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ARSTRACT

NONLINFAR ANALYEIS OF REINFORCED CONCEETE
FHAMES AND PANELS

An analyticsl procedure is developed which uiilizes guadrilaiters

Tinear Torce

n finite elements, special Irame slements, axial
rod slemants, and bi-direclional tielink elements in order fo study
two-dimensional reinforced concrete frames with attached shesar

cted fto large lateral forces,

C}

pancls which are su
During the incremental loading procedure, allowance is made for
the cracking and destruction of concrete elements with redistribu-
tion of stresses in the surrounding siructure by lterating the solu-
tion within each load increment., The tielinks are used Lo connect
the shear panels (o the frame so that cracking can be included at
the panel boundarieszs, The nonlinesry material properties reguirs the
piliang stress elements to have induced aniscotropy under a general
hiaxial stress fieid, The wmethod used here inciudes anisotropy for

describing cracked elaments, but assumes the uncracked elements to

e isotropic, Material constitutive relations are not modi for
the biaxial stress state, This method of analvsis iz applied te a-
set ol test examples and to frame-and-panel models, Predictions

of cracking, stress patterns, and deformations are gompared to

axperimental vesulis where possible

i

¥
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1, INTROLGUCTION

1.1 General Remarks

heen ohserved for several decadss

which have caused sometines

in the

rious losg of life, and offen great dizruption of s«

affected aps

zag, Atructural engineers involved in
caryy a burden of responsibility that has provoked intensive pro-

fessional and acgademic interest in the response of structures to

i1

arthoguak

:z (30, 313, Any structure located in an active selsmic area

must be designed gnd constructed Lo the expecied ground

motions at that gite, Adequate resistance is

nerally defined as the

1

ne to resist moderate earthauakes without unsighily damage and to

resist severse earthgusakes without collapse of the structure and danger

rru

of loss of life, o satisfy thes

regulrenents the structure must be
analyvzed to determine the stresses and deformestions that may develop
whnen ground motions occur,

Three types of analysis are presently used for this problem, The

first approach applies a set of static lateral loads o the structure

to represent the inertia forces that are developed by the mofion of the

styucture, This procedure 1g described in code specifications but it

i known to have only an elementary relationship to the actual forces
¥ k I

that ave genersted in the structure {(28). Purthermore, there ars

guitdelines

available for the deszigner who must work with an unusual

strucinral configuration, It has been observed that 2arihguakes pro-

duce deflections that depend on the dyvnamic respanse of the structure,

Az g result, the second approsch to the structural problem has been



to apply & dynamic elastic analysis (232), This is known to generally

pradict story shear foreces much in exgess ol those

derived v Code

proceduar {35%, This is particul

iy evident in rigid builldings,

such as those with shes

walls and panels, or in buildings with iow

. Structural de

ad on a dyvnamlo

would becoms uneconomic in ¢compasrison with many successiuld

dezsigns

b3
f

that have bheen made under Code procedures, it bean

the ol energy d inelast, behavior of sec-

&=

tions of the structure, Hence the thied spprosch in deriving the

ratem response Le to apply a

30,33, 34Y,

that Tthe inslastic behavior be in terms of

the sheay force-lateral deflection behavior of

v, This is

given gs elther an elastic-perfecily plastic response or as a hi-

linesr elastic response (36}, “ior ks usually defined

3 oas btoe gecount for load reversals and to provide a realistic wodsl

Tor the energy dissipation process, This can alsoe be augnmented by
digsipation thirough viscous damping eifects,

It is important for the desi to know how an entire structure

or subassembly will behave up until collapse occours, Idealiy this

would mesn being abie fo analvze the total responsa to arbitrary and

reversed loas
In the non~linear analyais of reinforced concrete framed struc-—

tures the significant features are the fermation of yleld mechanisms,

vield and collapse loads and deflecticns, locations of critical re-

tiinge formation, chang devails of
bl H b

in svstem siiffne

¥

member cracking, redistribution of internal foroces that ovcurs




3

nforesd concrete panels ov

The re-

cludes

A

quirements are the szame but g more complex situation exists,

I
-
|
3
fon
Py
i
]
0
bt
.
—
-
&

[

A4 non-linear ana

.

ygisg regponse 0F the 2fruacture

through its entire load rvange is required for two wmaln purpose

gives the necesgsary asnline s descriptlion for

the inel:

stic dynamic analysis so that proper responge dispiacements

will pe genevated, Secondlv. it provides the designer with the basis

for deciding whether member siz and de

rils are sdeguate to wit!

stand fthe generated displacements,

1,2 Previocus Studies

and structural elements have

Experimental te

given the most information about behavior ¢

failure and strength

properiies of reinforced concrete svestems, Tnis has successfully

heen e ralized for simpler membere {(beams and columns) and their

assemblapges and frawmes). The predominance of the empirical

expressions is being challenged by direct analvsis, exemplified in

gsumes linear ol "fals

[

recent work by Selna (6,37}, which

githor up to tensile cracking or to a pevfectly

i vield condi-

tion, and includes shrinkasge and creep sffects,

1wl panel
structures have been explored experimentallv for some time (38,39,40,

41 42}, but results are difficuli to generali (432, Analytical

sums added =1

mificance in thiz area of interest and are

being advanced, Recent work by Rashid et al, (44

45), FPope (52},

3

oy Zienkiewlecz et al, (46,47 ,48), assumes linear elastic materials

ugp to either tensile cracking or to a perfecily plastic yield region,



and uses the finite element meithod to and three-dimsnsional

continua, Attewmpts to analvze combinations of frames and walls or

pane are vet restricted to Linear elastic, non-fallure problems
{49) ., Hone of the above procedures include reversal loadings on the

selected atructu; The effects of pond interaction beiween ¢oncrsta

steel reinforcement h

~ed by Scordelis, Ngo,

?

onal finite slsment

and Nilson {8,9), by creating special

bond linksages to connect the steel to the concrete, These were non-

inenr which connected linear mater

valuable ipsight dinto the influence of reipforcement details on fores

nsfers between the connected materiasls,

1.3 Scope of Present Investigation

This dissertation represents an agttempt o advanges The capabil-

ity of present anslytical methods by developing a

~linear analysis

of reinforced concrete frames alone, or in combination with masonry

oY reipnfoveed concrete

walls or panels, or fTor tThese shear

wialls or panels atope, The process developed models a syvstem whose

aftifiness detericrates and

because of nonlinear material propertie

the onset of

tensile cracking or compression

The separa-—
tions of panels oy walls from the frames is also included LY the force

syster reguires this, The abilityv fto handle load arsals (and ao

generats hysteresis loops of svsiem respon

this required information regarding ovelic -—ztrain behavior of
materiasls that is only gradually becoming available (50,513,

The analytical modsl used in thiszs investigalion psrmits the

following fypes of elements to be used in assembling a struciural



syatem:

nsional pansls

wlements for two di

(1) dmadrilasteral finit

and walls;

(2} Axial force rod elemsr reinforcemnant;

s reinforced

T

{3 Frame elements that

zar force,

concrete frame member subject f

and bending moment,

jAx]
jomst
[

conpect we

are used

P
i~
ey
et

Jpecial rigid tielink elements that

or panel elements to frame elenant

and compressive

material propert]

failures in the elements ave incorporated so that the assemblage of

(=R )

elemenis may be ussd to perform o noplinesr analy any twoe

dimensional, planar structure sjected to wmonotonically incressing,

11 displacement theory is assumed

Bul varlable, load patierns.
throughout the analvsis,

several

The procedure developed is demonstvated by

examples of increassing complexity, The behavior to failure of a ro-
= .

inforced concrete one frame and a two-story frame are first

o

studied with no infilled panels, These results are then compared fo

those obtained when wesk, unreinforced

cach frame, The change in hehavior is 1ificant and agrees with

experimental observations.



2, STRUCTURAL IDEALIZ

i

Structurael ideslilzation is the process of formulating s dig-

-

a0 that a finite number

crete clement model of the structural sy

of freedom are defined, Discretization particularly

useful with regard to a material continuum which has an infinite

number of degrees of fresdom. The idealization 1

algebraic equations {relating externally avplied

23

finite number of

forces smantz) which are u

algebra methods, This powerful approsch o sitructural

using ms

I '

H .
(o34 using

” - . - rr . <
analvsis is commonly referred to as ‘mairix

&
N . . 11
matrix methods €2) .

lealization

In analyzing frame structures a preliminary i

commonly made by the analvst, This is » vegard one-dimensicnal mem-

bers as line elements, For detailing their

ave represented Ly their centroidal lines and joinits between members

are condensed to points where centroid

tion of the discrete elemant mod iz then made by waking cuts in

the line elements, Since these discrste elements ave already pttached

to nelghbors at

paints then the structural approximation is
direct and such elements give exact representations of the original
structure, Exact, that is, within the contaxt of being able ta de-
rive accurate element stiffnesses or flexibilities,

: Discrete elements of this type are familiar to the analyst as

axially leaded rods joined at the ends te form trusses, or as primar-

tly flexural members connected to form rigid frames, On the ather

hand, plates, panels, slabs and shell structures sre examples of the



continuumn~type syvstems which cannot have a preliminayry ideaslization

ents by ocutting the

to line elemenis, The fTormaition of discrete s

original structure now implies lins-outs cEher than joint separa-

tions, BSuch cutting rewmov 1, continuous edge connections

between elements S0 ong must sugbstitute

connections to represent Them, COlearly the inter-elemant

the:

artificial joints or nodes doe not exist in realityv and so fur-

ther fictitio styess or displacement patierns over thse element fleld

must bhe Introduced which can be related to the node fTorces or dis-

This causes the discre

rlacement b To become an approxima-

tion Lo the original structure. These special elements are called
finite slements and their application for fhe discretization and

known as the finite slement

anaiysis of a structural continuum

method {3,1)., <Considerable research to be exerted

to explore the characteristics of finite elements in order to ensurs

rellable tical solutions from their use (3),

o 11’

The final step in the structural idealiz: that the

internal and external forces be transformed into a statically eguiva-

lent set of concentrated forces acting at the appropriate nodasl

points, The array of discrete slements vepresent the actual

structure and the arrav of nodal forces thal reprssent the applied

forces together comprise the idealized structure to be analyzed,

4.1 The Selection of Discorste

The first problem of this research was to define the necessary

features of the structure to be analyzed and then o explors the

gponding structural idealizations, The specification was for a



plansr, reinforced concrete, multi-story frame, with non-iinear wma-

3

terial properties loaded by wvertical asnd lateral forc

ing for cracking, yielding or local failures in the members, Further-

luded for the

more, the specifi

panels,

consisting of two-dimensional concre or without re-

inforcement, which could be attached

frame in such a2 way that

i3]

prations would acour and frame

= idealization of

were the npatural result of

the structure which satisfied fthis specification was achieved Dy means

rrer ¥inite elements,

of four types of ements, two of

2,1.1 Shear Panels and Reinforcesmant

The loading of the shear pan ig by iptersction of the

zdges th the frame members, The com 12 dn the plane of the

panel and includes no foreses normal to

Conseqguently fhe

anuaiysisa of a shear pansl bscomes o two-dimensional plans-zire

problem,  The cheoice of g finlte elewment for idealizing the panels is

alemant

thus immediately stwmplified, Whereas 1y ngular fini have

irregularly bounded reglons, their

some advantages when appliec
combination into guadyrilateral finite elements has significant advan-

values

These are a veduction in mesh detgils, improved str
that mpy be recovered by averaging over the sub-ftrisngles, and the
reduction of element connectiviiy by nodal condensation which reduces
the computational effort, Also a guadrilateral finite element com-

.

posed of itwa sub-triangles stiil msintainsg a ¢epability for handling

irregular bhoundaries depending on thes sequence used in the nodal

description, Some illustrations of the versatility of the guadri-

lateral elenment are given in Figure 2-2, The recommended finite



42 limear strein triangles reauire 105 nodes,

ok

21 limear strain guadrilaterals reguirs 32 nodss.

e O & . : 5 O

FIGURE 2.1

DISCRETIZATION NEEDEER FOR TWO PLANE STRESS FINITE ELEMENTS,
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glement for the two-dimenslonal shear panel anslysis was thus chosen

as a 4-nodal point gquadrilateral compossd of two, linear sirain, 4-

nodal point triangles (5,

Beinforcement for the shear panels was represented by including

axially-loaded, pin-jointed rods that acted as discrete elements be-

F .

This parti-

tween Tthe nodes defining the guadrilats
B 1

cular combination of slements previously U aoplied

reinforced concrefe members (8

to the analysis

2.1.2 Heinforced Concrete Frame Membeors

If the {rame members could he regarded as line elements, in
the conventional manner, then the discretization would be simple and
direct, However, 1t was clear that the geometric width would be im-
portant for considering thelr interaction with connected shear panels,

The connecting nodes transmit in-plane forces corrvesponding fo two

degress ol Ireedom, one force normal to the frame member axis or panel

edge, and the other force parallel to that Line or taugential to the

normal force components producse the usual bending

-

momnents and shears in the frame members, The parallsl components not
snly produce axial forces in the frame, but since their iines of ac-
tion are located at the outer fibers of frame members, they fransmit
additional moments into the frame, This slone need not prevent
idealizing the frame menmbers as linse elements, Svstems of frame

analysis are available that regard members as wide as shear walls as

flexural lTine elements and then coapensate for the asctual widith of the
walls when forming stifiness coefficients for the connected beazms {12),

The controlling criterion wass the need To include nonlinear material



zriies and varigble cracking in frame members

angd moment Tore Thuz some kind of discers

tion, other than a line elemeni, was needed,

nite elements and rod-type dis-

A comnination of guadrilatersl

crete slements could be used for frame members That would be very good
for the analvsis of reinforced concrete, If these are used fto repre-

sent the frame members with noanlines

over the

properfi

would auto—

member Cross o tion, then the required arrayv of element

shear panel., Con-

matically defline a verv fine mesh over

sanel would define

an adeguate mesh of elements for a

coarse a mesh for the adjacent frame member,

swery was to devi frame slenments that used a

preseniation hy Selna (6} as a v development., This

material properties

finlte element is capable of including nonlines

across the section of a frame mewmber and hoas a size which is compat-

Furt the

ple with adjacent gquadrilateral finite elewments

depth of cracking that occurs itz allowed for in each element and can

§

ne obtalned with the data from the analvsis,

21,3 Trame Connections

The special veleasing connections between shear panels gna

rrete slement tisg-links that

frame members were solved by using dis
were an adaption of the bond-link concept introduced by Hgo and
Scordelis (2) and further demonstirated by Nilson (%), These tie-
links enable two specified nodes to be locked fogether or released
according to prevailing conditions, Wherens the original bond-1links

ware devised as discrete-slements representing the connection



petween embedded stesl and surrounding concrete, the present fie-links
are used only to represent the edge conngction between adjacent con-

crete elements: in paviicular bheitwesen shear panels apd frame members,

The details of the mathematical formulations fov derviving vari-

2l

ous 2iement stiffness

The D

placement Method of

The idezlization of the two-dimensionasl structure produces a

Wighly indeterminate rstem of discrete eien

of o slement then the sti

entire structure may be constructed, Finatly a

agquations is produced which relate nodzl point

and displace-
ments,  This system of eguations has a size defermined by the total
number of degrees of freedom of the ideslized structure, Until the

advent of the electironic digitsl compulter t

solution of very large

arrays of eguations was difficult and this to structural

analysis was impraciical, in present moithods, displiacement modes

are used to evaluate element stiffnesses, which asrve then combined
in a direct gtiffness procedure to give gompacted arravs ol eguations

that are finglly =zolved by taking advantage of their banded nature,

The result is g versatile and powerful method of analy

Struciuras,

roed

Thie process can be outlined for the eslastic anal

idealized structure according fte the following basic steps:

a, Derive glement stiffrnesses [k nj in element coordinate

"

system m-u,



i4

B, Aszsssmbie the struciture sti

the global coordl

displacements,

d, Hecovey the selected slement

2.2, Eigment Stiffness Arrays

of slement stifin

The derivat

chapter and the appendices, At this

atiffne

s array is numerically available, TFor

set relating nodal forces and displacements glement coordinate

systoem m—n can be stated as

where a stiffness infiuence Cicient k., is the force at, and in

34

the direction of degres of displacament fresdom 1 {abbreviated from

st

now on as d,o,.f. 1Y due to a Lacement st the location, and

in the direction of d.o, . 7. iilustrates the standard

nmber

or the d,o.f, of the general guadrilateral element,

The npumber of degrees of frsedom speciiies the size of

For the varlouvs glements To be used in this idealization this gives

the maximum basic 8 X 8 element arrav as Tollc
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FIGURE 2.3

QUADRILATERAL ELEMENT DEGREES OF FREECLDOM,
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This maximum size 1s obtained for the auadrilateral plane stress
slements and for the frame elements, The rod and linkage slements

gach give only a 4 ¥ 4 stiffness srray and thus only the appropriate

terms are loaded in the basic B X 8 array,
Transformation to the global coordinate system is nzcessary be-
fore assembly into the global stiffness arrvay [ ], This is a
Py -

standard orthogonal transformation derived from the fellowing basis,

Let {a] be the array of direction cosines such that
= 8 or £2.3)

Alterpnatively each ajj mzay be regarded to be the element displace-

ment at L due to a unit global displacement at i, Permit a2 small
virtual displacement to occur, then

r = a d r (2.4)
mn ®Y

Let 3 5 = pode forces in the global system corrvesponding to dis-
EY
placements r , 5 = node forces in the element system corvesponding

to displacements rm“, and let superscript T indicate the transposed

vector oy matrix, Virtual work is invariant for the system so
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T
a 5

mon

T

= a Kk

mn

Hence the global stiffness K i
i Xy

K =

Structure Matrix As

to oget

far the elsment

~

ne elemeni nodes

P

H

to be cyclica

25 lgned node number, In this

1

orde red

oaded into an How

acoordi to the true

=

grated and reassembled

B

and the

similar

structiunre

lag pr a matrix arvrray 4!

0f freedom are included,

)
S

[y
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st ifine
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Fupand

be used

This al
when th

the seg

Expand

and @modi

r node displas

= hpown Gy eguivalent node fo

= known bound

hody motion =

= unknown reaction that B
E
S itute Eoo= ozere and

for zelution

j

lows the entire arrvay to be solved without actusl reordering

¢ specified reference displacements occour at random points in

e

pody motions removad, anv wcemesnt bhoun-

ne dnclhuded, Partition the

GE

{2

£2.12)

sz
st
e

pur
s
3
i

Ff = unkpown nods displacenents

8 = known nodal forces

o= known boundary displaocomenis

E = unknown boundary forces




1a

This final sei is solved for " displacements from the modified svstemn

{2,13)

1
kel
g s

]

Gy S

cguilipriuam Fguations

2,23 Boiution of the

Some special Teatures of the zlchbal [K} matriz are advantsgeous

the solutiocn process, These arravs are:
a, handed and sparse

b, symmetric abhout the dig

2, positive definite and diagonally dominant.
Figures 2-4(a) and (b} show that omierly numbering systems for nodes
and elements produce a concentration of nonzero coefficients in a
disgonal band, If D i3 the greatest difference between node numbers

for any element, and n 1s the number of d.o.f. per node, then the

o
5
Pt
ot
[
+
o
S’
jc
.

halt band width SEtorage

processes and computing algorithms have been written to advan-
tage of these properyiies, Svemetry of the matrix can often bhe useful

when construct:

gt the level of deriving

element stiffne

The work U done by forces {b? gradunlly applied to a system

-

stifiness (K| will be

~
o
by

-
i
H
D
55}
3
o
o~
=
«
-
i
S

! L s ot . . -
where displacements ¥ occeour, Since 8 = p K (for symmetric K} then
1 T .
U=g v Kr>0 {2,15)
U is g scalar guantity always greater than zero for any vegtor r.

174

This defines ¥ as positive definite and establishes lteration ss a
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of the complets

P differential eguations are aveilable Lo relate

member

may he

wiittons, This

s that invers!

v, However, the rigid body wmotions will

it must be

The elements will be disce

3.1 The GQuadrilat

ihiz ol cructed from twe




from 8 nodes {12 d,o,£,) to 4 nedes (8 d,o.1.)

dignlacemsnt variagtion on two sides of {the

k!

