media and man made media is tas€d on the 

model proposed by Goodman, Taylor and Brekke (29) and later 

modified and used ty Desai (15,18,21). The original element 

was developed for rock joints, but with the use cf pro~er 

material parameters it can be applied to scil-struc~ure 

interfaces. 

The basic assump~ions involved are that disflacements 

vary linearly along the element and that rotations are net 
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explicitly considered. The concept of relative 

displacements are used and they are defined as fellows: 

{:~i ½[-: 0 -B 0 B 0 A :J ul = 
-A 0 -B 0 B 0 vl 

u 2 
V~ Eg. 4. 3 1 L 

u3. 
v3 
u4 
v4 

Where 

t.u = relative displacemen-t or strain 
0 in X direction 

t.v = relative displacement or strain 
0 in y direction 

A = 1 - 2.L/?., 

B = , + 21/Q, 

ui,vi = displacements in X and y directions 
respectively at node i 

Now relating the shear and normal stresses to the 

relative displacements by a stiffness matrix leads to ~he 
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y 

4 3 --------------
thickness = 0 

> 
L 

X 

Figure 2: Intecface Element 
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equation: 

Eg. 4. 32 

The K term sn i.s usually taken to be zero due to 

experimental difficulty in determining its froper value. 

Using equations 4.31 and 4.32 the local element s~iffr.ess 

matrii is as follows: 

2K 0 K 0 -K 0 -2K 0 
s s s s 

2K 0 K 0 -K 0 -2K 
n n n n 

2K 0 -2K 0 K 0 
s s s 

2K 0 -2K 0 -K 
9, n n n 

[Kl = 6 2K 0 K 0 
s s 

2K 0 K 
n n 

2K 0 
symmetric s 

2K 
n 

Eg. 4. 33 

The material parameters of the interface element may 

either be constants or variables. Two model~ fer material 
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behavior of interfaces were formulated. The fi:st model was 

an assumption cf linear elasticity of the jcint. The effect 

of this assumption turns out to be that and are 

bilinear. iben the Lnterface is compressed, the shear 

stiffness will be some constant taken from a laboratory 

test. The normal stiffness will b€ taken as a relatively 

large value to frevent the element from closing to a 

negative thickness. If the element is under tension, both 

the shear stiffness and normal sitffness will te set to a 

relatively small value. This is done to ~cdel the gap 

between soil and structure since in most cases soils connot 
. .. . main .. a.in tension. No r:rovi.sion for the failure of the 

interface in compression was made for this model. The next 

model formulated accounts fer most cf the Fhenomenon of 

interfaces .. 

A hyperbolic function was used tc provide a nonlinear 

model for the interface element. The basic criterion for 

failure of the interface in shear is the ~ohr-Coloumb 

crite.rion (15,18,21): 

S = C + a tano a n Eq. I+. 34 

Where 
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Tension 

Compression 

Tension 

Compression 

Figure 3: Behavior of Interfaces 
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C = adhesion of scil tc structure a 

6 = friction angle between soil 
and structure 

The nonlinear behavior up to and including the failure 

criteria is refresented by the following equation: 

K st 

Where 

Rf I cr I = K . y ( cr /p ) 2 [ 1 - s ] 2 
J w n a C + cr tan6 a n 

Eg. 4. 35 

K st= tangential shear stiffness 

K. = shear stiffness factor 
J 

yw = unit weight of water 

pa = atmospheric p:essure 

Rf = failure ratio 

c , 6 = defined as above 
a 

Equation 4.35 is valid only for compressive normal 

stresses. If the normal stress goes intc tension the shear 

stiffness is given a relatively small value. The normal 

stiffness is defined in the same manner as in the first 

model. 
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4. 4. 2 

Two bar elemen~s were formulated for use in modeling 

tie-backs. A quadratric model was derived to provide 

compatibility cetween the soil elements and bar elements. A 

linear model provides a bar element which can te independent 

of the soil elements. 

The linear bar element follows Desai's (17) derivations 

and the local stiffness matrix is as follows: 

Where 

[K] = AE I 1 
i -1 

A= Area of bar 

E = elastic modulus 

-11 
1-

i = length of the element 

Eq. 4.36 
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The global stiffness of the linear element iE as follows: 

Where 

[Kl = AE 
!l 

C = cos et. 

S = sin a 

lc 2 cs -c 2 

S 2 -cs c2 
-cs 

2 -s 
cs 
52 

Eg. 4.37 

a= inclination of element with resfect 
to the X axis 

The quadratic bar element's local and glcbal stiffness 

are similar to ~he linear stiffnesses: 

[K] AE l-78 -8 l' 
= 39., 1 =~ -~ Eq. 4. 38 
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2-node Bar 

y 

X 
3-node Bar 

Figure 4: Ear Elements 
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7e 2 7eS -Be 2 -Bes e2 cs 
7S 2 -Bes -BS 2 cs s2 

[ K) AE 16e 2 16eS -BC 2 -scs = 3T 16S 2 -Bes -8S 2 

symmetric 7e 2 7eS 
7S 2 

Eg. 4 .. 3(} 

The material parameters are assumed to be ccnstant in each 

element for beth models .. 

4 .. 5 CONSTRUCTION SEQUENCES 

The majority cf the formulation work was spent in 

developing the sequential construction algorithms. Each of 

the construction stages to be simulated was carefully 

analyzed. Then the theoretical developments from Chapter 

III were modified and the model was formulated. 

4. 5. 1 

The initial stress sta~e in a media is generally assumed 

to be known. Equations 3.2 and J.3 provide the means to 

reproduce the ill 2 itu stress in the simulaticn model.. The 

finite element frogram provides a means tc calculate the 

vertical stress with no additional formulation effort. The 
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soil mass is assumed to behave as a linear elastic body and 

the forces are derived from the gravity loading cf the body. 

The horizontal stresses are then set equal tc the vertical 

stresses multiplied by the coefficient of lateral earth 

pressure at rest. Shear stresses are assumed tc be zero for 

all cases~ If the ground surface is sloping, appropriate 

shear stress should be included. For hcrizontal ground 

surfaces the formulation will Frovide good refresentation of 

the i~ situ stress i£ the coefficient cf lateral earth 

pressure at rest is known. 

