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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI (metric) units

as follows:

Multiply

cubic feet
feet

pounds (mass) per
cubic foot

pounds (force) per

pounds (force) per
square inch

square feet

square inches

By

To Obtain

0.2831685
0.3048
16.01846

47.88026
6.894757

0.09290304
6.4516

cubic metres
metres

kilograms per
cubic metre

pascals

kilopascals

square metres

square centimetres



USER’S GUIDE FOR THE INCREMENTAL
CONSTRUCTION SOIL-STRUCTURE INTERACTION
PROGRAM SOILSTRUCT

PART I: DESCRIPTION OF PROGRAM SOILSTRUCT

Introduction

1. SOILSTRUCT is a general-purpose, finite element program for two-dimensional,
plane strain analysis of soil-structure interaction and soil-inclusion interaction
problemns. It calculates displacements and stresses due to incremental construction
and/or load application and is capable of modeling nonlinear stress-strain material be-
havior. The simulation of incremental construction may include embankment construc-

tion or backfilling, the placement of layer(s) of a reinforcement material during

backfilling or embankmen 1stru 1, dewatering, excavation, installation of a strut
.
1 Af +h A ¢l
or tie-back anchor excavation support system, removal of the same system, and the
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formuiation algorithms, the size of the problem which may be analyzed, and the transfer
of input, output, restart, and plot data files by means of disc storage. SOILSTRUCT has
been coded in Fortran 77 language and consists of a main program and 26 subroutines
named: DETNA, INITAL, STRSTF, QUAD, BAREL, EXCAV, EQNDFO, SURFLD,
JTSTF, SUBSTP, JSTRES, SEEP, MODCAL, BUILD, OPTSOL, AUXOUT, STRESS,
PRNCIP, PRNTFD, GETFIL, CNVERT, REBAR, FILLBARS, BARSTIF, RESTRESS,

and NFACTS. A user’s guide for the SOILSTRUCT Program can be found in Appen-
dix A. Appendix B contains the sequence of operations for the SOILSTRUCT Program.
i 1 3 ; an a thaney of alactinity + P T L

Appendix C applies simple beam theory and the theory of elasticity to the bending of
structural members

WNe__%..  WON__ | kR 1] L}

Finite Eiemenis Empioyed

3. Three types of finite elements are used to represent the behavior of different

maatarialas £a) o tegrm Alamm e 2T et T /LN o . LRPRY
materiais: (a) a two-dimensional continua element, (b) an interface element, and (c) a

. R 1

(88
one-dimensionai bar eiement.

4. Atw

b -

: ©

-dimensional, subparametric, quadrilateral element (QMS5

£



model these supports. The geometry of this element, developed by Doherty, Wilson,
and Taylor (1969), is defined by four external nodes, while the displacement functions
include an internal fifth node. To improve flexural response, a constant shear strain,
calculated at the location of the internal fifth node, is imposed throughout the element.
The QM5 element can be allowed to degrade to a triangular element by letting two ad-
jacent nodes of the quadrilateral coincide.

5. The Goodman, Taylor, and Breeke (1968) interface element is used to allow for
relative movement between different materials, such as between a soil backfill and a

nnort wall. This element is defined hv four nodes. with each of the two pau‘s of

I
SWpPULL VY &id. X 2AX clement 1s delned AVUL AUV D, Yrawi: VAW Vi uae

nodes having the same coordinates; thus, this type of element has no thickness.

6. One-dimensional, two-node, bar or spring elements are used to model the be-
havior of a variety of structural systems. This includes the modeling of structural sup-
ports such as braces or tiebacks or the modeling of reinforcement placed within a soil
backfill.



7. Several modes of stress-strain behavior are utilized to represent the response of
soil, construction materials, and the interface region between different materials

8. The constitutive relationship used for all two-dimensional elements is Hooke’s
law. SOILSTRUCT uses an incremental, equivalent linear method of analysis to model
nonlinear material behavior. In this type of analysis, the incremental changes in stress-
es are related to the incremental strains through a linear relationship. This relationship

is defined for each structural element hv two gng:npprmo constants, the meg <
meoduli and the Poisson’s ratio. For the soil elements, either the Young’s moduli and
DAtscnonem?s wntin ~wmtha Variaaw?a canndenll ncad a1l cei A 32218 canner lia cemn~tfi A

L UIddVUILL D 1allv, Ul UIT 1 uUull S 111VUUUll allud UUILA 111vodull lldy vcC prblllCU.

9. A plane strain, isotropic drained or undrained stress-strain soil model is incor-
tad ths CNIT CTDTITIMNT T 1 ¢ Ao Aacme Lhoran o
POraild wiliiil SULLS 1 ARUL L. 116€ Prograiii Uses a nisiuiincar, Sircss-acpenaciit nyper-
) Ry .4 g I 1T _a__

bolic curve to represent the relationship between stress and strains developing during
primary loading of the soil (Figure 1a) and a linear stress-strain response during unioad-
ing or reloading of the soil (Figure 1b). The unload-reload stress-strain response is
applicable when the current stress state is less than that which has been applied pre-
viously; otherwise, the primary loading stress-strain is appropriate. Laboratory testing
and interpretation procedures for determining the parameters used to define the soil
model are described in Duncan, Byrne, Wong, and Mabry (1978). A brief review of the
hyperbolic model is given in paragraphs 12-17.

10. The nonlinear soil response to loading is modeled by performing a series of
analyses in which each load is applied incrementally, with the total change in stress
computed at the center of each soil element being equal to the sum of the incremental
changes in stress over all the load steps. In general, the greater the curvature of the
stress-strain relationship or the larger the magnitude of the applied load, the greater
the number of load steps required to accurately model the nonlinear soil response.
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stress WIthm ach of the soil elements; In addition to the change in stress, there is

moduli assigned to each soil elemeni so as io refieci the magnitude of the current siress
state within the eiement. To account for the change in stiffness that occurs during the
application of a load increment, each incremental load calculation may be repeated
using the iteration option. When the iteration option is invoked, the load vector is reap-

plied with a revised value for the element stiffness. The value assigned for the stiffness
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of the soil element reflects the average of the stress state developing at the end of the
previous load case, or substep, and that which develops during t the current iteration.
However, when only one iteration is specified, the modulus values are calculated using
the stresses developing at the end of the previous load increment. Upon completion of
the last iteration for each load cas b he arrays ilating the values of the

s

total nodal point displacement
puted incremental values.

Primary Loading - Young’s Moduli

12. Prior to each analysis a tangent Young’s moduius Et* is assigned to each soil
element. The stress-dependent value of E, is computed using the relationship

( )2
E = E|1 - Rf—‘ ¢ SL| (1)
\ - N 4

where

The initial Young’s modulus E, is equal to

~
N
N

where
K = moduius number
P, = atmospheric pressure
n = modulus exponent
O3 = minor principal stress

13. The proportion of mobilized shear strength for each soil element is refiected in
the value of the stress level, SL. SL is equal to the current deviator stress (6 — 03)

divided by the deviator stress at failure (0; — 03)¢ , denoted by the subscript f.

*  For convenience, symbols and abbreviations are listed in the Notation (Appendix D).
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major principal stress. The value of SL ranges from a value equal to zero

where ©,

i

-

2ccos@ + 20,sin@

(0, - O3)¢ =

LY

-

14. This version of SOILSTRUCT allows for two procedures for defining the

.

soll element.

~

AT

where

angle of internal friction

(p:

I I 4

principal siresses at failure is equai to the average value of the current major and minor

~
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principal stresses.
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Nt

o

cipal stress and a decrease in the minor principal stress. in generai, the Duncan for-

of SL

mulation results in larger values of (6, — O5); and therefore smaller values

eventuallv occurs. The resulting vec-

1
X

o’
-,

resulting vector curves as shown in Figure 2. Vector curves are loci of points describ-

. The Peters formulation was developed for undrained

(=]

15. The difference between these two procedures may be expressed in terms of the

initial stress state.
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16. The failure ratic R; relates the ultimate deviator stress (G1 - 03)u1t to the
deviator stress at failure (c51 - <)'3)f
. N\ i) = — O\ LN\
— - G
017 93 = K017 O3un \0)

The ultimate deviator stress is the asymptote to the stress-strain hyperbola, as shown in
Figure la. The value of R; is always less than unity and varies from 0.5 to 0.9 for
most soils.

Unload-Reload Stress-Strain Behavior - Young’s Modulus

17. During unloading or reloading, when the current deviator stress is less than that
which has been applied during previous loadings, a stress-dependent, linear response is
assumed, as shown in Figure 1b. In this case, the value of E _ is computed using

7~~~
~]
N?

where Kur = the unload-reload modulus number.

Poisson’s Ratio or Bulk Modulus

18. The second elastic parameter used to define the material behavior of soil is
either the Poisson’s ratio, v, or the bulk modulus, B . This version of SOILSTRUCT
allows either parameter to be used. When using Poisson’s ratio, two values are speci-
fied: a constant value which is applicable for all states of stress prior to failure, SL < 1

. and the value of Poisson’s ratio applicable when the shear strength of the soil is fully
mobilized, SL =1

2 22LT2, 1.

Poisson’s ratio formulation

19. The hyperbolic model is designed so that as the soil approaches failure, v=0.5
The variation in v is accomplished by computing the shear modulus with E and v;
nemAd a1l e AT T weiele D P Y] ) e R Y] io tha wraliva AfF DAatoccnn’®a watin hafAara
dliu vul 1IHUUU1IUd willil Dl 11U Vi s WILITIC Vi Id UIT VvAaLucC Ul I UVIddVUIL D 1allvu veliule
£ 1 [ 2 IS o L . <. a a
Ianure. 11is variation in v amoumnts to

o 1(1-1)
9 | : 1 b | (®

+5b

I\ 2

11
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Bulk {nodulus formulation

20. Because many soiis exhibii noniinear and siress-dependent volume change char-
acteristics, the stress-dependent buik moduius formuiation deveioped by Duncan,
Byrne, Wong, and Mabry (1978) is also included. According to the theory of elasticity
the value of the bulk modulus B is defined as the ratio of the change in mean principal
stress to the change in the volumetric strain.

3, (10)

where Ao, , Ac, ,and AG; are the changes in the values of principal siress and €, is
the corresponding change in volumetric strain.

}

"1 [o o) WU TS | TR T DUNDUY . SRR S | PR Y S R SN S F tal. increasiig
4Z1. 10€ OUIK 1MOdulius 10r SOl11 i1aS oEen 1 1U 1O 11ICICASC 111 VAaluC Wil HICICASIIE
valiues of minor principal stress and is assumed to be independent of stress ievel. i is
approximated by the equation
/ \m
c
B=K.P 3|
b al P._ l 711N
.y an
where
= hunllr madnling nimhar
l\b = Uuln L11VUVGULIUD 11ulllvuvs
m = bulk modulus exponent
(a1 Teremnctmsmmna seridle ¢l Lol ntlinem an Aacnsmilbad Lo Theran v an XX o ..—..l
&Lo LSAPCLICHCC WL UL 1 imuiatio I, ad UCDDIIUCU Uy uuu\,au, DUCU, YV Ullyg, aliu
Ozawa (1984), has led to the foliowing restrictions on the vaiue assigned to the buik

moduli. The maximum value of bulk moduii corresponds to the situation when the
value for Poisson’s ratio v is equal to 0.49. The value of bulk moduli may be defined
by the values of Young’s modulus E, and v as given by the relationship

-

Sl 1 ]
|_(1 - 2v)_]
12
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23. The value assigned for the bulk modulus is also restricted to a minimum vaiue.
This minimum value is determined from the relationships between bulk modulus,
Poisson’s ratio, the at-rest earth pressure coefficient K , and the angle of internal fric-
tion For a single linear elastic material (Dunlop, Duncan, and Seed 1968) K and

v are related as follows:

<
Il

[y
+
~

~

Pk
o
N

K = 1 — gIin¢®
bt ¢

By introducing Equations 14 and 15 into Equation 12, the minimum value for the bulk
moduli value during primary loading is restricted to

(2 — sin@)
sin@

B . = —L
min 3

| a—
| F———

(16)

Experience gained when using this soil model to simulate excavation resulted in the
development of the restriction on the value of bulk moduli during unloading-reloading
behavior as given by

g (1+ K
_ Tt \ /
B in = 3 ( \]
1 - K
UK (17)
This relationship was obtained by introducing Equation 14 into Equation 12
Consolidation stress method for undrained analysis
24. Scil strength is typically defined in SOILSTRUCT by cohesion ¢ and friction
angle @ , which are chosen to be appropriate for the drainage condition of each ele-
ment based on iis permeability and the loading rate. For undrained conditions, how-



ever, this approach is not suitable. In order to model the increase in strength produced

-

h TR PR TR 1

herefore, the program aliows the strength to be input a

drained loadings. s
strength to effective consolidation pressure (Su/p; ) . Likewise, n is set to zero and

K is expressed as a function of the initial consolidation stress; this is an approach
similar to that described below for soil strength whereby the strength is based on the ini-
tial consolidation state and the friction angle is set to zero. It has been found through
Avensmtaman thae tlon 2226221 can ~ AT D mne lha Avesenncad ao o entia AL tlhn cramn daenlon A
CAPCIICIILC Llal UIC 1i1dl [1oauliud, I'a Do, Call DC CAPITHdCU ad a 14allV U1 LIC ulidialncea
shear strength (Clough and Tsui 1977; Mana 1978) whereby E, = KSu . ‘Thus, assum-

ing the constant K is known, the undrained shear strength becomes the fundamental
parameter controlling the response of the soil. The procedure consists of the following:

consol
are assigned the total unit weight of the soil, and elements below
the water table are assigned the buoyant unit weight. The stresses created by

this configuration are computed by subroutine INITAL.

stresses. This value is stored for each element for use in all subsequent cal-
culations.

ement therefore depend on material type and section geometry. For
, shear strengths may be moderately higher under a levee centerline
than at the toe as a result of the higher consolidation stress imposed by the

Poisson’s ratio
1 s ratie

25. When computing initial stresses by gravity turn-on analysis, the value of
Poisson’s ratio used for the soil model may not be suitable for initial stress conditions.