Thiz (he displacemsnt com

elemants in the

serbled array. A¥rar oo

a B-node guadrilateral {10 d.o.7.}, then the common os

ition to vield the final Lins

node iz eFt

iy condens

i

4 cornar nndass (8

tieally in Figurs 8-1.,

in othey refersnces

be ouilined here

nletenass and convenience of

sions are given in the above

oF ounid

Digplacement filelds

sach node

i@? and constructing interp

displacementes v, v of a Doint

i E] (s

X

ssemixl Lng

where [t T s
where [ ]

of {wl and where m = 8 when ths {riasngle iz

i
e’

amall deflectiions,
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Now the material properiis
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be left for later disou

that [C] =
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Now the principles of vi

stem of reasl nod:

of compatible viviasl note

virtual work

nal viritual

virtual strain




i
2

st
Lad
e
S’

I T
W_ow % { fe 3 ﬁﬁ,? b
£ o it
A
& constant slement thickuness 1 has been assumed for the integral

T

expresgion,  Substituting from Egs. 13,43 and (3.7}, and sguating

the work expresslons,

[N

o v LT
vy o meitting N = ‘
By seiting [N ] j !$Ej

A

this can be evaluated from

. ¥4 a set of unit displacements are successively applied

e

tabies (&
to the nodes, then |V bois renlaced by {17 and the set of node force
e : :

vecltors repressnts the triangular element stiffness [k
o SIS A . =
[B] =t [UV] [¥] [uv] {3.10)

operations are performed fory each frisngular element, and then

the two 8 ¥ 8 arravs [k, | and {&_] are combined by direct superposi-
e
tion to give a single 10 X 10 stiffness arrvay [k for the guadri-

laterzl element, The center aode degrees of freedom are removed by

the v=ual condensation process, Yartitioning and expanding
B & &

i
e
<

Omitting brackets, 5 =k Y
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gt the centar

Since no external loads ave

nodes, then 5 = 0,

Finall

tat

This i the coupleted stiffness relationship for

plane stress Tinite element,

ik ane

be noted that The guadrilate;

no naturally related "element system, ’

an element coordinate zystem that s oriented by

ement has® g centreidael axis that

and the frame e

refersnce axi case the entire stiff

£5]

ordinagtes and the resalt-

tg conveniently carvied out in the giobal

[K] automatically @rs to the gl

€] and

% {r}i th

zach element and the se

mowie from the st r-displacemsnt B

global coordinates, they are transformed to

direction of the principal strains ge ., The
T
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lehgth; This assumptidh is directly related to the assumption of
constant strain along any level in the segment and the derived trans-
formed section is prismatic., The transformed section properties of

a segment afe derived by regarding the concreté_?o be sliced into 1d
layers from bottom to top and by including utho 4 discrete reinforce-
ment a?eas at arbitrary distances from fhe bottom fiber, Th; strain
intensity in each slice or reiﬁforcement layer is devrived by agsuming
that segment end sections.remain plane.during the deformations,

In this study, the constant strain along the mid-level of each
slice is derived only from the displacements of the two snd faces of
the segment, Variable strains could be defined by including nodes at
interior sections of the segment or by attempting to utilize the
displacement patterns of adjacent segment end sections,

The process of computing the segment stiffness begins by consider-
ing the displacements and forces defined in Figure 3-4, which include
axial forces, shear forces apd momenté, The corresponding standard
6 X 6 stiffness array {kg] iz assembled and subscripted to show that
it is implicitly referenced to the segment centroidal axisz., Shear:
stiffness corrections were omitted for this development by recognizing
that the primary force actions in the assembled frame members are
flexural and axial rather than'predominantly shear, The preliminary

array therefore has the following form,




34

{a) Preliminary flexural
degrees of freedom.

cantroidal

2 g axis *“/l
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R s ] e
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(b} Final quadrilateral
degrees aof freedom.

FIGURE 3.4 FRAME FL{EMENT GENERALIZED COBRDINATES,
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The array variables are:
L = Length of the segment
A = Transformed area of the cross~section
E = Reference Young's Modulus of the material, selected as
the Initial unilaxiazl modulus of the segment concrete
I = The moment of inertia of the transformed cross-section

about the neutral axis,

35

{3,132}

The longitudinal strain is computed 1in each slice or reinforced

layer, then the corresponding material modulus Ei is recovered from

the stress—-strain curves, and finally each slice or discrete area

is 'transformed and summed to give the total transformed area A,

10 4

T N
A= ; n A ; A
TR T SRR

=1 _ j=1

~concrete reinforcement

where

i

E_/E
i

(E./E) -1
3
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The-location of the néutrai axis and the related'éectién I are
computed by taking first and second area-moments. Cracked or crushed
-8lices are automatically excluded from these summations to give the
reduced section properties, This completes the com@utation of ecross-
sgection properties of a segment to construct the element [kg].

Variations of strains along the complete frame members causes
variations in the transformed properties from segment to segment such
that the centroidal axes do not necesarily coincide, The mid-depth
axis is taken as the common reference line, Referring to Figure 3-4,
let {Vr} be displacements at the reference axis, and {Vg} bhe displace-
ments at the centroidal axis,

Let {Vg} = [A] {vr} which requires that

1 G -2 4] 0 4]
1 0 0 O G
1 G 1] 0
(A =
1 g -e
ZEYO 1 O
1
- s

Eccentricity e is the distance from the reference axis to the cen-
troidal axis,

Segment stiffnesss at the reference axis is then given by
- T
e, d =107 e T [A] (3.14)

Now it is necessary to expand from the 6 X 6 array {kr] related to
the median line of each segment, to the 8 X & array fkoj related to

the 4 corner nodes, since it is at these nodes that external forces
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are applied and internal connections completed for the structural
ideglization., Consider that

-

gvr} = {am] {vq} {3,15)

6X1 6X8 841

where subscript r relates variables to the wedian reference axis,
subscript g vrelates them to the corner nodes of the gquadrilateral
segment, and the displacement transformation [arq] has terms with
dimensions ''reference axis displacements per unit node displacement,"

Introduce a set of virtual displacements {5 Vq} at the nodes so that

(omitting brackets)

Let Sr and S{:I be the corresponding sets of forces, and equating the

virtual work of either system,

Substituting from above

T
5vi s =6 vl 4l s
g4 g 9 rq r
Since
8 =K w =Lk g vV
T r T rorg g
Then
S=8TR A v = kv
g rg rorg 9 G a

with the desired transformation expressed as

L =g k a (3,163
q 1 r rg

8x8 BX6 BX6 6X8
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Using the displacement modes of Figure 3-5, the transformation

[arq} is constructed in the form

& 0 0 -0 ) 0 4 0
0 % 0O o s} 0 0 3
1/¢ 0 o 0 Q 0 ~1l/d 0

fa_ T =
¥4 0 0 0 ) 0 0 0

6X8

o o o 4 0 i 0 0
0 ¢ 1/¢ 0 ~i/d 0O 0 0

A key assumptition in this transformation is that the transverse
digplacement of the median reference axis is the average of the trans-
verse displacements of the two adjacent corner nodes, For this
and

reason, referring to Figure 3-5, the coefficients a

Bopr Bogr B5g0

Apao have the value 3 and this device permits the corner node trans-
verse displacements to occur independently as is usually implied by -
the 8 ¥ 8 stiffness array [k]. However, since such indspendent nmove-
ments also imply expansion or contractios of the beam segment across
its depth, and since rigid body transverse displacement is required
in fact, then the corresponding stif?ness terms were made very large
{(multiplied by an arbitrary factor of 200}. Consequently the corner
nodes and the median axis exhibit equal transverse displacements in
the desired fashion,

The direct results of the structural analysis are the node dig-
placements {r]. These are separated into individual vectors {v} for
each segment, the cross-section strains are recoversed and stresses

are computed for the extreme concrete fibers and for the reinforce-—

ment layers, These stresses are average values which arse constant
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along the length of the element and which are properly related to
the mid-length section of the element for plotting stress variations
along the lengths of members. In addition, the axisl and shear
forces, and moments acting on the segment end faces, at the wedian
axis, are computed and printed, Knowing the distribution of these
forces, the load-carrying action of z reinforced concrete member can
be examined,

The recovery of the segment end forces can be related to the
earlier transformations. The dimensional relationships of the trans-

formation (3.16) using also the basic Eq. (3.15), may be expressed as

T ;
[arqf i, ] (3]
v
s -
{node force/unit median force) {(3,17)
A
™
x {(median force/unit median disgpl,)
A
I ™
x {median ﬁiﬂplf%ﬁit node disg},)

-
= [qu

e (node force/unit node displ.) sl

Similarly, if the converse to Eg. (3.15) is taken in the form

{vq} = {bqr} {vr} (3,18}

8X1 BXE BRE

then the related stiffness transformation is

k = b k b (3,19
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This can. then be expressed diménsionally aé

rof ] M ] b ]

gr q qr

A
r ™

A{median force/unit node force)

Il
X {node force/unit node displ.)

I !
x (node displ/unit median displ)

= (median force/unit median displ.,) = [kr}

Noting the dimensional transformation implied by [bqr] then the re-

quired six beam-type forces at the segment end faces are given by

{p} = [bqr]T s} (3. 20

6X1 6X8 8X1

The forces {P} give the force state existing in frame members.
The transformation [bqr} is obtained directly from the unit median

displacements by a process similar to Figure 3-5 and has the form

— st -

d, %

10 %o o 0
5 1 o 0 0 0
4

[

o o o©o o 1 0

et = 0 0 0 1 0 =
o

o o o o 1 )

1 0 "% 0 0 0

0 1 5 0 0 0

- et

Having obtained [bqr} then the median forces are obtained by expand-

ing Eq. (3.20) to give
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(e} = [, 17 k1 (v} (3,21

6%X1 6X8 8X8 BX1

3.3 One-Dimensional Rod Flements

Figure 3~6 shows representations of the one-dimensional rod
element with degrees of freedom shown in both coordinate systems,
This element can be used either to represent a reinforcement be-
tween sélected nodes in a two-dimensionzl structure, or to model
an individuai pin-joined structural member as in a truss, The axis
of the element may be at some orientation © relative to the global

system. In the element coordinate system, the force-displacement

relations may be expressed as {F} = [ke] {u} which expands as
Fl aE 1 -1 u1
= = (3,22
Fz -1 1 u2
Using the basic displacement transformation {u} = ] {v1 to relate

the generalized coordinates of bhoth systems, the desired stiffpess

transformation is obtained,

(k] = (377 [ 1 [A].

For this element, the transformation [A] is constructed as follows,

using € = cos 8  and 8 = sin § for convenience,
v
u c s 0o o .
- V2
0 C 8 v
U, 0
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FIGURE 3.6 ROD ELEMENT GENERALIZED COORDINATES.,
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From this the stiffness in a global system is

o
- o 0
Cap| S O 1 i cC S
k] =+
: g ¢ig-1 1 0 0 ¢ 8
0 s
Finally,
2
c2 cs  -C ~( 8
AaE | ©8 & o5 -52 _ _
fx] = = 2 0 (3,23)
-C ~CS C Cs
—cg  -g? ol 5%
454 — 4%4 -

The material properties are included by means of the value selected
for modulus E at any stage of the analysis, The final stress state
of the element is recovered by first determining element {u} frdm
the node displacements {v}, then computing the rod axial strain

g = % (u2 - ul), and finally converting to stress from the element

stress-strain reiationship,

3.4 Tie Link Elements

Figure 3-7 shows the arrangement of the artificial node connec—
tions called tie links, Such a linkage was developed (8,9) to allow
for a slip relationship between two originally coincident nodes,
This was done by establishing two orthogonal "springs' to connect
the node-pair. This special linkage may be oriented at some angle B
relative to the global system according to the specification of the
analyst, just as in the case of previous discrete elements. The

necessary global stiffness [k] may be developed azs follows. Construct
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the force-displacement equationsg in the element coordinat

{rl = [ke] {u}, which then appear as

F [k, 0 k. o7 fu \
Fg 0 kv Q —kv 4o
FB i —kh 0] kh g u,
F4 %‘O . wkv 0 kV“‘ Uy

Nex{ derive the displacement transformation in the form {u}

using € = cog & and S = sin 9,
¢ s o o
w vy
u2 -5 C O G v?
O 0 C 3
33 S VS
e 5
u4 _0 G 8 C““ P

This relationship is then used for the

(6] = (A7) [x_] [1], thus
mcwsaomkhowk o 1lc s o o
S c 0 0 0 L 0O -l -5 o 0
[k]ﬂ A% W
Y 0 ¢ -8 "kh, O kh O O o ¢ g
0 g 8 c a -k O k g 0 5 C
- B v W it b
By using some further symbols for the terms,
2 Z
C 57 =
kh + kv 5 A
(k. - % 3 C8 =8
h v
2

{3, 24}

= {l] {V}:

£3,25)
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then
A 3 -A B ]
B » -8  -D
(k] = (3,26)
A -B A g |
B -D B D
L _

The forees in the element coordinates that zct to connect a node-paiy

may be recovered hy applying a modificztion of Hg, (3.24) in the form:

Fl kh G u1 - ug
F -

2 G kv u2 u4
2X1 ZH2 X1

This is developed further by using Eg. (3,25} in the new form

which finally gives,

¥ : 5 -
1 k, © ¢ Yy 3

i

o - -8 _ -
F, | G kv C V2 Vq

To study the static equilibrium of a selected free-body portion of a
structure it is often desirable to have the Ilinkage forces related
to the giobal system, This is done by using a condensed version of

Eg, €3.26) to give

2}
w
)
<l
I
“
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These eguations have been developed for arbitrary spring stiff-

nesses, In order teo specialize the linkage to act as a tie link

i
i

and rigidly lock a node-pair together, the values k and kv BT
set very large. Conversely, the links are released by =seiting ithese

to zero, In this manner, shear panels may be disconnectsd from

adjacent frame members when necessary,
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4, NONLINEAR STRUCTURAL ANALYSIS

4,1 Scurces of Nonlinear Behavior

Several factors that contribute to nonlinear structural be-
havior wmay be readily identified and will be briefly discussed in
the following categories:

(a) nonlinear materials,

(b} geometric effects of the.structure, and

{c) wvarizble houndary conditions,

After discussing these items then the basic analyticsl procedures

used in this research investigation will be developed and explained,

4.1.,1 HNonlinear Materials

A major source of nonlinearity in many problems is simply the
existence of a nonlinear material constitutive law. Many engineering
materials in widespread use today have nonlinear gtress-strain laws
when loaded to failure., Some common examples of this are concrete
(nonlinear inelastic), rubber {necnlinear elastic), and mild steel
{elasto-plastic with strain hardening), In addition, the material
lawsg may be influenced by shrinkage or viscoelastic behavior, These
factors might suggest that nonlinear behavior is the rule rather
than the exception, but in fact most materials are adequately des-
cribed by Hookean relationships at the lower, working stress levels
selected for design, Sometimes total structural behaviocr needs to
be analyzed for situations involving loads and deformations that
cause the structure to operate at stress levels well above the linear
design stress values, Such a demand is typical of research situations

and may also be created by the need to validate significant design




features, Under these circumstances, the complete nonlinear stress-—
strain laws are fundamental to an accurate analysis,

The internal stress field of an element is somsiimes amplified
into the nonlinear range of behavior by the presence of holes or
notches, This may cause nonlinear response of the structural member
even though the external loads are not greatly extended above design
magnitudes., Again, the complete nonlinear stress-strain law becomesg
a very desirable feature of an analysis,

Since it was the intent of this research to consider structures
loaded to near fallure, then it was clearly necessary to try to repre-

sent the complete siress-sirain law of each material,

4,1,2 Geometry Changes

Another source of nonlinear behavior found in some struciures
may be classified as geometric effects, Essentially this means that
when deflections of the structure are sufficiently large then the
linear esquilibrium equations are no longer valid and need to be ad-
Justed, Thig effect usually occcurs in analytical procedures in either
of two places-—-in the force-displacement equations, when additional
internal forces are generated because of fhe deflected geometry {(beam-
columns and flexible arches), and in the strain-displacement equations,
when certain, otherwise negligible, strain terms have to now be in-
cluded because of the relatively large deformations {genersl plate
and shell theory), It has already been noted that this research is
concerned with structures that may be loaded to near failure, This
suggests that large deformations way occur in the structural system,

Such deflections are easily generated in laboratory models and have
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been observed in actual buildings after the occurrence of severe
garthquakes., The large deflections can cause force amplifications
to occur in some frame members, but in this research no special

methods were included to account for this kind of nonlinearity,

4,1.,3 Variable Boundary Conditions

Changes in the external boundary conditions can be another
scurce of nonlinear behavior, as demonstrsted by the classic problem
of a lcaded beam sitting on an elastic, no-tension foundation, The
gsize and location of the beam~to-foundation contact zones depend on
the nature of the applied loading. This causes the nonlinear res-
ponse, =

In general, the external boundary conditions describe the nature
of the element-to-foundation connectivity and likewise the internal
element-to-element connectivity may be regarded as the internal boun-
dary conditions, Both sets of conditionsg can influence the magni-
tude and assembly of the system stiffness array. Connectivity changes
that are caused by the external loading will give a nonlinear system
response even if all the structural elements remain linear,

When a reinforced concrete structure ig loaded to failure it is
reasonable to expect that complete elements may he destroyved and
should be removed from the system, or that cracking may cause separa—
tion, disceonnection, of adjacent elements, or that cracking can
directly separate the structure from the rigid base of reference
in somg places.u This meant that this kind of behavior had to be

recognized in the analytical procedure in a suitable manner,
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4.2 The Nature of Topological Changes

The structural topology in a problem is described by that set of
parameters that define the force-displacement relationships of the
structure, Changes in the topology are czused by (a) changes in
the element stiffnesses, or the magnitudes of the terms that go into

the global {KYV], {b) changes in the internal connectivity between

<

elements, hence the way in which element stiffnesses are superimposed
in the global array, and (c) changes in the external boundary condi-
tions which will affect the way in which the global [ny] is modified
before solution.

During the course of monotonic loading of the structure, without
failures beginning, the system stiffness topology may be thought of
as a slowly changing n-dimensional surface, The changes may be due
either to reductions of element stiffnesses as higher strains correg-
pond to reduced material moduli, or to the propagation of existing
c¢racks in flexural type members, Superimposed on this picture of a
gradually changing surface some localized discontinuities oCccur, pro-
duced by the initiation of cracks or fractures and releases occurring
between elements when, for instance, linkages fail, Another cause of
sudden changes in the stiffness topology is the presence of abrupt
changes in the material constitutive law, such as happens at the
vield point of mild steel when a specimen is first loaded,

When the stiffness topology is gradually changing with load then
the process of applying the external loads in a seqguence of incre-
ments and soiving.a set of linear structures is the best analytical

approach, Since failures cause sudden changes in the topology then
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it is essential to make some attempt to allow these changes to occur
in proper succession, This is tec help the system to adjust in the
correct manner, The incremental approach is very important from the
point of view of providing some isolation for successive failures,

In order to establish the equilibrium of the system within each load
increment and satisfy the stress-strain laws, then the solution should
be repeated when required, These iterations are performed while the
external load increment is kept constant. The entire process is

called incremental iteration and will now be developed in more detail.