4. 5. 2 dewatering 

Dewatering is 

considered. In 

the next stage of sequential construction 

Chapter III the time dependent and coupled 

nature of the dewatering problem was discu~sed. In order to 

provide an economical formulation a very crude apFroximation 

of the dewatering process will be formulated. Both the 

coupling effects and the time effects are neglected. 

The only effect of dewatering accounted for is the 

increase in the effective weight of the soil. This increase 

is accounted fer by a body force within an element which has 

been dewatered. The body force is taken to be ~he unit 

weight of water. The equation below represents the method 
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of calculating the body force. 

{F} = f y [N]TdV' 
V' w 

.Eg. 4.40 

Where 

{F} = nodal forces 

Yw = unit weight of water 

[N] = interpolation function matrix 

V' = vclume of dewatered element 

Note that equation 4.40 applies only to elements wtich 

were submerged during the stage before and are now above tbe 

water table. No loads are generated by a decrease in pore 

water pressure alone. In Figure 5 only elements 1, 2 and 3 

have body force loads due to dewatering The remaining 

elements are affected indirectly by the loading from these 

three elements. The material parameters of dewatered 

elements may be changed also. While the formulation 

neglects many important features of dewatering, it does 

provide an approximate solution to the problem. For some 

problems dewatering may not be the critical step and 

therefore the proposed formulation can provide a reasonable 

answer at an economical cost. 
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I n i ti a l w ate r l eve l 
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Figure 5: Example of Dewatering Mesh 
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4. 5. 3 ~vatio.n 

The process of excavation reguires careful formulation in 

order to obtain reasonable answers. The basic requirement 

of the problem is that the excavated surface be stress free. 

Also, due to the nonlinear material involved, the thickness 

of the layer removed at each step must be fairly small. 

The quadratric element generally allo~s a mare accurate 

fulfillment of the stress free boundary reguirement as 

compared to lower crder elements. A quadratic element can 

have one boundary with zero stress while other boundaries 

have some finite stress. Linear elements have constant 

stresses throughout and therefore to obtain a stress free 

boundary the entire element must have a zerc stress state. 

The basic algorithm for excavation is described below: 

1. The initial stress state of the body is obtained. 

2. The elements to be excavated are deleted from the 

system. 

3. Iterations are performed until equilibrium of the 

remaining elements is obtained and a stress free 

boundary is approximently obtained. 

4. Repeat steps 2-3 for each lift. 
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Two key features of the e~cavation routin€ are the fact 

that excavated elements are completely removed from the 

system and that the stress free surface is obtained by 

satisfying equilibrium. The equation used for calculating 

the nodal forces in an element due to the element's stress 

state is: 

{F} = f [B]T{o} dV Eq. 4. 41 
V 

ijhere 

{F} = nodal force vector 

(BJ = displacement strain transformaticc matrix 

{o} = vector of stresses 

Summing all the forces calculated by equation 4.41 for 

each elements and adding to the applied forces leads to a 

global residual load vector. This load vector reflects the 

degree to 

equilibrium. 

which the element assemblage is not in 

Equation 4~41 provides the tasis for the 

iterations to find the equilibrium and corresfcnding stress 

free surface of the body. 
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The use of an quadratic element and the consistent method 

for calculating the equilibrating load VEctor can be 

considered fairly new. Some of the merits of these features 

have been discussed by Clough and Manna (10). 

4.5.4 deposiiliJ! .Q.I §mbankment 

The formulation of simulating embankm€nt construction 

will be considered now. 

opposite of excava~ion. 

Embankment construction is the 

Simulation cf embankment 

construction is considerably easier than excavation. The 

simulation of embankment construction 

follows: 

is performed as 

1. The initial stress state is obtained 

2. A layer of the embankment is placed. 

3. The resulting stresses and 

calculated assuming the newly 

little strength. 

displacements are 

placed material has 

4. Iterations are performed (if necessary) 

equilibrium. 

to obtain 

5. The displacements of the surface of the embankment 

are set to zero. 
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6 .. Steps 2-5 are repeated for Each layer. 

The governing equation used to calculate the loads is 

given below: 

Eg. 4.42 

Where 

{F} = nodal forces 

"Y = weight of soil in the lift element 

[N] = interpolation functions 

V = volume of lift emement 

Equation 4.42 is val.id only for newly placed lift 

elements. The remaining elements in the assemblage are 

loaded indirectly by the new lift. The disFlacements at the 

top of each new lift are set to zero to simulate the fact 

that embankments in the field are usually brought to the 

proper elevation before a new lift is added. 
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4. s. 5 

The major part of formulating tie-back simulation was 

done above when the bar elements were formulated. As stated 

in Chapter III, tie-back installaticn invclves four steps. 

Boring the hole, placing the tie-back, grouting the tie-back 

and then tensioning the tie-back. 

The boring of the hole will be neglected in this 

formulation due to the complex nature of the frcblem. The 

grouting process will be ignored for the same reason. The 

actual processes in tie-back installation as formulated are: 

1. Apply a force along the direction of the tie-back 

equal and opposite to the tension force in the 

tie-back. 

2. Solve for the new stresses and displacements. 

3. Add the bar elements which make up th~ tie-back. 

4. Set the bar element stresses to the initial 

tension of the tie-back. 

The order of these steps seems odd but a glance at Figure 

6 will illustrate the reason clearly. If the bar elements 

were added before the tensioning force was aFplied, they 

woulJ tend to resist the tensioning force. 
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Physical Picture 

Wrong Sequence Correct Sequence 

Step 1 2P 

2P 
Step 2 

Figure 6: Tie-back Illustration 
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4. 5. 6 structural element Elacem_fill_! 

The placement of structural elements is the last 

construction phase considered. Structural element placement 

usually involves two steps. Removal of the geologic media 

where the structure is to be placed is first. Second is the 

placement of the structural element. 