[y
4



e, the Poisson’s ratio for undrained analysis is generally taken to be nearly
0.5 because saturated soil is nearly incompressible. By contrast, the initial stress condi-

tions should be fully drained. Therefore, the initial stress computations are based on a
value of Poisson’s ratio that gives the correct ratio cv /o, for level ground condi-

11

C.l.

v s

2 s ’ : alo 1 _ a1 ™ _ * Rl -
tions; thatis, ¢ /o, = K_. Using the value of K, 1nput, the Poisson’s ratio used

forinitial conditions is given by Equation 14.

15



ala At Az nn At Ao nwn tr
CICILITLIL dULIL ad dLIUL VUl 4allviivid alv Ly
~1 1
al

SO dbbumed io beh hucauy Bar mcr‘eut

[¢']
=
—
y‘\
l o
=
( Cu
[
=
@‘

in both tension and compression. In addition, slack in the support system at the time of
installdtion may be accounted for by specifying an initial value of displacement for the
bar element.

Soil Reinforcement

27. Reinforcement placed within a soil backfill provides resistance to tensile
strains which may develop as a result of loadings attributed to the force due to
gravity acting on the soil mass or due to applied loadings. The reinforcement within
a soil backfill or an embankment is modeled using one- -dimensional bar elements.
Reinforcement has the effect of increasing the stiffness of the soil mass and is

tbe stiffnecses of each of the two-dimensional soil elements

28. Reinforcement can be modeled by either of two methods. The first method con-
sists of using bar elements, as tension-only elements, sandwiched between solid ele-
ments. By this method the location of reinforcing must be accounted for in laying out
the analysis mesh. This may become inconvenient if reinforcing layers are closely

cnaced
spacecq.

29. The second method allows the reinforcing to be “embedded” into the interior of
the element such that it is unnecessary to place reinforcement at element boundaries.
The stiffness of the reinforcement is added to the solid element as follows: the stiffness
for the reinforcement “bar” element, [K]1, which defines the relationship between the
displacement {u,} and the bar forces, is then related to the node dlsnlacements {u}
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at any orientation within the elemeni. Also, the procedure does not add to the total num-
ber of degrees of freedom. The only input required to add reinforcement by method
two is the stiffness and location of the reinforcement layer; the individual soil elements

affected by the layer are determined by SOILSTRUCT.
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within each bar element an S

Typical soil reinforcement materiais are very thin relative to their iength and are not
capable of resisting compressive strains. This restriction is incorporated within the rein-
forcement model by reducing the reinforcement bar stiffness to a near zero value when
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compressive strains are computed. The model has a provision for re-establishing the
tensile stiffness of the reinforcement bar element(s) to the two-dimensional soil ele-
ment(s) when and if tensile strains occur within the bar(s) during subsequent loadings.

Interface Response

31. Interface elements are used to allow for relative movement between different
material regions, such as between a soil backfill and a support wall. These elements are
defined by four nodes, each node having two degrees of freedom; each of the two pairs
of nodes sharing the same coordinates. The interface element, therefore, is of finite
length but zero thickness.

32. The properties of interface elements are defined by an interface normal stiffness
k., and an interface shear stiffness, ks . These values of stiffness relate the average
relative displacements normal to the interface element A, and average relative shear

displacements A, to the corresponding normal stress G, and shear stress T by the
equations

.= k A_ ' (19)
and

T=k A (20)

The units of k, and kg are force per cubic length.

33. The initial value of k is set equaito 1 X 10% within the program. This value
for k, ensures that the normal relative displacement of the interface element 1s insig-
nificant when English units (feet, pounds) or SI units (meters, kilonewtons) are used. If
other units are used, the value of the normal stiffness may need to be changed to a
higher value.
sponse are mod
placement relationship shown in Figure 3a, and a hyperbolic shear stress-dispiacement
relationship shown in Figure 3b. In the bilinear model, the value assigned to kg is a
constant so long as the average shear stress T along the interface is less than the shear
strength. If the shear strength of the interface element is fully mobilized, which occurs
when T isequalto T¢, kg issetequal to zero. When the normal stress o, is

17
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displacement behavior after Clough and Duncan (1969)
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Te= ¢ + O tan 21

where

c; = cohesion intercept along the interface

0 = angle of internal friction along the interface

and shown in Figure 4a. When o is less than zero, 1T; is computed using

~

(22)

Tf= Gn _G_

where o, = tensile strength.

35. Direct shear test results on soil-to-concrete interfaces and soil-to-steel interfaces
by Potyondy (1961), Clough and Duncan (1969), and Peterson et al. (1976) have shown
that the value of & is proportional to the angle of internal friction of the soil. The
value of the constant of proportionality is dependent upon both the type of soil and the
type of material comprising the surface of the structure.

36. The direct shear tests performed by Clough and Duncan (1969) and Peterson et
al. (1976) have shown that for some materials, such as sand-to-concrete interfaces, the
interface response during shear is nonlinear and dependent upon the normal stress. A
nonlinear, stress-dependent hyperbolic curve is used to represent the relationship be-
tween shear stress and average relative shear displacement developing during primary
loading of the interface (Figure 3a) and a linear shear stress-relative displacement
response during unloading or reloading of the interface. The stress-dependent value of

k, is computed using the relationship
2 (23)
kg = k(1 - Ry SLy)
where
kg = initial interface shear stiffness
Rfi = failure ratio
SL. = stress level

1

The initial interface shear stiffness k; is equal to
(24)
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k = i '\{ l _n ]
si j w| P |
where
KJ = interface modulus number
Y., = unit weight of water

n. = interfe
37. The proportion of mobilized shear strength for each interface element is

reflected in the value of the stress level SL,. SL, is equal to the current shear stress
T divided hv the stress at failure, 1T..

1acd tne S8 raiure 2

SL. =
i

_hc-lll,q

T is computed using either Equation 21 or 22. SL, ranges in value between zero and
one.

38. The failure ratio Rfl relates the ultimate shear stress Ty tO the shear stress at
failure

(26)

relationship between the average normal stress along the interface and the

£

ngth is shown in Figure 4b. The value of k  is a constant value equal to

w
\o
!
=
o o

cnntne thhnm Aw A ~za If 1o 1200 an
ater than or equal to o,. If o, isléssthan G,
i P

equal to zero, assuring that additional tensile stresses do not accrue upon subsequent
loadings. This procedure allows for separation to occur between two adjacent regions

of the mesh along interface elements during the course of an incremental analysis. If
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the separation closes during subsequent loading, k, isresetto 1 X 108,
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Sheet-Pile Element

40. Due to the slenderness of sheet piles, their primary mode of response to earth
and water loadings is the development of bending stresses within the sheet pile. Thus,

imn nrecentation of hendino cti

mp 1 \epresentall on of bending shtirin 1 uctu 1 1an

hac aluraxrio mracantad a AiffiAnle TIf an alamant ic Farmnlatad far hanAdinag nocina tha
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mesmsmamn~ale L. ... am sam m b nbaszabrian] A naleinlin aAaAdAans Ase feammcaasan b SlaiVlibar S msanmbaAd Loe
approacn rouna in most siruciurai anal _yblb bUUCb, amn xupuuq_}a iDi1ily 18 Créaica ociween
s " . B can x J— ~ e e .
the bending and soiid (SOll) elements. This mcompaummy resuits from the technicai

requirement that displacement gradients (slope) must be continuous across beam ele-
ments ‘whereas the solid elements generally only provide for continuous displacements.
The incompatibility problem is avoided in SOILSTRUCT by using slender solid ele-
ments to model bending. These elements are similar to the soil elements, rather than
true beam elements. In fact, the particular choice of element formulation selected for
the SOILSTRUCT code was made to ensure that the solid elements would correctly
rns associated with bendi g. Fxnenence by Mana (1978) on a num-

C (& S
-of-piane direction) and a height that depends upon how the analysis mesh is
drawn. For example, a sheet-plle wall has a complex cross-sectional shape, but is repre-
sented in the finite element mesh as a unit-wide rectangle with a height that depends on
such considerations as maintaining an aspect ratio of the finite element that is favorable
from a standpoint of numerical accuracy. To achieve the response to bending that is
consistent with simple beam theory (see section titled “Simple Beam Theory” in Ap-
pendic C), the modulus of the element must be chosen to obtain the equivalent flexural

T

stiffness as specified by the product EI, where I is the moment of inertia per unit
width of chppf ile wall Tharafaore the nronertiec nf the cheat_nile alameantc ara deter-
tl O SN1eel PLI€ wall. 1 NCreiore, tne properiies of tne sneei-pue ciements are Ceier

mined such that the section stiffness of the piane strain eiement E. /(1 - Vg) (see
section titled “Pure Bending of Members in Plane Strain” in Appendix C) matches the
El of the sheet pile. Therefore, the sheet pile elements obtain proper bending stiffness

when assigned the modulus given by:

L AL Lt =

Eil 2]
E = —(1 - v?
€ I e’
[+
where
p - Dn"l‘?')]ﬂl“l" Vr\nnn’o mnl“n]nc Mmr I'\;ID A]nmnr\fc
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E = Young’s modulus for the sheet pile
I = moment of inertia per unit width of sheet-pile wall
I, = equivalent moment of inertia of the element used to model the sheet pile
ors
I, = — b, h3 (20)
and
b
b, = unit width of the sheet-pile wall mesh
h, = width of the element used to model the sheet pile
V. = Poisson’s ratio of the element used to model the sheet pile
The factor (1 - g) comes about due to plane strain consideratons (see section titled
“Pure Bending of Moments in Plane Strain” in Appendix C)
Moment Computations for Bending Members
42. While use of solid elements for bending members works well to represent the
stiffness provided by bending, the problem remains as to how to compute moments.
The solid element representation naturaily provides statically equivalent stress values at
the center of the element; these values cannot be related to a bending moment. One
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Figure 5. Strain gage method of computing bending moments
for four-node solid element (Leavell et al. 1989)
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method used for computing moments is based on the premise that moments could be
computed from beam theory using the “outer fiber strains” computed from displace-
ments of the end nodes. This process is illustrated in Figure 5, which shows the solid
elements in a bending pattern. The outer fiber strains are shown to be related to a
radius of curvature that a true beam element would conform to. As an expedient, the
outer fiber strains are computed by placing bar elements on the edges of the beam ele-
ments. These “strain gage” elements are created by using the standard bar element
provided by SOILSTRUCT (for modeling anchors and struts, etc.). The bar was given
a low stiffness so that there was virtually no interaction between the bar element and
surrounding elements. The strains measured in the two bars are therefore the outer
fiber strains € and € . These strains may be related to the bending strain € and
axial strain €, as follows:

(29)

_ 1
€, = 5(8r+ 81)

1 (30)
eb = E(ef - 81)

For the case of pure bending (no axial load) € = -€ and € = 0. For purely axial
loads € = € and € =0.* Once the strains have been computed the moment per
unit width of sheet-pile wall is obtained from the following (see section titled “Pure
Bending of Members in Plane Strain” in Appendix C):

E I 31
2 € € 5 eb
h, (1 - V2)

The factor of 2 in the above equation results from the depth to neutral axis of one half
the width, h, , of the corresponding sheet-pile element.

Accuracy of Computed Moments

43. Leavell et al. (1989) investigated the ability of the strain-gage method to accurately
predict moments by comparing the moments computed in a finite element analysis of a
fixed end beam with the moments computed using classical beam theory for the same
cantilever beam. They found that when the Poisson’s ratio is set equal to O in the finite

*  Note that a stiffness could be given to the bar to customize the beam element for
unsymmetrically reinforced concrete walls, etc., or to model tensile cracking of walls by
using a compression-only bar. Also, pure shear deformation of the pile causes no strain in
the bars, a fact that could be of some importance since the moment of inertia (I) scales as
the cube of the pile thickness whereas the shear stiffness is proportional to thickness.
Thus, the bars could be used to add stiffness to bending without changing shear behavior.
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element analysis, the computed results differed from those results computed using clas-
sical beam theory by 0.01 percent.