4,3 The Incremental Iieration Method

General methods of nonlinear analysis have been developed and
demonstrated in several papers (1,11,14,15,17) for problems that in-
volve nonlinear effects due to stress-strain laws, thermal changes,
viscoelasticity, large deformations, and the development of unstable
equilibrium states,

In general a complete procedure recognizes that total strains

{e} may be due to several causes, thus

fel = {e}g + {e}p + {e}t

where the subscripts represent the cases
E for the compliance strains,
p for the plastic and viscoelastic strains,
and t for the thermal strains,
The usual transformations are applied to {e}E to develop the force-
displacement coefficients [k7], and then equivalent nodal forces are
derived from the remaining strain terms, assuming that the nodes are

fixed, This gives the equations
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(R}, = 151 (e}« (R} 4 (R},

Subscript L is used for the external applied loads. It may also be
shown (5,16,17) that where an incremental solution is proposed when
stresses are present at the beginning of the increment, then the

system stiffness [K]| should properly be regarded as having the form

TK] = [K]M + {K}G, The array [KjM is the stiffness derived from the
material properties and using the linear strain-displacement egqua-
tions, while [K]G is a correction stiffness array related to the non-
linear strain-displacement terms only and independent of the material
properties. This last array is called either the geometric stiffness,

or incremental stiffness, or initial stress stiffness. This modifi-

cation gives the general equations in the form

iR}

p = [Ky + KD beh o+ dRY D+ {RY

In this work the element stiffnesses are derived on the basis of in-~

finitesimal strain theory and so [KjG is assumed tc be identically
zero, Omitting the remaining subscript on {K7] the basic form to be

used 1is

{R}L = [K] {r} + {R}p + {R}t

Usually the incremental method is favored for solution of these
equations since it allows better definition of the pseudo-load vectors

{R}p and {R}t. In this research these particular forms are not in-

cluded since no thermal effects or plasticity theory are utilized,

However, a rather similar ferm occurs because of the changes that

occur in the system due to fractures and failures. This is dis-

cussed in Section 4,3.3 later,
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4,3.1 The Incrementing Process

Buring this basic part of the asnalysis & solution of the equa-

tions RL = K r (now omitting the brackets for convenience) is ob-

tained in the form of a series of linear subsystems. Thus,

Rl = Kl I‘l
= K
By = Ky 7y
R =K r
I n n

so0 that finally the increments are summed to give total system dis-

placements,

I n
= .
L L 2 LoFy T
i=1 i=1

The process is shown in Figure 4-1 where it should be noted that
secant values of stiffness are used rather than tangent values, The
stiffness is improved within each increment by iteration, but it is
not practical to apply unlimited iterations to achieve near-perfect
values for Ki' The truncation of the iteration within a particular
increment requires that the deviation of the system from true equili-
brium be accounted for in some suitable manner, If the increment

has been solved using an incremental stiffness Ki over the last
iteration cycle, and if re-evaluation now gives K: as the true value,

then for nodes fixed against motion,

The vector of unbalanced nodal forces Ri is a measure of the accuracy
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FIGURE 4.1 THE INCREMENTAL SOLUTION METHOD.
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of the solution at any stage and is given by

Y = (8, - K r,
i i 17 T4

The bracket term may be regarded as a residual stiffness change,
Clearly, R: occurs only because of these small residual changes, and

i routinely calculated during the analysis, This gives a visual
measure of the accuracy of the solution at any stage and the vector

is incorporated into the calculating process in order to reduce accrusal
of truncation errors and to ensure the satisfaction of equilibrium at

all times, The incrementing process thus takes the following form:

A
R we K = K
1 1 1 1 1 PR
% . _ ¥ *
R, + RY =K, 1, =K 1, +R
R. + R¥ =K = K R
3 vty TRy Ty T Ry Ta4
R +R. =K r =kK"pr 2 g*
n n-1 n n n n n

This finally gives summations of the form
n-1

n n
R +T~R*=Qtr +) R
it LN LT L
1 1 1

o e =

* . . .
or = Q r + Rn where Q is a symbolic stiffness transformation

RL
since the Ki cannot be summed. Equilibrium is identically satisfied

in this array and the deviation from the specified loading RL is

given by the unbalanced forces R: of the final increment alone,

However, in systems that are very path-dependent, the accuracy of
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the final set of nodal displacements depends on having each Rz as
small as possible, Figure 4.2 illustrates the incrementing process

: . * . .
including the vectors Ri being used for system corrections,

4,3,2 The Iteration Process

The correct secant stiffness for an increment i may not be
evaluated until the increment deflection ri is known, To start the
solution of the first increment the initial Ki is taken from input
data values., To begin each subsequent increment, K1 is taken as the

final stiffness Ki from the previous increment, The first set of

-1
displacements ry gives the interval limits over which an improved
secant stiffness K2 is computed, and the solution may be iterated
until initial and final K arrays vary within some preset tolerance,
The change of stiffness for any element is determined from the ma-
terial modulus T over the corresponding strain increment. The rela-—
tionships beiween global stiffness K, element stiffness k, and ma-
terial stiffness E are shown by the diagrams of Figure 4.3 for itera-
tions within a given increment,

fteration control is actually based on a % tolerance for suc-
cessive material E values, Typically, when these values vary less
than 3% then the derived material secant modulus is regarded as a
'converged' value, Thus even when the analysis signals convergence
for all the material properties, there can still be some truncation
with regard to precise convergence {(satisfying an egquivalent 0%
tolerance), The inclusion of the out-of-balance force vector R™ is

still important to account for slight residual changes in the

Tconverged' system,
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Another poessibility fer iteration contrbl is to use some func-
tion of the nodal deflections, but this was not thought to be as
meaningful as a control based on changes in material properties, How-
ever, to provide another check of the system convergence, the incre-
ment deflections ri at the end of cycle 1 are compared with the

garlier values,

v, - or, = dr, , where Lim {dr.,) = 0O,
i i-1 i i
i

A measure of the changes that have occurred is then given by the

suclidean norm of dri,

T :
Norm = {(dr, dr. )*
i i

and this pnumber is printed out in the computer program for information

purposes,

4.3.3 The Influence of Fracturing

The fracture of an element produces two effects of importance
to the analysis. These are (a) the sudden occurrence of partial or
total loss of element stiffress and (b) an inability to carry some
or all of the presently imposed loads,

The purpose of iteration within each increment is to adjust the
system response fto changes of stiffness and so this aspect of frae-
ture is simply an event that disturbs the convergence rate of the
iteration process, This then needs no further special treatment,
When rod or linkage elements fracture to give open cracks, then the
element k becomes zero, but fracture of a quadrilateral element, or
of a few slices of a frame element, or linkage fracture that gives a

closed crack, then such actions will give a partial loss of stiff-
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ness,
The key aspect of fracture is the process of unloading an sle-
ment and redisiributing some or all of the strain energy into the
surrounding system., Consider that fracture occurs for an slement
during the iteration of increment m, Aftar the previous m-1 incre-
ments consider that the total nodal forces and total nodal deflec-
tions of this element are given by Sl and vl, achieved along some
nonlinear path as seen in Figure 4.4, Fracture now causes s naw

element stiffness kz and, for fixed nodes, a new set of nodal forces

82 correspond to equilibrium of this elemant,

The self-eguilibrating release forces at the nodes are given by the

unbalance forces,

and if kz is zero then the equation represents the necessary total
release of strain energy, For k2 not zero, then partial release
occurs, These element fracture forces SF are combined to give the
self-equilibrating set RF which appears as an extra external load-
ing. The basic eguations for the soclution of this increment now

take the form

(RL * RF)m = (KF r)m

and the iterations continue until convergence oCCurs,
The solution of the system when several succesgsive fractures

occur is shown in Figure 4.5, assuming an otherwise linear
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behavior for clarity, FEach fracture gives a typical reduction of
system stiffness K and simultanecusly provides an addition to the
total set of fracture loads R?, Iteration is essential for attain-
ing a stable equilibrium position, however, small increments of
external load will isolate potential fractures {and their locally
abrupt stiffness changes) in a way more closely modelling the true
behavior of the systewm. This enhances the stability of the itera-
tions, Conversely, z single large load increment may encompass so
many element fractures (which normally would not occur together,
but which appear to do so in the computations} that the analysis
can exhibit iterative instability, and oscillations or divergence
can occur, This 1s easily identified by the analyst and changes can
be made to the input data.

Fracture loads are not carried over to later increments. Each
fracture vector RF is uniguely related to the solution of the equili-
brium of the fracturing system for a given increment. At the begin-
ning of each increment the fracture loads are zero and the incre-

menting process with fracture has the following typical sequence,

Rl + 0 = K1 r, {no fracture)
R2 + 8 = K2 r2 (no fracture)
R, + R =K r {(fractures begin)

This sequence shows that fractures do not oceccur during the first two

locad increments, When load increment RB is applied then fracturing
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occurs which produces a set of release forces RFS at some of the nodes,

Iterations for this load increment may produce changes in RFS which

stabilize for convergence, The set of increment deflections T,

correspond to the external load increment R3 and are added to the

earlier deflections to give the total deflections, In the next load
increment a new fracture load vector RF4 will be included with the

increment loading R4 only if element fractures occur., All load in-

crements are treated in this manner until the solution is completed,
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D, MATERIAL PROPERTIES AND FAILURE

In this work, the direct result of any analysis of a structure
is a vector of nodal point displacements which may be converted
directly into strains in the elements that connect the nodes, The
simplest of these conversions is for an axial force rod element,

The relative axial displacement between the two end nodes gives

the change in length of the element and the axisl strain is ob-
tained by knowing the distance between those nodes. The most com-
plex conversion is for the guadrilateral plane stress elements which
utilizes a strain-displacement transformation arvay to operate on the
8 nodal displacements of a selected element to give the 3 strain
components at the center node location of that element. The general
procedure is thus to enter the stress-strain law of the material with
knowledge of the strains in order to derive hoth s value of stress
and a value of the secant modulus or stiffness,

The complete stress-strain description of each material is
used in this work. A gquestion that sccurred early in the develop-
ment phase was whether to use functional descriptions of stress-—
strain laws or to use multilinear descriptions, A curve-fit rela-
tionship for the data from tests of some steels may be feasible
but is impractical for mild steels which have a vield region
followed by a period of strain-hardening. A curve-fit relationship
has been suggested by Saenz (26) that is suitable for describing
concrete under compressive stress, while the tensile stress-strain
behavior is generally ignored for concrete. The functional des-~

cription for the materials was not considered further and the
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multilinear stress-strain curve was used as +he basic material
description., Thus specific data that was available for any material
could be used and any discontinuities in the behavior would be
included, Examples of the multil inear descriptions are given in
Figures 5.1 and 5,2. Ezach curve is given by a set of 9 pairs of
values, one stress and one strain per point, while the Poisson Ratio
is assumed to be constant for each material over the complete rapge
of material behavior (equal to the value that is initially input for
that materiall,

The structural behavior of concrete is not ¢asily given in
simple terms, Concrete is made from a group of materials of widely
differing properties, each of which imparts some influence on the
mixture, Temperature, age of the mix, duration of loading, and
speed of load application all have an effect on the stress-strain
curves and indeed this suggests that the constitutive law is likely
to be a constantly changing relationship during the life of a con-
crete structure (27), In this work the effects of temperature and
creep under sustained loads are omitted., Also the loading rate,
which in fact is at seismic speeds, is not regarded sas altering
the stress-strain behavior. The effect of age of the concreta
may be included by using the dats from tests of suitably aged speci-
mens, however, such specimens are not likely to have precisely the
same history of €xposure, temperature, and loading as the reszl
structure, Even then, specimens of the same mix and curing his-
tory can give sufficiently different stress-strain curves that,

for this work, it was assumed that a median curve selected from the
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results of a set of uniaxial compression tests was the besti approach
available,

If the results of uniaxial tests could provide an acceptable
stress-strain description for each material then other considera-
tions occur when a biaxisl stress field exists in an element, This
will be discussed in Section 5,3 with regard to the material proper—
ties of the gquadrilateral plane stress elements.

The strength of a concrete is defined as the peak stress value
reached during a test. A very stiff testing machine may permit the
behavior to be recorded for strains beyond the peak stress oceur-
rence, whereas less-stiff machines can cause explosive failure of
specimens near the peak stress loading, The existence of the stress-—
strain curve beyond the peak stress is important. If corresponds to
the realistic situation in a structural member where a local redis-
tribution of stresses occurs after the strength is locally exceeded,
rather than experiencing a local failure of the material, In this
work a stress plateau was often used in case the concrete peask
stress was achieved so that redistribution could occur, This
approach is also useful to prevent the occurrence of negative
values of modulus Ei for the slices of the frame elements during

the transformation process used there,

5,1 Basic Procedures

The rod element will be used to discuss the basic methods for
handling material properties in this work since the other elements
use suitable variations of the same processes. For a given load

increment the initial total strain e1 in the element is known
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and stored. An iteration cycle will directly produce a set of dis-
placement increments, which are used to give the final total dis-
placements of the nodes, The new total strain ez in the element

is obtained from these values and so the initial and final strain
values are available, Interpolation of the tahulated stress-strain
curve is now used to obtain {(a) the secant modulus over the given
strain increment and (b) the value of stress that corresponds to
the latest final strain value. This process is shown in Figure 5,3
for two situations, The first case presumes that 62 # e1 30 that
the usugl gradient computation gives the secant modulus E. How-
ever, the process does not identify an increase or decrease of
strain from el so that unloading of an element is not identified,
The implication of this is that hysteresis loops of structural de-
flections due to cyelic loading cannot be obtained by this program,
The second case presumes that e2 = el and that they also coincide
with a tabulated value of strain. The procedure is then to get a
value of secant modulus corresponding to the total strain range
given by the adjacent intervals and thus provides an approximate

mean value feor E, The final stress fz relating to e_ is produced

2
during the interpolation process, As successive iterations oceur
during a lead increment then new values of modulus Ei are provided
for the subsequent stiffness computations while new values of stress
fi are output to describe the latest state of the changing svstem,
This process has already been shown in Figure 4.3(C),

Before interpolation begins, it 1s necessary to determine

whether the latest e2 lies within the region of definition of

the constitutive law, If e2 exceeds the ultimate tensile strain
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then a simple fracture is signalled, but if e, exceeds the ultimate
compressive strain then destruction of the element is assumed, For
a rod element both of these cases mean total loss of stiffness and
unloading of the element, But in the case of fracture, the crack
is assumed to be capable of closing again at some future time so
that the element can carry compression, whereas destruction means
that the element is permanently removed from the structural system,

A basic flow diagram of logic for determining the failure
status, and to interpolate the latest modulus and stress values is
given in Figure 3,4, The process shown there is elaborated for
later elements that have different fracture and interpolation

procedures,

5,2 The Frame Element Materials

Transformation of a flexural member cross-section is a useful
method for simplifying the analysis of a section composed of several
different materials, The modular ratiocs ni = Ei/Er are used to
convert materials of different rigidities Ei into equivalent section
widths of reference rigidity Er' The modular ratio at working
stress levels in reinforced concrete design is familiar to all de-
signers and analysts, This approach has always been in conflict
with the efforts to egtablish valid factors of safety in structures
by considering the ultimate strength of the reinforced concrete
members {(20), The modular ratio ny of two materials presumes two
values of material moduli that are unchanging during the loading
and is furthermore a number which can be characteristic of the

entire cross-sgsection in usual design practice. At ultimate loads
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the nonlinear concrete stresses over the compression zone and the
yielding of reinforcement produce considerable uncertainties in the

the transformation of the section becomes guite im-

value of n_,
A

practical, and in fact modern methods of ultimate strength design
abandon this idea completely,

The segment cross-section is assumed to be cut into lavers or
slices which are regarded as different {and changing) materials,
The difference in each case is expressed by the modulus of the ma-
terial of the slice, which depends upon the amount of total strain
developed at any stage of the loading, and hence accounts for the
gradual changes which may occur in the material rigidity, In this
way the concept of transforming the section is recovered but many
different modular ratios are in operation during the analysis. The
derivation of the appropriate material modulus at each level of the
cross-section is discussed next, but first it is necessary to con-
sider the relationship between stress-strain curves derived from
flexural tests and those that come from direct compression tests of

6" X 12" ecylinders,

Plaln concrete prismatic sections have been suitably tested with
gccentric loading in order to investigate the compression zone of gz
concrete beam (18), The assumptions made were (a) that a linear
distribution of strains existed over the depth of the cross-section
(which has been well verified by numerous tests), and that (b) all
concrete 'fibers' follow one and the same stress-strain curve, so
that the concrete stress is only a function of the strain at any

level, These assumptions allowed the flexural stress-strain curves




to be reconstructed after loading the sections to failure,. In addi-
tion the flexural stress-strain curves have been investigated by
means of embedded pressure cells in an attempt to read stress
patterns directly (19). These tests have verified that the flewxu-
ral stress~strain curve of the concrete during loading to failure

is essentially the same as that derived from direct compresssion
tests of 87 X 12" cylinders, This is called herein the uniaxial
curve for the concrete,

Perhaps the significant difference between these families of
stress-strain curves was the behavior bevond the peak stress and
before failure. Direct compression tests usually terminate guickly
after the maximum load in a wmanner which ig a function of the stiff-
ness of the testing machine, The flexural tests show a greater
continuity beyond the maximum load, probably due to a process of
stress transfer occurring between adiacent 'fibers.' This latter
effect requires a negative modulus for the extreme section 'fihers'
near ultimate loads and implies some negative areas and moment-areas
for the transformation process, In order to avoid this effect the
input stress~strain curves were arranged so thzt the maximum stress
is assumed to be the failure stress and no region of negative
medulus is included beyond this peak, In this work it was assumed
that the flexural members have either balanced or under-reinforced
sections so that the desirable tension failure modes are going to
predominate, This also assumes that terminating the concrete stress-—
strain curves at maximum stress will provide a reasonable descrip~
tion of the behavior of a concrete 'fiber' throughout its loading

in compression,
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In order to include progressive cracking in the analytical modnl
the tensile failure of segment slices is considered., Values of ulti-
mate tensile strains are needed for the concrete, However, the
cracking stress fcr for a reinforced concrete member is a complex
function of the tensile strength f;, the amount and distribution of
the reinforcement, and the nature of the bond between steel and con-
crete, The concrete between cracks carries some tension so the
steel stress varies asccordingly. This condition causes the tensile
strength f; to generally differ from the computed value fcr“ The
modulus of rupture f; is the apparent tensile strength obitained from
flexural tests of unreinforced concrete specimens, and often is a
value considerably higher than f;. In view of the complexity of
this situation then the procedure used in this work was to assume that

{a) the cracked slice is a zero-strength continuuwm so that the
crack spacing is not considered,

(b) consequently there is zero bond to adjacent reinforcement,
the stresses are constant along the segment steel, and

{c) the tensile failure of the slice is determined by an ulti-

mate strain value, However, the fact that tensile fracture of con-

crete is usually discussed in terms of two kinds of stress values

and rarely in terms of strain values may force the analyst to esti-

mate these strains, Figure 5.5 is given to illustrate this problem,
(i) The modulus of rupture f; and the initigl wodulus E can

be used to give a minimum value of fracture strain €. If necessary,

f; can be estimated from the compressive strength f; by using =a

suitable formula {(21), An example of this is
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t' = 0,08 £ + 280 psi
I ‘

{ii) If the average direct tensile strength f; is known
(say from splitting tests) then comparison with f; will indicate
'whether the tensile curve is reasonably linear,

{iii) A test computation to compare the analytical cracking
load with an observed cracking load may also be used to secure a2
reasonable value for €

In this work it was typical to use a line with constant slope
Et terminating at either the modulus of rupture f; or at the esti-~
mated tensile strength f; while exploring the strain values et.

A stress-strain curve is required for each of the two materigls
of a frame element, The curve for concrete is interpolated for each
slice according to the strain increment at that level while the
single curve for the reinforcement is interpolated for each nonzero
layer, Thus 10 to 14 interpolations generally occur for each frame
element,

Stresses in the top and bottom extreme fibers are also inter-
polated as part of the output description ¢f the element condition,

Failure of a slice simply zeros the transformed area of that
slice and the section properties are influenced accordingly,

If a section is largely subjected to tension then it is pos-
sible to have only the reinforcement contributing to the section
stiffness, and if yielding occurs then the stiffness can become
small or negligible, If crushing of the concrete occurs then again

the stiffness depends largely on the contribution of the reinforce-

ment, It was considered in this work that a very small value of
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stiffness would generally imply considerablé disintegration of the
element anyway and so an grbitrary limit was set to denote destruc-
tion of the element; when the total transformed area reduced to less
than 0,01% of the original stress-~free transformed section aresa, Be~
yond this limit the frame element is disregarded for the systenm
stiffness., The basic procsess used for evaluating the frame element
failure status and to interpolate material moduli and stresses is

given in Figure 5.6,

5.3 The Biaxial Stress Quadrilateral Elements

The derivation of the stiffness {K] for a quadrilateral element
requires definition of the material stiffness in the form of a

modular matrix [C] which relates stresses and strains,

{o} = [c] {e}
where

O

Ey Bl Vo
[c 1 E_ v % 0

= v
i - vl vz 2 1 2
G 0 G {1 - v, v.)