The present formulation does not account for the removal 

of the material where the struc~ure is to be flaced. what 

is formulated is to simply change the element constitutive 

law from one of soil material to that of structural 

material. 

This simple formulation can be quite adequate for most 

problems. Consideration of the actual removal of soil is 

too expensive to be justified for most practical problems. 



5. 1 

Chapter V 

CODING 

Development of a code in order to model the process of 

sequential construction bas been one of the major tasks in 

this thesis. The complex nature of the problem required a 

rather large program. Due to the size of the code, a large 

amount of time was needed to debug the program as 

subroutines were added. 

5.2 PHILOSO~HY 

Significant effort was expended to make the code both 

flexible and economical. At the same time, the input data 

was minimized and simplified. All of these factors are 

highly dependent en one another. Priority was given to 

making the input data as simple as possible. 

Modeling sequential construction requires a great deal of 

input data just to describe the problem. By minimizing the 

data, the amount of user effort is decreased and 

correspondingly input errors are decreased. ~lthough 

computational effort is increased, the program is more 

67 
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economical due to the reduction in human labor. Flexibility 

of the code was considered to be the second mcst important 

factor. Because of new advances in the FEM, especially with 

regard to geomechanics, the ability of the code to be 

modified to includE the new factors is important. Also the 

code's ability to be modified to model new construction 

sequences easily was considered important. At all stages of 

the coding, the program's computational efficiency was 

optimized within the limits of simple user inFut data and 

code flexibility. 

The various features of the code are not new or original. 

However, the use of all of these features in a simulation 

program for sequential construction may be considered to be 

fairly unique. All of the features which will be discussed 

below, either contributes to the ease in data input, program 

flexibility or program efficiency. 

5.3 FEATURES Q1 PROGRAM 

Dynamic dimensioning of the arrays used in the code 

contributes to computer efficiency. By changing two lines 

in the code both small and large problems may be solved 

efficiently. An equation is provided to enatle the user to 

set the array size. Arguments of the equation are the 



69 

number of nodal FOints, th€ number of Elements and the 

maximum front width. 

self explanatory. 

The number of nodes and elements are 

The maximum front width guanitity is 

related to the solution scheme used and will te discussed in 

detail below. Ey tailoring the array size to the problem 

the region regui~ements for a Froblem are 1inimized and 

therefore the cost of the computer run. 

The computer cede is quite modular in design and utilizes 

numerous subroutines. The use of a large number of 

subroutines reduces the amount of duplicate coding and 

allows for ease in adding or deleting various features of 

the code. For example, to obtain a highly efficient code 

for ~odeling excavation only, all that is reguired is to 

delete the subroutines dealing with at.her Fhases o.f 

construction. In the same manner, subru~ines may be added 

to model the construction cf reinforced earth retaining 

walls or frozen earth tunneling techniques (43,36,53). 

The frontal solution technique developed by Irons (35) is 

used. Its use results in both increased efficiency {35,34) 

and a reduction in data preparation effort. The technique 

is based on Gaussian elimination which is Cftimized for use 

in conjunction with the FEM. Its unique feature is that 
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degrees of freedcm are eliminated as seen as their 

corresponding stiffnesses are (fully) assembled. The result 

is reduced core storage requirements since the total global 

stiffness matrix is never present at one time4 Other 

techniques such as the hand-width method reguire that the 

total global stiffness matrix be assembled before the 

solution process begins. cne result of the Sfecial solution 

process is that the nodal numbering has nc effect on the 

time requiren for solution4 Other solution techniques are 

directly dependent on nodal numbering for their solution 

efficiency. However, the frontal solution does require that 

elements be numbered in a special manner. The maximum front 

width is a measure of how well the elements have been 

numbered. By minimizing the maximum front width, optimum 

solution efficiency can be obtained. To calculate the front 

width the following algorithm may be used: 

1. Loop through each element, (M) in numerical o:-der. 

2. For each element (~) find the number cf nodes, (I) 

which are attached to both elements numbered lower 

than Mand elements numbered higher than M. 

3. Take IMAX tc be the largest I fcund. 
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4, The maximum front width (MFBON) is then equal to 

IMAX plus the number of nodes in the element 

corresponding to IMAX, (NNE) all times the number 

of degrees cf freedom 6 (DOF) in the problem. 

The equation is as follows: 

M7BON = (I~AX + NNE)DOF eq. 5. 1 

Numbering the elements to obtain a minimum front width is 

much easier than numbering nodes in order to optimize other 

solu~ion techniques. Another benefit is that the addition 

of elements to a mesh is ierely a matter of renumbering the 

elements to retain optimum solution efficiency. Other 

techniques require renumbering the nodal points for 

retention of solution efficiency. Renumbering nodes also 

requires changing all of the element connectivity data. 

A graphics subroutine which plots the input mesh is of 

great aid to the user. The routine is intended to provide 

an easy means of checking the input data relating to the 

nodal point data and element connectivity data. The routine 

plots the mesh and numbers both the nodes and the elements 
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on most standard plot~ers. Most errors in the nodal or 

element data may then be easily found by examining the plot 

of the mesh. 

A data 

with the 

aain code. 

debugging code was also prepared in conjunction 

program. This code is a special version of the 

Only the data for a problem is read in and then 

written out onto faper or at a terminal. Ne computations 

are done. The mesh plotting routine mentioned above is also 

utilized. 

The use of a seperate code which is much smaller than the 

main program allows the program to be run interactively at a 

computer terminal. Through the use of the debugging code 

interactively, error free input data may be Frepared quite 

rapidly and economically. 

5.4 CODING DIF,l.!CUl.TIES 

Coding the formulation required the suricunting of a 

number of difficulties. While the formulaticn of the model 

was quite precise, the translation of the fcrmulation into 

FORTRAN code was at times not. The nonlinear nature of the 

problem was the reason for most of the difficulties. The 

formulation presents a set of equations which are to be 
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coded. These equations usually cannot be solved exactly and 

obtaining the the answer involves solving the problem 

severa 1 times. The number of solutions reguired for a 

problem depends on the degree of nonlinearity involved, the 

computer code and the accuracy desired. Ancther coding 

difficulty encountered was the handling of the changes in 

the domain for various stages of construction. 

