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Abstract

ANCHORAGE CHARACTERISTICS FOR REINFORCING BARS

SUBJECTED TO REVERSED CYCLIC LOADING

by Ing-Jaung Lin and Neil M. Hawkins

An analytical model is developed that predicts the load-slip

characteristics of reinforcing bars anchored within exterior beam­

column joints in reinforced concrete structures subject to earthquake

loading. The model is developed from knowledge of fundamental mechani­

cal characteristics for the reinforcing bar, for the interface between

that bar and the surrounding concrete, and from the requirements for

continuity of forces and displacements along the anchorage length for

the bar. The analytical results predicted by the model are compared

to experimental results for 22 specimens. Variables included in the

specimens were the loading history for the bar, the yield strength

for the bar, the size of the bar, the embedment length for the bar,

the strength of the concrete and the use of a straight bar or a bar

terminating with a standard 90 degree hook. Good agreement is obtained

between the measured results and those predicted by the model for both

monotonic and reversed cyclic loading.
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NOTATION

C5 = steel stress (Ksi)
s

C5 = yield stress of steel (Ksi)
y

E = steel strain
s

E = yield strain of steel
y

Esh = strain at the beginning of strain-hardening

E modulus of elasticity (Ksi)
s

Esh = slope in strain-hardening range (Ksi)

C5 sA stress coordinate of point A' in Fig. 11

E sA = strain coordinate of point A' in Fig. 11

f' concrete strength (psi)
c

T = local bond stress (Ksi)

S = local slip (in. )

T = maximum local bond stress for monotonic loading (Ksi)
max

s
o

T
c

= local slip corresponding to c (in.)max

= local bond stress which induces cone-like cracking around the
bar for monotonic loading

S = local slip corresponding to T (in.)
c c

slip increment for the previous half cycle in the same loading
direction

bar cross-sectional area (in2)

E:
a

h

a

bar perimeter (in.)

height of lug (in.)

= bar diameter (in.)

lug spacing (in.)

total embedment length for straight bar

effective embedment length for straight bar before the formation
of a wedge at the tail end



L ec

L
a

L
s

effective embedment length for straight bar after the formation
of a wedge at the tail end

length of bond stress distribution affected by unloading

length for bond stress distribution before unloading

length for bond stress distribution under severe reversed loading

equivalent anchorage length for hooked bars under reversed cyclic
loading

lead-in length to the hook

radius of the hook

development length required by ACI 318-77

LS(ACI) = lead-in length required by ACI 318-77

L1(x
1
), LZ(XZ)' L3(x3)· L4(x4) = bond stress functions

°1(x1), °2 (x2), °3(x3), °4(x4) = steel stress functions

E: 1(x
1
), E:Z(xZ)' E:

3
(X

3
), E:

4
(x

4
) steel strain functions

Sl(x1), SZ(xZ)' S3(x3), S4(x4) = local slip functions
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PREFACE

This report forms part of an on-going study at the University of

Washington into the bond and anchorage characteristics of reinforcing bars

for seismic type loadings. That investigation has been sponsored by the

National Science Foundation since 1974, first under Grant GI-43443 and

later under Grant ENV 76-15366.

The long-range goals of the study are two-fold. First the development

of practical techniques and instrumentation permitting assessment of the

degree of deterioration of the bond between reinforcement and concrete in

a structure surviving an earthquake. Second, the development of design

recommendations for predicting the effects of bond deterioration on the

strength and stiffness of reinforced concrete structures subjected to

earthquake motions.

Initially, basic data were developed on bar force slip relationships

for beam bars embedded within simulated columns. A Ph.D. thesis on that

work was published as a Structures and Mechanics Report of the University

CP1), and two papers, one reporting the results of those tests (P2), and the

other a model for prediction of the results were published in the archival

press. Following some improvement in the form of the test specimen, addi-

tiona1 tests were made in which the prime emphasis was examination of the

feasibility of using holographic and acoustic emissions techniques to

determine bond deterioration. The initial phase of those investigations

was reported in detail in Reference P4 and published in the archival press

in References P11 and P12. The significance of the bar force-slip re1ation-

ships measured ln those tests was evaluated in Reference P7. In a subse-

quent phase of that investigation, addltiona1 simulated beam-column specimens

were tested CPS, P6), and additional acoustic emission data developed (P6, P7) .