44. The displacement along the beam is approximated by the solid element as a
series of straight lines. (If, instead, the beam is represented by a true bending element,
the displacement would be represented by a smooth curve.) As a result, the bending mo-
ment computed for the element represents an average value that is presumably indica-
tive of the value at the center of the element. Mosher and Knowles (1990) showed that
the resolution can be improved by using more elements to represent the pile and by
using elements with smaller aspect ratios to model the pile. However, the important
feature of the solid elements is that, in contrast to standard beam elements, they deform
in a manner that is compatible with adjacent soil elements, a consideration of far
greater importance than the small error inherent with the linear approximation.

Elements for Modeling Sheet Pile Cells

45. SOILSTRUCT can be used for analysis of rows of sheet pile cells by considering
an “equivalent” planar slice through the row (Clough and Kuppusamy 1985). Deter-
mination of properties for the sheet-pile elements is complicated by two aspects of the
problem, (a) the arcuate-shaped cells are modeled by a planar slice that represents the
average behavior of the main and arc cells and (b) the sheet-pile properties represent an
average behavior of the web and interlocks.

46. To address the first problem created by the planar representation, the action of
the sheet piles was depicted by Clough and Kuppusamy (1985) as consisting of three
independent parts; the outermost (riverward and landward) sheet piles represented as
sheet-pile walls using solid elements, the hoop stiffness of the cell represented by
horizontal springs connecting the outside walls, and sheet piles separating the main and
arc cells represented as shear walls.

47. The justification for the planar representation depends on the independence of
the three cell components described above. The independence of the three components,
in turn, depends on the small flexural rigidity of the sheet piles that make up the cells.
Because very little resistance is derived through bending, the axial stiffness of the sheet
piles is the principal structural component of the outside walls. Therefore, the vertical
resistance derived from the arcuate-shaped wall can be modeled by a planar wall
reasonably well. To illustrate how shear resistance is derived from axial sheet pile stiff-
ness, the equilibrium of the sheet pile-soil system is shown in Figure 6. The ability of
the pile to sustain axial loads permits a jump in shear stress across the pile equal to the
gradient in axial load along the pile. Without the pile, a continuous horizontal shear-
rupture plane could form, causing a sliding failure. With the pile in place, the shearing
stress is distributed along the pile, and for the cell to fail, vertical shear failure must
occur along the length of the wall. The correspondence between the jump in shear
stress across the sheet-pile wall and the gradient of axial pile force from a typical
analysis can be seen clearly in Figure 6.
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48. The hoop stresses carried by the springs respond primarily to changes in lateral
loads and are thus most important during cell filling, excavation, and flood loading.
The lateral stress developed in the cell fill and the sheet=pile interlock forces depend
directly on the hoop stiffness. The springs clo Kimate the hoop stresses

=.

provided the shear stress carried by the sheet piles is small. It has been observed from
analysis that the spring stiffness does not directly influence the shear resistance of the
cell. The shear resistance of the cell is derived from the outside walls and the shear
resistance of the soil. The springs contribute to shear resistance by laterally confining
the cell fill.

2 __a_* B_ _a__10 ___0°. % _0_ ___ _ __.4_
UUis1ace wall soiia eiements

49. The properties of the solid elements making up the outside walls are selected to
match the axia 1 tiffness for a unit length of cofferdam. For example, Peters et al.
(1986) used a solid sheet-pile element 1 ft depth with a modulus of 4.6 X 108 psf, a
combination of thickness and medulus that gave an equxvalent stiffness of the sheet
piling while not creating an excessive length-to-depth ratio for the element. The
modulus was found from scaling the element modulus for the planar model to the actua

main-arc cell combination based on equivalence of steel area. The combined main celil
and arc consisted of approximately 170 PS-32 sheet piles with each pile having an area
of 11.8 in2. The total pile area is 2,006 in? or about 14 ft2. The length represented by
an arc and main cell is approximately 65 ft, giving a unit steel area of 0.22 ft2/ft. The
corresponding unit steel area for the two 1-ft-thick elements is 2 ft2/ft. To compensate
for the greater area in the planar model, the modulus must be multiplied by a factor of
0.11. Assuming a modulus for steel of 29 X 106 psi, the element modulus should be
3.19 % 106 nsl or 2nnrnhm2te]v 4.6 X 108 an

2y Va2 foe v inaaiifil
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where K represents a uniformly distributed radial spring acting to restrain radial move-
ment. The planar structure is to be represented by two cell walls connected by discrete

springs. The total effect of the springs in resisting lateral movement over a vertical dis-
tance H is:

w

~
Il
ol |’U

where & is the lateral movement of the wail and p is the resuitant force PH.

The relationship between the radial displacement of the circular cell and the lateral
movement of the two walls is 8 = 2u. Thus, to obtain the equivalent displacement for
a given pressure:

K - 1 (35)
s = 5 KH

P4
For the example considered by Peters et al. (1986), the stiffness K can be determined
~ Ly N e R — ~e P . ~ A~ . ~ . N .t
from the sheet-pile properties; E=29 x 10°psi, v=0.3, and t=0.51in., and cell

diameter 2R =52 ft, to get

|7
|

which gives a planar spring stiffness of:

”~~
W
%))

N’

1.51 x 10° * H pcf

o
l

51. The spring constant derived above was based on the assumption that the effec-
tive modulus of the sheet piling was equal to that of a steel membrane having a thick-
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Thus, in this example the unit interlock force is related to the spring force by:

(45)

T R
T = 0.85 1b/ft
H

Alternative description of common-wall elements

52. The common wall sheet piles separating the main and arc cells provide shear
resistance that is not conveniently accounted for when modeled using spring elements.
To better approximate shear stiffness of the common wall, the soil elements can be over-
lain with “patch elements” which act independently of the soil except where attached at
the outside walls (Peters, Holmes, and Leavell 1986). Figure 7 gives a graphical
description of how this technique is implemented. The bar elements account for the
higher proportion of steel area in the outside wall, providing additional axial stiffness
without contributing to flexural or shear stiffness. The interface elements model the
friction between the soil and outside sheet-pile wall, as in the spring model.

53. The patch elements are characterized as a transversely isotropic material acting
under plane stress conditions. Five material properties are required to define their be-
havior. These properties are: E; and V,, which are associated with the common-
wall’s axial behavior and E, , V,, and the shear modulus G, , which define stiffness
in the tangential direction. The subscripts follow the convention used by Zienkiewicz
(1977). These properties allow not only the shear stiffness to be modeled but also the
difference between the vertical and horizontal stiffness of the cell. Note that V; does
not appear in the plane stress stiffness formulation and V, can be set to equal zero to
simplify property determination. In fact, the interlocks may tend to inhibit the Poisson’s
effect, although no data exist to support this assumption. Provisions have been made in the
finite element code for v, and values other than zero could be included.

Development of anisotropic properties

54. The rationale for estimating the stiffness properties follows the same line of
reasoning outlined previously: the various components of stiffness can be uncoupled
and treated independently. The reasoning for each parameter is described as follows:

55. E, . The equation for determining the hoop stiffness E, is derived by relating
the response of a vertical planar slice through the center of the cell to that of a circular
cell. Subjecting a circular cell to a uniform internal pressure, its radial displacement u
is given by:

u=PxR[1_%v] (46)

where
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Poisson’s ratio, assumed to equal 0.0

v

(47)

1.

£

hoop stiffness or, equivalently, the effective modulus of the slice

1

1

o

1 1

1

P
ateral pressure

[}

unit thickness of slice

=1

1

o

modulus of steel

;3
I

=1.12 x 107 psf .

4

v

25 ft) results in a hoop stiffness of E,

g

P into Equation 47 and equating Equations

, and E

5

h

1)

= 334 x 100 psf

\

=2

1

L = slice length
The vertical stiffness E, is obtained by determining the percent

= 2.13 x 107 psf

1
1

2

«

E
E

= slice thickness (

P
d
E,
t

where

Because of displacement in the sheet-pile interlocks, E, is multiplied by an “E ratio”

Solving Equation 48 with the following variable values (E, = 4.18 X 10 psf,

zero, the patch elements behave as a continuous spring.

t =0.0667 ft, and R



(a9

he shear modulus G, is assumed to be 0.4 of E,, making

G, = 8.52 x 10° psf

The 0.4 multiplier accounts for the Poisson’s ratio of the steel within the pile web. The
present model does not account for slip along the interlocks which would tend to reduce
the shear stiffness.
Axial bar stiffness

58. The axial bar placed along the outer walls accounts for the fact that the area of
steel at those locations is the same in both the prototype and the planar slice. The area
of steel computations for the bar stiffness is identical to that described for the solid wall

elements in previous sections of the report.
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60. Stresses for interface elements are defined with respect to their local axes along
with the exception of bar reinforcement elements. For these elements, positive forces

61. Positive forces are taken to be compressive in all one-dimensional bar elements,

X

are taken to be tensile.

ttoavalue of 1 x 108,

62. Any consistent set of units can be used with SOILSTRUCT, with one cautionary

e arrays are given throughout the input guide. Double precision is spec

~

P & R o I
ail oI

-MP version o

.

ali arrays in the CRA

vector, found in the main pro-

of the S

(a) the dimension

.
b

within the computer code

gram, must be increased to the required value, and (b) a call statement, comparing the
required size of the SN vector for the problem being analyzed to the actual dimension

of SN, must be revised in subroutine DETNA.
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1. IDENTIFICATION CARD — FORMAT (20A4)

Column Variable Explanation
1_9N TED Analucic idantifinatiAnn
10V [P S B) nual_yolc AUV LILILIVALIVILL.

2a. DATA CONTROL CARD

All nodes and two-dimensional and interface elements to be used in the analysis must in-
itially be included in the mesh; additions or deletions of these elements are not allowed,
but the material parameters can be changed to make them inactive. One-dimensional bar
elements may initially be included in the mesh or added in subsequent construction steps.

Variable Explanation

NUMNP Number of nodal points (4, maximum).

NUMEL Number of elements initially in the mesh, exclud-
ing bar and beam elements, but including interface
alamante NTIMET than inslndac TINMTIT (4 OON
WwANILANIALO . AN UAVAL ARy LILWILy LIAVAUUILVLO LY UWLVAY 1 \TTyVUVY
maximu - Yertnewfama alacanmés clhnaTd LA cavseaa
11 a)\uuu l} A1IICT1 1AL CICLICLIWL dllvulld UT 11ulill-
bered first.

NUMIT Number of interface elements (400 maximum).

NUMBAR Number of bar eiements initially in the mesh, in-
cluding those bar elements added in subsequent
construction stages (400 maximum). NUMBAR
also includes NSTRAN, the number of bar elements
used as strain gages (see card number 2c).

AT ATocoonbe e T m o A e i A e ke ke e cdmame FAN

INC INUINIDCT Ol 10aUlilg diid COISUuUCLIOI SIEps | ‘fU
maximum).

NMOD Modulus specification code-

= 0 if modulus calculatio

Tnading informatian card

1¢aging miermation carg
— 1 :f mnadnlne ~ralanlatinan ~rndag innnt with
= 1 11 MoGUiUS Cairfuiaiidn COGLs inpur wiud
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Variable Explanation

INIT Initial stress input code -
= 0 if external input from cards or tape, included
in input.
= 1 if internally generated from gravity turn-on
analysis.
= 2 if initial stresses and displacements are to be
set equal to zero within SOILSTRUCT.

If INIT #0or# 1 or # 2, initial stresses are generated assuming a
horizontal ground surface, horizontal water table, and ¢, =K _oG_ .
o ~ v oJ

KI Interface element activation code -
= 0 not activated during initial stress computation.
= 1 activated during initial stress computation.
KI is used when INIT =0 .If INIT =0, then KI
can be set equal to zero.

IHORIZ Ground surface inclination code -
= 0 horizontal ground surface. Vertical stresses
are computed using a gravity turn-on method
of analysis. Horizontal stresses are computed
assuming K = v/(1- v) unless K is specified.

ITRD Analysis printout code -
= 0 if initial stresses and results of the final

<

ail iterations are to be printed.

3 if initial stresses and results of the final
iteration are to be printed. No substep results
are to be printed.

= -2 if initial stresses are not printed but results of

the final iteration are to be printed.

ILIST Element and nodal point card data printout code -
0 if not printed.
1 if printed.

>-
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Variable Expianation

IPUNCH Restart file code -
= 0 if no restart file is to be generated.
— 1 1f a roactart fila ic ta ha ganeratad Nnly tha
= 1 11 a 1votall 111v 10 WV Uy svu\dutuu /111 i
wmncrilta A€ tlan Fiamnl Sbnmntinm nen xand
ICOULLS U1 LT 1llldl HCIdLIULL 41T udCuU
ITAPE Disk storage code -

= 0 if no disk storage.
= 1 if storage of displacements from final iteration.