Nonlinear equations were solved by a combination of 

incremental and iterative approaches. Incremental solution 

techniques involve the application of the lead in steps. A 

solution of each step is performed and the results are aJded 

to the previous results. This process is continued until 

the simulation is complete. The number cf increments 

required depends upon the element mesh, the material 

behaviour and the degree cf accuracy desired. Mesh 

dependency arises from ccnstruction steps involving 

excavation and embankments. The smallest lcaa step possible 

for these cases depends on the size of the elements to be 

removed or added. 

Iterations were coded to allow improvement of the 

agreement between the stress-strain state, the constitutive 

law and to obtain equilibrium. The Newton-Pafhscn technique 
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was used to handle the iterations. This method involves 

recalculating and resolving all the FEM equations for each 

iteration. 

Incremental 

However, a large 

solutions are generally 

number cf increments are 

gui te stable. 

cften needed in 

order to provide an accurate 

iterations for each step 

solution. 

allows the 

The use of several 

use of larger 

increments. This combina~ion is usually the most economical 

although finding the proper combination of increments and 

iterations is difficult. In using the iterative approach, 

care must be taken for some loading ~aths. The iterations 

may actually diverage for some material models under certain 

conditions. 

One aspect 

difficult to 

elements .. 

of material modeling which was particularly 

code was the unloading behavior of the soil 

The problem arises from the relatively stiff 

response of soil as it is unloaded compared to the response 

as it is loaded. This feature is illustrated in figure 7. 

The figure shews representative stress-strain curves for 

unloading. Both the actual soil response and the response 

as predicted by varicus models are shc~n. If large 

increments are used the computations may be in great error. 
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(J 

Response as Normally 
Coded for Large 

Increments 

E: 

Response by Special 
Modification 

Figure 7: Unloading s~ress-Strain Pesponse 
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Small increments give better agreement between the model and 

actual responses. The cost of using small increments can be 

prohibitive. Therefore the method coded was the following: 

1. Find the solution for the first increment. 

2. Check for any elements which have unloaded for the 

first time during this increment. 

3. Identify the newly unloaded elements. 

4. Completely resolve for this increment using 

unloading moduli for the unloaded elements. 

The effect of these steps is to find the elements which are 

going to unload and assign to them the frcper material 

parameters. 

~odification of the mesh at various stages in the 

simulation of sequential posed another coding challange. 

The key to the sclution of this problem was to read the 

entire mesh into storage ini~ially. Then this mesh may be 

modified at each stage of construction to accurately portray 

the geometry. 

Elements which are inactive do not enter into any of the 

calculations. This provides a more economical approach than 
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assigning a small stiffness value to reduce the deleted 

element's effect (9,40). By completly removing the element 

the set of equations becomes numerically more stable. 

The coding was performed in such a manner that the nodes 

and elements to be-deleted or added may be numbered in any 

order. The ability of random numbering makes it much 

simpler to 

data. Some 

prepare data and to make modifications 

computational efficiency was lest due 

in the 

to the 

need to check each element tc see if it is active or not. 

The ability to have random numbering was considered to be 

more important than the small loss in efficiency. 

The inactive elements are maintained in a numerical 

array. A subroutine is used to read the changes to the mesh 

and then to modify the array accordingly. A function 

subprogram is used to check fer the existence of an element 

in the inactive array. 

5.5 COMMENT~ 

Some aspects of coding the FORTBAN program SEQCON have 

be€n discussed. The resulting code stems £rem a great deal 

of trial and 

only a small, 

error work. The discussion 

but important part of the 

from writing the ~rogram. 

atcve represents 

knowledge gained 



6.1 INTRODUCTl.Qj 

Chapter VI 

VERIFICATION OF CODE 

A large number of problems were run utilizing the program 

SEQCON. The problems range from simple one element types to 

complicated sequential construction types. The purpose of 

all of these problems was to test and verify the 

capabilities of SEQCON. Three classes of frotlems were 

solved. First were the problems for which closed form 

solutions exist. Second were the problems with no solutions 

to compare them with. For these problems, cnly the trends 

were considered and the results were interfreted in a 

qualitative manner. The third group involved comparison 

with results from other numerical codes and field data. 

Disscussion of the various problems is grcuFed by the 

complexity of the problem and the feature cf the code it 

highlights. 

6.2 GENERAL ll,ll1ICA~ION 

The first problem considered was a single element with a 

uniform loading. Figure 8 gives the gecmetry of the 

problem. This problem is basically one-dimensional and 

78 



Ul s.. 
ClJ 

2. 

t 1. 
E 

>-

0. 

l 

0.0 

79 

100.0 Nt/m 

I I I l 

' 

1.0 2.0 
X meters 

Figure 8: Single Test Element Mesh 



80 

provided the first verification of the basic cede. Two runs 

of the problem were made using both a twc-foint and a 

three-point gaussian quadrature rule for integration. 

The results are given in table 1. The displacements 

compare vell with the simple closed form sclution for a 

one-dimensional body. It is interesting to note that the 

two-point integration gives more accurate results than 

three-point integration for this simple problem. Therefore, 

it appears that two-point integration should te used for 

regularly shaped elements under uniform loads. 

6. 2.1 

The effect of element shape on the soluticn was explored 

next. Studies by Stricklin (54) and Taylor (.55) indicate 

severe errors when distorted quadratic elements are 

utilized. The study presented here uses twc problems to 

explore the effect of element shapes on the solution. The 

first problem considers a uniform load in a plane strain 

condition. The second problem uses the same mesh as the 

first but substitutes a point load for the uniform load. 

The geometry and loading of tbese two problems is shown in 

Figure 9. Four different meshes were used to model both 



81 

I 
J TABLE 1 
j 

J Comparison of Two and Three Point Int€gration 
I 
I 
I solution stress in disflacement at 
I type y direction y .:: 2. 0 

t closed form 100. 0 -0 .. 0002000 I 
I I 
I 2 - point 100.0 -0 .. 0001820 I 
l I 
j 3 - point 98.5 -0.0001815 I 
I J 
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problems. Th€ mesh configurations are shown in figure 10. 