12 i 2

In this array the values Ei are the material stiffnesses in ortho-
gonal directions i, and each Poisson ratio vi i3 measured by a
uniaxial test in direction i such that the lateral strain eL is

given by

The determination of the true values E, is dependent on the exis~
£

tence and nature of the biaxial stress field, FEvidence shows that
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the material stiffness El’ in direction 1, can be affected by the
presence of a lateral stress fz, However, test results concerning
the behavior of a material subjected to biaxial stress fielids are
very limited, and no biaxial stress-strain laws have been developed,
Malti-axial testing nearly always concerns triaxial compression and),
in particular, the failure or yield behavior of the material is the
objective rather than the stjiffness characteristics during loading,
Only in recent times has interest begun to develop in the changing
cendition of the material in a biaxially stressed, two-dimensional
structural element during loading to failurs (53, 54),

Element node displacements {v} give the element center node
strains {ec} according to the application of the strain-displace-
ment transformation for that element (see Eg, (3.5))., The principal
total strains ey and €,y and the rotation ep to the principal strain
axes, are first derived from the total strains {ec}, Total strain
consists of an effective strain ez due to the parallel direct styess
field and a coupled strain dues to the transverse effective strain

and the Poisson effect,

e = e - u_eF
1771 2 72

* =
e, =& -V e

This set is solved for the effective strain values since these

correspond to stresses in the interpolation process, Sclution gives

*—— —
e¥ = (el o+ vg 82) /LR vy Vz)

and

e, = (92 + vy el) AR & vy vz)
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The initial and final effective strains 8; are derived for each
iteration c¢ycle and are used in the standard interpolation procedure
to produce two gecant stiffness values Ei and two final stresses

fi for the principsl directions, Interpolation is performed using
the unaltered uniaxial stress-strain curve of the element material
as a first approximation to the true, but unknown, constitutive law
of the biaxially stressed element,

Determination of failure is a two-stage process, The first stage
identifies failure when the final effective strains ez exceed the
ultimate strain limits of the material. This is part of the normal
interpolation process and is shown in Figure 5.7, If the element has
not failed by this criterion then the =zecond stage uses the newly
derived biaxial stresses and checks for failure in terms of g biaxial
stress failure criterion,

A suitable phenomenological failure criterion was produced from
work by B, Bresler and K, Pister (28) which used octahedral stresses
as the bhasic parameters. Their criterion showed good agreement with
published triaxial and biaxial strength data from variocus sources,
When expressed in terms of the principal normal stresses then the
corresponding biaxial strength envelope 1s given in Figure 5.8{(4),
This was modified in the present work to the form given in Figure
5,8(B)}, The assumptions are made that (a) the compressive and
tensile strengths are not changed for a biaxial stress state and
{b) failure in the compression-tension stress regicon is determined
by a linear form of the Bresler-Pister envelope, If this failure

eriterion is exceeded in an element then the computer program prints
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the message 'D - T Failure” to identify the event from the maximum
strain criterion failures,

Little is known about the dependency between the biaxial stiff-
nesses E. and EE or about the changes that occur in the Poisson

1

ratios v1 and vg during loading to failure. Symmetry of the array
{C] gives a dependency relationship,

V., E. o= vy, E

If El and E2 should differ considerably from separate interpolatiocns
this would reguire Yy and vz to differ accordingly, Should vl bhe
assumed to remain constant then v2 must obviocusly vary according to
the ratio EQ/El’ This difficulty wmade it desirable to assume that
v1 and vz are equal and constant during loading, Conversely, this
now regulires that El and E2 be eqgual and an isotropic state is de-~
fined., This was adopted and set a contrel on the possibility of
deriving widely differing E values for an uncracked element, The
reasoning behind this was as follows, If a biaxially stressed
concrete element has large axial stress with small transverse stress,
then reduction of axial stiffness is related to increasing damage

in the material, But this damage makes it possible that the inter-—
polated, higher transverse stiffness cannot exist and in fact may

be a value much closer in magnitude to the reduced axial stiffneszs,
This idea of damage was used to Justify adopting the minimum inter—
polated ¥ value as that single vazliue used to describe the isotropic
stiffness of the materials rather than taking a mean value,

Since the modular array [C] has become isotropic for the analy-

tic process, the computation of the shear modulus § for the uncracked




91

element is resclved by using the usual relationship
GmE/E (1-%"-.))

However, for the case where an element is fractursed then extreme
anisotropy is in effect and the evaluation of G cannot be directly
defined, The approach used here was to consider the general anisc-
tropic material with unegusl sgtiffnesses El and EQQ A rotation of
iC] through 45° will produce an apparent state of isoiropy with

equal moduli along the new axes, If the shear modulus § is now taken

to be the corresponding term of this rotatéd [C] array then the

following relationship is found,

sl

.

eed
!

vz) + E2 {1 - vl)
4 {1 - vl vz)

It

It may be noted that if Ei EE then this reduces to the usual ex-
pression for the isotropic G. When this equation is used for a

cracked element then E1 pecomes zerc and it follows that vl is zero,

8¢ that finally an estimate for the shear modulus is given by
G = E/4

This is the value used in the formation of [C] when the stiffness of

a cracked element is derived,

5,4 Tielink Element Properties

A stress—strain concept is not involved in the properties of
the tielinks since they are artificial devices which lock pairs of
nodes together, As a result, the two orthogonal stiffnesses

kh and kv are simply set to very large values to represent infinite
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magnitudes and to minimize the relative deflections of the "locked”
noedes,

4 failure condition may be specified by either z tensile oy
shear fracture across the interface between connected elemants,
These fracitures are determined by comparing the interface shear or
tensile forces with the corvesponding strengths, No sgpeciszl failure
theory was utilized to predict failure on the interface plane under
critical combinaticns of shear and normal stresses, The linkage
strengths are determined as follows, Let Si be the length of inter-
face tributary to link i and select hi as the least member thick-

ness at the interface, so that the tributary contact ares

Ai = Si X bi' The linkage failure forces are given by
[ - by
Ft = Ai X ft in tension,
and
F = A X £ in shear,
= i

using the sppropriate tensile and shear strengths of the material,

The typilcal interface dimensions are shown in Figure 5.9,

Fallure implies that a crack forms along the interface between
elements along the length tributary to the failing 1link. The assigo-
ment of stiffnesses to the failed linkage depends on the crack condi-
tion, whether it be open or closad, An open crack has both stiffness
values set to zerc, but the closed crack retains the normal stiffness
kV at a large, rigid value and, at first cracking, the Tangential
k is set to a reduced value to represent friction., The maximum

h

tangential force that can be transmitted by friction is arbitrarily
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chogen to be one half of the linkage shear strength, If this is
exceeded over a closed crack then slipping is assumed te occcur by
setting kh to zero, After the initial fracture the assignment of
linkage stiffnesses is controlled by the opening cor closing of

interface cracks, This is demonstrated in the flow diagram of

Figure 5,10,




a5

Enter

compufe increment
relative deflections
HB and VB

L

/’Eh—e\;i?\\ j—
code=4 - initial . . code=1 54 4

shear ™
slipping Acondition/ uncrackesd \failure?)

code=3 code=2
g clonsad

M normal ™

itenaien?g
no
354 ffﬁﬂsiﬂﬁz_
.7 - ‘,:
i R N
3¢
signal=0 %9
K=friction —
] axit
KV=rigid 34 |
%72 code=2 NK=1
S
NE=1 NE=
NK=-3 ﬁ %
signal=1 ¥ -
KH=0D KM=
Ky=rigid Ky =D
-1 code=4 code=3
1
90
exit

FIGURE 5,10 TIELINK FATLURE PROCESSES,




86

<] EXAMPLES OF HONLINEAR ANALYSIS

o

The descriptions of several test problems are now presented but
the details of the data decks required for each problem are omitted,
This information is given in general form for the cowmputer program in

Appendix A.

6,1 The Yielding 3-Bar Truss

This example is used to demonstrate the incremental iteration
method for nonlinear material properties. This truss was one of

several that were loaded experimentally in order to check an analyti-

cal method developed by Steinbacher et al, (22}, The arrangement

shown in Figure 6,1 includes two tension and one compression member,
The stress-strain curves for the aluminum alloy 245-T4 are plotted

in Figure 6,2, The actual material stress-strain relation was used

for the tension members, but an average, equlvalent stress-strain

law was derived from compression tests of an identical compression

member, The causes of the difference between tension and compres-
sion states was not explained by these researchers, but the effect
of buckling is a possible reason, The selected loading increments

o

and the required iterations are listed in Table 6.1, while the com-

parisons between the member forces occurring in the test and those
deduced by this analvsis are listed in Table 6,2, These member
force variations are related to the external loading in Figure
6,3, The experimental measurements of node deflections are not

available from the reference but the results given by this analysis

are plotted in Figure 6,4, The total time tzken for the analysis
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Laoad MNo. of
Increment Solution Total
Lycles l.oad
No. {1 5Size
{kips) {kips)
1 8. 1 8.
2 Z. 3 10.
3 1. 4 11.
4 1. 4 1z.
5 0.5 2 12.5
a 0.5 1 13.
T 0.5 2 13.5
g 0.5 3% 14

* Togtal fracture occcurred during this load

increment, and reguired 3 cycles 1o

determine the complete degeneration of

the truss.

TABLE 6.1
INCREMENTS AND ITERATIONS FOR THE YIELDING TRUSS.




100

External Member 1 Member 2 Member 3
Load
Actual Calec. {Actual Calec. | Actual Calc.

(kips) Expt Expt Expt

g. 2.3940 2.383 4,675 4.631 | -3.730 | -3.746

5. 2.690 5.220 -4.200

10. 3.030 3.005 5.710 5.754 { -4.670 | -4.665
11. 3.514 3.525 6.120 6.147 | -5.080 | ~-4.387
1z, 4.210 4,327 6.350 6.324 | -5.290 | -5.125
12.5 4.759 6,382 ~5.162
13. 5.030 5.192 6.490 6.437 | -5.390 §-5.207
13.5 5.625 6£.492 -5.251
14, 5.5350 fr. 6.575 fr. ~5.450 fr.

TABLE 6.2
COMPARISON OF TRUSS MEMBER FORCES,
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was 62,34 seconds on the CDC-6400 computer.
Using the tables and diagrams, the agreement beiween the computed
and ohserved member forces is within 3 1/2% at the worst cases,
Forces in members 2 and 3, Figure 6.3, approach a constant value
as their stiffness decreases due to yielding at the higher stress

levels, This causes member 1 to approach a 45° asymptote in its

response as it becomes forced to provide the only support for addi-
tional loads, However, fracture of member 2 ¢reates an overloaded,
vielding Z2-bar truss, which in turn fails when member 1 fractures,
The computatlion 1s forced to end at this point, Smaller load in-
crements towards the end regions would give better estimates of the

precise fracture points if this were of interest,

6,2 The Fracturing Linear Truss

This example is used to demonstrate the form of the analysis
when fracturing occurs during locading, Tensile fracture of axially
loaded members results in zerc stiffness and so total discharge of

lcad is required for the element, The truss shown in Figure 5.5 is

a modification of an example used in a tewtbook (23) and has two re-
dundant members that have been set to fracture sequentially. A
stable primary system results under full load and shows how the
system adjusts itself during loading, Fracture is arrvanged for

the selected members simply by giving them suitably low tensile
strengths, This is sheown in Figure 6.6, Since the member forces

are always in the linear range of stress, then adjustments after

fracture were rapid, This is shown in Table 6,3 where the itera-

tion eycles are listed for each load increment. Table 6.4 shows
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FIGURE 6.6 MATERIAL STRESS-STRAIN CURVES,




ITERATIONS REQUIRED BY FRACTURING TRUSS,

Load Total | No. of
Increment Load Cycles
No. | Si1ze Kips

1 11. 1i. 1

2z 1. 12, P

3 9. 21. 1

4 1, 22. 2

5 2. 24 . 1
TABLE 5.3

106
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Rod Loading Stages.

Na 115 12% 127 21% 22" 20K 245
1 3.67 4,00 4 .00 7.00 7.33 7.33 8.00
2 3.67 4.00 4,00 7.00 T.33 7.33 8.00
3 .60 7.20 8,32 14,546 15,25 22.400 24 .00
4 11.00 12.00 12.00 21.00 22.400 22.00 24 .60
5 -8.46 -5.23 -9.84 | -17.22 | «18.04 | «14.67 | -16.00
A -10.81 | -11.57 -9,84 | =17.22 { -1B,04 | -14.67 | -16.00
7 -4.58 -5,00 ~5.,00 ~-8.75 -G, 17 ~-9.17 | =10.00
B g. 0. 0. 0. o, 0. g,

9 3.17 3,46 2.70 4,73 4,95 9.17 1G6.00
10 ~-1.61 -1.76 ad. 0. a. 0. a.
11 -, 4G -.53 -2.70 -4,73 -4,95 -9.,17 | -10.00
17 B.54 9.32 10.62 18.59 19.47 22 .00 24 .00
13 -13.75 | -19.00 | -15.00 ! -26.25 1 -27.501{ -27.50 | -«38.00
14 2.41 2.63 3.93 5,88 fr. - -

15 2.68 fr. - - - - -

TABLE 6,4
MEMBER FORCES DURING LOADING AND FRACTURING.
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the changes in member forces during loading and when fractures occur
in the system, while Figure 6,7 gives the load-deflection relation-
ship at the loaded joint, The total time taken for this analysis
was 44,20 seconds on the CDC-6400 computer,

The load-deflection behavior for this truss problem is related
to three possible paths in Figure 6,7 that belong to each of the
three possible truss configurations, Fractures are events that
shift the behavior from path teo path, ideally by a horizontal step
i.e, finite deflection for fracture at constant load., However, the
computing process identifies only the end conditions of the given
increment and whether a fracture has occurred in this interval,

As a result, the behavior over the small, specially selected frac-
ture increments is plotted with the corresponding slopes,

If fractures can be isolated by extremely small load increments,
then these transfers become more nearly horizontal, in accordance
with the ideal case, On the other hand, if the load in this example
had been increased directly to 24k from llk then both fractures
would have been recognized but the end result would apparently be
a single line between 11k and 24k in Figure 6,7, The steps would

seem to have bheen removed from the solution,

65,3 The Nonlinear Reinforced Concrete Beam

This example was taken from a graduate student research report
(24) in order to demonstrate the application of the frame elements
to analyze z reinforced concrete beam that has nonlinear behavior
due to cracking, The materials were given the usual multilinear

stress-strain descriptions as shown in Figures 6.6 and 6,10, but
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Applied locad /
F kips.
25.01
20,08
15. 06—
10.0 ¢
5.0
8 ! I

o2 .4 .8 .8 1.0

Downward deflection T, inches,

FIGURE 6.7 L OAD-DEFLECTION BEHAVIOR,
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this source of nonlinear behavior was not significantly activated by
the test loads, The beam layout is shown in Figure 6.8 and repre-
sents half of a symmetrical, 2-span continuous beam, The cross-—
section details in Figure 6,9 show how the reinforcement % and
geomeliry varies slong the span, The original report {24) used

the approach of constructing the nonlinear M-p curves at each cross-
section in order to determine the new sectipn stiffnesses, These
constructions recognized whether or not the section was cracked

and so the example was useful for testing the frame elements, The
load-deflection results are plotted in Figure €,11 for both methods
and the agreement of these two analyses confirmed the correct opera-
tion of the frame element model with its slice fracture and unloading
processes. The iteration effort required for this problem is shown
in Table 6.5 while taking a total time of 332,58 seconds on the
CDC-6400 computer,

An interesting aspect of this test example is the cracking se-
quence that occurs as the solution proceeds, Cracking is initiated
in element 1 at the centerline, This 'hinge' development (or
weakening of the local M-9 relation) changes the load sharing
pattern of the beawm; adjscent elements are temporarily protected
from cracking while at the other high-moment location under the load,
cracking becomes imminent, The two crack wzones then coptinue o
develop in a dependent manner until the analysis ended, This pProcess
is shown by the data of Table 6.6 where slice-by-slice cracking is
listed, and the amount of cracking at the end of the problem is

shown by Figure 6,12,
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FIGURE 6.9 REINFORCEMENT FOR CRACKING BEAM
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Stress
C.S.1,
. b i +1000., b :
| | |
| i
Micrastraiﬁ. Jf l
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i ¥ i ¥ o 7
-4000.  |-3u00.  |-2000, ~1000. +Looo.
i ) . -1000,
i 4.~2000,
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]
H
]
|
L— -4 ~4000.
Ord | Stress | Micrastrain
1 500. 167
2 o, 8]
3 -=13(00,. w4 34
4 ~225{, ~-1000.
5 ~-2750. 1406
& ~2870. ~1600
7 -2970. =18400
8 -30800, ~2000
9 ~-2600. - 3000

FIGURE 6.10 SELECTED CONCRETE STRESS-STRAIN CURVE.
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FIGURE 6.11
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LOAD-DEFLECTION RESULTS,




115

Load Total Total

Increment Load Deflection No. of

No. Size Kips Ty, inches Cycles

1 12. 12. -.101076 1

2 2. 14, -.131405 5

3 2. 16. ~-.187518 7

4 2. 18. -.225266 4

3 2. 20. ~.2B5483 5

6 2. 22. -.322657 3

7 2. 24, -.367172 5
Total cycles = 30

TABLE 6.5

ITERATIONS REQUIRED FOR BEAM SOLUTION.
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Tatal
Total iNewly Total Fractured S5lices Per Element.
Cycles (Failed
S5lices 1 2 3 4 110 11 112 113 114 115
1 i 0 ] J W i G 0 8] 0 ) {l {
2z 5 4 a J ¥ g 0 0 U B g 0
3 T 14 4 4 0 0 a 3 3 4 3 a 0
4 4 6 5 4 0 0 0 o 4 4 4 3 0
5 5 13 5 5 4 0 0 4 4 4 4 4 3
& 3 4 5 5 5 0 0 4 5 5 4 4 4
T 3 5 5 3 4 3 4 ) 5 5 4 4

DEVELOPMENT OF ZEAM CHACKING,
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6.4 Analysis of Experimental Beams

A fundamental way of assessing the value and characteristics
of any analytical method is to compare the results obtained for a
given structural system by analysis and by experiment. Accordingly
the present formulations for a nonlinear, fracturing system were
applied to a reinforced concrete beam that was selected from an
extensive experimental testing program {25)., This program of
earlier years provided a large amount of data about testing to
failure several groups of beams. In particular, there were load-
deflection curves, cracking patterns and crack development data,
and details of the geometry and material stress-strain laws, The
selected beams (XOB~1 and OB-1) had no web reinforcement and were
weaker, less complicated examples for a trial analysis, Their

geometry and general layout is shown in Figure 6,13,

6,4,1 The Beam Discretization

The analysis was performed in duplicate with two kinds of
finite elements so that the accuracy of both elements could he
assessed, The first model used the quadrilateral finite elements
for the beam concrete and also rod elements for the steel reinforce-
ment layers, The layout of this discretization is given in Figure
6.14 and can be immediately compared with the second model , using
frame elements, shown in Figure 6.15. Each frame element is chosen
to correspond to a column of guadrilateral elements in the other
model so that comparisons of stresses could be facilitated,

The numbering of the nodes in both models isg arranged specif-

ically to minimize the band width of the stiffness array and
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FIGURE 6,13 GEOMETRY OF BEAM SPECIMENS,
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maximize the efficiency of sclutions, Numbering of the elements is
arranged simply to reduce the number of cards required for the data
input,

The average compressive strength of the actual concrete mixes
for these beams was 3540 psi for an intended 3500 psi mix design,
By using a plot of the measured range of stress-strain values for
several mixes, the stress-strain curve for the analysis was con-
structed and is plotted in Figure 6,16, The direct tensile strength
0f this concrete was estimated at 300 psi by using approximately
half of the sverage modulus of rupture given by tests, A complete
stress-strain curve for the high-strength steel reinforcement was
available and was modelled directly ih the multilinear form needed
for the analysis, This is plotted in Figure 6,17. These simple-
span beams were recorded as failing at about 58 kips load so that
the analytical leoad increments were chosen to go as high as 70 kips

before terminating the problem,

6.4,2 Results Using Frame Elements

The analytical results that come from using these elements
are discussed first and then their advantages or deficiencies will
be brought out by comparison with the results given by the guadri-
lateral plane stress elements,

The analytical half-beam only required 28 nodes and 13 frame
elements for its discretization {see Figure 6,15) and the analysis
took 183,2 seconds on the CDC-6400 computer to increase the load up
to 70 kips, Since ecach iteration is a complete solution of the

system, then the listing of Table 6,7 shows that 40 solutions were
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Stress
D.S,1,
10400
] Microstriain. yf
B 2 3
g g i
-4000 - 3000 ~2000 =1 +10040
~1000 B
~-2000
/§ "_:-BGOG
-4 300
Ord | Stress | Microstrain
1 333, 1400
Z 0. a
3 =1000. -300
4 =-2200. -T00
5 ~2800, ~-1040
& ~3200. -1 300
7 ~34040, ~-1500
8 -3500. -1200
9 -3300. -2400
FIGURE 6,16 EXPERIMENTAL CONCRETE STRESS-STRAIN CURVE.
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.8.1.
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100
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FIGURE 6.17 REINFORCEMENT STRESS~STRAIN CURVE,
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Load Total Total
increment Load Deflection| No. of
No. | Size Kips Inches Cycles

1 10. 13. .019545 1
2 140, 20. 073656 <]
3 10. 30, 117639 3
4 5. 35. 1440885 4
5 5. 443, .162590 2
& 5. 45, 1838946 2
T 5. ad, . 206704 4
g 2. 52, 215545 2
9 2. 54, .224196 1
10 2. 56, .233449 2
11 2. 54, 242319 2
12 2. 80, .251379 2
13 2. 62. .260423 1
14 2., 64, 269646 2
15 Z. 66. . 279457 2
16 2. 68, .288803 1
17 2. 70. .298400 Pl
Total cycles = 40

TABLE 5.7

LOAD-DEFLECTION RESUL TS WITH FRAME ELEMENTS.
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required to produce the load-deflection curve given in Figure 6,18,
The load-deflection curve (approximate) of the experimental beams
OB-1 and X0B-1 (25) is also plotted there, These results show that
the frame element model is much stronger and somewhat stiffer than
the real beams, The material properties of the nonlinear concreie
used for this analysis were averaged from the data given for these
beams, and since the load-deflection behavior agrees very well he-
Tore cracking occurs, then the definition of the materials may be
discounted as a cause of the increased system stiffness, The other
important source of nonlinear behavior is the cracking mechanism

of the system, that 1lg, the effects of the ssquence of occurrence
of cracks, The record of the occurrence of cracking during the
anslysis is given in Table 6,8, A definite transition to a cracked
section condition occurs early in the loading and then slight crack-
ing occurs occasionally thereaffer up to the maximu applied load.
The appearance of the analytical cracking at 56 kips loading is
plotted in Figure 6,19 and 1s selected in order to correspond to
the situation just prior te failure of the experimental beams, In
order to express the asctual cracking as realistically as possible,
the crack patterns for a given experimental beam are taken from both
gides of the beam and superimposed in the single view of that beam
given in FPigure 6,20, The depth of the analytic cracking agrees
closely with the depth of the actual c¢racking at this high load
level, and the increase in stiffness of the model causes the model
to exhibit about the same deflection as the real beams just before
their failure, However, the initiation of cracking in the model,

after 10 kips loading, does not compare well with the real beams,
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Centerline
Ltoad R kips.