. ,
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As a result of the foregoing investigations, it was decided that a

fundamental study should be made, experimentally and analytically, of the

feasibility of modeling the bond behavior of beam bars anchored within

columns as the sum of the responses for three components: the reinforcing

steel; the concrete locally around the bar; and the compatibility relation­

ship for forces and displacements along the bar. Accordingly, one series

of tests were made to determine the stress-strain relationships for full

section reinforcing bars subject to inelastic reversed loads (P8); three

series of tests were made to determine bar force-local bond strength

relationships for bars bonded deep within a concrete block (P9, PIO, PIS,

PI6), and studies made of possible compatibility models. This report

describes those studies and develops an analytical model that utilizes

those three components to predict load-slip characteristics measured in

the simulated beam-column tests.

This report is an adaptation of the Ph.D. thesis of Ing-Juang Lin.

That thesis was supervised by Professor Neil M. Hawkins.
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c
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v
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b
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b
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e

sp
ec

im
en

's
b

eh
av

io
r

th
an

th
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f
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b
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d
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ra
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b
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h
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e
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h
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f
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d
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e
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d
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c
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ra
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re
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e

jo
in

t
an

d
th

a
t

th
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ra
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d
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b
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u
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v
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h
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d
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r
d
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d
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u
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b
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c
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v
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ra
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d
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c
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n
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C
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d
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b
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c
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p
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d
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c
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p
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e
ho

ok
be

ca
m

e
le

ss
e
ff

e
c
ti

v
e

as
th

e
m

ag
n

it
u

d
e

o
f

th
e

a
p

p
li

e
d

co
m

p
re

ss
iv

e
d

is
p

la
ce

m
en

t
in

c
re

a
se

d
.

S
ev

en
c
y

c
li

c
p

u
ll

-o
u

t
te

s
ts

on
N

o.
6

G
ra

de
60

b
ar

s
w

er
e

c
a
rr

ie
d

o
u

t
by

A
m

in
ia

n
(2

4
).

T
he

sp
ec

im
en

s,
ch

o
se

n
to

si
m

u
la

te
an

e
x

te
ri

o
r

be
am

­

co
lu

m
n

co
n

n
ec

ti
o

n
,

w
er

e
6

in
.

th
ic

k
,

16
in

.
d

ee
p

an
d

66
in

.
h

ig
h

.
T

he

te
s
t

b
a
rs

w
er

e
p

la
ce

d
in

th
e

c
e
n

te
r

o
f

th
e

6
in

.
d

im
en

si
o

n
a
t

a
d

is
ta

n
c
e

2
5

.5
in

.
fr

om
th

e
to

p
.

T
he

e
ff

e
c
t

o
f

th
e

lo
ad

in
g

h
is

to
ry

on
th

e

s
t
r
e
n
g
t
h
~

s
ti

ff
n

e
s
s

an
d

en
er

g
y

a
b

so
rp

ti
o

n
o

f
th

e
si

m
u

la
te

d
be

am
-c

ol
um

n

co
n

n
ec

ti
o

n
s

w
as

st
u

d
ie

d
.

T
he

lo
a
d

in
g

h
is

to
ri

e
s

in
cl

u
d

ed
m

o
n

o
to

n
ic

te
n

­

si
o

n
lo

ad
in

g
an

d
re

p
e
a
te

d
te

n
si

o
n

an
d

co
m

p
re

ss
io

n
lo

ad
in

g
o

f
c
o

n
st

a
n

t

an
d

v
ar

y
in

g
m

ag
n

it
u

d
es

.
A

m
in

ia
n

re
p

o
rt

e
d

th
a
t

c
y

c
li

c
lo

ad
in

g
in

d
u

ce
d

bo
nd

d
e
te

ri
o

ra
ti

o
n

an
d

su
b

se
q

u
en

t
lo

ss
in

s
ti

ff
n

e
s
s

an
d

en
er

g
y

ab
so

rp
­

ti
o

n
fo

r
be

am
b

a
rs

an
ch

o
re

d
w

it
h

in
be

am
-c

ol
um

n
co

n
n

ec
ti

o
n

s.
T

he
c
h

a
ra

c
­

te
r

o
f

th
e

lo
a
d

in
g

h
is

to
ry

a
ff

e
c
te

d
th

e
ra

te
o

f
bo

nd
d

e
te

ri
o

ra
ti

o
n

,

S
ti

ff
n

e
ss

an
d

en
er

g
y

a
b

so
rp

ti
o

n
.