The material was assumed to be linear elastic and the 

material parameters used were: 

E = 300000 0. 0 Pa 

V = 0. 30 

Mesh I is assumed as the standard with which the other 

meshes are compared. 

Table 2 compares displacements of one Feint for the 

various problems. These results indicate that for uniform 

stress states the shape of the element has almost no effect. 

Thus, it is possible to degenerate the quadralateral into a 

triangle at locaticns cf constant strain. The point load 

problems show large errors for distorted element meshes. It 

would appear that elements in areas of high stress gradients 

should be as rectangula~ as possible. 

6. 2. 2 

The problem of a beam in pure bending was modeled next. 

Plane stress conditions were assumed and the results are 

compared to those obtained by Desai and Abel {19 p.165) f=om 
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Mesh I Mesh II 

Mesh III Mesh IV 

Figure 10: Meshes for Distor~ed Element Tests 
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, 
I I 
J TABLE 2 I 
1 l 
I Distorted Element Test Results I 
I I 
l I 
t Mesh Uniform Load Point Lead 'I Error I 
J y Displacement Y Displacement Fee Point I 
I at A m (X 1 O-•) at A m (X10-•) Load J 

I .I -9.90471 -9.99518 o. 00 
J 
I II -9 .. 90474 -7.05400 29. 43 
I 
I III -9.90469 -7.64162 23 .. 55 
t 
J IV -9.90474 -7. 59990 23.96 
J 
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a program utilizing four ncde quadrilateral ccmFosed of four 

constant strain triangies. Figure 11 illustrates the 

geometry and mesh for the problem. The follcwing material 

parameters were used: 

E = 30 X 105 psi 

v -= 0.30 

Thickness= 1.0 inch 

The results are given in Table 3 Comparing the eight-node 

results to the four-node results demonstrates the greater 

efficiency of the higher order element. The SEQCON program 

yields results which are almost identical tc the exact 

solution with a relatively coarse mesh. 

problem verifies the accuracy of the 

linear elastic plane problems. 

6. 2. 3 -thick-cylinder prol::lem 

Additionally, this 

SEQC0N Frogram for 

A check of the axisymmetric 

made by modeling a thick-walled 

capability cf the code was 

cylinder. The cylinder is 

assumed to be of infinite length and the material properties 

are: 

E = 1. 0 X 105 Pa 
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TABLE 3 

Besults for Beam Bending Problem 

Solution Type 

I Exact 
J 
I Desai and Abel 
I 25 Nodes 16 Elements 
1 
J Desai and Abel 
I 81 Nodes 64 Elements 
J 
I SEQCON 
I 65 Nodes 16 Elements 
I 
I 
I 
I 
l 
I Exact 
l 
I Desai and Abel 
I 25 nodes 16 elements 
l 
I Desai and Abel 
I 81 nodes 64 elements 
I 
I SEQCON 
J 65 nodes 16 elements 
j 

Displacement in Inches cx10--) 
Pcint A 

X 

1.500000 

1.455171 

1 .. 4E6224 

1.500100 

Point B 

0.3750000 

0.3679722 

0.3732400 

0.3750270 

y 

-1.275000 

-1.239908 

-1.264569 

-1.274930 

-0.3187500 

-0 .. 3123025 

-0 .. 3171139 

-0 .. 3186380 
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V = 0. 20 

p = 1000.0 Pa 

A closed form solution from Popov (SO, p. 418-419) is 

used for comparison. 

u = 

Where: 

a = r 
a = t 

p -= 

ri -= 

r = 0 

r -= 

ll -= 

pr2 
0 = 0 (1 rz rz r -

0 ]. 

pr2 
0 = - 0 (1 t rz - r~ 

0 ]. 

1 - \) 
E 

pr 2r 
[- r 2 r~ -

0 ]. 

Radial Stress 

Tangential Stress 

Extern al Pressure 

I.nner Radius 

Oute.r Badius 

Ba di us 

Radial Displacement 

r2 
]. - r7) 

r~ 
+ l. r7) 

pr~r 2 
l. 0 

(r 2 - r~)] 
0 ]. 

eg 6. 1 

eg 6.2 

eg 6. 3 
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The geometry, loading and mesh are illustrated in Figure 

12. Comparison of computed displacements and stresses with 

closed form solutions are given in Table 4 • The 

displacements of the inside vall of the cylinder are in 

error by 20 percent. The displacemEnts of the cuter wall of 

the cylinder are only in error by 4 percent. The computed 

and closed form stresses are in almost exact agreement. 

Considering the coarseness of the mesh the clcse agreement 

between the calculated and exact solutions indicate the 

validity of SEQCON for linear elastic axisymmetric problems. 

6.2.4 

The hyperbolic constitutive model tehavior was 

investigated using a single plane strain element. A uniform 

surface load was applied. A confining stress cf 20 pounds 

per square foot was used. The geometry of the problem is 

shown in Figure 13. Material parameters used are given in 

Table 5 • These parameters represent a sandy soil ~ith 

Poisson's ratio assumed constant. In addition to checking 

the hyperbolic model behavior, three different combinations 

of load increments and iterations were studied. First, nine 

load increments of ten psf each with no iterations was used 

(incremental method). Second, nine load increments of ten 

psf each with one iteration was used (mixed method). Last, 
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I 
J TABLE 4 
J 
I Axisymmetric Problem Besults 
1 
• I Solution Tangential Radial Tangential 
I Type Stress Pa Stress Pa Stress Pa 

' at r-=12 .. 11 at r=27.8'9 at r=27. 89 

I Computed -1904.00 -980. 80 -1269.00 l 
• I 
I Exact -1892.12 -980. 37 -1269.63 I 
I J 
) I 
I I 
I I 
I I 
I solution Radial Displacements m J 
I type at r= 10. O at r=30.0 I 