- <
. = 2 if storage of all data excep dlsnlacements
ram final itaratinn
A1WVI111 1111441 1wwviQivii,.
GAMW Unit weight of water
DATANA At ngrnharia nragcgonra
L Aal1lvl AL llUbPllCllb PICDBUIU.
Thn Ill’\;f AVE7-2 1 {Y]“\f (\F twatar 0'1/‘ fl—\n Ofmﬁ(‘ﬂl’\ﬂfiﬁ NMracalIra ara ;ﬂf‘ll’lf‘nf‘ a0 ]‘\ocvr\ naramatarce
A L1\ Wlilb VV\/AEIIL VUi vvailvil aliu uvuiv atlllUOlJl.l\.ll.l\l l.uuooulu Al 1ilIViUVULVUG A0 vAoiv Pmﬂlll\ll\/l 1Y
Nithar Dealiclh e OTF stremlién nne laa sxaad A1l datn svsiat lha nasmrmantilala rriéln 2enenss + e
LIUICL B lgllbll Ul OS1 Ullild Cdll bC UdCU. All Udla liludl UC LU upauuu: Wllil lllpul COOLIL~
32 . _ PR o 1 Py _1 A ~
dinate, pressure, and material property parameters.
2b. MATERIJAL ALLOCATION CARD

All two-dimensional material types are assigned material numbers first, followed by

the interface material types. Bar elements are not assigned a material type number, but
ent number. If a number for NATYP, or NA2TYP,

are identified solely by their ele for VA2T

a i e} n aQQ1y a a
i ullly \-ll-lll\/ ’ uooxsll Qa vaiu

Variable Explanation

NTINMNMAT Tatal niimhar af matarial tunag inclnding hath

ANuUlvaivasa i aAviail 11ulilvvi Vil 111ailviialr L_yyvo, lll\/luulllé uuvLil
two-dimensional soil or construction material
types and interface material types.

NUMSOL Total number of material types excluding the inter-
face material types. Thus, NUMMAT-NUMSOL)
must equal the number of interface material types.

NATYP Material type number assigned to elements initially
having the properties of air. Usually, elements that
will be built are initially identified as air elements.

NCTYP Structural material type, such as concrete or sheet-
piling.

NBITYP Backfill material type 1. (Refer to section 13b on
fill or concrete placement.)

NB2TYP Backfill material type 2. (Refer to section 13b on

fill or concrete placement.)

A3



Number of bar elements used as strain gages.
These bar elements are numbered first.

Young’s modulus for steel reinforcement. Used in
conjunction with bar element strain gages.

Young’s modulus for the bending member. Used
in conjunction with bar element strain gages and
moment computations.

Material type number assigned to interface ele-
IR T SUPPY Ry wtino AL nie
INCIILS NaVIINE UIC PIOPCIUCS VUl all.

Total number of soil element material types in
which layers of reinforcement are present. When
conducting a restart analysis in which reinforce-

ecify a negative value for

If any of the above are not needed, enter zero.

%k

Set equal to Ee for sheet piles (see paragraph 41).
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2c. CALCULATION PROCEDURES

These five integers activate special features incorporated within this version of

SOILSTRUCT.

Variable

KEYEI

IPETER

NPETER

Explanation

Procedure used to define the parameter My and
the shear modulus MD of the stress-strain matrix
[D] where {c} =[D]{€}.

Mg + Mp) (Mg - Mp) 0
[D]l = | Mg - Mp) Mg + Mp) 0

0 0 Mp

= -1, then

Mg = Mg(E,,v)

Mp = Mp(E,,V)
= 0, then

Mg = MR(E,.B)

Mp = Mp(E,,B)
= 1, then

Mg = Mg(E;,B)

Mp = M (E,.B)

Procedure used to calculate the stress level, SL
(see Figure 2).
= 0 when SL is calculated using

(GB)failure = (63)current :
1 when SL is calculated using mean pressure at
failure equal to current mean pressure.

Procedure used to-update the total interface nodal

point displacements.

= 0if I,J, K, and L interface node displacements
are updated.

= 1 if interface node displacements I and L are
set equal, and node displacements J and K
are set equal. This option is used for new inter-
face elements placed adjacent to pre-existing
structural elements.
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= 0 if lateral and vertical seepage forces are to be
annliad
ayyucu.
1 0 VA W PRI SPNE P Ay S |
= 1 if only vertical seepage forces are to be applied
ARD

One card is supplied for each load step. One to three load/ construction modes can
be included in each load step. The load or construction mode codes include:

1

w

(@)}

10

KCS(NC,D)

-~ T

DESCRIPTION

Excavatlon (equivalent nodal loads can be applied
c

Fill placement (subroutine SUBSTP cannot be
used in conjunction with the fill placement proce-
dures of subroutine BUILD).

Seepage loading (equivalent nodal loads can be
pllea in equal lncremen[S).

Deletion of bar element (force in the element can
be applied in equal increments).

Installation of bar element (prestress force can be
applied in equal increments).

Boundary pressure loading (equivalent nodal loads
Ane laa nemenliad Zea A 1 feaAsacranta)
Cdll UC applicu 111 Cyual HIVICIHTLLD)

Temperature loading (the total temperature change
can be applied in equal increments).

Support displacement (the total displacement can
e applied in in equal increments).

Element material type change.

As indicated in the listing, prescribed loads, displacements, or temperature changes can
be analyzed in equal increments, or substeps, for each load case. Subroutine SUBSTP
generates the equivalent load increments, then main analyzes all increments prior to

analyzing the next load step. With one exception, all loading/construction modes that
can be applied in increments, or substeps, can also be applied in any combination in any

vvvvvvvv el 112 4lly LOILILLalIvil 1
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load step. The number of substeps, however, will be the same for all loading or con-
struction modes included in the load step. The exception is temperature loading; if a
temperature change is specified, and a given number of substeps are specified, then
only the corresponding temperature loads can be specified in the loading step - i.e.,
KCS(N,2) and KCS(N,3) must be set equal to zero. If the number of substeps,
NSBSP, is equal to zero, then temperature loading can be included with other loading/

construction modes in a load step.

Since the same input format is used in modes 8 and 9, the following rules apply; if only
concentrated nodal loads are specified, use mode 9, if only support displacements are
specified,use mode 8, and if both loads and displacements are specified, use mode 8.

Variable
KCS(NC,1)
KCS(NC,2)
KCS(NC,3)

NUMIT(NC)

NUMSS(NC)

MOD(1,NC)

Explanation

First loading/construction mode code.
Second loading/construction mode code.
Third loading/construction mode code.

KSC(NC,1), KCS(NC,2), and KCS(NC,3) can
be input in any numerical order, but the modes are
processed in ascending numerical order: If the
second and/or third loadings are not required, then
KCS(NC,2) KCS(NC,3) should be set equal to
Zero.

Number of iterations for the load step.
NUMIT(NC) applies to each substep if substeps
are specified. NUMIT(NC) =0 is the same as
NUMIT(NC)=1.

Number of substeps, the minimum value which
may be assigned to NUMSS(NC) is one.

Modulus calculation code-

1 if a loading modulus is to be calculated.

2 if an unload-reload modulus is to be
calculated.

0 if the computer is to decide the type of
modulus to be calculated. In this case, if the
most recently calculated maximum shear stress
for an element is less than all previous values
of maximum shear stress, an unload-reload
modulus is assigned. Otherwise a primary
loading modulus is assigned.

I

Additional input is required here only if NMOD = 0. All material
types, other than interface or bar elements, are given one of the
above codes. If NMOD =0 and NC =0, as might be the case
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for an analysis of initial stresses, MOD(I,1) is set equal to zero,
or the computer decides.

IPRT(NC)

= 0 Do not print the force vector.
Print the force vector.

I
| )

PRy ey (PR oih D
O N0l CICdlC 4 plul 11C.

I
o
) O

]
W N e

Create a plot file, inciuding moments.

Create a plot file of moments only.

Create a NISA plot file of geometry, displace-
ments, and stresses.

4. MODULUS SPECIFICATION CARD

This card is required only if NMOD =1 and NC =0. A card is required for each
loading step, 1 to NC . In this option, values of the modulus specification code are
specified for each material type (and thus each element, excluding bar and interface
elements), regardless of the change in maximum shear strain that may have occurred.

9t 1bEalllboo Ul LIL Lildl

Variable

MOD(I,NC)

Explanation

5. MATERIAL PROPERTY CARDS

These pairs of cards are used only to define the material properties for two-
dimensional elements, excluding bar and interface material types. The first and second
lines are supplied in order of material type number N =1 to NUMSOL . Information

or nmnertlgs not reauired for a material type can be set cqua.l to zero.
Variable Explanation
GUI(N) Poisson’s ratio before failure, or the bulk modulus
r\nml-\nr V
11UliliUvi AN

Poisson’s ratio at failure (no greater than 0.49), or
the bulk modulus exponent, m .

o L [ A VL. A, TR G DINDIE. > |
l Oldl Or puo yd. unit weigiit (aiways spcecllica,
regardiess of drained or undrained material be-
havior).
The failure ratio R

Coefficient of lateral earth pressure at rest K as
pertaining to effective stresses.

>
o0



PHI(N) Friction angle in degrees. If IDRAIN =2, PHI
should be set equal to zero.

XXP(N) The modulus exponent n . For a linear elastic
material n must be set equal to 0. For saturated
soils when PHI(N) = 0., n is normally set equal

to 0.00001.

1 if drained
= 2 if value entered for cohesion is equal to the
. ’
ratio (Su/pp ),

where p. = 1/2(¢, + o, )

HCOEF(N) The modulus number K .

COHE(N) Undrained shear strength or cohesion. When
I DRAIN(N) = 2, COHE(N) is set equal to the
normalized strength ratio ( S_u/p; ).

E(N) Tangent modulus at failure for isotropic, nonlinear
rials, or Young’s modulus for elastic

ALPHA(N) Coefficient of linear thermal expansion for struc-
tural element. For non-structural material types,
set ALPHA(N) équal to zero.

Minimum initial tangerit modul
nonlinear materiais. Set EIMN(D
for elastic materials.

9!
=
<

’2!
-
A’
~7
*—u

stress for 1sotropic, nonlinear materials. If tensil e,
..... TENQ/N) 3
iput 1CINS(N) as a negative value. For elastic
e ntaniale cat amiial fa gasn

maltcrials, sl cudl 10 010

[ S PR MARTO P ATEA ST AT PRI A > TT mwsrncrme o roe

The variables described above correspond to typical soil materials. However, accord-
ing to the value given to IDRAIN these parameters may take on different meanings.
The table below gives the interpretation given to each variable for each value of
IDRAIN . Note that * implies that the variable is not used but a value of 0.0 should be
inserted as a “place holder” to insure other values are read properly.
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IDRAIN = 0 (Total stress “undrained” specification)
GUI GUT (.49+)
GUF *
GAM GAM (total)
FR FR

N AQC K, (drained)

PHI PHI (total)
XXP XXP(>10e-5)
IDRAIN 0
HCOEF HCOEF
ULCOEF ULCOEF
COHE CGOHE (iotal)
E *
ALPHA ALPHA
EIMN EIMN
TENS TENS

IDRAIN = 1 (Effective stress specification)
GUI GUI or K
GUF GUF or m
GAM GAM (bouyant if below water tabie)
FR FR
AO Ko (drained)
PHI PHI (effective)
XXP XXP
IDRAIN 1
HCOEF HCOEF
ULCGOEF ULCOEF
COHE COHE (effective)
E %

Al10



Variable Explan:

ALPHA ALPHA
EIMN EIMN
TENS TENS

IDRAIN = 1 (Elastic materials; used for MTYPE = NCTYP OR NATYP)

GUI GUI or Ky
. GUF *

GAM GAM

FA\ *

AO K, (drained)

PLLI *

XXp 0

IDRAIN 0orl

HCOEF *

ULCQOEF *

COHE *

E E

ALPHA ALPHA

EIMN *

TENS *

IDRAIN = 2 (Undrained with properties based on initial consolidation stress)

GUI GUI (=.49+)

GUF *

GAM GAM (Total above water table & buoyant below)
FR FR

AO K, (drained)

PHI PHI (O.)

XXP XXP (small but > 10e - 5)

IDRAIN 2

HCOEF E/S,

ULCOEF E /S,



-

TENS/S,

ALPHA

COHE
TENS

-1 (Anisotropic “patch” elements used to model sheet pile cells)

A

IDRAIN

Vo

GUF
HCOEF
EIMN

—

A

oQ
=

—

1

is setequal to 1 X

(N)

, no cards are required. RKN
if air interface element) within the code.

face elements are used

Interface friction angle in degrees.

Interface cohesion c.

PHI(N)
COJ(N)

Al2



Variable Explanation

TENSJ(N) Tensile strength of interface G, .

TIADIMT(N) Adjacent two-dimensional element material type
nimhar
11uiliiUvl .

RKIJ(N) The interface modulus number K

XXPJ(N) The interface modulus exponent n; .

One card is supplied for each node. The numbering of nodal points must be sequen-
al aemd ebin Smnos e amnn Lt Ao o LA ad Thnacoo nadac ittad nra asita
tial and the input for some of the nodes can be omitted. Those nodes omitted are auto-

,,,,,, ~ ALl h |

matically generated by the program at equal spacings between those node
The first and last nodes must always be specified. Note that UP(N) and PP(N) are
automatically generated in equal increments for those nodes omitted (see Figure Al).

y
w
x
(¢']

g]
E

o

[@!