B
y

co
m

p
ar

in
g

h
is

re
su

lt
s

w
it

h
th

o
se

8

fo
r

si
m

il
a
r

sp
ec

im
en

s
c
o

n
ta

in
in

g
N

o.
10

b
a
rs

(2
2

),
A

m
in

ia
n

co
n

cl
u

d
ed

th
a
t

th
e

d
ia

m
et

er
o

f
th

e
b

ar
d

ir
e
c
tl

y
a
ff

e
c
te

d
th

e
en

er
g

y
a
b

so
rp

ti
o

n

o
f

th
e

b
o

n
d

in
g

m
ec

ha
ni

sm
an

d
th

a
t

th
e

c
u

rr
e
n

t
A

C
I

C
od

e
31

8-
77

an
ch

o
ra

g
e

le
n

g
th

p
rO

V
is

io
n

s
w

er
e

n
o

n
-c

o
n

se
rv

a
ti

v
e

fo
r

b
a
rs

re
v

er
se

d
c
y

c
li

c
a
ll

y

lo
ad

ed
in

to
th

e
ir

y
ie

ld
ra

n
g

e.

M
or

e
re

c
e
n

tl
y

a
d

d
it

io
n

a
l

ex
p

er
im

en
ta

l
w

or
k

on
bo

nd
d

e
te

ri
o

ra
ti

o
n

h
as

b
ee

n
c
a
rr

ie
d

o
u

t
a
t

th
e

U
n

iv
e
rs

it
y

o
f

C
a
li

fo
rn

ia
a
t

B
er

k
el

ey
(2

5
,

2
6

).
T

es
ts

h
av

e
b

ee
n

m
ad

e
on

c
o

n
c
re

te
b

lo
ck

s
si

m
u

la
ti

n
g

c
o

n
d

it
io

n
s

e
x

is
ti

n
g

a
t

a
ty

p
ic

a
l

in
te

ri
o

r
be

am
-c

ol
um

n
jo

in
t.

D
u

ri
n

g
a

se
v

er
e

o
v

e
r­

lo
ad

du
e

to
la

te
ra

l
fo

rc
e
s

a
cr

ac
k

fo
rm

s
in

th
e

be
am

a
d

ja
c
e
n

t
to

th
e

co
lu

m
n

fa
ce

.
W

it
h

lo
ad

in
g

re
v

e
rs

a
ls

,
an

o
th

er
cr

ac
k

fo
rm

s
th

ro
u

g
h

th
e

a
d

jo
in

in
g

be
am

on
th

e
o

p
p

o
si

te
si

d
e

o
f

th
e

co
lu

m
n.

If
th

e
a
p

p
li

e
d

la
te

ra
l

fo
rc

e
s

a
re

su
ff

ic
ie

n
tl

y
in

te
n

se
,

cr
ac

k
s

fo
rm

th
ro

u
g

h
th

e
w

ho
le

d
ep

th
o

f
th

e
be

am
s

on
b

o
th

si
d

e
s

o
f

a
co

lu
m

n.
M

o
re

o
v

er
,

a
t

la
rg

e
o

v
e
r­

lo
ad

s
du

e
to

in
e
la

st
ic

st
ra

in
in

g
o

f
st

e
e
l

su
ch

cr
ac

k
s

n
ev

er
c
lo

se
an

d

th
e

co
n

ti
n

u
o

u
s

lo
n

g
it

u
d

in
a
l

b
a
rs

o
f

th
e

be
am

s
a
re

si
m

u
lt

an
eo

u
sl

y
p

u
ll

e
d

fr
om

o
n

e
si

d
e

an
d

p
u

sh
ed

fr
om

th
e

o
th

e
r.

T
he

ex
p

er
im

en
ta

l
se

t-
u

p
w

as

d
es

ig
n

ed
to

si
m

u
la

te
th

is
c
o

n
d

it
io

n
fo

r
a

si
n

g
le

b
a
r.

A
se

ri
e
s

o
f

bo
nd

te
s
ts

w
it

h
N

o
.6

,
N

o.
8

an
d

N
o.