-f 
I Computed -o. 216 -o. 288 I 
I I 
I Exact -0.180 -0.300 I 
I I 
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I 
j TABLE 5 
I 
J Material Parame~ers for Hyperbolic 'I est 
I 
J 
l \) = o. 30 Failure Ratio = o. 70 
I 
j cj, = 40. 0 Modulus exponent = o. 50 

• 1 C = o. 0 Modulus Factor = 500. O 
J 
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one load increment of 90 FSf with nine iterations was used 

(iterative method). An exact solution was cttained using 

equation 4. 11 The results of these four sclutions are 

shown in .Piqure 14 . Frcm the graph it is seen tha+. the 

element is loaded to failure. The solution utilizing one 

load increment and nine iterations frovides the most 

accurate answer. It is also the lowest cost method. The 

incremental method gives the least accurate solution 

although it is fairly accurate for lower stresses. The 

mixed procedure provides a better soluticn than the 

method alone especially as failure is incremental 

approached. The iterative solution gave the best results 

for this particular problem. The results of this problem 

verify the hyperbolic coding and the solution techniques for 

nonlinear problems. 

6. 2. 5 9.E model~ 

A similar test problem was run for the cap type 

plasticity model. Here a single axisymmetric element is 

used. The geometry is given in Figure 15. The Froblem is 

a one-dimensional type with the fellowing material 

parameters: 

E = 100 ksi C = 0.18 
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\! = o. 25 

A = 0 .. 25 

B = O .. 67 

98 

D = O. 67 

R = 2 .. 5 

W = 0.066 

Four load increments with six iterations per increment were 

used. The results are compared to those given by Sandler 

and Rubin (52) in Figure 16. The results were calcula~ed 

by specifying the load or stress applied. This is in 

contrast to those given by Sandler and Rubin who specify the 

strain displacement and then calculate the stress. It is 

considerably more difficult to calculate strains if the 

stress is specified. However, for ~ost geomechanics 

problems the loading is what is known not the displacements. 

The graph in Figure 16 shows that the calculated values from 

SEQCON are in good agreement with those cf Sandler and 

Rubin. 

6 .. 2. 6 

The bar element was checked through the use of the 

problem illustrated in Figure 17 

assumed are: 

E = 30 X 106 psi 

Area = 2. 0 in 

The material parameter 
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A closed form solution was found using elementary 

mechanics and small displacement assumptions- As seen in 

Table 6, the calculated results are in exact agreement with 

the closed form solution. 

6. 2. 7 interface element~ 

The next problem considered was a simFle test of the 

interface element. The problem consis~s cf a single 

interface element in pure shear. The gecmetry of the 

problem is given in Figure 18 The interface was 

considered to be linear elastic and the material Farameters 

are as follows: 

Normal Stiffness= 1000.0 Pa 

Shear Stiffness= 10000.0 Pa 

The computed horizontal displacement of 0.02 meters at 

point A is exactly the answer expected. The shear stress of 

200.0 Pa is also exact. Thus for this simfle Froblem the 

interface element appears to be correct. The next problem 

investigates some cf the interface element's frcperties more 

closely .. 
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TABLE 6 

One-Dimensional Test Results 

Stress 
psi 

Bar 1 Bar 2 

Displacement 
At Node 3 

in (X10-"l) 
X y 

-3125.00 1875.00 3.95833 -9.37500 

-3125.00 1875.00 3.95833 -9-37500 
.__ _____________________________ _; 
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Figure 18: Interface Element Test Pratlem 
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6. 2. 8 soil-interface §1.Y.£..Y 

The following froblem was devised to investigate the 

influence of interface elements on surrounding plane 

elements. Two interface elements are placed between two 

plane strain elements. The geometry is given in Figure 19. 

five problems utilizing different combinaticns of linear 

elastic interface material parameters were considered. The 

solid element material parameters are as follcws: 

E -== 3. 0 x 10 6 Pa 

V = 0. 30 

The interface proFerties for the various cases is given in 

Table 7. The results shown in Figure 8 are compared with 

the same problem with no interface elements as a control. 

The first three froblems indicate that the results are 

independent of the value of the shear stiffness. This is 

what is expected due to the geometry and leading imposed. 

Problems IV and V indicate the importance of using a 

relatively high value for the normal stiffness. If the 

normal stiffness is too small, as in prcblem IV, the 

assemblage becomes too soft. The computed displacements are 

larger than the control sclution and the calculated stresses 

are smaller than the control values. The higher normal 
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, 
J I 
I TABLE 7 I 
j I 
I Interface Parameters for Soil-Interface Test I 
l I 
l I 
I Problem Normal Stiffness Shear Stiffness I 
j Pa (X10 6 ) Pa (X10 6 ) I 

I I 3. 0 1.15385 
I 
I II 3. 0 0.384615 
t 
l II.I 1 .. 0 3 .. 46154 
j 

I IV 1. 0 ,. 15385 
I 
I V 9. 0 1.15385 
I 
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TABLE 8 

Results of Soil-Interface Test 

Problem S't.ress in Displacement 
X Direction in y Direction 

Pa at A m (X 10-3 } 

J I 321. 2 -1.068 
I 
J II 321. 2 -1.068 
I 
l III 321- 2 -1.068 
I 
l IV 237.7 - 1 .. 13 1 
l 
J V 382. 4 -1.024 
j 
I Control 428.6 -0.9905 
I 
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stiffness in problem alleviates this difficulty to a large 

degree. This indicates that caution should be taken when 

using the interface element contained in SEQCCN. Choosing a 

relatively high value for the normal stiffness is in general 

a must for soil-structure interaction. 

6. 3 921!.§lfil!gION ~EQUENCES ll]llICATION 

Initial verification and debugging of the construction 

sequences was performed using a simple nine element mesh. 