/

Column Variable Explanation

1-10 N Nodal point number

11-20 X(N) X coordinate, positive to right.

21-30 Y(N) Y coordinate, positive upward

31-40 PP(N) Pore pressure in head of water; zero or blank if not
PSRRI as g DAars MeacaIleEra It aes L'.',.J £ e
SpCClllC(.l. FOIC pIcssuIC must UC bl)Cb 1CU 101
drained materials but not for undrained materials.

41-50 DP(N) Change in pore pressure in head of water for soil
elements; change in temperature for linear elastic

8. BOUNDARY CONDITION CARDS

Cards 1 through 8 are supplied as required to specify restraints of boundary nodes. If
there are no restrained nodes, then this series of cards is not required. On each card, the
constrained nodes must be in sequential order.

Y

(a) FIRST CARD

Variable Explanation
NOY Number of nodai points fixed against Y-movement
only
NOX Number of nodal points fixed against X-movement
nn] v
only.
NOXY Number of nodal points fixed against both X- and

Y-movement.



POINT
NUMBER
I 4
1 2 3 4 13 14
7\ N A~ —
1 [ '
2) <D [ (13)
15| 6] 17'] 18' [ 28 29
aa c o \[ 77N\
@ | ® | ® Y | @
30 31 32 33! 43 44
- ! - LS|
1 15 30
[ ‘f —@
ELEMENT ~ ~
NUMBER — 1 14 PRIMED NUMBERS
IINIA AT AMANT AN
INUILATC NUUEL UK
24 ©L 3l ELEMENT NUMBERS
T GENERATED BY THE
COMPUTER, USING
m m THE INDIHIT /1 INIDDIMCANY
\L_/ w il uYe v \WINT i w )
NODE AND ELEMENT
3 17'L 3%_ NUMBERS.
D /A
12! 27 42!
9 ’
N\ N
12! 25'
13 28 43
—9 -+
772\ 7N\
) (2¢)
14 29 44
o ® ®

Figure Al. Examples of numbering nodes and elements
if generated by the program (Clough 1984)
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(b) SECOND CARD
Variable
IC(N)

(c) THIRD CARD
N Variable

IC(N)

(d) FOURTH CARD
Variable
IC(N)

9. ELEMENT CARD

Explanation

Nodal point number of the first nodal point fixed
against Y-movement. Additional nodal points
fixed against Y-movement, N =2 to NOY , are
specified in the next columns and on additional
cards as required.

Explanation

Nodal point number of the first nodal point fixed
against X-movement. Additional nodal points
fixed against X-movement, N =2 to NOX, are
specified in the next columns and on additional
cards as required.

Explanation

Nodal point number of the first nodal point fixed
against both X- and Y-movement.

Additional nodal points fixed against both X-
and Y-movement, N =2 to NOXY , are
specified in the next columns and on additional
cards

as required.

One card is supplied for each two-dimensional element and interface element; bar
elements are not included in this series of cards. All interface elements are supplied in
sequential order first, followed by two-dimensional elements, also in sequential order.
Thus, interface elements must be numbered from N =1to NUMIJT , and two-dimen-
sional elements from N = (NUMIJT + 1) to NUMEL .

Nodal point numbers must be specified consecutively, proceeding counterclockwise
around the element, as shown in Figure A2.

The first and last nodal point numbers specified for interface elements must have the
same coordinates, as shown in Figure A2. Triangular two-dimensional elements having
four different nodal point numbers may not be used; the first and last point numbers of
a triangular element must be identical.
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(b) UNACCEPTABLE

Figure A2. Nodal point numbering of isoparametric
OM5element and interface element (Clough 1984)

Element numbers in a row may be omitted, in'which case the omitted elements will be
generated by incrementing the element number N and the nodal point numbers I, J,
K, and L by one, and by assigning the same material type number as specified for the
last element. The first and last elements in the row must be specified (see Figure A1l).

If no elements are omitted, the element numbering may be done in any order, provided

111UCl 111 111a il anly LIl

all interface elements are numbered first
Variable Explanation
N Element number
IL(N,1) Number of nodal point I
IL(N,2) Number of nodal poin

= B
Q
—
=S
iy



Variable Explanation
IL(N,4) Number of nodal point L
TIT /NI &© AMMaotarial tuna niimhar
1LA\iN,0) iviaivilal Ly pv 11uiiivei,.

One card is supplied for each bar element initially in the mesh or, added during an in-
cremental load step. Note that for a continuation analysis this card is not automatically
generated. Elements are numbered sequentially from N = 1 to NMBAR , with

NSTRAN strain gage bar elements n umbered first.
Variable Explanation
N Bar element number
IB(N,1) Number of nodal point I
IR(N,2) Number of nodal point [

IB(N,3) Spring response type code -

= 1 if both compression and tension of bar allowed.
2 if only compression allowed.
3 if only tension allowed.

,1) cos o

2) sin o

The sign convention of angle o is determined
as shown in Figure A3. Angle o is measured
counter-clockwise from a line drawn in the
positive x-direction, originating at node I and
connecting node I tonode J.

BAR(N,3) Prestress force in the bar eilement. The force must
be prescribed at both node I and node J using a
load/construction mode 9 load step.

e EL
v
-+
a
=
C
a
[
-
Q
=
Ll

ode J ) need not, and usually dUCb um,
correspond to the actual length. Set equai to 1
for bar elements used as strain gages.

et~ we

C
. &
=
a
C
it
E
[
=
[¢]
cr
o
]

fo its stiffness being activated.

Bar elements can function as either anchors or strut (spring) supports. The required
parameters are dependent on the type of bar element specified.

Al7



If a strut support is specified, nodal point J is a node fixed against x- or y-movement,
depending on the orientation of the strut being modeled. For program storage efficiency
the number of node J should be as close as possible to the number of node I. Nodal
point I represents the point of connection between the wall and the actual strut. Nodal
points I and J, then, are not necessarily physically connected, since the element stiff-
ness is input independently. Nodal point J allows the force at the J node to be carried
into the system as a reaction at a fixed node. This is consistent with the typical mesh
representation of one half of a symmetric excavation. The values of sin & and cos «
are specified according to the sign convention shown in Figure A3. The values are

-

y
a — % J
|
Y
a
sin o = - .
COS a = + Sin a = +
cos a = -
y
a
X J
|
y
a
J
| X
sin @ = - sin @ = +
cos a¢ = - cos a = +

Figure A3. Sign convention and definition of local axes
for bar element (Clough 1984)
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input to represent the line of action of the strut support, and do not need to correspond
to the relative positions of the I and J nodes.

If an anchor is specified, nodal points I and J physically represent two ends of the
anchor, and must be restrained appropriately. The values of sin o and cos o must cor-
respond to the relative positions of the I and J nodes representing the ends of the
anchor. Stiffness is computed as AE/L , with L being the distance between nodes I
and J, and either A or E altered to give the correct stiffness. Stiffness of an anchor
or a strut support is inputted as force per length of wall.

For either, element type, specifying the prestress force does not apply the force. The
concentrated force load/construction mode must be used for this purpose. Thus, bar ele-
ments initially in the mesh cannot carry a prestress force, since it is not applied by a
gravity turn-on analysis.

11. MOMENT COMPUTATION

This input is supplied only if NOMOM # 0. One card is supplied for each pair of
bar element strain gages used in moment computations (see Equation 30).

Variable « Explanation
MOMBAR(N,1) Bar element number for strain gage No. 1.
MOMBAR(N,2) Bar element number for strain gage No. 2.

This card is repeated for N =2, NOMOM pairs of bar element strain gages.
12. SOIL REINFORCEMENT

This input is supplied only if R_FILL # 0. This series of cards define the layer
geometry and material properties for the reinforcement material placed within a back-
fill. Each layer of reinforcement is modeled using a series of bar elements. The total
number of reinforcement bar elements and coordinates is determined within the com-
puter code. The length of each bar element corresponds to the length of each reinforce-
ment layer that is contained within each two-dimensional soil element. The number of
nodal points for the mesh is not increased by the presence of the reinforcement bar ele-
ments because an embedment technique is used to account for the increased stiffness of
the backfill as a result of the presence of the layer(s) of reinforcement (see paragraph
29). The only restriction imposed by the embedment procedure is the number of in-
dividual bar elements created by SOILSTRUCT. A bar element is created for each
solid element intersected by a reinforcement layer. At present, up to 500 bar elements
can be created.

There are two restrictions regarding the layout of reinforcement layer(s); (1) the layers
may not be coincident with the horizontal sides of any two-dimensional soil element,
and (2) the layer(s) may not intersect any nodal point defining a triangular soil element.
Where these restrictions might apply, the coordinates of the reinforcement and the ele-

ment side/nodes need only differ by a very small amount ( >10™ ).
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Variable Explanation
REBARS Number of layers of reinforcement material.
BAR_STIF Product of cross-sectional area and Young’s

moduli, (A'E), per unit width.

Variable Explanation
- AAATTD YT T /AT \A',.L-_ 2l fcrema wmun mmrblhine e txxin _Aiemnanginna 1 anil ala
IMIALK_F1LIAIN) Material lypc number for two-dimensional soil ele-
o

Additional material type numbers, N =2 to
R_FILL , are specified in the next columns and on
additional cards as required
(c) THIRD CARD
Variable Explanation
J Number of reinforcement layer
Xi{J) X-coordinate of the left-most end of reinforcement
layer J
YI(D) Y -coordinate of the left-most end of reinforcement
layer J.
XI() X-coordinate of the right-most end of reinforce-
ment layer J.
YI) Y-coordinate of the right-most end of reinforce-
ment layer J
This card is repeated for J =2 to REBARS layers of reinforcement
13. CONTINUATION OR INITIALIZATION CARDS
This input is supplied only if INIT =0, and is supplied from disc storage that has
been generated during a preceding analysis. This option is provided so that a required

sequence of loading steps can be stopped at an intermediate step, then restarted from
that step without repeating the complete analysis. These cards may also be used to
specify values for particular variable(s) in an initial analysis without using the gravity
turn-on procedure. Similarly, values assigned to specific variables can be changed if
the sequence of loading is stopped prior to a restart analysis.
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Explanation

Number of interface elements.

Variable

NUMIT

Column
6-10

S

Number o

T

1

in the mesh and those added in previous loading

steps (if a restart analysis).

1

Explanation

Variable

(b) SECOND CARD (STRESS INFORMATION) — FORMAT (4F20.6)

Column

Q

w—

x-y shear stress for a two-dimensional element

ar stress for an interface element.

€

, zero or blank for interface element.

Stress in the y-direction for a two-dimensional

element, Oy

Ty

1

7

SIG(N,2)
SIG(N,3)

21-40
41-60

QO

.

o

al points are specified in

odal poi

card.

Information for two nodal points is supplied on each

numerical order, N=1 to NUMNP .

1

race eiement.

(c) THIRD CARD (NODAL POINT INFORMATION) — FORMAT (2D15.9,

N

Displacement in x-direction.

S

DISPX(N)

7

1-15

O

\O

—

£3

Information for the next two nodal points is sup-
A21

Pore pressure in head of water.

plied on subsequent lines.

Displacement in y-direction.

PP(N)
DISPY(N+1)

31-39
57-71



Material type numbers for 15 two-dimensional or interface elements are specified on
each card. Material type numbers for elements in numerical sequence, N =1 to
NUMEL , are specified.

Coiumn Variabie Explanation

1-5 IL(N,5) Material type number.

Material type numbers for the next i4 eiements are
supplied in the next 14 five-column fields.

an anailysis.

(e) FIFTH CARD (BAR ELEMENT INFORMATION) — FORMAT
(315,2D10.7, 2D10.1, D10.5)

This card is supplied only if bar elements are inciuded (NUMBAR > 0). information
for bar elements is specified on each card. Information is supplied for bar elements in
numerical sequence, N=1 to NUMBAR .

Column Variable Explanation

1-5 IB(N,1) Number of nodal point I.

6-10 IB(N,2) Number of nodal point J

11-15 IB(N,3) Spring response type code -
= 1 if both compression and tension of bar allowed.
= 2 if only compression allowed.
= 3 if only tension allowed.

16-25 BAR(N,1) cos o

1A_28 RAR N cin oY

T TS Ar L ‘L\\A‘,L{} Jaza v

36-45 BAR(N,3) Prestress force in the bar element.

46-55 BAR(N,4) Stiffness of bar element, (AE/L).

56-65 BAR(N,5) Displacement of bar element at activation.

Note that these parameters, if changed for a restart analysis, supersede those specified
on the Bar Element Card (section 10). Also, if bar elements are initially included in the
mesh, and this initialization procedure is used, then this card must be included, duplicat-
ing the information specified in the Bar Element Card.

spea2ia 222822
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(f)

n

IXTH CARD (INTERFACE INFORMATION) — FORMAT (8D10.4)

/WMTY TR 4Ty

This card is supplied only if interface elements are included (NUMIJT > 0). Information
for four interface elements is specified on each card. Information is supplied for inter-
face elements in numerical sequence, N=1 to NUMJT .