10
b

a
rs

em
be

dd
ed

in
v

a
ri

o
u

s
w

id
th

co
n

­

c
re

te
b

lo
ck

s
w

er
e

m
ad

e.
In

th
e

ex
p

er
im

en
ts

,
b

o
th

n
o

rm
al

w
ei

g
h

t
an

d

li
g

h
tw

e
ig

h
t

c
o

n
c
re

te
s

o
f

d
if

fe
re

n
t

st
re

n
g

th
s

w
er

e
u

se
d

an
d

th
e

b
a
rs

w
er

e
su

b
je

c
te

d
e
it

h
e
r

to
m

o
n

o
to

n
ic

o
r

c
y

c
li

c
lo

ad
in

g
s

to
fa

il
u

re
.

So
m

e

te
s
ts

w
er

e
a
ls

o
m

ad
e

on
ep

o
x

y
-r

ep
ai

re
d

sp
ec

im
en

s
to

st
u

d
y

th
e

p
o

ss
ib

il
­

it
y

o
f

u
si

n
g

ep
ox

y
fo

r
re

st
o

ri
n

g
b

o
n

d
.

S
ev

er
al

lo
ad

in
g

h
is

to
ri

e
s

fo
r

d
if

fe
re

n
t

sp
ec

im
en

s
w

er
e

in
v

e
st

ig
a
te

d
.

T
h

es
e

lo
ad

in
g

h
is

to
ri

e
s

in
cl

u
d

ed

a
m

o
n

o
to

n
ic

p
u

ll
fr

om
o

n
e

si
d

e
,

,a
m

o
n

o
to

n
ic

si
m

u
lt

an
eo

u
s

p
u

ll
,

T
,

fr
om
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on
e

si
d

e
an

d
p

u
sh

,
C

,
f
~
o
m

th
e

o
t
h
e
~

w
it

h
T

•
C

,
an

d
se

v
er

al
ty

p
es

o
f

c
y

c
li

c
ex

p
er

im
en

ts
w

it
h

T
•

C
.

In
th

is
st

u
d

y
m

os
t

o
f

th
e

b
ar

s
w

er
e

in
st

ru
m

en
te

d
w

it
h

st
ra

in
g

ag
es

p
la

ce
d

in
g

ro
o

v
es

m
ac

hi
ne

d
in

to
th

e
b

a
rs

.

T
ho

se
g

ag
es

al
lo

w
ed

d
et

er
m

in
at

io
n

o
f

:t
h

e
de

ve
lo

pm
en

t
o

f
st

ra
in

s
d

u
ri

n
g

th
e

p
ro

g
re

ss
o

f
th

e
te

st
s.

T
he

y
fo

un
d

th
a
t

th
e

st
ra

in
s

ca
us

ed
by

a

p
u

sh
in

g
fo

rc
e

w
er

e
v

er
y

d
if

fe
re

n
t

to
th

o
se

ca
u

se
d

by
a

p
u

ll
in

g
fo

rc
e.

p
u

sh
in

g
fo

rc
es

w
er

e
v

er
y

ra
p

id
ly

tr
a
n

sf
e
rr

e
d

to
th

e
co

n
cr

et
e

an
d

th
e

de
ve

lo
pm

en
t

le
n

g
th

f
o
~

th
e

b
ar

fo
r

a
g

iv
en

st
re

ss
w

as
m

uc
h

le
ss

th
an

fo
r

a
p

u
ll

in
g

fo
rc

e.
In

c
y

c
li

c
lo

ad
in

g
te

st
s

it
w

as
o
b
s
e
~
v
e
d

th
a
t

a
ll

o
f

th
e

c
y

c
li

c
cu

rv
es

w
er

e
be

lo
w

th
e

m
on

ot
on

ic
on

e
an

d
th

a
t

co
n

si
d

er
ab

le

d
is

p
la

ce
m

en
ts

o
f

th
e

b
ar

s
o

cc
u

rr
ed

ev
en

a
t

st
re

ss
le

v
e
ls

be
lo

w
th

e

w
or

ki
ng

st
re

ss
le

v
e
l.

F
or

b
o

th
no

rm
al

w
ei

gh
t

an
d

li
g

h
tw

ei
g

h
t

co
n

cr
et

es
,

it
w

as
fo

un
d

th
a
t

th
e

co
n

cr
et

e
st

re
n

g
th

w
as

a
v

er
y

im
p

o
rt

an
t

p
ar

am
et

er

a
ff

e
c
ti

n
g

th
e

bo
nd

st
re

n
g

th
.