The problems were considered tc be plane strain with linear 

elastic material properties. The Froblems ccnsidered were 

of a one-dimensional nature and the geometry and mesh are 

shown in Figure 20 

follows: 

• The 

E = 1.50 X 1010 kq/mZ 

\) = o. 3 

ys = 2000.0 kg/m3 

K = o. 50 0 

yw = 1000.0 kg/m3 

material parameters are as 
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Figure 20: Ccnstruction Sequences Debugging ~esh 
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6. 3. 1 

Initial stress calculations were the first construction 

step analyzed. Due to the hcmogeniety and cne-dimensional 

nature of the problem equation 3.2 provides an exact 

solution. Figure 21 illustrates the corresFcndence between 

the exact solution and the computed results. 

6.3. 2 

A dewatering sequence was then analy~ed. The geome~ry 

and mesh are identical to the above problem. The water 

table is initially at the ground surface. It is then 

lowered one meter and the stress and disflacements are 

calculated. Figure 22 shows the correspondence between 

closed form soluticn and calculated results. Note that the 

closed form solution is based on the simple thecry outlined 

in Chapter V for dewatering. 

6. 3 .. 3 embankmens 

Embankment simulation was tested next. The mesh used in 

the two problems above was utilized by initially deleting 

the top three elements and then adding them back as an 

embankment lift. Material Farameters are as above. The 
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Figure 22: One-Dimensional Dewatering Results 
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computed results ccmpare well with the closed fcrm solution. 

In fact, the results are identical to these shewn in Figure 

21 This is the expected result due to the geometry and 

material properties assumed for this froblem. 

6. 3. 4 €XCavation 

The last basic construction sequence verified with the 

simple mesh shown in Figure 20 is excavation. The top three 

elements in the mesh are removed as an excavaticn step. Tee 

results are shown in Figure 23. The stresses agree as well 

for the excavation sequence as for the other sequences. 

The four simple problems above verify the validity of the 

basic construction se~uences modeling rcutines. The 

following problems will examine more complex ftcblems. 

A more 

supported 

complex problem which modeled 

by a retaining wall will now 

an exca va. tion 

be shown. The 

geometry of the froblem is shown in Figure 2~. Two 

analyses were made of this problem. The first analysis was 

made with out aoy tie-back support. The second analysis 

used a tie-back which ran from point A to feint E. Point B 
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Figure 24: Simple Retaining Wall Prctlem 
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is assumed to be fixed in the X-direction. The tie-back vas 

prestressed to 2000 pounds. Linear elasticity was assumed 

for each problem. The material parameters used for both 

analyses are given in Table 9. The excavation was carried 

out in three steps down to level EF. The tie-back was 

installed after the first excavation step. 

Figure 25 compares the wall deflection cf the analysis 

with and without the tie-back. The use cf the tie-back 

actually pushed the wall into the soil mass. From this it 

can be ascertained that the initial tie-back tension was ~oo 

great. The proper tie-back tension could be found through 

additional analyses using various values fer the tension 

force. Figure 26 shows how settlements behind the retaining 

wall are reduced by the use of the tie-back. In this case 

the ground heaves due to the large initial tie-back 

loading. The absolute value cf the ground surface movement 

has been reduced by approximently a factor of tena 

The results from this problem indicate the capability of 

SEQCON in simulating tie-backs. The next grcuf of problems 

demonstrates the accuracy of the code in ccmfarison with 

other numerical studies and with field data. 
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I 
• i 

'IABLE 9 

I Material Properties of Simple Retaining Wall 

' l 
j 

J 
I 
J 
I 

Parameter 

E 

V 

y 

K 
0 

Soil 

20.0 x1os psf 

o .. 45 

100. 0 lb/ft3 

0.50 

i Tie-Back Properties 

I E == ~3-2 x 10a psf 
j 
J Area= 0.025 ft2 
l 

Structure 

30.0 X10 8 psf 

o. 30 

I 
I 
I 
J 
I 
I 
I 
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Figure 25: Wall Deflection of Simple Retaining Wall 
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Three complex problems were solved to demcnst.rate the 

validity of SEQCON for more typical problems as encountered 

in the field. They are described in detail belcw. 

6. s. 1 

An infinite footing en a half space was the first 

practical problem considered. A mesh consisting of 21 

elements and 84 nodes was used. The geometry cf the problem 

is shown in Figure 27. !he footing element was considEred 

to be linear elastic and used the following faiameters: 

E = 4. 0 X 10 5 psi 

v = 0.30 

The soil was modeled using the Drucker-Prager plasticity 

model. The material parameters are: 

E = 4000. 0 psi 

\) = o .. 35 

¢ = 33.0 

C - o. 35 psi 
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Figure 27: Footing Problem 
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The plane strain assumption is used to model the problem. 

The vertical displacement, V is comFaLed wih the 

experimental results given by Desai and Phan (22). A 

comparison of the results is shown in Figure 28. The 

computed results appear to compare poorly with the 

experimental data. Thus the Drucker-Prager model does not 

accurately represent the soil material. The reason 

probably due to the model's inability to represent 

volume change due to shear. The use of a cap 

plasticity model would probably give cetter results. 

6. s. 2 dam with S§guential nbankemnt 

is 

the 

type 

An actual field problem analyzed was the ccnstruction of 

the Otter Brook Dam. An intensive analysis of the dam was 

made by Kulhawy, Duncan and Seed (42) and the problem data 

is adopted from their work. The dam itself was considered 

to be homogeneous and symmetric. 

domain was discretized. The dam 

Therefore only half of the 

was considered as a plane 

for the problem are strain case. The geometry and mesh 

shown in Figure 29. 

used. The soil 

constitutive model. 

Table 10 gives the material properties 

was assumed to follow the hyperbolic 

The mesh contained 42 elements and 153 

nodes. 

lift. 

seven equal lifts were used with one iteration per 



123 

Experi mental 

0 SEQC0N 

16 . 

..... 
1/) 
c.. 

c.. 12. 
c:n s:: ..... 
-0 ro 
0 
_J 

..... 8 • 
ro u ..... 

.,j.J 
s.. 
QJ 
> 

4. 