Column Variable Explanation
1-10 STES(N) Shear stiffness of first interface element.
11-20 STEN(N) Normal stiffness of first interface element

Information for the next three interface elements is
supplied in the next six 10-column fields.

Note that the value of the shear stiffness, if changed for a restart analysis, supersedes
the value specified on the Interface Property Card ( section 6). Thus the interface stiff-
1ged as part of a restart analysis.

Qi VLI 4 lLolgll allal)y»io
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(g) SET OF 5 CARDS (REINFORCEMENT BAR INFORMATION)
This set of 5 cards is supplied only if reinforcement bar elements are included
(R FITT +0O)
\1\_]. Adsby T \J}
Card 1 of 5 — FORMAT (15)
Column Variable Explanation
1-5 REBAR_NUM Number of reinforcement bar elements
Card 2 of 5 — FORMAT (515)
Column Variable Explanation -
i-5 EMBED(N,1) Two-dimensional soil element number in which
the reinforcement bar number N is contained.
Information for N=1 to REBAR_NUM reinfor-
cement bar elements are to be provided. The next
14 EMRED/N 1) valusac are cuuinnliad in the next
i T A_JAVIUIJU\L‘,L/ YALUWVY lw ouyrnxvu AL VEIW MAiwirne
1A ~Aalivenonn
14 COLULLLLDD.
Card 3 of 5 — FORMAT (1D15.9, 1025.19, 1D15.9, 1D25.19)
Column Variable Explanation
1-15 R_COORD(N.1,1) X coordinate for reinforcement bar element node 1.
16-40 R_COORD(N,2,1) Local X coordinate for reinforcement bar element
node 1
41-55 R_COORD(N,1,2) X coordinate for reinforcement bar element node J
56-80 R_COORD(N,2,2) Local X coordinate for reinforcement bar element
node J
There are REBAR_NUM cards provided



Card 4 of 5 — FORMAT (8D10.4)
Column Variable Explanation
1-10 STIF_TEMP(N) Product of cross-sectional area and Young’s
moduli, (A'E), per unit width for reinforcement
bar element N.

Information for the next seven reinforcement bar
elements is supplied in the next seven fields.
There are REBAR_NUM values provided.

“ard 5 of 5 — FORMAT (7D11.5)
Column Variable Explanation
1-11 R_FORCE(N,2) Reinforcement bar element strain
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ments is supplied in the next six fields There are
DETMAD ANITTRA crnlivao e sA~A
NEDAIN_INUIV1 leUCb proviucu.

14. LOADING STEP CARDS

These cards are required only if the number of load steps is greater than zero, NC # 0.
Up to three load/construction modes may be used per load step, as described in section 3.
Cards are assembled in the order specified on the Loading Information Cards (section 3):

ry
cards for the first load/‘onstructlon mode specified for the first loading step, and so on,
to the cards for the last load/construction mode specified for the last construction step.

For a given loading step, the lowest numbered load/construction mode is processed
first, but the analysis of the loading step is made for the combined effect of all load/
construction modes specified for that loading step. Care must therefore be exercised

in specifying some load/construction modes, such as material type changes or con-
centrated forces representmg prestress forces, in the same loading step with other
Aleangtena " om™m

O
P
¥
o
>
<
>
<
o]
o
Z

These cards are supplied only if KCS(N,1), KCS(n,2), or KCS(N,3) =1 . Inputis
PR | [ T S 2 Fenn avmayuyantard alamenmta nemd AAcrrernn varAnunta
handled by subroutine EXCAV . Free-excavated elements and common-excavated
£ 1 L.
d io be

elements are input separately. A free-excavated element is an element specifie
excavated that has no boundary in common with an element not specified to be ex-
cavated in the loading step. A common-excavated element, therefore, has at least one
boundary in common with an unexcavated element (Figure A4).

Interface elements can only be included as free-excavated elements, even if they have a

| PP . e o oo tall L e e P BN o Tmtnacfnna Alnmnnmtc naomemnd lha s2oad

boundary in common with an unexcavated element. interiace ee nents cannot be used
1 1 7 21 .

as interpolation elements. Free-excavated elements (other than interpolation elements)
can be used as interpolation elements, though common-excavated elements are more
commonly used.



EXCAVATION

BOUNDARY —
25 26 27 . 28 29 30
* 4 Bk \;p * ®
O, ©, ©, ©, ®
19 20 21 22 23 24
¢ ¢ ¢ ¢ P —
. &) O, &) ©) (19
13 14 15 16 17
¢ 4 4$ ®— *— —o ..
11 12 13
@, @, @3 @9 &)
7 8 9 10 11
b4 $ $ AL $ 12
(16) (17 8 (1) (5
N\ U N\ NG \J
% ® ® ® * ® 6
1 2 3 4 5
ELEMENTS 1 AND 2 ARE FREE EXCAVATED ELEMENTS.
ELEMENTS 3. 6, 7. AND 8 ARE COMMON EXCAVATED
ELEMENTS.
NODES 13, 14. 15, 16, 22. AND 28 ARE LOADED
BY EXCAVATION FORCES
ELEMENTS 6, 7., AND 8 SHOULD BE INPUT
SEQUENTIALLY FOR OPTIMUM EFFICIENCY.

Figure A4. Example excavation load step defining free- and
common-excavated elements in relation to the excavation
boundary (Ciough 1984)

If possible, adjacent common-excavated elements should be input sequentially as this
procedure avoids repetitive computation; nodal loads for a nodal point common to the

two sequential elements will only be calculated once.

(1) FIRST CARD (CONTROL DATA) — FORMAT (2I5)
Column Variable Explanation
1-5 NFXEL Number of free-excavated elements.
6-10 NXELCB Number of common-excavated elements

(2) SECOND CARD (FREE-EXCAVATED ELEMENT DATA) —

FORMAT (16I5)

Element numbers of 16 free-excavated elements can be supplied on one card. A maxi-
mum of 150 can be specified in one loading step. Element numbers of all free ex-
cavated elements, N =1 to NFXEL, are to be specified.



1-5 LNXEL(N) Element number of first free-excavated element.

ce-cxcavaled giements

(3) THIRD CARD (COMMON-EXCAVATED ELEMENT DATA) —
FORMAT (8I5)

Ef
a
=
.:—P
4
Il
g
Z,
>4
&
0
o5
>>

One card is suppiied for each common-excavaied €
maximum of 150 common-excavated eiements can b specified in one loading step.
Loading codes include:

1 - the node is loaded by excavation forces and is common to both an excavated
and an unexcavated element.

Interpolation elements should be specified in a crisscross fashion, as shown in Figure AS.
Further, the x- or y-coordinates of diagonal elements must not be the same. If these

rules are not adhered to, the interpolation routine will detect a singularity, and process-

ino will etnn

lllb VY AAL Utvyo

Column Variable Explanation

1.8 TTIT /N 1) Flamant nnimhaoar af tha firet ramman_avravatad

P Sap ) LtULl\L‘,I.} AvANVIRIN/LLAL AAVMILILUWL VA VILW 11100 WULLILILAVLL WAV Y ivwa
Alasmannt Thic aAlamanant 10 alan tha Fieat 1matarnnla
CICI11ICIIL 1 111D CTIiCILICIIL 1D aldVU UiT 11idL 1 ucxyuxa-
fion eiemeni.

6-10 LUL(N,2) Element number of second interpolation element.

11-15 LUL(N,3) Element number of third interpoiation eiement.

16-20 LUL(N,4) Element number of fourth interpolation element.

21-25 LUL(N,5) Loading code for node I.

26-30 LUL(N,6) Loading code for node T .

31-35 LUL(N,7) Loading code for node K

36-40 LUL(N,8) Loading code fornode L

Loading codes are specified for the nodes of the
element to be excavated specified in columns 1-5.

{(b) FILL OR CONCRETE
These cards are supplied only if KCS(N,1), KCS(N,2), or KCS(N,3) =2 . Input is
handled by subroutine BUILD . The types of elements that can be placed include
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Figure A5. lllustration of numbering of interpolation
elements for calculation of stresses at the excavation

boundary (Clough 1984)
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At placement, the fill element(s) is assigned a low modulus and the surface displace-
ments are set equal to zero. Stresses assigned to the newly placed fill are based on
o, =K_ o, or o, = O, (see KEYH20 on card group 2c), where ©,, is equal to the

X (Y y’ y - J

product of the unit weight of the fill element times the depth below the surface to the

center of the element. If a fill element contains a reinforcement layer(s), then the bar

element(s) representing the layer(s) will be added to the newly placed fill elements at
the end of the load step. Generally, all fill elements associated with a particular layer
should be added in one load step.

(1) FIRST CARD (CONTROL DATA) — FORMAT (215, D10.2, I5)

Column Variable Explanation

1-5 NLEL Total number of elements to be placed, including
irmtaefana and gtrmintiira alamantg
1IIC1I1AaLC allUu dtiuLiule CICLIICLILD.

6-10 NONP Number of nodal points within layer(s) to be as-
signed zero. This includes all nodal points for
existing elements to be placed except points in
common with an existing element.

11-20 HTB New y-coordinate at the top of backfill.

21-25 NPANEL Number of segment end points used to define the
y-coordinates for the top of the backfill. NPANEL

250 can be specified in one loading step. Element numbers of all placed elements,
N =1 to NLEL, are to be supplied.

Column Variable Explanation

1-5 LEL(N,1) Element number of first element to be placed.
6-10 LEL(N,2) Material type number.

Information for the next seven place element num-
bers and their corresponding material types are
supplied in the next 14 five-column fields.

on d. max i one loading sten
mum 1 fied in one loading step. 1 oint num
bers, N =1 to NONP, are to be specified in sequential order.



Column Variable Explanation

1-5 NP(N) Nodal point number of first node assigned zero dis-
placement.
Information for the next 15 nodal points is sup-
plied in the next 15 five-column fields

(4) FOURTH CARD (TOP OF BACKFILL) — FORMAT (2D10.2)

Column Variable Explanation

1-10 . XPANEL(N) X-coordinate of ground surface segment end point.

11-20 YPANEL(N) Elevation of ground surface at the segment end
point.
Information for the remaining segment end points
is supplied on subsequent cards.

(c) SEEPAGE

These cards are supplied only if KCS(N,I) , KCS(N,2), or KCS(N,3)=3. Input is hand-

ied by subroutine SEEP . Seepage loads are deiermined from change in pore pressure

specified as DP(N) on nodal point cards, or from the specified phreatic level changes

Column Variable ‘xplanation
1-5 NCODE Option code specifying how seep loading data
ic to be innut -
is to be input
= 0 if specified as DP(N) on Nodal Point Card
fammts~e "IN
{section /).
= 1 if the seepage loading is to be calculated
using the new phreatic surface input on the
following cards.
(2) SECOND CARD (NUMRBER OF PHREATIC SEGMENTS) —
FORMAT (15)

Column Variable Explanation
1-5 NWAT ‘ Number of phreatic surface segment end points

used to specify the new phreatic surface. NWAT
ust be greater than or equal to 2. The number of

phrea urfa gmen qual to NWAT
The maximum value of NWAT is 30
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Explanation
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on the right-hand side. (Must) be the

A 1
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New level (y-coordinate) of the phreatic surface at

XW(N) .

same as the x-coordinate of a nodal point.

next three 10-column 11€ids.

o

Variable

FUEL(N)

surface will require, usually, specification of the same x-coordinate on the new phreatic

the first bounding x-coordinate specified. A bounding x-coordinate on the oid
surface.

Column
21-30

UNDARY,

LEFT HAND
ME SH

BO

XWINWAT)
=5

XW(4)
NWAT

L77 I\
N-FUEL (2)
XW(3)

XW(2)
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SURFACE —/

NEW
PHREATIC

PHREATIC



(d) DELETION OF BAR ELEMENTS

These cards are supplied only if KCS(N,1)
handled by the main program.

71
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This loading/construction mode cannot be specified in the same loading step as fill or
concrete placement.

(1) FIRST CARD (CONTROL DATA)
Column Variable Explanation
i-5 NCARDS Number of deleted bar elements. There is no limit
other than the number of bar elements presently in
the mesh.

The element numbers of 16 deleted bar elements can be specified on one card. A total
of N=1 to NCARDS cards must be supplied.

Column Variable Explanation

1-5 N Element number of bar element to be deleted
Element numbers for the next 15 elements are sup-
plied in the next 15 five-column fields

(e) ADDITION OF BAR ELEMENTS

> T vr

These cards are supplied only if KCS(N,1), KCS(N,2), or KCS(}

Information on the second card is the same as that explained for the Bar Element Card

(Section 10). The added bar elements are numbered sequentially from NUMBAR + 1,

where NUMBAR is the number of bar elements in the mesh before the present loading

step

(1) FIRST CARD (CONTROL DATA)

Column Variable Explanation

1-5 NCARDS Number of bar elements to be added. Any number
can be added in a loading step; however, the maxi-
mum number of bar elements that can be in the
mesh (including inactive or deleted elements) is 15.