T
he

h
ig

h
er

th
e

co
n

cr
et

e
st

re
n

g
th

,
th

e

h
ig

h
er

w
as

th
e

bo
nd

st
re

n
g

th
.

O
n

th
e

b
a
si

s
o

f
th

e
te

st
d

a
ta

,
it

w
as

co
nc

lu
de

d
th

a
t

li
g

h
tw

ei
g

h
t

co
n

cr
et

es
c
o

n
si

a
te

n
tl

y
de

ve
lo

pe
d

lo
w

er
m

ax
i­

m
um

st
e
e
l

st
re

n
g

th
s

an
d

bo
nd

st
re

n
g

th
s

th
an

no
rm

al
w

ei
gh

t
co

n
cr

et
es

o
f

co
m

pa
ra

bl
e

st
re

n
g

th
s.

F
or

ep
o

x
y

-r
ep

ai
re

d
sp

ec
im

en
s,

al
th

o
u

g
h

tw
o

d
if

fe
r­

en
t

ep
o

x
ie

s
an

d
m

et
ho

ds
o

f
in

je
c
ti

o
n

w
er

e
em

pl
oy

ed
,

b
o

th
w

er
e

fo
un

d
to

o

d
if

fi
c
u

lt
to

m
ak

e.
T

he
se

tw
o

m
et

ho
ds

o
f

ep
ox

y
in

je
c
ti

o
n

co
u

ld
re

st
o

re

su
ff

ic
ie

n
t

bo
nd

st
re

n
g

th
fo

r
su

st
ai

n
ed

w
or

ki
ng

st
re

ss
e
s,

b
u

t
n

e
it

h
e
r

m
et

ho
d

w
as

ab
le

to
re

st
o

re
th

e
b

a
r'

s
fu

ll
ca

p
ac

it
y

in
bo

nd
fo

r
in

e
la

st
ic

lo
ad

in
g

s.
T

he
y

co
n

cl
u

d
ed

th
a
t

ep
ox

y
ha

d
d

if
fi

c
u

lt
y

in
p

en
et

ra
ti

n
g

th
ro

ug
h

th
e

po
w

er
ed

co
n

cr
et

e
su

rr
o

u
n

d
in

g
a

b
ar

th
a
t

ha
d

sl
ip

p
ed

.

T
he

fo
ll

o
w

in
g

m
aj

o
r

co
n

cl
u

si
o

n
s

ca
n

be
dr

aw
n

fr
om

p
re

v
io

u
s

ex
p

er
i­

m
en

ta
l

st
u

d
ie

s
o

f
bo

nd
d

e
te

ri
o

ra
ti

o
n

in
re

in
fo

rc
ed

co
n

cr
et

e
st

ru
c
tu

re
s.

10

(1
)

T
he

re
sp

o
n

se
o

f
re

in
fo

rc
ed

co
n

cr
et

e
fr

am
es

.d
u

ri
n

g
ea

rt
h

q
u

ak
es

is

o
ft

en
go

ve
rn

ed
by

th
e

c
h

a
ra

c
te

ri
st

ic
s

o
f

th
e

be
am

-c
ol

um
n

co
n

n
ec

­

ti
o

n
s.

T
he

fa
il

u
re

s
th

a
t

ha
ve

o
cc

u
rr

ed
ha

ve
be

en
du

e
m

ai
n

ly
to

fa
il

u
re

s
o

f
be

am
-c

ol
um

n
co

n
n

ec
ti

o
n

s.
D

et
er

io
ra

ti
o

n
o

f
th

e
bo

nd

be
tw

ee
n

co
n

cr
et

e
an

d
re

in
fo

rc
in

g
b

a
rs

h
as

be
en

on
e

o
f

th
e

m
aj

or

ca
u

se
s

fo
r

fa
il

u
re

o
f

be
am

-c
ol

um
n

co
n

n
ec

ti
o

n
s.

(2
)

R
ev

er
se

d
c
y

c
li

c
lo

ad
in

g
in

d
u

ce
s

a.
p

ro
g

re
ss

iv
e

d
e
te

ri
o

ra
ti

o
n

o
f

th
e

bo
nd

be
tw

ee
n

re
in

fo
rc

in
g

b
a
rs

an
d

co
n

cr
et

e
so

th
a
t

th
er

e
is

a
su

b
­

se
q

u
en

t
lo

ss
in

st
if

fn
e
ss

fo
r

re
in

fo
rc

ed
co

n
cr

et
e

co
n

n
ec

ti
o

n
s.