0-----+----+-----+-----t-----..----+ .... 
0.0 0.02 0.04 0.06 0. 8 0 .10 0. 12 

Vertical Displacement inches 

Figure 28: Load-Deflection Curve of Footing 



.µ 
4-

0 
C: 

r- 0 
(Y) ..... 
r- .µ 

<ti 
> 
QJ 
r-
w 

N 
.&: 

340.0 
Horizontal Distance ft 

Figure 2q: Geometry and Mesh for Otter Erook Dam 



125 

I 
I TABLE 10 

' j Material Properties for Otter Brook tam 
J 
J 
I Variable Symbol Value 

J Unit soil weight Ys 140.0 ll:/ft3 I 
j I 
l Cohesion C 2160. 0 ll:;ft 2 I 
I I 
I Anqle of internal ¢ 14 .. 0 degrees l 
j friction I 
I I 
i Modulus factor K 40 .. 0 I 
I I 
j Failure ratio Rf o. 68 I 
I I 
i I 
I Poisson's G o .. 43 I 
I I 
I Ratio F -0 .. 05 I 
I I 
J Parameters d o .. 60 I 
j I 
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The computed results were compared with these found by 

Kulhawy, Duncan and Seed- The ccmputed values obtained by 

SEQCON compared well with both Kulhawy, Duncan and Seed's 

results and vitb the field results. Figure 30 is 

representative of the accuracy of the calculated values .. 

The figure plots the horizontal displacements of the 

upstream face of the dam. The good comfar:ison of the 

displacements here indicates the overall accuracy of the 

computer model for this problem. This analysis illustrates 

the practical use of SEQCON for design and analysis of 

embankments. 

6. 5. 3 

A problem dealing with the passive resistence of soil to 

a retaining wall was the last problem analyzed. This 

problem is also analyzed by Matsuzaki (46). 

consists of an infinitely long retaining wall. 

The problem 

The wall is 

3.05 meters high and the soil behind the wall extends for 

10.7 meters. The soil is a medium-dense sand and the 

following hyperbolic material properties are used. 

E -= 4 8 mPa 

Y5 = 17.5 kNt/m3 

cp-= 35.0 degrees 
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Modulus Number = 720. 0 

Modulus exponent = o_ so 

Failure ra~io -= o. 8 

Poisson's ratio - o. 30 

K = o. 43 0 

The mesh, shown in Figure 31, contains 15 elements and 62 

nodes. The wall and its movement was modeled by displacing 

the nodes on line AB to the right in iucrements. 

displacement increments with no iterations were used. 

Twenty 

The wall movement was nondimensionalized by dividing by 

the wall height. The soil resistehce was characterized 

through the use cf the classical passive earth pressure 

coefficient defined as: 

Where 

K p = 2P 
YH 2 Eq. 6. 4 

K = Passive earth pressure coefficient p 

P = Total wall pressure 

y = Unit weight cf soil 
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H = Wall heigtt 

Figure 32 ccmpares the results obtained frcm SEQCON and 

those given by Matsuzaki. The results compare fairly well. 

Part of the difference between the results may be due to the 

large number of increments used for the SEQCON calculations. 

The shape of the curves are guite similar and for large wall 

displacements both solutions afpear to converge to the same 

ans~er. 

6.6 COMMENT~ 

The validity of SEQCON as applied to the froblems above 

has been shown. The results, in general, were reasonably 

accurate. Also, the code was shown to be capable of a wide 

variety of sequential construction prcblems. 



131 

4. 

3. 

2. 

1. 0 Matsuzaki 

<.\ SEQCON 

0.5 1.0 1. 5 2.0 
Wall Movement(% wall height) 

Figure 32: Results for Passive Earth Resistence Test 



7. 1 

Chapter VII 

CONCLUSIONS 

A formulation fer modeling soil-structure interaction has 

been presented. In conjunction with the formulation, a 

computer code was written to implement it. Several problems 

were analyzed to demonstrate the accuracy of the code. 

The program called SEQCON utilizes an eight-node 

isoparametric quadrilateral. An interface and bar element 

are also available. Four material models are used. They 

are the linear elastic# the hyperbolic, the Drucker-Prager, 

and the cap model. 

several constructon sequence steps were modeled. They 

include Jn 2ity, dewatering, excavation, deposition 

(embankment) and tie-backs. The code its€lf is modular in 

design and quite flexible. It is easy to imflement and to 

modify. 

The use of SEQCON on various problems has pointed out 

some of the difficulties of modeling soil-structure 

interaction problems. The modeling of the intecface 

132 
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behavior is the worst problem. The interface element in 

SE~CON must be used vith caution if accurate results are to 

be obtained. The material tehavior is another difficult 

problem. The hyFerbolic model must be used with caution 

especially for the stress paths that cccur during 

excavation. The cap model has not been verified for general 

problems and its use is of a research nature at this time. 

A large amount of research in this area remains. Several 

changes to SEQCON could result in a much more accurate 

model. These include development of new constitutive models 

and new interface elements. 

A program of 

conjunction with 

be desirable. 

throughly tested. 

laboratory retaining wall model 

numerical studies using SEQCCN 

This wculd allow the program 

studies in 

would also 

to be more 

Such a model has be€n constructed and 

will be utilized at later stages in conjunction with 

improved FE procedures based on mixed and hybrid approaches. 
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IMPROVED NUMERICAL PROCE~URES FOR SOIL-STBUCTUBE INTERACTION 
INCLUDING SIMULATION 0~ CONSTRUCTION SECUENCES 

by 

John Gwin Lightner, III 

(ABSTilAC'r) 

A formulation fer modeling soil-structure interaction has 

been presented. In conjunction with the formulation, a 

computer code was written to implement it. Several problems 

were analyzed to demonstrate the accuracy of the code. 

The program called SEQCON utili-zes an eight-node 

isoparametric quadrilateral. An interface and tar element 

are also available. Four material models are used. They 

are the linear elastic, the byferbolic, the trucker-Prager, 

and the cap model. 

Several constructon sequence steps were modeled. They 

include 1~ §11~, dewatering, excavation, deposition 

(embankment) and ti,e-backs. 

design and quite flexible. 

modify. 

The code itself is modular in 

It is easy to i~flement and to 
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