Xr_ .t L 1_ T wrve] 0 ss ks s

Vv driapvic LEXPpldidtion
N Element number of added bar element.
IB(N,1) Number of nodai point 1.
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Variable Explanation

IB(N,2) Number of nodal point J .
IB(N,3) Snring response type code.
r o r J

BAR(N,1) cos o

RAR/(N 2) gin o

BAR(N 2} sin o

BAR(N,3) Prestress force in the bar element.

RADIN AN Qtiffnace nf har alamant

unx\\xw,-r} WLLILALIIVOU Vi UVl wiwviiiwviib

- . . .

BAR(N,5) Displacement of bar element at activation.
Note that in a restart analysis the added bar element(s) information must be included in
the bar element connectivity cards (Seciion 10) and the value for NUMBAR in ihe

data control card (Section Za) must be updated.

(f) BOUNDARY PRESSURE LOADING

These cards are supplied only if KCS(N,1), KCS(N,2), or KCS(N,3) =6 . inputis
handled by subroutine SURFLD . Linear pressure distributions are assumed, based on
the pressures specified for the nodal points.

(1Y RFIRCT CADND (CONTRNOT NATAY __ FORMAT (15)
\1) im0 o ewv A4 RFLim R in) s 1 \iJ)

AANn A NoL2AN 1N A AN

Column Variable Explanation

1_& AT TQ x e ~
1-9 INL/LIO iNuiuel v

There is no limit to the number of loaded boun-
daries that can be specified.

6-10 NOLDS Number of ioaded boundaries for which the
horizontal components of the nodal points load
vectors are set equal to zero.

11-15 NOLDSY Number of loaded boundaries for which the verti-
~Anl Anrmnanante Af tha nadal nainte laad vantare
val bUlllPUllblllD Vi iV 1vuail PUllll-D iIvaud vuovuwivio
are set equal to zero

(2) SECOND CARD (LOADED BOUNDARY DATA) — FORMAT (2I5,
4D10.2)

Information for one loaded boundary is specified on each card. Nodes I and J are
specified counterclockwise on an element (Figure A7). A normal compressive traction
(pressure) is positive. A tangential traction (shear stress) is positive when directed
clockwise (node J to node I) as shown in Figure A7. A total of N=1 to (NLDS
+ NOLDSX + NOLDSY) loaded boundaries must be specified. NLDS cards are
specified first, followed by NOLDSX cards and then NOLDSY cards.

>.'
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Nodal point number of the first node of the loaded
boundary.

Nodal point number of the second node of the
loaded boundary.
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Column Variable Explanation

11-20 WSi1 Value of the normal pressure acting at node 1.
21-30 WwS2 Value of the normal pressure at node J.

31-40 WS3 Value of the shear stress acting at node I.
41-50 WS4 Value of the shear stress acting at node J .

(g) TEMPERATURE LOADING

Nl nee o e ny i1 -Jlr‘ﬁ“n‘-—--t\":l\“ ~Ada Maminaratitea ard cantian
CdAdrud dre i t‘.quu‘cu IUr llllb 10a4aU/COI1IGLIUCLIVLL 1HHUUD \ICllllJclalulU \,alu, DCDLLUII I)

IN

If KCS(N,1), KCS(N,2), or KCS(N,3) =7 . Then the values of DP(N) are acknow-
ledged by the main program and processed as temperature changes. Note that DP(N)
can also be used to input phreatic level changes for the seepage loading/construction
mode. Thus, if seepage is specified as being input through values of DP(N) , seepage
and temperature loading cannot be included in the same loading step. Generally,
temperature loading requires a restart analysis, with the DP(N) values being changed
to reflect the temperature changes prior to the analysis.

The temperature scale used (°C or °F) must correspond to the coefficient of thermal ex-
pansion designated on the Material Property Cards (Section 5). Temperature changes
are typically designated for structural materials only.

(h) CONCENTRATED FORCE OR DISPLACEMENT LOADING
These cards are supplied only if KCS(N, KCS(N,2) KCS(N,3)=8 or 9.

),
Input is handled by the main program. Re f nformation Card (section 3)

for instructions on usine ]nndlna/t‘nnq

1or mstructions on using ioaging/consiruc

(1) FIRST CARD (CONTROL DATA)

Variable Explanation

NUMNDE Number of loaded or displaced nodes. There is no
limit to the number of loaded or displaced nodes
that can be specified.

(2) SECOND CARD (LOAD OR DISPLACEMENT DATA)

Information for two loaded or displaced nodal points is supplied on each card. A
total of N=1 to NUMNDE nodes must be specified. Sign convention is positive to
the right (positive x-direction) and positive up (positive y-direction). Nodal points

SpCClIlC(l as Demg loaded or OlSpldCC(l do not have to be in numerical order

Variable Explanation
I Node number of the first loaded or displaced node.
X1 Component of force or displacement in the x-direc-

tion at node 1.

Y1 Component of force or displacement in the y-direc-
tion at node I.
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J Node number of the second loaded or displaced
node.
X2 Component of force or displacement in the x-direc-
tion at node J.
Y2 Component of force or displacement in the y-direc-

tion at node T.

Displaced nodes are to be included in Boundary Condition Cards (Section 8).

“

(1) ELEMENT MATERTAT, TYPE CHANCE

miivARGLN N ARLALNND A

These cards are supplied only if KCS(N,1), KCS(N,2) , or KCS(N,3) =10 . Input is
handled by the main program.

Tha mmmatarial éxrmn AFf elan aemn ~ Alasmanmét 50 Ahasmand hafasn ¢hn nemaleraio ~Afelha Tan Al ~
1 1Ve i11ailciial lyPC Ul LuIc bPUL« C CICI1LITLIL D L«uauscu UcCi1uUl © LIC alldlyblh 01 uic anUlllE
step which specifies the change. The maierial type change inciudes modifying the

values of moduius E and Poisson’s ratio GUI and zeroing the stresses SIG(N,1) .
Thus, if a material type change is specified in conjunction with boundary loading (in
the same loading step) the elements whose material type is changed will respond to the
loading with new material properties.

o P PSP | ..A.—_A..,._o. .....

A e <3
itenided to physically represent the grout-
1

As included, this load/constri
ing of an anchor. At a given step in the analysis, the materiai types of soii eiements can
be changed to represent the assumed linear elastic grout zone. If there is a need to
change material types for any other reason, this can be done by stopping the analysis
after the appropriate load step, modifying the material types on the material type desig-

nation card (Section 13d), then restarting the analysis.

TIDAT MNMADN (OMNRARITDNAT MNADND)
NANOD 1L CARNU \LCVUINI NV, LARNLY )

71\

(L)
The maximum number of elements whose material type number can be changed in a
load step is 150. The excavation and material type change loading/construction modes
cannot be specified in the same loading step since the same variable, LUL(N.I) , is

used to _n ut data for both,

Variable Explanation
NELCH Number of elements whose material type number

A ¢mntnl AFf AT _ 1 4~ ANTETY MNTT Alacnncné smzrcmnlamncen ~en A annvrs s nbnseinal berann smrramealemcan smazen
£ tutal vl N 1 W INLLAL_I1 CIiCI1lIClL L lulllUClb dallu tICw 111alCl _ypc llulllUClb lllub
specified.
Variable Explanation
LUL(N,7) Element number of first element with a specified

new material type number.
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Variable Explanation

LUL(N,8) New material type number of the specified ele-
ment.

At~ £ 1 4
1

e a Tamaon
r the subsequent elements is sup-

t elem
plied in the next columns and on additional cards

as required.

Output Data Sequence

The input data read in the main program is printed out prior to the analysis of the
first load step. Nodal point data, element data, and initial stresses are printed out only
if specified. Loading/construction mode information for a load step is printed out prior
to the analysis of the load step. Analysis results, excluding nodal displacement, can be
specified to be printed out after each iteration or after the final iteration of each substep
of a loading step. Continuation data for a restart analysis can be stored on disks (in a
card image format), or punched on cards, after the final iteration of the analysis of the
last substep of the last loading step. Nodal displacements can be stored on disks (in a
card image format), or punched on cards, after the final iteration of the analysis of each

substep of a loading step.

Results for all element types for all iterations, with the exception of the final itera-
tion, are based on one-half the incremental stress being used to update the previous

+ Thi A~ At £1 t+ tha i
stress. Thus, they do not reflect the full effect of the applied loads. These values o

stress are used to update modulus and stiffness values while iterating.

f
i

Different results, of course, are printed out for the different types of finite elements
used. All output pages are identified by the analysis description. Headings designating

the type of results (element-type), the load step number, the substep number, and the
iteration number are included following the analysis description.
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or all nodes are printed out after the last iteration of each substep of

a loading step.

Column Heading Explanation

1-10 NODAL Nodal point number.
POINT

11-18 X X-coordinate of the node

19-26 Y Y -coordinate of the node

27-40 TOTAL Total displacement of the node in the X-direction.
U

41-54 TOTAL Total displacement of the node in the Y-direction.
Uy

55-68 INCREM Incremental displacement of the node in the
UX X-direction.

69-82 INCREM Incremental displacement of the node in the
Uy Y -direction.

83-93 PORE Pore pressure acting on the node in the head of
PRESS water

94-100 NODALI Nodal point number
DNAATAIT
ruUliNi

2. RESULTS FOR TWO-DIMENSIONAL ELEMENTS

Results for two-dimensional elements are printed as requested using the input data
described in section 2a. Elements numbered from N = (NUMIJT + 1) to NUMSOL

are included.

EW MODULUS VALUES

(a) FIRST CARD: STRESSES & NEW A ULUS VALUES
Column Heading Explanation
2-5 ELE Element number.

NO
7-14 X X-coordinate of element center.

16 EorT Letter E indicating effective stresses output if a
drained material or T indicating total stress out-
put if an undrained material.

18-28 SIGMA Normal stress acting in the X-direction.
X

30-40 TAU Shear stress acting in the X- and
XY Y -directions.

42-52 SIGMA Major principal stress.
1
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Column Heading Explanation
54-60 THETA Angie of the major principal piane, in degrees mea-
sured counterclockwise from the positive x-axis.
62-71 NEW E New value for Young’s moduli
73-82 NEW B New value for bulk moduli
83-87 NEW NU New value for Poisson’s ratio
88-94 PORE Pore pressure.
PRESS

Column Heading Explanation
7-14 Y Y-coordinate of element center.
18-28 SIGMA Normal stress acting in the Y-direction.
Y
30-40 TAU MAX Maximum previous shear stress.
PREVIOUS
42-52 SIGMA Minor principal stress.
3
54-60 STRESS Stress level or ratio.
RATIO
62-71 OLDE Old value for Young’s moduli.
73-82 OLD BULK Oid vaiue for buik moduli.
83-87 OLD NU Old value for Poisson’s ratio.

3. RESULTS FOR INTERFACE ELEMENTS

Results for interface eiements are printed out foliowing two-dimensionai eiements, as
specified by ITRD . Elements numbered from N =1 to NUMJT are included.

Column Heading Explanation
1 1 Y TR A AT/ ™Y 4 _ PO P
1-14 LVl INU LEICIIICIIL ITUIILOCT
13-20 X X-coordinate of element center.
21-28 Y Y -coordinaie of eiement cenier.
29-44 NORMAL Normal stress acting on the element.
STRESS
AL N OTYT A T O o _ao o— o—at o el Vo __a
40-0uU oINCEARK O I1€Ar SLIESS dAClll g OI1 LIIC CICINICILL.
CTDEQCC
WV L ANLAOYD
61-76 NORMAL Normal stiffness.
STIFF
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Column Heading Explanation

77-92 SHEAR Shear stiffness.
STIFF

93-100 SL Stress level.

101-112 PORE Pore pressure acting on the element.
PRES

113-122 ELEM NO Element number.

4. RESULTS FOR BAR ELEMENTS

Results for bar elements are printed following the results for the interface elements.
Bar elements numbered from N =1 to NUMBAR are included.

Column Heading Explanation

1-13 BAR ELEM Bar element number.

14-19 I Nodal point number of the I node of the element.

20-25 J Nodal point number of the J node of the element.

26-33 TYPE Bar element response type code (see section 10 of
the input listing).

34-47 COMPR Force in the bar element (positive if compressive).

48-61 COMPRESSION Change in length of the bar element (positive if
compressive).

62-75 STIFFNESS Stiffness of the bar element.

76-85 COSA cos O.

86-95 SINA sin Ol

96-105 BAR ELEM Bar element number.

5. RESULTS FOR BAR ELEMENTS USED AS STRAIN GAGES

The results for bar elements used as strain gages are printed following the results for
the bar elements. The bar elements numbered from N = 1 to NSTRAN are included.

Column Heading Explanation
1-7 BAR ELEM Element number for bar used as strain gage.
8-20 STRAIN Strain in bar element.
21-35 BAR STRESS Stress in steel at location of bar element used as a
strain gage.
36-51 CONCRETE Stress in concrete at location of bar
STRESS element used as a strain gage.
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6. RESULTS OF MOMENT COMPUTATIONS

The results for each pair of bar element strain gages used in the moment computa-
tions are printed following the results for the bar elements used as strain gages.