(3
)

T
he

c
h

a
ra

c
te

ri
st

ic
s

o
f

th
e

lo
ad

in
g

h
is

to
ry

ha
ve

a
m

ar
ke

d
e
ff

e
c
t

on
th

e
ra

te
o

f
bo

nd
d

e
te

ri
o

ra
ti

o
n

an
d

th
e

m
od

e
o

f
fa

il
u

re
.

F
or

m
on

ot
on

ic
lo

ad
in

g
th

e
ra

te
o

f
d

eg
ra

d
at

io
n

is
le

ss
th

an
th

a
t

fo
r

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
.

(4
)

F
or

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
a
t

le
a
st

tw
o

m
od

es
o

f
fa

il
u

re
a
re

p
o

ss
ib

le
:

(a
)

fa
il

u
re

by
at

ta
in

m
en

t
o

f
th

e
sa

m
e

u
lt

im
at

e
lo

ad
an

d
d

e
fo

r­

m
at

io
n

c
a
p

a
c
it

ie
s

as
th

o
se

de
ve

lo
pe

d
by

th
e

sa
m

e
jo

in
t

fo
r

m
on

ot
on

ic
lo

ad
in

g
,

an
d

(b
)

fa
il

u
re

du
e

to
bo

nd
d

e
te

ri
o

ra
ti

o
n

a
t

an
u

lt
im

at
e

lo
ad

an
d

d
ef

o
rm

at
io

n
co

n
si

d
er

ab
ly

le
ss

th
an

th
o

se
fo

r
m

on
ot

on
ic

lo
ad

­

in
g

.
F

a
il

u
re

o
cc

u
rs

in
th

e
fi

rs
t

m
od

e
w

he
n

th
e

m
ax

im
um

d
is

­

pl
ac

em
en

t
in

th
e

co
m

pr
es

si
on

cy
cl

e
is

le
ss

th
an

h
a
lf

th
a
t

fo
r

th
e

te
n

si
o

n
cy

cl
e

o
r

th
e

m
ax

im
um

d
is

p
la

ce
m

en
ts

fo
r

b
o

th
h

a
lf

cy
cl

es
a
re

eq
u

al
w

it
h

v
al

u
es

d
ec

re
as

in
g

w
it

h
cy

cl
in

g
ex

ce
p

t

fo
r

th
e

fi
n

a
l

h
a
lf

cy
cl

e
to

fa
il

u
re

.
T

he
ty

p
e

o
f

lo
ad

in
g

a
ff

e
c
ts

th
e

st
if

fn
e
ss

o
f

th
e

bo
nd

jo
in

t
b

u
t

n
o

t
th

e
u

lt
im

at
e
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c
a
p

a
c
it

y
.

F
a
il

u
re

in
th

e
se

co
n

d
m

od
e

d
o

m
in

at
es

fo
r

ca
se

s
w

he
re

th
e

m
ax

im
um

d
is

p
la

ce
m

en
t

in
th

e
te

n
si

o
n

an
d

co
m

p
re

ss
io

n
cy

cl
es

a
re

ap
p

ro
x

im
at

el
y

eq
u

al
,

an
d

v
al

u
es

re
m

ai
n

co
n

st
an

t
o

r
in

c
re

a
se

w
it

h
c
y

c
li

n
g

.

(5
)

T
he

b
ar

su
rf

a
c
e

ge
om

et
ry

p
la

y
s

a
si

g
n

if
ic

a
n

t
ro

le
in

th
e

ra
te

o
f

bo
nd

d
e
te

ri
o

ra
ti

o
n

.
T

he
g

re
a
te

r
th

e
lu

g
sp

ac
in

g
to

no
m

in
al

d
ia

m
et

er

ra
ti

o
th

e
g

re
a
te

r
is

th
e

ra
te

o
f

bo
nd

d
e
te

ri
o

ra
ti

o
n

.
B

ar
s

w
it

h

d
if

fe
re

n
t

su
rf

a
c
e

g
eo

m
et

ri
es

ca
n

ha
ve

si
m

il
a
r

lo
a
d

-s
li

p
c
h

a
ra

c
te

r­

is
ti

c
s

fo
r

m
on

ot
on

ic
lo

ad
in

g
an

d
si

g
n

if
ic

a
n

tl
y

d
if

fe
re

n
t

lo
a
d

-s
li

p

c
h

a
ra

c
te

ri
st

ic
s

fo
r

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
.