70
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FIGURE 6.18 L OAD-DEFLECTION WITH FRAME ELEMENTS,
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which started at about 20 kips Loading. To seek some improvement,
the analysis was repeated using the higher modulus of rupture (565
psi) of the conerete rather than the estimated tensile strength

{333 psi). This increased the load capacity before cracking started
but again failed to match the bhehavior of the real beams in this
detail,

The error in this procedure derives from the fact that the
failure criterion is really a strain criterion., Increasing the ulti-
mate stress value did indeed increase the ultimate strain and so
conveniently improved the analysis for cracking load, However, =
better procedure would have been to increase the ultimate tensile
strain limit to compare with the observed cracking load.

As loading increases, strain energy is stored in a very small
area of tensile concrete and in an increasing area of compression
concrete, As the ratio of the tensile area decreases relative to
the total uncracked cross-section area so the significance of the
tensile concrete decreases., Consequently, as the load goes bevond
2 or 3 times the cracking load, the significance Of}modulus of rup-
ture versus tensile strength decreases, and the plots of Figure
6,18 verify that both models begin To show about the same behavior,

The redistribution of forces within the cracked beam is re-
flected by the changes in steel stress that occur from section to
section as the load increases, No comparable data is available
from the tests of the experimental beams but some of the analyti-
cal resulis are plotted in Figure 6,21,

The purpose of testing the frame elements was to determine

whether they would be adequate for the modelling of a cracked
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concrete frame and to get scome idea of theif limitations, The re-
sults obtained so far show the following interesting features:

{a} the determination of the cracking load is sensitive to fhe value
used for the ultimate tensile strain of the concrete, (b} the model
of the cracked beam is slightly stiffer and rather wmore linear
than the real, cracked beams, and (¢} the model maintains this
linearity well past the failurs of the real beams which show first
some decrease lo stiffness before a distinctively rapid diagonal
tension fsilure, Thus the frame element model is inadeguate for
ultimate strength conditions which involve failure due %o critical
combinations of flexural and shear stresses rather than simple

flexural failure modes,

6.4,3 Results Using Quadrilateral Elements

Testing the guadrilateral plane stress elements was done by
modelling the same experimental beams as shown in Figures §.14 and
using rod elements for the two layers ofrreinforcement, The purpose
of this testing was, of course, basically to verify that the formu-
lations for their nonlinear and failure behavior would he adequate
for modelling the plane stress panels. The beanm example was used
for this testing because (a) adequacy in modelling the complex in-
ternal state of a reinforced concrete beam would be satisfactory to
confirm the adequacy of these slements for a plane stress shear
panel, and (b) the results of these analvses could be used for fur-~
ther comparisons with the frame element model, Thus the same
material properties were used for the concrete (Figure 6.16) and
for the reinforcing steel (Figure 6,.17), This meant also that the

analytical steel was regarded as two concentrated asreas at the
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levels of the two actual steel layers, and so two lines of rod
elements appear in thiz model, Since this model doess not use the
transformed area concept which occurs iﬁ the frame elements, then
it is necessary to suitably reduce the section area of the rod
elements before the aﬁalysis in order to make some compensation
for the displaced concrete,

Let the actual reinforcement area be AS and the reduced area
be A:. it the desired transformed area for equivalent force capa-

city is At’ then using n = ES/EC as usual,

Ay

(n-1) 4 =n A%
= )

This gives

=
]

{n-1) A /n
s

For the materials of these tests, the initial values of moduli give
n = 27.80/3.33 = 8,35, 80 that for a regl area AS = 2,00 sq.

inches then the equivalent reduced area is

A*
=3

It

7.35 (2,00)/8.35 = 0,88 X 2,00

i

1.76 sq, inches,

A1l of the guadrilateral element models except the first included
the reduced area AZ and so some results are given that show the
effect on the beam stiffness,

The analytical half-beam now required 98 nodes, 78 quadrilaterals,
and 26 rod elements (a total of 104 elements) for the discretization
(Figure 6,14) and the analysis took 432.3 seconds on the ChC~6400

computer up to a maximum load of 70 kips. This load was reached in

14 increments with the iteration history shown in Table 6,9,
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Load Total Total

Increment L.oad Deflection | No. of

No. ! S5ize Kips Inches Cycles
1 13, 10, L02108862 1
2 10, 20. 066486 4
3 1a. 34, .104609 4
4 3 35. 124681 2
3 5 44G. 143651 2
) 5. 45, L161712 1
7 5. 50, .181415 3
3] 4, 54, . 196050 1
9 4. a8, .211101 2
ig 4, 62, . 226095 2
11 2. 64. .2337808 2
i 2. 66. 242531 3
13 2. 68. .2300:2 1
14 2. 70. . 287528 1
Total cycles = 29

TABLE 6.9

LOAD-DEFLECTION RESULTS WITH QUADRILATERAL ELEMENTS,
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The quadrilateral elements of this anaiysis used only the simple
ultimate tensile strain theory for determining the cracking in the
principal strain directions, Since this model gives a complete pic~
ture of the principal stress trajectories as a feature of the analy-
sis, then the analytic cracking that occurs shows a realistic orienta-
tion compared with that obtained from using the frame elements, The
analytic cracking at a lcad of szbout 56 kips is plotted in Figure
6,22{4) in terms of a 'continuum of cracking' in each element and
then this is condensed by selecting a few typical continuocus crack
paths to glve the picture of Figure 6,22(B). The analytic cracking
compares favorably with the real situation in terms of three interest-
ing features,

(1) If a set of tensile cracks were to be plotted using the
original principal stress trajectories of the loaded beam, then the
cracks would be perpendicular to the bottom face, In fact, the
gradual occurrence of cracks causes successive disturbances of the
principal stress field so that later cracks may be inclined in either
direction to the bottom surface. This is to be seen in the real
cracking of Figure 6,23 and in the analytic cracking of Figure 6,22,

(2) If a set of tensile cracks were plotted whose penetyation
was measured by the depth of the asppropriate tensile zone in the un-
cracked state, then the crack penetrations would be maximum at the
beam center-span and uniformly diminish to zero at some distance
from the centerline, However, gradual cracking disturbs the tensile
stress zones in a manner that gives a nenuniform crack penetration

along the span, This behavior appears in the analytic cracking
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{Figure 6,22} and may be seen by inspection of the real cracking
{(Figure 6,23),

{3} At this load magnitude, just before failure of the real
beams, cracking in the guadrilateral model has extended over the
same span distance as cracking in the real beams, whersas the
frame element model showed cracking over a further 6 in each
direction,

The load-deflection curve for this analysis (#111) is plotted
in Figure 6,24 where it may be compared with the approximate curve
obtained from the experimental beams, The additional stiffness
of this model is partly due to using the full steel areas AS rather
than A:, However, this seemed to be of little consequence compared
to a major feature of the behavior, that the model was again much
stronger than the real beams. The guestion now was to determine
whether the system stiffness and strength increases were signifi-
cantly related to the formulation of the gquadrilateral elements
{and so bhe relevant to determining their adequacy) or whether these
factors were more dependent on other features of the construction
of the model. This question was resolved by making two signifi-
cant changes to the computer program for the next analyses,

Firstly, since the cracking behsvior affects both the stiff-
negs and strength of the system then an improvement in the crack-
ing criterion should improve the overall results, This prelimi-
nary analysis used only the simple ultimate tensile strain to
determine cracking, but some deficiency in the cracking of the

gquadrilateral elements is observed in the region where the diagonal
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tension cracking is expected to propagate, 'Consequently, the follow-
ing analyses included the linearized Bresler-Pister criterion in
order to compare results with particular regard to the major diagonal
tension crack formation,

Secondly, an important aspect of reinforced concrete beam be-
havior has been omitted from the method, namely the bondslip be-
tween steel and concrete, Concrete is a2 structurally useful material
in non-prestressed beam-itype members because of the inclusion of
reinforcement to carry the internal tensile forces since plain con-
crete only has useful strength when in compression, If the reinforce-
ment is perfectly bonded to the concrete then the theoretical, per-
fect load-sharing takes place and the reinforcement carries the
max imum amount of tensile force, If zero bonding occours, with
complete slippage between reinforcement and the surrounding concrete,
then the concrete carries the total external lozsd alone and the re-
inforcement has zero stress, But since this implies large tensilé
stresses in the concrete, which The material cannot sustain, then
failure takes place, ‘These two situations may ke condensed by saving
that perfect bond gives perfect load sharing with least stressing
of the concrete, and that zero bond gives maximum stressing of the
concrete and failure so that varyving degrees of bonding may con-
tribute importantly to varying incidences of failure, iUnderstanding
too that cracking changes the principal stress patterns and the
internal load-sharing then it may be expected that bond stress con-
centraticons can be provoked, and possible local bond failurses could

provide the amplifications of stress in the concrete, which, in
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conjunction with the improved cracking critérion, ¢gould now cause
the wmodel to fail in a realistic manner, Thus bondlinks (8) were

added to the model for the next tests,

6,4,4 Comparison Model With Bondlinks

The computer program was temporarily changed by adding the
bondlinks developed by Scordelis and Ngo (8) to attach the steel rod
elements to the concrete plane stress slements, The necessary dis-
cretization layouts are given in Figures 6,26 using the same basic
geometry as the previous cases, Tﬁe new lavout reguired 124 nodes
and includes 78 guadrilateral elements, 26 rod elements, and 26
bondlinks for a total of 130 elements, Suiltable failure logic was
introduced that was appropriate for bond releases between embedded
steel and concrete, and a linear stress-siip law was assumed after
inspection of the results of pull-out tests analyzed by Nilson (9},
This relationship is given in Figure 6,27 and provides a constant,
average value of bond stiffness du/ds = 2,33 % 10° psi/inch of slip,
where u is the local intensity of bond stress and g is the local
relative slip between the bonded surfaces, Bond stiffness must be
changed to link stiffness kh to satisfy the requirement that esch
1ink is to represent the bond over a 6" length of 2 X #9 bhars,

Thus, the tributary bond area per link is A, = 2 X 6 X 3,544 = 42,528

L

sq, inches, and the link stiffness is given by kh = AL X du/sds

= 99,232,000 lbs/inch slip. A& bond strength value of 700 psi was
chosen which results in a bond force limit for each link of 29,770

1bs, using the tributary area A Finally, the steel reinforcement

L*

areag were adjusted to the proper value of 1,768 sq., inches.
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The analysis {#123) took 803,85 secomds on the CDO-8400 computer
toe  resch the maximum load of 70 kips, The detsils of the load in-
crements and iteration cycles are given in Table 5,10, and the logd-
deflection response is plotted in Figure 6,28, As expected, fhe
addition of bpondlinks and reduction of steel ares cansed the deflec~
tions to increase {about 8%) for a given load, but this analvtic
system still remained stiffer than the frame slement model, The im-
provement in the cracking criterion now had the effect of permitiing
an extra 7 elements to crack, of which only two {(#44 and #47) failed
before the lcad reached 58 kips {failure load of the raasl besms),
The analytic cracking at 58 kips load is shown in Figure 5,29 and
except for the additional cracked elements is very similar to that
of the previous model without bondlinks, The steel stresses at this
load are given in Figure 6,30 and show an increzse over the corres-
ponding data for the earlier model chiefly becauss of the reduciion
of steel arez, A measure of the bond stresses 1s available from
this analysis and gives some ipsight inte this aspect of the internal
force system, The bondlink forces arve plotted in Figure 6«3% and
are proportional to the average bond stress intensity over the tribu-
tary length of each link, During the anslysis the bhond stress
intensity along the reinforcement showed a characteristic pesk at
the interface beiween the cracked and uncracked zones, This is seen
in Figure 6,31 at links #113 and #1286 for that particulsr }oaﬁiﬁg“

As the peaks move zlong the beam with the asdvance of cracking, so
their magnitude increases and the local bond failure becomes mare

imminent, However, no link failures occurred in this anaslysis esven
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Load Total Total
increment Load Deflection | No. of
No. | Size Kips inches LCycles

1 10 10 .021342 2

2 10 24 LOT7B437 3

3 10 343 112828 3

4 5 35 . 135839 2

5 5 40 L154411% 1

5 5 43 174449 Z

7 5 50 .195335 3

g 2 52 .203541 P

9 2 54 .211572 2

14 2 56 . 219668 2
11 2 58 227626 1
12 2 60 .2355391 1
13 2 62 243570 1
14 2 64 . 251796 Z
15 z 66 . 259862 2
i6 2 &8 .268303 2
17 2 70 L2TT847 2
Total cycles = 33

TABLE 6.10

LOAD-DEFLECTION RESULTS INCLUDING BONDL INKS.
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up to the maximum load so that the expectation that local bond failures
are significant to the beam failure was not ftested.

The quadrilateral element model with bondlinks was rerun
(analysis #124) with the link bond strength value reduced from 29,770
ibs, to 12,000 l1bs, This implied a bond strength stress value of only
282 psi but would induce Ffailure in some of the bondlinks, The effect
of this was to cause link #11C to fail at a load of 35 kKips. This
was followed by failure of Iink #112 at 40 kips but the gystem safely
carried the next increase of load to 45 kips with no further local
bond failures or element failures, Load increment #7 raised the ex-—
ternal lead to 50 Xips and initiated a domino-1ike sequence of bond-
lirk failures along both lavers that left the reinforcement free
from the concrete after links #109 and #122 and led to the inevitable
collapee of the heam after about 7 iterstions, The load-deflection
data and iteration history are given in Table 6.11 while the deflec~
tion behavior is given in Figure 6,32,

The effect of local bond fzilure on the variation of stress in
the reinforcement is given in Figure 6,33 st a load of 45 kKips, Jjust
before termination of analysis #124, Bond stress, or link force, is
directly related to the gradient of stress in the steel, If the
rate of exchange of force between steel and concrete is large over
a given distance, then the steel stress gradient is high and bond-
links show large forces (high bond stress), whereas bondlink failure
{(zero bond stress) allows no force transfer and the steel stress
remains constant through such a region, Two such constant stress

plateaus appear in Figure 6.33 for the lower layer of steel,

P T
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Load Total Tatal
Increment Load Beflection | Nao. of
No. | Size Kips Inches Cycles
1 10 iG 021342 2
2 10 20 LO70437 3
3 10 30 112828 3
4 5 35 .135303 2
5 5 40 .156442 2
& 5 45 176114 1
7 5 50 collapse T+
Total cycles = 20
TABLE 6,11

LUAD-DEFLECTION RESULTS WITH FATILING BONDLINKS,
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corresponding to failure of links #110 and #112,

Evidently any further improvement of the analytic beam behavior
would seem fto require adjustments of the bond parameters, such as
using a nonlinear bond stress law, including more sophisticated
failure logic that included some dependency on the adjacent prin=-
cipal stress values, and perhaps variations of the tributary areas
of the links, These kinds of improvements were beyond the scope

of this test program and were not pursued further,

6.,4.5 Summary Of The Evaluation Of The Elements

The frame elements have been shown to be about as stiff as
the corresponding experimental beams and to yield crack penetrations
that compare favorably with the real cracking, However, the frame
element model is unable to give the real failure load of the rein-
forced concrete member, Consequently a frame modelled with these
elements will appear to be much stronger than the real frame, but
such a frame will be adequate for studies of the load transfers
that occur as a frame-panel system deteriorates.

The plane stress quadrilateral elements provide a reliable
description of the principal stress fields but give a stiffer model
than the real structure, By using both the ultimate tensile strain
criterion and the linearized Bresler-Pister criterion, these elements
give a reasonable representation of crack development during in-
creasing loads, The inability of this model to predict the failure
of the test beams was decided to be mainly due to the construction
of the model rather than being a defect in the guadrilateral element

formulations, 1in particular, the bond phenomenon was seen to be
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important for modelling the beams with regard to fazilure loads, 'The
quadrilateral elements were thus considered to he adequate for
describing the shear panels in a frame-panel system,

The combination of frame elements and guadrilateral elements
could be expected to provide both a stiffer and stronger model than

the real frame-panel structure.
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7. REINFORCED CONCRETE FRAMES AND PANELS

The purpose in combiningyseveral kinds of analytical elements
in this research was to model structural frames with or without shear
panels attached. Building-frames are not uniform in their design
details and it is difficult to even determine categories for repre-
sentative types of frames. Hence the use of a gso-called 'typical’
frame was abandoned. Actual buildirg frames are not usually well
reported in terms of the detailed description of the material proper-
ties used in their construction, Likely sources for descriptions of
frames and structural members which have their corresponding material
properties given in a fairly complete manner are of course to bhe
found in structural testing laboratories,

The one and two-story frame and panel models used in this chap-
ter were adapted from a series of five-story models that were experi-
mentaily tested to failure at the University of Illinois in 1967 (27).
Whereas that experimental program used reinforced concrete frames
with panels infilled with bricks and mortar, this analysis used the
same structural sections, frame geometry, and material properties,
but treated the panel infilling as = weak, unreinforced continuum.
Strength properties of such panels were estimated from the strength
data given for the experimental brick infilling,

Having selected a suitable structural model as a basis for this
work then the discretization of the system could proceed, The analy-
sis was restricted to the study of four analytical models subjected
to lateral loading. These models are shown schematically in

Figure 7,1, two are frames without panels, and then these are repested
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with shear panels. A single lateral load was applied to the top bheam
of each model so that every story had equal shear acting, and the
loading was increased incrementally until failure oceurred., The de-

tails of these models are developed in the following sections.