Column Heading
1-10 PAIR No.
11-20 X-CENTER
21-30 Y-CENTER
31-45- GAGE No. 1
46-60 GAGE No. 2
61-70 E,

71-80 h,

81-95 I

96-110 AXIAL FORCE
111-125 MOMENT

Explanation

Number of bar element strain gage pair.
X-coordinate of center of member.
Y-coordinate of center of member.

Bar element number for strain gage No. 1.
Bar element number for strain gage No. 2.
Young’s modulus of equivalent member.
Width of equivalent member.

Moment of inertia of equivalent member.

Resultant force acting normal to cross-section of
equivalent member.

Moment at equivalent member.

7. RESULTS FOR REINFORCEMENT ELEMENTS

The results for bar elements used as soil reinforcement elements are printed follow-

ing the moment computations.

Column
1-4
5-13

14-21
22-34
35-47
48-60
61-74

75-95

96-111

Heading
BAR No.

ELM No.

X_i
Y_ i
X_j
Y j

FORCE per
WIDTH

AREA -
MODULUS

STRAIN

Explanation

Reinforcement bar element number.

Soil element number in which reinforcement bar
element is embedded.

X-coordinate of bar node-I.

Y-coordinate of bar node 1.

X-coordinate of bar node J.

Y-coordinate of bar node J .

Force in bar per unit width.

Product of cross-sectional area and Young’s
modulus.

Strain in bar.
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APPENDIX B: SEQUENCE OF OPERATIONS

1. The program SOILSTRUCT uses the direct stiffness method, {F} = [K]{u}, to
solve for incremental nodal displacements {u} resulting from incremental loads ap-
plied to the nodal points {F} . The local element stiffness matrices are first formulated,
then assembled into the global stiffness matrix. Equivalent nodal loads due to construc-
tion or applied loadings are assembled in the incremental load vector, {F} . The com-
puted incremental displacements are then used to compute the incremental change in
stress acting at the center of the elements. The values of total stress are updated by the
computed incremental changes in stress. The total stresses are then used to revise the
elastic moduli used in the formulation of the element stiffnesses. These procedures are
repeated for each iteration, and in turn for each substep of each load case during the
analysis. The determination of initial gravity stresses is accomplished in a similar fash-
ion and can be viewed as an initial load step, with the nodal loads equal to the body
forces.

2. The following is a listing of the names of each of the 26 subroutines comprising
the program SOILSTRUCT and a brief description of their purpose:

*  Main Program. The main program serves to control the execution of
SOILSTRUCT. It calls subroutines, prints input data, load case information, ma-
terial properties, node and element data, and boundary conditions. The input
data for excavation, seepage, embankment construction, and boundary loadings
are printed in their respective subroutines. Calculated equivalent nodal loads
due to installation or deletion of bar elements, and concentrated forces or dis-
placements, are added in the main program.

. DETNA. Subroutine DETNA calculates the number of degrees of freedom, de-
termines the locations of the diagonal terms of the global stiffness matrix in the
vector SN, and computes the required size of SN .

e INITAL. Subroutine INITAL calculates and prints initial stresses for a gravity
turn-on analysis. This is done by sequential calls to STRSTF, OPTSOL, and
STRESS. If a restart analysis is specified, INITAL reads the continuation data
and initializes the material property, stress, and displacement arrays for the
nodes and elements.

e  SUBSTP. Subroutine SUBSTP controls the analysis of each load case when
substeps are specified for that load case. SUBSTP divides the calculated equiva-
lent nodal point loads, applied displacements, or temperature changes into the
specified number of equal increments prior to performing the analysis.

e STRSTF. The terms of the global stiffness matrix are assembled in subroutine
STRSTF by sequential calls to QUAD, JTSTF, and BAREL.

* OPTSOL. Subroutine OPTSOL solves the series of simultaneous equations
using Crout reduction to obtain the incremental displacements.
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STRESS. Subroutine STRESS computes stresses and strains for the two-dimen-
AAAAA 1 alawanimta omAd meminte tha maonlta QTR CC Il NN
sionai elements and prints tne resuiis. SIRLD>S Caiis uxuuCAL, BAREL, and
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point force mperature changes of non-soil elements, and computes

equivalent

forces due to gravity forces.
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JTSTF. Subroutine JTSTF computes the stiffness of the interface elements.

JSTRES. Subroutine JSTRES computes the stresses and relative displacements
for the interface elements, updates the interface stiffness values, and prints re-
sults.

MODCAL. Subroutine MODCAL updates the modulus values assigned to the
soil elements. '

UILD. Subrouti JILD computes the nodal point loads
lent to the weight of the elements representing a newly pilaced embankment lift
and establishes the initial stresses and material properties for these newly placed

elements.

Trir . | <

=]

ne B
of

boundary

EQNDFO. Subroutine EQNDFO converts the stresses calculated by EXCAYV to
equivalent nodal point forces, which are added to the incremental load vector by
TITL\ ALY

EAUCAY

SURFLD. Subroutine SURFLD computes equivalent nodal point forces due to
a boundary pressure loading applied along the face of an element and adds these
computed forces to the incremental load vector.

SEEP. Subroutine SEEP calculates equivalent nodal point forces due to
c surface and adds these forces to the incremental load vec-

rces are formulated based upon changes in pore water

................. 2 I S VI

AUXOUT. Subroutine AUXOQUT writes continuation data to a file for use in

subsequent analyses.

PRNCIP. Subroutine PRNCIP calculates principal stresses and the maximum
shear strain for two-dimensional elements.

v}
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PRNTFD. All non-zero values of the incremental load vector are printed by
subroutine PRNTFD.

Pl mlc ] A~ Y o T Y T v

GETFIL. Subroutine GETFIL initializes the execution of SOILSTRUCT by re-
questing the names of the input and output files and the corresponding opening
and closing of the disc storage devices.

1. N4 VA m O L.l ~ LOANTYTTY Py . A2

CNVERT. Subroutine CNVERT creates a disc storage i
ting of computed resuits by post-processors. Note that CNVERT discards all
air elements and nodes attached only to air elements and renumbers the remain-

ing existing nodes and elements.

DD AD Ll o ommeme T el o L oab o oencry £t o 2 O ek Lne AT ae e Do
NIVDAIN 111€ COMMPI11diion O6 UIC dITdays 101 UIC ICIHIIVICCIHICIIL bal CICIHICILS 15
performed in subroutine REBAR.

FILLBARS. Subroutine FILLBARS adds the reinforcement bar stiffnesses to
tha alahal gtiffrnace arravs
98 L) BIUUal OLILLLIIUDD auay

RESTRESS. Subroutine RESTRESS computes the reinforcement bar incremen-
tal strains and forces.

NFACTS. Subroutine NFACTS computes the shape function for the reinforce-
ment bar elements.

B3



i. This appendix summarizes both simpie beam iheo
applied to the bending of structurai members. Simpie be m theory is discussed in the
first section, while the elastic response of flexural members bending in plane stress and
plane strain are discussed in subsequent sections.

)@‘

Simple Beam Theory

2. Simple beam theory is the most elementary of the theories for flexural members.
It relates the flexural displacements to stresses within a bending beam. Consider the
bending response of the beam segment shown in Figure C1(a) when subjected to a mo-
ment of magnitude M (Figure C1(c)). In a pure bending problem, the resultant force act-
ing along the x-axis equals zero. Simple beam theory assumes:

a. The material comprising the beam is isotropic and homogenous.

b. Transverse planes before bending remain transverse after bending; i.e., no
i t

=
[}
=]

s take place.

c. The beam is a straight, prismatic member of constant cross section.

d. The stress actin

The constant moment M causes the beam to deform in the manner shown in Figure
C1(c); i.e., compression of the fibers along the top of the beam (the concave side) and
extension of the fibers along the bottom of the beam (the convex side). The deforma-
tion of the beam will take the form of a circular arc of curvature p . Somewhere be-
tween the two sides, the beam fibers undergo no deformation. In this example, the

ited so as to correspond to this plane and is referred to as the neutral axis.

>4
1
"
4
@
&
—
Q
(@]
=
—

neutral axis is given by

Au = —yAB (CD)
xith the chanoe in lanoth divided hv the orioinal lenoth eanal to
with the change 1n iength divigeg 2y the original iengih equal 1o

Au _ —yA® (C2)
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The limit of Equ 1 ich
ear tensile strain g, inthe beam fiber
du
£ = —
X dl

at a distance -y from the neutral axis. Using the geometrical relationship Al = pA®,
Equation C2, and considering the limit of the relationship as Al approaches zero gives

-

&

y

o |-

For an elastic material the stress normal to the axis of bending is equal to

X X
Tha mamant M ic amiial ta
11T HIUHIICIIL V1 15 ClHual W

Introducing Equations C4 and C5 into C6 gives

<

i
© |1

L]

where 1 is the moment of inertia of the cross-sectional area

@
(%]

7aVA
(%)

(C5)

(C6)

(C8)



that the deformations within the beam are either the extension or compression of the

I

To summarize, the derivation of the flexure formula using simple beam theory assumes

beam

(C10)

(C1D)

0 otherwise)

the strain on the i plane in the j direction

ronecker delta (=1 when i = j and

1

O..

where

’

0), bending stress results

IS

JI

along the plane normal to the x,-axis. In a plane stress problem, it is easily shown that

In the case of pure bending of the Figure C2 prismatic

= 811+£22+833.

beam in plane stress (the out-of-plane normal stress G4,

where ¢

(C12)
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Figure C2. Pure bending of a prismatic beam in plane stress (o
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Equation C10, the three normal strains are given by

1 (C13)
€1 = g1
v (C14)
8 - — G \ 7
. 22 g 11
and
Vs (C15)
€2 = &
33 7 g 11
In the plane stress case, there are no restraints to movement in the x, and x5 direc-
tions, and the sirains normal to the x,-axis and the X3-axXis are proportional to £,
€y, = —VE, (C16)
€., = — VE,, C17
35 11 ( )
Introducing Equations C16 and C17 inte C12 results in the stress-strain relationship

Q
|
&
a
*

that is equivalent to the relationship for the bending stress from simple beam theory
(Equation C9).

4. The flexural response of a bending member, modeied using a singie row of solid
finite elements, may be interpreted by using one-dimensional bar eiements as strain
gages. In this approach, as summarized in paragraph 43 for plane strain finite elements,
bar elements are placed along the axis of bending, i.e. parallel to the x;-axis , and lo-
cated at the extreme fibers. Unlike simple beam theory, the €,, and €34 strains will
contribute to the value of bending stress and therefore the corresponding stresses due to

Cé6
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next section that
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0 T
stress from simple beam theory.
ot be the case when a

Pure Bending of Members in Plane Strain

5. The flexural response of structural members bending in plane strain is developed
in this section using the theory of elasticity. In the case of pure bending of the Figure C3
long member in plane strain (the out-of-plane normal strain €33 = 0), bending stresses
result along the plane normal to the x,-axis. In this problem, the normal stress G,, is
equal to zero, as well as all shear stresses and shear strains. O3 is not equal to zero, un-
like the plane stress problem. The bending stress G, is expressed as

.
(1-v)g, + ve22J|

-

A o)
r
G = 71 . <=\ 71 [ YUY
(1+v)(1 — 2v

N
—

The strain €,, can be removed from Equation C19 because, as for the plane stress
case, there is no restraint to movement in the Xy direction. To accomplish this, the
stress boundary conditions (G,, = 044 = 0) are introduced to Equation C10. The result-
ing normal strains are given b; o

(1 L a1 ) (C'DO2N\
4 7T v)u v) \~ Ly
€17 = Oyq
11 E 11
and
a1a+vyv _ (C21)
= —-——=""0
22 E 11
Strain normal to the x,-axis , expressed in terms of the strain normal to the x-axis, is
agiven hy
51V\rll v
. — v (C22)
©22 T 7 Z vl
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Gy = 2y &1

153 Y| (C24)
M= - T
1-vo v
where — dictance from the neutral axis to the beam fiber at which the pure bending
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Figure C3. Pure bending of a long member inplane strain (€33 = 0)
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in simple beam theory (Equation C9) by the factor 1/(1 - v2). When a single row of
solid finite elements are used to model the member bending in plane strain, one-dimen-
sional bar elements are located along the axis of bending, i.e., parallel to the x,-axis
The &,, strain will contribute to the value of bending stress and therefore the corre-

" , . .

1

sponding moment, as discussed in paragraph 42. e
moment that is equivalent to the &, distribution across the section, using the one-di-
mensional bar strains €;, from the plane strain finite element analysis, a factor equal
to 1/(1 - v4) is included in the relationship (see Equation 31).
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Init width of sheet-nile wall mesh
v ath of sheci-plie wall

Bulk modulus

Cohecsion intercent

conesion miercept

Moment of inertia

ace normal stiffness
Interface shear stiffness

I

nitial interface shear stiffness

Tangent interface shear stiffness

strength

Uniformly distributed radial spring acting to restrain
mant
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Undrained strength
Stress level

Stress level for interface element

Changes in values of principal stress

the interface

Bending strain
Change in volumnetric strain

Outer fiber strains
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Minor principal stress

Minor principal effective stress
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