7,1 The Analytical Models, Frames Only

The general layout of a typical frame is given in Figure 7,2
while the cross-section details of the members are shown in Figure 7.3,
The actual sizes of the laboratory prototypes were maintained for the
analytical models, An average stress-strain curve for the frame con-
crete was represented in the multilinear form of Figure 7.4, but the
ultimate tensile strain had to be derived from the results of a
separate gnalysis of cracking in a model which simulated the five~
story experimental frames, The resulting value of tensile strength
used for these analyses, 740 psi, lay between the average modulus of
rupture (1260 psi) and the splitting strength (470 psi) of the labora-
tory material. The stress-strain curve of the drawn wire reinforce-
ment is given in Figure 7.5,

The structure was discretized by using frame elements for columns
and beams, and some guadrilateral elements for the base region and
beam-column connections, The layouts of the nodes and elements are
given in Figures 7,6 (A) and (B) for both frame models 234 and 23B.
The lateral load was uniformly distributed along both edges of the
top-story beams, This resulted in the patterns of nodal forces that
are demonstrated in Table 7.1 for a suitable value of unit total load.
Henceforth, the applied loads will be discussed only in terms of the

total force applied at the top beam at any time rather than in terms
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Y-coordinates Frame Z23B stops
at this level,
total of 46 elements.

azlf—n-
3%% 44 a1 42 43 44 45 46
39“-—-
33 38
35?1‘“’““ ;
32 37
33““"’"
J1 ! 36
BDH"“""'
30 Frame Z3A stops a5
S - ///) at this lewvel,
29 é total of 28 sls. 14
24m
2il 22 23 24 25 26 27 28
21?!—-
i5 20
18??—
14 19
1g5n = .
13 18
12!1-*-
12 | 17
9"-—-—
11 16
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1 2 3 4 5 & 7 g g i0
Q Jr—"
l
i i ! | ] | | | i | i
D 6" 9!! 1475 l91| 24!! 29" 34” 3991 az" Qal?

A-coordinates

FIGURE 7.6(B) FRAME TYPE 23 ELEMENT LAYQUT
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Uniformly distributed

lateral loads,. //;7R\\“M//V e ot ol ol

/

S

il ot o e——RE

ST T TR AFrer? A A S S S

FRAME 23A FRAME 238

Frame 23A | Applised forces |Frame 23R
node . . . mode
in X-direction
numbers numbers
39 2,385 ibs 73
40 5.54 T4
41 6£.942 75
47 6£.942 76
43 £.942 77
44 6.9472 768
45 6£.942 19
46 5.36 80
a7 2.085 81
48 Z2.085 8z
49 5.56 83
50 6.942 84
51 6.9472 85
52 £.942 Bo
33 6.942 87
54 6.3942 88
55 5.36 89
56 Z2.08B5 50
Total = 100.0 1lbs.

TABLE 7.1

DISTRIBUTION OF UNTT LATERAL LOADING
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of individual nodal forces, The first increment of loading was se-
lected as large as possible without initiating cracking or involving
nonlinear eifects so that the computational effort could be reduced.
Much smaller increments were subsequently applied to solve the
structure as cracking developed. The results of these analysis are

discussed next,

7.1.1 Results From One-Story Frame 234

This frame reqguired 56 nodes and 28 elements for its discreti-
zation (Figures 7.6 (A) and (B}) and the analysis took 347.3 seconds
on the CDC-G400 computer, The maximum lateral load of 1225 pounds
was reached in 9 increments and needed 32 iterations as described in
Table 7,2, This table also lists the lateral sway of the frame as
computed at the upper right corner, node 56, as the reference posi-
tion, If the load-deflection curve is plotted, as shown in Figure
7.7, then the frame shows a distinct change in stiffness after crack-
ing begins in the high-moments regions, at elements #11 and #16,

When the cracking load is reached (between 1050 pounds and 1075
pounds) then the column bases become severely cracked, Table 7,3
shows that 7 iterations are required to establish an equilibrium

state with 50% cracking in the left column, 40% cracking in the right
column, This type of adjustment occurred because of the small amount
of reinforcement i1n the members; the tensile reinforcement ratics were
0.66% at the left and 0,62% at the right. Such low values require
relatively large local curvature increases (acéentuating the cracking’
to develop the necessary steel stress for equilibrium, A larger

steel percentage would develop the necessary internal tensile
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l.oad Total Total No. of
Increment | Load BDeflection Cycles
No. | Size ibs. Inches

1400 1000 L.014543
50 1050 015393
25 1075 023139
25 1100 024971
25 1125 .025538
25 1150 .038589
25 1175 .040044
25 1200 .043162
Z25 1225 failure

AN R s & A ¥ Y S S
Ut B N @ L =

Total cycles = 32

Note: Lateral sway is measured at node 56,

upper right corner of frame 23A.

JABLE 7.2

FRAME 23A LOADING AND ITERATIONS,
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Total Lateral

iLoad, lbs.
1540 g=

1400

1304

Frame 238 | 3
1200 P

l l U G oy e s e

1080
Frame 2%§m

i

900

860

700

6593

500

4080

300

200

100

] | | |

Lg1" .o2" .03" .04an .57

G

Deflection Teg 2 inchesg,

FIGURE 7.7 LATERAL DISPLACEMENT OF NODE 56.
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Load Total Slices cracked
Increment Load Column Bases Beam Ends

Na. 1lbs. No.l1 | No.l6 | No.22 | No.27
2 14050 - - - -
3 1075 5 4 ~ -
4 1100 6 5 - -
3 1125 6 5 - -
6 1150 6 & 5 4
7 1175 6 6 5 4
8 1200 & 6 6 4
9 fails with extensive cracking

TABLE 7.3

CRACK PROPAGATION IN FRAME 23A




resultant with much smaller increases in local curvature (less
cracking) and the loss of local stiffness would be curtailed, In
general, tensile reinforcement ratios of 1 - 2% in beams are
recommended for proper ductile behavior (28) whereas this frame
showed an almost elasto-plastic response with little extra load
capacity after cracking,

It is interesting to note that the loss of § 'slices' of con-
crete (60% cracking) for eazch column base results in a reduction of
the transformed section I values from 7,79 ins.4 for the uncracked
case to 1,91 ins.4 for eiements 11, and to 2,13 ins.4 for element
16, For the left column this means an amplification X 4,08 for
the base M/EI diagram; similarly for the right column., These were
effectively concentrated angle changes which had hinge-like effects
and in fact represented the beginning of the formation of a classic
4-hinge failure mechanism for this structure,

Table 7.4 lists the moment changes that occurred in this system
as cracking proceeded, Cracking of the column bases at A and D
shifted the maximum moments up to the beam-column joints, B and C,
This behavior corresponded to the partial conversion of the systenm
to a Z2-pinned frame. The next significant cracking occurred at the
ends of the beam and again the effect was severe, stiffness was
considerably reduced at those points because of the small amount of
tensile reinforcement, At this stage, with little increase in
load after first cracking, the frame had 4 locations with severely
reduced stiffness corresponding to the final failure mechanism,

Moments at these locations now converged to their ultimate values




R
Mm%
B C
Al —i0

Inc, | Total System Moments (inch lbs)

No. Load MA MB MC M
2 i35:0 -4797 3865 ~3865 4796
3 10758 -3474 4906 -5000 4354
4 1100 -3402 5200 ~5203 4260
5 1125 -3479 5319 -5409 4357
5 1150 -4160 4204 ~-5252 5320
7 1175 ~-4316 4353 -5440 5278
8 1200 ~-4362 4345 -5700 8372

Normalized System Moments

(max. values set = 100)
2 1350 -104. 80.7 -30.7 104.
3 1075 -69.5 99.3 ~100. 87.2
4 1188 -65.5 106, ~1{30, 82.0
o] 1125 -54 .4 98.2 -100. 80,4
& 1150 -78.2 79.0 -39.4 100.
7 1175 -75.3 80.0 -100. 97.0
8 1206 -76.9 76.2 -100, 94,2

TABLE 7.4

VARTATION OF MOMENTS IN FRAME 23A

177
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appropriate for the axial forces present, The estimated Mult for
these sections (assumed balanced) is 5130 inch pounds (28), The
Lower moment values at A and B correspond to axial tension at those
spots, whereas increased values at C and D correspond to axial com-
pression forces,

Since the left side of the frame {(tension forces) became less
$tiff than the right side (compression forces) then the shear dis-
tribution between columns was affected., Table 7.5 shows the small
changes that occurred whence just before failure the left column
carried 44% of the story shear, the right column carried 56%,

A further observation in this summary concerns the variation
of tensile steel stresses. After the onset of cracking, at 1075
pounds load, these stresses were 22509 psi at A and 19504 psi at D.
Just before failure, at 1200 pounds load, the tensile steel stresses
at the hinge locations were as follows:

at A, 35096 psi (with + 305 pounds axial),

at B, 39944 psi (with + 345 pounds axial),

at C, 18341 psi (with -488 pounds axial),

at D, 35288 psi (with -304 pounds axial),

However, during the next load increment when failure occurred, the
tension steel stiresses at all these locations rose above 40000 psi
in successive iterations, Thus, the concept of yielding of the
steel in the hinge locations was indeed a feature of the final
collapse,

The load-deflection curve (Figure 7.7) shows that the cracking

load and yield load for this frame are nearly the same, Taking the




Tetal Column Shears
Shear l.eft | Right Left Right
ibs 1lbs 1bs % %
1050 525 525 50.0 50.0
1075 508 567 47.2 52.8
11690 521 579 " 47.3 52.7
1125 533 592 47,4 52.6
1150 506 544 44,0 56.0
1175 524 651 44 .6 55,4
1200 528 672 44 .0 56.0
JABLE 7.5

VARTATION OF SHEARS IN FRAME 23A

179
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R = 1200 lbs,

P
l TV
#22 427
E > e =—
= #11 #16 ==
1‘
i

FIGURE 7.8 FRAME 23A CRACKING HEFORE FAILURE,
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approximate area under the load-deflection curve as z measure of

the energy absorption to failure of this frame,

W

234 0.5 (1050,) (0,015393) + (1125,) (0.027769)

it

8,081 + 31.240

39,321 inch pounds

This value will be used for comparisons with the next structures to

be analvzed,

7.1.,2 Results From Two-Story Frame 23B

Frame 2Z3B was formed by adding an upper story to frame 23A,
see Figures 7.6 (A) and (B), to give 90 nodes and 46 elements., The
analysis to fallure took 753.3 seconds on the CDC-6400 computer.

The maximum lateral load of 854 pounds was reached in 14 increments
and took 45 iterations as described in Table 7.6, This table also
gives the lateral sway of the frame computed at node 90 as the ref-
erence position, The load-deflection curve is plotted in Figure 7,9
and shows that the response is of the same form as that of frame 234,
However, first cracking occurs at a lower load level (830 pounds)
than for the single story frame and immediately involves 6 elements,
rather than just the column bases., The development of cracking is
listed in Table 7.7 and shows how the newly cracked system requires
only a single small increment to involve a final hinge location at
element 38, After reaching this loading (832 pounds) the system
develops no new cracks with increasing load until immediate failure
occurs beyond 852 pounds with extensive c¢racking, The cracking at

elements 33 and 40 must be considered as a single stiff hinge
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Load Total Total No. of
Increment Load Deflection| Cycles
No. | Size 1lbs Inches

1 628 g28 .038751 1

2 z 830 LU81742 12

3 2 832 .089594 &

4 2 834 .090213 1

5 2 836 090431 1

) 2 838 .0906e50 1

7 2 840 .390875 3

8 z 842 LO091172 &

9 2 844 .0%1495 2
10 2 846 .091888 4
11 2 B4g .092322 2
1z 2 g§50 .092753 1
13 2 g52 .093187 1
14 2 854 failure 6

Total cycles = 45

Note: Lateral sway is measured at node 90,

upper right corner of frame 23B.

TABLE 7.6

FRAME 238 LOADING AND ITERATIONS.




183

Total Lateral

l.oad, lbs.

1000 ¢~

Frame 23B e
}». o——wdfg—

800 ™

£00 -

400 /

200 ™

D | l 1
.0z .04 .06 .08 .10

Daflection Tgg» inches.

FIGURE 7.9 LATERAL DISPLACEMENT OF NODE 94.




Ine. Zg;:l Glices Cracked In Elements
No., lbs 11 16 22 27 33 38 40
1 gza | - - - - - - -
2 830 5 -

3 832 6 5

4 834

. . Cracking remains unchanged.
13 852
14 854 Fails with extensive cracking.

TABLE 7.7

CRACK PROPAGATION IN FRAME 23H
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location at that corner, Since the other 5 cracked elements also
behave as stiff hinges then the frame has reached a 6-hinge
mechanism for potential failure almost immediately safter first
cracking, This again accounts for the elasto-plastic form of the
load deformation response., The condition of the cracked frame
failure is shown in Figure 7,10 and this may be related to the
changes in frame moments recorded in Table 7.8 for the hinge loca-
tions, The hinge moment values converged asymptotically toward the
appropriate values of plastic moments while the load increased, As
expected, the compression hinges at D,F,B and C (see Table 7,8)
converged towards higher values of plastic moments than the tension
hinges at A and E,

The shear distribution between the columns of each story showed
little change during the loading to failure once cracking had
occurred, Before cracking the columns of each side carried 50% of
the story shear, After cracking, the change in stiffness was
greatest in the bottom story so that the left : right column shear
distribution became about 38% ! 62% as given in Table 7.%9. However,
the upper story columns showed less variation in their stiffnesses
and reached about 51% : 49% sharing near failure,

The tensile steel stresses at the hinge locations are next
listed for the situations just after cracking (830 pounds load) and

just before failure (852 pounds load), Stresses are given as psi,
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#38
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FIGURE 7.10

FRAME 238 CRACKING BEFORE FAILURE.
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Inc.! Total System Maoments (inch-~lbs.)
Ng. Load MA MB ME MD ME MF
1 828 ~44°77 5677t -5677 4476 41301 -4130
Z 830 -3525 5033 | -4968 5456 3983 | ~-5626
3 832 -3714 5171 § -53789 5607 31868 1 -4804
T 840 ~3748 5221 | =54372 5BA1% 3906 { -4850
14 846 -3756 5268 | -5454 5912 3944} -4893
13 B52 ~3768 5326 | -5475 5934 39B8 | -49472
R
mmu—-———b
£
F
B C
AL 40
TABLE 7.8

VARIATION OF MOMENTS IN FRAME 23B
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| oad Lolumn Shears 1lbs. Coclumn Shears %
1bs . Bottom Story Top Story Bottom Story Top B8Btory
Left | Right lleft | Right Left § Right Left | Aight
824 414 414 414 414 50.0 50.0 | 50.0 50.0
830 318 512 404 426 38.3 61.7 48.7 51.3
832 314 518 418 414 37.8 £2.2 50.3 49.7
B36 316 520 420 416 37.8 62.2 50.2 45.8
844 318 526 425 419 37.7 62.3 50.2 49.8
852 321 531 430 4272 37.6 62.4 50.5 49.5
TABLE 7.9

VARIATION OF SHEARS IN FRAME Z3B




Element

il

i6

27

33

40

38

830 pounds
33047
31869
27707
318135
17857
17679

5386

852 pounds
35056
35044
33861
35049
17394
23413

25946
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Again, during iterations to failure in the succeeding load increment,

the tensile steel stresses rose well above 40000 psi at all hinge

locations,

The cracking and yvield loads were close again as a result of

the minimum reinforcement percentage (828 lbs,

and 854 1bs,).

Taking

the approximate area under the load-deflection curve as a measure of

the energy absorption to failure for this frame then

W
238

1l

Hi

0.5 (828,) (0,038751) + (840,) (0,0544386)

16,043 + 45.726

61.769 inch pounds

The comparison with frame 23A shows that Z3B only carried 71.0%

of the maximum load achieved by 234, but absorbed 1,57 times as much

energy as 23A hefore failure,

The analyses of these frames showed the formation of failure

mechanisms made of discrete stiff hinges with values of yvield moments

varying according to the axial forces present,

produced without assumptions concerning the moment-curvature

These results were
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characteristics of the members and are an interesting feature of the
analytical process,
Next these frames are analyvrzed with weak shear panels attached

50 that changes in their behavior could be demonstrated,

7,2 The Analytic Frames With Shear Panels

Two further analytic models, 244 and 24B, were prepared as shown
in Figure 7.1, by adding weak, unreinforced panels to the frames 23A
and 23B, The original panel material for laboratory testing (27) con-
sisted of model bricks and mortar so that the experiment was con-
cerned with frames with infilled panels rather than structural shear
panels. 1In the present work no attempt was made to specifically
represent a brick infilling but rather to consider the changes brought
about by using panels of some defined, weak material, If necessary,
panel reinforcement could be included (rod elements) but was omitted
for this preliminary work,

The general layout and reinforcing of the frames remained un-

changed from Flgures 7.2 and 7.3, The discretization of the struc-

tures 244 and 24B was developed to suit the addition of panels and

their attachment to adjacent frame members by tielinks, The neces-
sary details are given in Figures 7.11 for the node geometry and
element layouts,

The material properties for the frame concrete and reinforce-
ment have already been given in Figures 7,4 and 7.5, but suitable
properties for the panel material and tielinks had to be introduced,
A linear, weak material (relative to the strength of the frame

materials) was defined to have a tensile strength f; = 100 psi,
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L5 158 liss  Beo  Be1 162 p63 164 .
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FIGURE 7.11(A)

LAYOUT OF NODES INCLUDING PANELS.
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Top 24 {95 96 97 98 99 100 101 [102
89 il 127 | 128 129 130 | 131 132 || 94
88 || 121 | 122 123 124 | 125 126 1| 93
87 || 115 | 116 117 118 | 119 120 }| 92
86 1| 109 | 110 111 112 § 113 114 il 91
g5 {} 103 | 104 105 106 | 107 108 {90
Top 24A 1211 22 23 24 25 26 27 | 28
15 {1 53 54 55 56 57 58 || 20
14 || a7 48 49 50 51 52 4] 19
13 4] 42 42 43 44 45 46 {l 18
12 {| 35 36 37 38 39 a0 {17
11 4] 29 39 31 3z 33 34 || 16
1 2 3 4 5 6 7 8 9 10

FIGURE 7.11(B) STRUCTURES 24A AND 248B.

LAYDUT OF QUADRILATERAL AND FHAME ELEMENTS.
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LAYOUT OF TIELINK CONNECTIDNS,
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a compressive strength f; = 500 psi, and a constant modulus of
elasticlity Ec = 2,0 X 106 psi, The stress-strain curve for this
material is given in Figure 7,12,

Four types of linkages are identified with this model arrange-
ment according to the four magnitudes of tributary contact areas to
be represented, Horizontal sides reguire each tielink to represent
5,0 X 0,875 = 4,375 sg, inches of contact area where the panel thick-
ness of 0,875 inches provides the critical thickness dimension, Ver—
tical sides reguire tielinks to each represent 2.625 sq. inches of
contact while the corner links represent half of these values on any
side, These areas were necessary for computing the tielinks strengths,
The weakest material at the contact face is provided by the panel,
This material has a tensile strength of 100 psi, but a shear strength
of 100 psi was assigned to complete the list of properties reguired
for the computations,

For example, the tensile strength assigned to tielipks on the
horizontal sides was immediately given as 4,375 X 100, = 437.5 lbs,
Likewise for the shear strengths and for the other tielinks. This
yvielded the following strength values:

Horizontal sides, non-corner, 437.5 1bs,

Horizontal sides, at corner, 218.75 1bs,
Vertical sides, non-corner, 262,50 1bs.
Vertical sides, at corner, 131.25 1bs,

Each tielink was assumed to be rigid in normal, uncracked
operation and this was achieved by assigning a very large stiffness

6
value, say 100 X 10 1lbs/inch,  However, each tielink also required
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i . .
% Microstrain

Stress
P.S.1.
+200
I
-300 =200 +100
L -400
wnuéUD
Ord{ Stress [Microstrain
1 100. 50
2 50. 25
3 G. g
4 -503. -25
9 -100. =50
& -200. -100
7 -300. -150
8 -400. -200
5 -500. -2590
FIGURE 7.12 STRESS-STRAIN CURVE FOR PANEL MATERIAL.
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a stiffness value that could represent the frictional situation of a
closed crack, This was done by arbitrarily taking one third of the
bond stiffness that would be computed for the given contact areas
and using an average value of bond stress per unit bond slip of

3.0 psi/microinch (9), For horizontal panel edges this gave a tie~

link friction stiffness

(3 x 4,375 = 3) x 10°

>
ii

4,375 X 106 1bs/inch

The other tielinks had proportional values computed for them,

The loading procedure for the panel structures was the same as
that used for the previous frames; a lateral load was applied only
along the top beam in each case (see Table 7.1 for a typical unit
loading), The first load increment was made as large as possible
without starting cracking or other nonlinear effects and then smaller
increments were applied until failure occurred. The determination
of these loads usually required several trial analyses beforehand,
The results obtained for structures 244 and 248 will next be pre-

sented in separate sections,

7.2,1 Results For One-Story Structure 244

The panel structure 244 required 98 nodes and 84 elements for
its discretization (see Figures 7.11) and the analysis to failure
took 573.4 seconds on the CDC-6400 computer. The maximum lateral
load of 2500 1bs, was reached in 11 increments after a total of 25
iterations, This data is listed in Table 7.10 along with the load-

deflectilon response at node 98 as the reference position (upper
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Load Total Total No., of
Increment | Load Beflection Cycles
No. | Size lbs Inches

1 2000 2000 L0001497 1

2 50 2050 .001535 1

3 50 2100 .001573 2

4 50 21508 .001612 2

5 50 22040 .001650 1

& 50 2250 .001688 2

7 50 2300 .001737 2

B 50 2350 .001803 2

9 50 2408 .081857 1

10 50 24510 .001912 3
1l 50 25300 failure g8
Total cycles = 25

Note: Lateral sway is measured at node 98,

upper right corner of structure 24A.

TABLE 7.10

STRUCTURE 24A LOADING AND ITERATIONS.




198

right corner}., The load-deflection respbnse was plotted in Figure
7.13 and showed a brittle behavior for this system with much in-
creased strength and stiffness compared with the results for the
frame alone (Figure 7.7). Assuming that the ultimate strength and
deformation is represented by the calculation at 2450 lbs, applied
l1oad, then an estimate of the energy absorﬁfion of this structure
is given by

0.5 (2300) (0.001737) + 0.5 (2300 + 2450) (0,000175)

Hi

W
244

1.997 + 0,416 = 2,413 inch 1lbs,

Even the onset of cracking, which took place entirely in the panel
itself, produced no significant deflection changes,

The sequence of cracking is listed in Table 7.11 and shows that
progressive failure of the panel took place only after about 84% of
the maximum load had been reached, No tielink fractures occurred for
this model i1,e, no separations between panel and frame; and no frame
cracking occurred until the final disintegration of the system began
under collapse loading,

All of the elements which cracke& did so because of the biaxial
failure criterion and the resulting cracks were oriented ?t prac-
tically 45° to the panel edges, The appearance of the cracking be-
fore failure is plotted in Figure 7.14, Some slightly curved crack
paths may be discerned, During the final load increment to 2500 lbs,
the entire panel became cracked, tielinks began to fracture, and
eventually most of the panel elements became destroyed as compres-
sive strengths were exceeded., This also represented the breakdown

of diagonal strut action, and as large deflections hecame generated
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Load | Cracks No. Of Each Element
lbs. | During Which Becomes Lracked
Cycle
No.,

2058 - none
2101 1 35
2150 1 41
2208 - none
2250 1 42 3 49 ; 55 ; 56
2300 1 48 ; 30 ; 57
2358 1 43 ; 54
2400 - none
2450 1 37 3 44 ;47

" 2 36
2500 General disintegration of

nanel

quads and links.

JABLE 7.11

CRACKING SEQUENCE OF STRUCTURE Z24A
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so the computation was stopped,

Cracking is closely related fto the magnitudes and orientations
of the principal stresses within the panel, These values are
plotted for each element in Figures 7.15 (4) and (B) for two load
conditions; before cracking and before failure, Stress orientations
remained practically unchanged during the development of cracking and
the diagonal strut action is shown clearly by the principal compres-
sive stress field in Figure 7.13 (B). The average 45° orientation
5f the principal stresses indicates that the panel was subjected
predominantly to shear rather than flexure and this is consistent
with the expected structural action, Further evidence of this comes
from the shear siress valueg themselves, These values are shown in
Figure 7,16 superimposed con the layouts of panel elements for the
two reference load cases, Before cracking the shear stresses had
the expected symmetry about the vertical centerline, with falrly
uniform values across the panel width, Greatest deviatiéns occurred
at the edges where normal forces from the frame contact acted, On
the other hand, a strong flexural action by the panel would have pro-
duced somewhat parabolic shear stress variations at any level, After
eracking the shear stress values were lower over the cracked zone and
higher over the uncracked elements according to the unbalance of
stiffness in the panel system.

The distribution of the story shear force between columns and
panel may be estimated from their relative stiffnesses, Subjecting
the two columns to unit translations, bases fixed, then the column-

resisted shear force PC ig given by



Applied Lopad = 2000 1bs.
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SSX SAX 55>< 56>< 57>< 58 X
47>< MﬁX 49X SDX 51 X 52 X
le 42X 43 >< 44 X 45 X 46 X
35)( 36>< 37 >< 38 >< 39 X 10 X
e
29 30 31 32 33 34
w//“lDD p.s.1., principal tension
SCALE:
A—\\‘lDD p.s.1. principal compression

maximum d8°925, slement 47

minimum -&l.DBO, element 52

FIGURE 7.15(A)

PANEL STRESSES BEFORE CRACKING, STRULCTURE 24A
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Applied Load = 2450 l1bs.
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maximum 48,750, glement 47

/

minimum éD,Zég, eiemant 52

FIGURE T7.13(B)

PANEL STRESSES BEFORE FAILURE, STRUCTURE Z24A




61.63 52.95 70.90 81.59 70.14 71.61
40,85 65.59 768.91 65.93 B85.81 78.72
60.24 65.85 53.27 50.74 B2.77 B4.43
49,64 48,82 45,41 80.69 76.79 81.17
64,30 70.88 76.50 T76.14 72.51 60.29
External toad 2450 lbs. Before fFailure.
(Shear stress values shown in p.s.i.)
52.54 72,39 74.98 74,58 72.38 52.50
62.78 69.01 73.04 73.03 69.02 62.76
67.91 67.73 69.27 63,26 67.73 67.89
66.18 62.95 65.76 65.77 62.94 66.16
49.51 59.46 £2.67 62.67 29.49 43.56

External

Load 2000 lbs.

Before Lracking,

FIGURE 7.16

PANEL SHEAR STRESS VARIATIONS.
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2 X 12 EI/’L3

fevd
il

= 24 (2.88 X 100) (7.79)/(15)°

H

0,16 X 166 1bs,

Disregarding flexural action in the panel, then the wall-resisted

shear force PW is cbtained from
P = AG/KL
W

where factor k = 1,29 is appropriate to compensate for the pon-uniform
shear stress distribution of a rectangular section, and where shear

modulus G = E72{1l+v), This gives

(30 £ 0_875) (2,0 X 106)/(1.20 X OIB X 2,34)

o]
i

= 1,25 X 106 1bs,

These may be coubined to give the % distributions for this model as
28.6% to the panel and 11,4% of the story shear to both columns, ox
about 5,7% each, While this calculation serves to provide a single
estimate of story shear distribution, it gives no indication of
changes that may occur within the story height because of the actual
frame-wall interaction, The % distributions of story shear obtained
from the analvsis are plotted in Figure 7,17 and it is evident that
the ahove calculation is reascnably accurate in the upper two-thirds
of the story, and that variations occur throughout the story height
to increase the shear at the column bases to about 15-17%; about

3 times the estimate, However, shear distribution ratios between
columns and panel, and variations of these ratios across the story

height, show little change during panel cracking before faillure,
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Applied Shear 2450 1lbs.
Befaore Failure
lE"Ei!Igiii!lillii!

0" ; - -

Height
Within
Panel

/

Easa!nilua!liliillls&

0% 25% 50% 25% 0%
<—————— Total Story Shear = 100% —————
. 0% 25% 50% 25% 0%
15 T O O O E!l
| ‘
| Applied (Shear 1
2000 {1bs.
Before |Cracking
y Q
10" - i S, -
Height
Within

| /

w U T

Left Column Panal Right Column

FIGURE T7.17 STORY SHEAR FORCE DISTRIBUTIGNS,
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Variations occurred in the column shears because of the inter-
action forces between columns and panel, In the analytlc model these
forces were represented by discrete forces at nodal connections and
are shown in Figures 7.18{(A)} and (B) for two reference load cases,
These forces show the predominant shear action of the panel as well
a2 the influence of the frame-panel interaction. As a further illus-
tration of the nature of the edge loading of the panel the vector re-
sultants are plotted in Figure 7.19 along with the equilibrium polygon
of forces for the panel.

The interaction forces between panel and frame have a signifi-
cant effect on the moments in frame members, The moment diagrams
for each reference loading are plotted in Figures 7,20(A) and (B) but
are unreglistically disceontinuous because of the disc}ete node
connections 0 the panel, If edge connections were continuous, as
in the real structures, then the moment diagrams would vary smoothly
and this effect has also been noted on the diagrams. In general the
panel forces cause an additional reduction of moments in the frame
beyond the case where the frame alone would be carrying an equsal
amount of story shear without edge effects. This could be checked by
comparing the moment diagrams of frame 23A (no panel) using a con-
stant shear of 111 1bs,, and those of the present structure 24A, which
has an average upper region shear of 111 1bs, The paraxial edge
forces produce most of the reduction moments. This becomes more
evident when moment diagrams are separated into their contributing

parts as is done in Figure 7,21 for the left column moments only,




208

Parallelogram wdf T
outline for panel IC

Flexural outline
for frame

ITnterferance Betwesn Frame And Pansl

Contact Forces Shown C= Comp?essian
T = Tension
21.52 13.15 5.27 5.24 13.31 21.10
94,70 3 ; ! i t ? T 94.28
il —qpa»mwu—ﬂrewwwmua-o———um-o~—~wmd—o---—?-—4-
291.69 324.45 327.56 324,39 291.63
21.49 1 151'53i 21.64
e : S i ?-—4-
élSl.iQ |
164.13?
-3£4p$ External Load 3T
2000 1bs. ?
gl&d.iﬂ ?

43.88__ | 177.24 1 43,79
e e 4 i Aﬁqwmu
31T7'26 187.601
181.74 é 3 101.24
[ 10012 T
121'43, é 231.38 262.%8 270526 262.62 231.92 121.60
! 1 ! ! f !

B2.46 T2.47 31.96 31.95 72.50 B2.92

FIGURE 7.18{A) PANEL EJGE FORCES BEFORE CRACKING.
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30.12 14,64 5,59 8.50 17.61 7.35 28.06
115,36 | ? ? 126.48
S~y e i (Y e v e s .

i 335.61 370.68 388.25 407.69 406.38
25.46 ] [ 204.53 ?28.20
Lt SRR SR - % — ? Er—
184 .35 l
24,48 206.29 ? .69
e e ? e
31?6.98 External lLoad
2450 1lbs.
7456 | 213.00 ?50.44
L d SO —— ? meran
5195 60
229.20
100.67 b 7 ?123.08
3258 o8 T
153,82 | 291.87 31624 _329é66 319,30 281.87 147.82
95.48 95,48 57.45  19.21  21.22  79.55 100.48

{Units are 1lhs. force.)

FIGURE 7.18{(B) PANEL EDGE FORCES BEFORE FAILURE.
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//f Equilibrium polygon for force

on pansl sdge.

Vg
]
1]
[13]
o
frt
<t
]
o
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1]

}! Total Story Shear 2000 ibs,

FIGURE 7.19

RESULTANT FORCES ON PANEL BEFORE CRACKING.
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Maments
inch lbs.
+500 =+ 500
0 = b 0
-500 -500
Beam Momentis
! LI S A B S B B A ¥ H‘i LA R I LI B B
Laft Collumn. Right Qolumn.
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\\\ Profiles for
\ unifozrm sdge afflects.
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™ ~
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3 y/ff/; L& 1 1 v s ¢ 3 B-000 "N I | \j\ﬁ\q i
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FIGURE 7.20(A) FRAME MOMENTS BEFORE CRACKING.
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Moments
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+500 = +500
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adge gffects.
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™~
/

-10060 -5040 0 +580 g +500 +1000

Moments, inch lbs,

Total External Load = 2450 lbs.

FIGURE 7.20(B) FRAME MOMENTS BEFORE FAILURE.
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360 in.lbs.

125.4 lbs.
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N\m\“““wi3%0?g 473,88 0.3z 21.5
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10Z21.1

738.9

Moments from paraxial
sgdge forces.
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Combined Moments On Left Column.
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e, —-}@:\‘ “-1;,_6
-1 *\gg | “\J \J
4 +3145,3 +210.8
+360
FIGURE 7.21 SEPARATION OF LLEFT COLUMN MOMENTS.
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7.2.2 Results For Two-Story Panel Structure 24B

This structure was discretized with 174 nodeg and 138 elements
{see Figures 7,11) and the analysis to failure took 1800 seconds on
the CNC-6400 computer, The maximum lateral load of 2325 lbs, was
reached in 19 increments after a total of 42 iterations., This data
is listed in Table 7,12 and shows the load-deflection respense at node
174 as the reference location {upper right corner of frame). This
response is plotited in Figure 7,22 and shows the same generally brittle
behavior previousiy obhserved for 24A, Assuming that the ultimate
strength and deformation is given by the calculated results at 2300
1bs, ioad, then an estimate of energy absorption for this structure
is given by

W
248

L

0.5 {19800) (0.003964) + 0,5 {1900 + 2300) {(0,000977)

it

3.7688 + 22,0517 = 5,818 inch 1bs.

The sequence of cracking of panel elements is given in Table
7.13. <Cracking was entireiy contained within the weak panels, the
frames were intact up to failure, and no panel-frame separations were
induced before failure, Progressive failure of the panels took place
after the initial cracking lLoad of 1650 lbs, was reached (72% of ulti-
mate load),

The appearance of the cracking is shown in Filgure 7.23 for the
applied load of 2300 1lbs. just before faillure, During the final load
increment to 2325 lbs,, extensive panel cracking occurred, tielinks
began to fracture, frame cracking began and large deflections caused

the computation to he stopped,




Load Total Total No., of
Increment Load Deflection} Eycles
No.] S5ize ibs Inches

1 1500 1600 LU03303 1

2 1650 .003417 2

3 54 1740 .003528 Z

4 50 1759 .0B3632 1

5 50 18040 L303735 1

6 50 1850 LO03857 3

7 54 1900 .003%9c4 2

8 50 19540 0040469 1

9 50 2000 004175 2

10 50 2050 L04285 2
11 50 2100 L004415 3
iz 54 2130 L004533 2
13 23 2175 .004603 3
14 25 2200 .004663 2
15 25 2225 .00473¢6 3
16 25 2250 .0048033 1
17 23 2275 .004869 2
i3 25 2300 004941 3
19 25 2325 failure 6
Total cycles = 42

Note: Lateral sway is measursed at

node 174,

TABLE

upper right corner.

71.12

FRAME 24B LOADING AND TTERATIONS.
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Taotal Lateral
lLoad, lbs.

Jjcao

2500 &

2000 &~

15e6 ™ e

1000 5

500 fm—

] ] | |

L0081 402 ,003 .004 .0905

Deflection rl?d , inches.

FIGURE 7,22

LOAD-DEFLECTION BEMAVIOR OF STRUCTURE 24B.




Load Mo, of Mo, of Cach Element

b Cycles Which Becomes (Cracked

1600 1 none !

1650 2 41 |

1700 2 35 |

1750 1 nane I

184a0 1 none l

1850 3 47,48 |

1980 2 47 !

1950 1 none

2000 2 49,55 ]

2050 Z 36,54 l

2100 3 53,56,43,| 104

2150 P ilUS

2175 3 29,30 |

22840 2 111,117,123,

| 129,130

2225 3 50,37 1186,112,118
124

2250 1 none I

2275 2z 1116

2300 3 | 109,110,131

2325 & General disintegration.

TABLE 7.13

CRACKING SEQUENCE

OF STRUCTURE Z4B
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R = 2300 lbs.
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FIGURE 7,23

CRACKING BEFORE FATLURE, FRAME 248.
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The principal stresses existing in the panels before failure
are shown in Figure 7,24. The stress orientations remained almost
unchanged during the entire loading process, Once again the average
45° orientation of principal stresses over each entire panel indi-
cated that the predominant structursl action was one of shear rather
than flexure, Shear stress values for both panels before cracking
and before fzilure are given on panel layouts in Figures 7.25(A) and
.

The digtribution of story shear between frame and panels is
given in Figures 7.28 for two loading conditions, The greatest
deviation from the estimated distribution occurred in the lower panel
where column base shears reached about 3 times the story estimate;
about 20% in each column instead of about 6% of the story shear,
However, in the upper parel, and in the upper part of the lower panel,
the columns each carried an average 5% of story shear., These results
can be compared to those for frame 24A shown in Figure 7.17.

Interaction forces between panels and frame were given by the
data from tielinks at the connected nodes, These discrete force
resultants are shown in Figure 7,27 for both panels before cracking
begins, and represent the continuous interaction forces that are
expected along panel edges, Such discrete forces cause the analytical
moment diagrams to also be discontinuous (as was the case for struc-
ture 24AY and these results are plotted in Figure 7,28 for the
reference loadings. The moment profiles shown dotted in that dia-
gram are estimates of the actual moments expected to correspond

te continuous, real panel-frame connections, The panels reduced




Applied Load

230C 1ibs.
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/114X
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e ed4
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SCALE:

4 ~3+00 p.s.i. principal tension

S N100 p.s.il.principal compression

Upper panel

lLower panel

4

~
N
N

47474

“Y
XXX
XK
XA

PANEL STRESSES BEFOHE FAILURE,

FIGURE 7.24

STRUCTURE 2Z24B.
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40,82 37.71 61.31 61.51 57.71 40.79
47.52 55.44 61.47 £1.46 55,43 47.,5%
45.62 55.95 61.12 61.12 55.95 49.63
48,01 56.10 61.52 61.53 56.09 48,02
43.11 56.47 61.69 61.69 58.47 43.14
Upper Panel
Story Shear Before Cracking = 1600 lbs.
Lower Panel
43.32 650.03 £2.62 62.61 60.02 43.28
48,75 56.22 59.67 59.66 56.22 49.72
54,00 54,27 55.75 35.73 54.27 53.96
52.47 49,62 52.12 52.13 45.61 52.44
36.29 46.19 48 .47 48 .48 46.24 36.35

(Shear stress values shown in p.s.i.)

FIGURE 7.25(A)

PANEL SHEAR STRESSES BEFORE CRACKING, FRAME 248,
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58.46 80.99 55,41 61.69 53.55 60.46
68.16 79.15 §2.18 64,440 80.70 69.71
73.61 21.34d 62.51 35,34 80.83 71.92
33.44 42,94 55.65 54.42 §0.74 £5.18
65,04 51.45 a8, 30 52.72 83.94 62.42

Upper Panel

Story Shear Before Failure = 2300 lbs.

Lower Fanel

23.61 46.47 72.35 73,14 94.53 £6.84
35.07 60.59 74,35 56.17 83.98 T6.63
52.71 65.93 48.96 79.735 78,65 BO.72
532.78 37.89 31.90 72.80 74,35 76.51
26,07 14.87 64 .00 £5.60 G4 .44 51.83

(Shear stress values shown in p.s.i.)

FIGURE 7.25(B}

PANEL SHEAR STRESSES BEFORE FAILURE, FRAME Z4B.
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Applied Shear 1500 ibs.
Hefore Lracking

15" CTTT T g IH!V
lDH wd B-u-:
Height uppiznel
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Panel 9 ! 0
5!1 ‘H} l ?;
; i
[
e | § P11
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0% 25% 50% 25% 0%
le— e Total Story Shear = 100% ————
. 0% 25% 50% 75% 0%
e 1T g T
g !
&
}" D 17 B A JR— ; e
. Lower
Height
Within Panel
Panesl
| Left 7 Right
! Column Lolumn ™—t—
! : Panesl
BN | | i/

Base

FIGURE 7.26{(A)

STORY SHEAR DISTRIBUTICN BEFORE CRACKING, FRAME 248,




Applied Shear 2300 lbs,

Bafore Failure
LS T g T T
; )
10n i e
] ; Upper
Height Panel
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Panel
|
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]
Basei | P 1 g i & 31t
0% 25% 50% 25% 0%
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0% 25% 50% 25% 0%
L3P I I |
| i | E
i &
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) 7Y e ramrrere o
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> & | | lieft Right __
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I : ;
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Base i f\ﬂ g a i ﬁ// !
FIGURE 7,26(8)
STORY SHEAR DISTRIBUTION BEFORE FATILURE,

FRAME Z48B.
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17.46 5.37 1.37 0 1.36 9.50 17.12
I | A B
i < S = e s * Mo 8
74,38 230.02  261.79 267.97 261.74  230.24 74 .06
116.4
19.21 ? ?19 33
r—R ? o
116.22
120.28 ?
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e Upper Panel 1 1 Q"”’
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— O e G- -— O — O —— O ? 1 -
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83.72 122.93 66.09 0 56.13 122.78 64 .08
s (e i (el (e i WWWL —
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3114.88 .
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47,94 é 42,82
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«-—-é E —
3153 i8
.| 98.94
e

98.92 171.27 185,97 205.72 200.14 171.37
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e (G e (o i s i -

S R R S
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FIGURE 7.27 PANEL EDGE FORCES BEFORE CRACKING.
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the average frame moments considerably so that even just belfore
failure the frame was lightly loaded,
The results for all of the preceding structures will be dis-

cussed further in the next section,

7.3 BReview And Summary

It is first necessary to consider some basic characteristics of
the frame members before giving interpretation to the behavior of
these systems,

Figure 7.3 shows that the beams and columns have approximately
the same cross—section details so that a single ultimate strength
envelope (relating axial force and section moment) can be used, This
means that plastic moments at hinge locations of the yielding frames
should converge fo similar values except for the influence of axial
forces, Since only small axial forces were generated in these
frames {(dead loads were not included for the frames or for tributary
floor systems) then only a small portion of the ultimate strength
envelope need for used, The complete envelope was computed for a
typical beam section, using the Whitney stress block and the ACI
method, assuming a steel yield stress of 40000 psi, The complete
curve is plotted in Figure 7,29(A) and the portion that is relevant
to the present anzlyses is re-plotted in Figure 7,29(B). 8ince all
sections are under-reinforced, with a tensile steel ratio of only
0.55%, then yielding of the tension steel was expected o be the
governing condition for ultimate strength, The ultimate strength
of these doubly-reinforced sections was further explored by com-

puting equilibrium forces on the cross-section for selected plane
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Axial Compression

Kips.
50 g
\{::::;ii;?Si kips
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v
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FIGURE 7.29{A) ULTIMATE CAPACITY ENVELOPE.
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[}
700 \;
Parabolic stress bloek !
600 S
<, q
500 b / !

Sy

200 =

00 ™~

} 1 i i

2 3 4 5 & 7
100 Section Momant
kip-inches.

200 |
309 /// ‘//

400

500 |

600 :

709

Wl

500 , Do

f : /‘\\\‘steei yield stresses:

450800 p.s. 1.
412590 p.s.1i.
35000 p.s.i.

e ™

Axial Tension lbs.

FIGURE 7.29(B) DETAIL OF ULTIMATE CAPACITY ENVELOPES.
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deformations of the section, assuming z parabolic stress-strain
curve for the compression concrete, using various values of steel
vield stress and tensile steel strain, These resulis were added
to Figure 7,29(B).

Cracking started at the base of the tension column in both
frames and agreed with predicted values., Computing Mcr gt mid-
height of the outer slice, and allowing for axial tension (about
26 psi for 23A and 60 psi for 23R) then predicted valuss were given
thus:

for 23A, M
cr

714 X 7.79/1.35 = 4110 inch 1bs

A

680 X 7.79/1,35 3920 inch 1lbs,

1l
i

for 23B, M
cr

Analytic cracking was actually given for these locations at average
moment magnitudes of
4009 inch 1bs, for 234,

3836 inch 1bs., for 23B (averaged at mid-length of the element),

Referring now to Figure 7,28{(B), it is important to note that

the values of Mcr and Mu for these secticns are about the same mag-

1t
nitude, This fact is basic to understanding the behavior of these
frames to yielding. Several hypothetical M - @ diagrams are presented
in Figure 7,30 for cross-sections whose different reinforcement de-
tails cause different ratios between their Mcr and Mult values, Each
of these diagrams has gradients plotted which relate the section
behavior to different amounts of cracking, For a well reinforced,
ductile section, such as in example (A), the change in section stiff-

ness while cracking progresses is much less than the stiffness

degradation that can be expected with cracking of s lightly reinforced
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section, such as examples (C) and (D), Each of these diagrams also
suggests that uliimate moment is achleved with about 80% cracking

of the concrete. Examples (A) and (B) represent section behavior
that is usually observed in laboratory testing and published re-
sults, Mult is clearly greater than Mcr and there is a steady pro-
gression to the ultimate cracked state after cracking begins, Dis-
cretized structures analyzed by the procedures of this research would
tend to exhibit the stepped path to the ultimate state; each verti-
cal mement increment may be achieved over several load increments,
or one load increment may encompass several moment increments, But
in each case, this program reports the progress of cracking in dis-
crete jumps, slice by slice. The rate at which the moment increases
in any section with increase of external loading depends on whether
the structure is determinate, Further load capacity after cracking
is proportional to the extra moment capacity after cracking

(Mult - Mcr) only for the determinate case., In the indeterminate
structure the increase, or decrease, of local moment depends on the
relative distributions of stiffness throughout the entire structure,
This is particularly relevant to examples (C) and (D) of Figure 7,30,
When Mcr and Mult coincide the? the onset of cracking leads directly
to yield and a plastic hinge for the determinate structure, But for
the indeterminate structure there is always the possibility that the
hinge not be lmmediately formed. By the earlier discussion, pro-
gressive cracking causes a local decrease of stiffness and this can
lead to a decrease in the section moment, This is illustrated for

the more drastic case when M, ¢ 1s less than M, ., example (DY, As

it
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long as moment reductions can occur with curvature increases after
cracking then it may be possible to achieve a new moment equili-
brium at some value less than ultimate, If stiffness degradation
occcurs elsewhere then a further increase in moment can be absorbed

by the section until the ultimate is reached and a plastithinge
forms, This type of action was observed at the base of the tension
column, element 11, in frame 23B, The M - © data is plotted in
Figure 7,31 and shows how 60% cracking was achieved over 7 iterations
of the solution with redistribution of the moments in the system,
However, over the last 5 iterations, cracking occurred in other bheams
and columns which forced a new redistribution of moments, This
caused an increase in section moment to a value not much below the
ultimate moment of the section.

Examination of Table 7.4 {(frame 234) and Table 7.8 {(frame 23B)
shows the momeﬁt redistributions that occurred after cracking began,
The tendency for MCr and Mﬁlt to be so similar for these members
caused the frames to have little load capacity after cracking and be-
fore yield mechanisms were fully established, The load-deflection
plots of Pigure 7.7 (frame 23A) and Figure 7.9 (frame 23RB) illustrate
this clearly, In fact, after cracking in frame 23B, 4 cracked loca-
tions showed tensile steel stresses between 28000 and 33000 psi,
while just before ultimate these locations all averaged 35000 psi
(see Section 7.1.2). Frame 234 cracked at 83% of the yield load, and
frame 23B at 97% of yield; as seen in their load-deflection diagrams.
These facts are presented to emphasize the dependence of the total

structural behavior on the phenomenon of having frame sections whose
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uncracked capacity was little different than their ultimate moment
capacity.

A further aspect of the load capacity of these frames at yield
can be derived from a limit analysis using approximate values of
yield moments from Figure 7,29(B) in the wvirtual work eguations,

If a steel yield stress of 41250 psi is used, *£ 300 1bs, in the
columns and % 250 lbs. in the upper columns of frame 23B, and zero
axial force assumed for the beams, then the hinge moment values may
be as shown in the Figure 7.32 layouts, For frame 234, this gives

15 B 4300 + 5000 + 24700

I}

R

18700/15 = 1240 1hs,
Actual yield load derived from the computer analysis was about 1225

1bs, For frame 23B, the equaticon is

tl

33 R 3(9400)

R

]

9400/11 = 855 lbs,
Actual yield load derived from the computer analysis was about 834 1lbs,
It is clear that the analytical procedure of this research has
successfully predicted the complete structural behavior of these
frames through cracking to yield, based upon the actual stress-strain
response of the materials, without assumptions of elasto-plastic be-
havior for the reinforcement, and giving a realistic description of
the formation of yield mechanisms in the process,
When weak shear panels were added to each of these frames the
behavior changed completely. The ductile, yielding response of the
frames alone now vanished and a considerable increase in strength

and stiffness was added, The failure process for these models was
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confined to the panels but their deterioration made little difference
to the overall stiffness near maximum loads. Thus the failure was

abrupt, of a brittle nature, Table 7.14 shows the changes

TABLE 7.14
SUMMARY OF RESULTS

Max imum Energy
Loads Lbs, Capacity, Inch Lbs,
1-Story 2-Story 1-Story 2-Story
Frame alone 1225 854 39,32 651,77
With panels 2450 2300 2,41 5.82

in 1oad capacity for the 4 structures analyzed, Even though strength
increased greatly by adding even weak panels, the energy absorptions
up to failure were much decreased in comparison with energy absorp-
tions up to yield of the frames alone. Furthermore, gince maximum
load for the frames was at the formation of a yield mechanism, then
a yield-type plateau of deflection with no increase of load was
feasible (but not attainable by this type of analysis) and so fur-
ther energy capacity could be expected for the frames, But in the
case of failure by panel deterioration, the applied load had risen
to levels well above the fully-yielded frame capacity and, without

a load reduction, collapse would ensue and no further energy capa-
city could be expected, On the other hand, if deflection-controlled
test or analysis was performed then failure of the panels would
cause an immediate drop in applied load to the value that could be

sustained by the frame at that deflection, These situations, and
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others are shown on the diagram of Figure 7,34,

The =situation of wind or gust loadings gives an example where
a loading could cause panel failures and be sustained, or later re-
peated without reduction, System collapse would be probable, de-
pending on dirsction and time of application of such loads, of
course, But seismic loads are created by the dynamic response of
the structure (a function of overall stiffness and inertis distribu-
tions) to ground accelerations., When stiffness deteriorates due to
panel failures then relative deflections can increase, generated
story shears may decrease, depending on the nature of the ground
accelerations at that time and on the new stiffness distribution of
the structure, It is possible that if a sufficiently large decrease
of applied shear occurs with the increase in deflections that the
.structural frame may indeed be able to carry the loads. Some of
these possibilities are shown in Figure 7,34, Thus the analytical
procedure of this work has been demonstrated able to provide the
designer and analyst with information about structural behavior to
failure or yield which can involve actual design details and
material properties, and which can be used in more complex, dynamic

analyses.
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8 CONCLUSIONS

o

An analytical method involving load incrementing and solution
iterations has been developed and applied to the analysis of non-
linear, failing, planar structures with various combinations of
structural elements and materials. The various elements available
in this program were demonstrated either separately or in some com-~
bBinations, to illustrate their applications in nonlinear analysis,
Quadrilateral plane stress finite elements were used to model re-
inforced concrete beams and unreinforced, weak shear panels in
frame structures; special frame elements were used to model rein-
forced concrete beams and frames; one-dimensional rods were used
for either nonlinear, planar trusses, or reinforcing rods in z plane
continuum; special two-dimensional tielinks were used to attach
shear panels to frame members so that releases could occur between
members 1f required, These examples demonstrated analytic behavior
of varioﬁs structures under increagsing loads using the actual stress-
strain laws of the various materials, The analytic results com-
pared well with available laboratory tests and agreed with theoreti-
cal expectations in other instances.

The procedure applies selected increments of in-plane lLoads,
in specified patterns, to the discretized structure, If fracturing
or crushing of materials or separation of elements occurs then the
system stiffness is adjusted and the solution is iterated before
the next load increment is applied. The complete structural be-
havior can be followed by means of node deflections and element

stresses that are printed after each iteration. The process halts
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either when the specified load increments have all been applied or
when the structural deterioration has become sufficiently extensive
(such as when very large deflectidns are generated),

Since stress~strain curves were not.specified with unlcoading
paths for this program then the generation of hysteresis loops cannot
be obtained by using cyclic locad increments, However, the program
gives extensive and accﬁrate insight into the process of deterioration
and force {or stress) redistributions that occur in structuresg loaded
to failure, and wmay provide a valuable adjunct to laboratory testing
of some structures,

The program was finally applied to the study of two simple re-
inforced concrete frameg to exhibit their change in behavior when
shear panels were added. Parameter Studies.are required in this area
of structural research which would be too extensive for this disserta-
tion, However, the program developed here could be usefully applied
to further studies, Some further improvements could he incorporated,
such as varying the uniaxial stress-strain curves for biaxial condi-
tions, improving the failure criterion for biaxial elements and tie-~
links, and including nonlinear, fracturing bandlinks. The latter
addition wbuld permit this program to be usefully applied to the
study of shear failure in reinforced concrete beams, This program
has demonstrated a capability for determining yield loads in a
structure that fails by yielding, Ultimate deflections cannot be
attained beyond yield by this process., Of some interest in seismic

analysis would be a version of this program that increments




deflections rather than loads., Such a program would allow the
analvtic determination of ductility factors for structural assem-

blages and would help define ultimate failure states for the

viglding structure,
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APPENDIX A, COMPUTER PROGRAM INPUT

Tdentification

A general two-dimensional structural analysis program which may
be used to determine stresses and deflections in a plane reinforced
concrete structure with optional plane-stress shear panels, The
basic assumptions are that the frame members have rectangular sec-
tions and are symmetric about their plane of bending, Displacements
and stresses are determined along frame members and over the shear
panels due to the exterior live loads (lateral and vertical) and
member dead loads, The live loads may be applied in various patterns
and are superimposed in the sequence of their input, Hysteretic be-
havior for unloading is not included, The materials of the structure
are described by multilinear stress—-strain curves, Axial deforma-

ticns are included in the frame members,

Machine Dependence

The program is written in FORTRAN IV for the CDC-6400 and uses

tapes 1 and 2 for temporary storage.

Use Restrictions

In this presentation the program is restricted to the follow-
ing maximum values of certain input parameters
200 nodes and 150 elements,
12 materials and 5 stress-strain curves,
5 different load patterns with no restriction on the number of

increments per pattern,

50 nodes loaded in each pattern
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These restrictions can be varied by suitable programming to new

capacities

Input
The following sequences of punched cards define the problem to
be analyzed and are described separately thus:
1., General control cards:
1.a DATA DECK LEAD CARD (6H)
Cols 1 - 6 *DATA* begins each dats deck.
1.p TITLE CARD (72H)
Cols 1 - 72 title of problem,
l.c¢c CONTROL CARD (41I5,2F10,0,113)
Cols 1 - 5 ©No, of nodes
6 - 10 ¥No, of elements
11 - 15 No. of materials
16 - 45 Leave Blank

1.d CONTROL CARD (415)

Cols 1 - 5 WNo, of Quad materials NQD
6 - 10 No. of Frame materials NBD

11 - 15 No, of Rod materials N@D

16 - 20 No. of Link materials NLK

Material descriptions need not be in numerical sequence within
each group, however the major material classifications must
be in the following sequence:

first, quadrilaterzl elements;

second, frame elements;
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third, rod and truss elements;
fourth, linkage elements,
2. Materials Descriptions:
2.a INPUT FOR QUAD MATERIALS IF NQD # o, Input consists of
two cards per material, no, of pairs = NQD as follows:
(i) Cols 1 - 10 Material identity number
il - 20 Mass density of the material
(ii) 1 - 10 Initial concreie modulus E,
11 - 20 Poisson ratio nu {(assumed constant)
21 - 30 Element thickness
31 - 40 Initial X-stress
43 - 50 TInitial Y-stress
2.b INPUT FOR FRAME MATERIALS IF NBD # ©. Input consists of

three cards per material, no, of triples = NBD as follows:

(1) 1 - 5 Material identity number

6 — 10 ©No, of lavers of reinforcement

11 ~ 20 Mass density of the main section material
(i) 1 - 10 1Initial concrete modulus E,

11 - 20 Initial reinforcement modulus ES

21 - 30 Beam thickness (into the plane)

31 - 40 Blank

41 - 30 % tolerance for convergence of moduli
{1i1) 1 - 10 Area of bottom reinforcement

11 - 20 Area of next higher layver

21 - 30 Area of next higher layer

31 - 40 Area of uppermost layer




41 -

46 -

51 -

56 -

45

50

55

60
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Distance to bottom reinforcement from base

Distance to next higher layer

Distance to next higher layer

Distance to uppermost laver

2.,c INPUT FOR ROD MATERIALS IF NOD # O, Input consists of two

cards per material, no, of pairs = NOD as follows:

(i Cols

(i)

1

11

11

21

31

41

10

20

10

20

30

40

50

Material identity number
Mass density of the material
Initial modulus Es
Blank

Rod cross-section area

Initial axial stress

% tolerance for convergence of modulus

2.d INPUT FOR LINK MATERIALS IF NLK # O, Input consists of

two cards per material, no., of pairs = NLK as follows:
(1) Cols 1 - 10 Material identity number
11 - 20 Blank
(i) 1 -~ 10 Rigid stiffness value
11 - 20 Friction stiffness value
21 - 30 Link slope, degrees
31 - 40 Shear strength of link, force units
41 - 50 Tensile strength of link, force units

Material stress-strain relations:

In this version of the program up to 5 stress-strain rela-

tions may be input,

Fach group of ordinates {a 'curve') carries a

code number automatically assigned by the sequence of its input

in Section 3,c,

i.e,

the first stress—-strain group is curve no, 1
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(has curve code 1}; the second is curve no, 2 (has curve code 2),
etc. Each stress-strain curve can be associated with any of the
material descriptions previously input by using these code number
identities, as in Section 3.a that follows,

3.a ASSIGNMENT CARDS (31I5), one card for each of the previous
materials to relate that material and any corresponding
stress—-strain curve which follows,

Cols 1 - 5 Previous material identity number
6 - 10 Curve code no, for Quads, Rods, Links, and
main material of Frame elements
11 - 15 Curve code for Frame reinforcement

3.b CONTROL CARD (115)

Cols 1 - & ©No, of stress-strain curves to follow
(maximum of 35)

3,c STRESS5-STRAIN CURVES, one set of 4 cards corresponds to

each curve to be input, no, of sets described by the

previous coatrol card.

(i) Cols 1 - 10 Stress ordinates 1, ult, tensile stress
11 - 20 " " 2
21 -~ 30 " " 3
31 - 40 i " 4
41 - 50 " " 5
51 - 60 " " &
(ii) 1~ 10 h " 7
11 - 20 " " 8

21 - 39 " " 9, ult, comp. stress




(iii) 1

11

21

31

41

51

{iv) 1

NODE POINT GEOMETRY

11

21

16

20

30

40

50

60

10

20

30
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Strain abscissa 1, max, tensile strain

1t r 8

! h 9, max, comp. Strain

CARDS (215, 4¥10.0). A mesh generator is

included so that first and last cards of an equally spaced set

will define the set, but each boundary code is automatically set

to zero,

The boundary codes govern the interpretation of input

data for nodes as either displacements or forces, Assuming a

gilobal Cartesian coordinate system, and calling node forces Ri

and node displacements Vi’ then the boundary condition codes for

any node give the

0

Assign R and R ;
x y

Assign V. and R
.4 y

H

1

Assign V  and R ;
¥ X

Assign VX and V

H

following interpretations:

solve for V and VvV .

X y
solve for Vy (often a vertical roller),
solve for VX (often a horizontal roller)

(often a fixed node),

Node load values Ri are left zero at this stage and are actually

input in Section 5 following.

Cols 1

5

Node number

6 - 10 Boundary code

11

20 X-coordinate
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21 - 30 Y-coordinate
31 - 40 Boundary X-displazacement
41 - 50 Boundary Y-displacement
5. Load Pattern Descriptions.
5.a CONTROL CARD (115)
Cols 1 - 5 No. of load patterns for input
9.b LOAD PATTERN DESCRIPTION., 'Two types per load pattern,
(i) Cols 1 - 5 Pattern identity number
6 - 10 No, of nodes involved with loads
il ~ 15 No, of increments required for this
pattern
(i1} A group of cards follows, one card for each node
that has a loading applied to it,
1 -. 5 Node number
6 -~ 15 X-load increment
16 - 25 Y-load increment

6. ELEMENT DESCRIPTION CARDS (715), One card for each element,

but a mesh generator is included that accepts the first and
last element of a row of equally spaced element numbers and
fills in the missing elements with material codes and failure
codes according to the first element listed. PFailure codes
are all = 1 except for Frame elements which are zero.

Cols 1 - 5 Element number

6

10 I-node number (put negative for Frames)
11 - 15 J-node number

16 - 20 K-node number {zero for Rods & Links)




21 - 25
26 - 30
31 - 35

7, DEAD LOAD CONTROL (11I5)

Cols 1 - 5

8. CONTROL CARD (8H). Required at the end of all the data sets,

one card only, to indicate no further problens,

Cols 1 - 6

Set

259

L-node number (zero for Rods,
Links = -1}
Material type code

Failure status code {see above)

zero to exclude dead loading

Set

i

1 to include dead loading

*STOP*