(6
)

F
o

r
re

v
er

se
d

c
y

c
li

c
lo

ad
in

g
th

e
bo

nd
c
h

a
ra

c
te

ri
st

ic
s

o
f

a
re

in
­

fo
rc

in
g

b
ar

w
it

h
V

-t
y

p
e

d
ef

o
rm

at
io

n
s

a
re

b
e
tt

e
r

th
an

th
o

se
fo

r
a

b
a
r

o
f

th
e

sa
m

e
si

z
e

w
it

h
ba

m
bo

o-
ty

pe
d

ef
o

rm
at

io
n

s.

(7
)

W
he

n
ho

ok
ed

b
a
rs

ar
e

su
b

je
ct

ed
to

se
v

er
e

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
,

bo
nd

re
si

st
a
n

c
e

an
d

en
er

g
y

ab
so

rp
ti

o
n

a
re

p
ro

v
id

ed
p

ri
m

ar
il

y
by

th
e

"l
e
a
d

-i
n

"
le

n
g

th
to

th
e

h
o

o
k

.
B

ec
au

se
a

ho
ok

sh
o

rt
en

s
th

e

"l
e
a
d

-i
n

"
le

n
g

th
,

it
ca

n
h

av
e

an
ad

v
er

se
e
ff

e
c
t

on
en

er
g

y
sb

so
rp

­

ti
o

n
.

T
he

re
sp

o
n

se
fo

r
se

v
er

e
re

v
er

se
d

c
y

c
li

c
lo

ad
in

g
be

tw
ee

n
eq

u
al

te
n

si
o

n
an

d
co

m
p

re
ss

io
n

d
is

p
la

ce
m

en
ts

fo
r

a
bo

nd
jo

in
t

w
it

h
an

18
0

d
eg

re
e

ho
ok

ed
b

ar
o

r
a

90
d

eg
re

e
ho

ok
ed

b
ar

is
p

o
o

re
r

th
an

th
a
t

fo
r

a
bo

nd
jo

in
t

w
it

h
a

st
ra

ig
h

t
b

a
r.

A
90

d
eg

re
e

ho
ok

h
as

,
ho

w
ev

er
,

tw
o

ad
v

an
ta

g
es

o
v

er
an

18
0

d
eg

re
e

ho
ok

:
(a

)
th

e
co

n
n

ec
ti

o
n

w
it

h
a

90
d

eg
re

e
ho

ok
m

ai
n

ta
in

s
go

od
c
h

a
ra

c
te

ri
st

ic
s

co
n

si
d

er
ab

ly
lo

n
g

er

w
it

h
te

n
si

le
lo

ad
in

g
s

th
an

w
it

h
co

m
p

re
ss

iv
e

lo
ad

in
g

s.
If

th
e

re
­

v
er

se
d

c
y

c
li

c
lo

ad
in

g
re

su
lt

s
in

a
m

ax
im

um
co

m
p

re
ss

iv
e

d
is

p
la

ce
m

en
t

co
n

si
d

er
ab

ly
le

ss
th

an
th

e
m

ax
im

um
te

n
si

le
d

is
p

la
ce

m
en

t,
th

e
b

a
r

12

w
it

h
a

90
d

eg
re

e
ho

ok
ca

n
sh

ow
c
h

a
ra

c
te

ri
st

ic
s

a
s

go
od

o
r

b
e
tt

e
r

th
an

th
o

se
o

f
a

st
ra

ig
h

t
b

a
r,

an
d

(b
)

fo
r

te
n

si
le

lo
ad

in
g

s
to

q
is

p
la

ce
m

en
ts

be
yo

nd
th

e
d

is
p

la
ce

m
en

t
fo

r
th

e
p

ea
k

c
a
p

a
c
it

y
,

th
e
re

is
so

m
e

re
g

a
in

o
f

st
re

n
g

th
w

it
h

in
c
re

a
si

n
g

te
n

si
le

d
is

p
la

ce
m

en
ts

fo
r

a
90

d
eg

re
e

ho
ok

.
T

he
sa

m
e

is
n

o
t

tr
u

e
fo

r
a

18
0

d
eg

re
e

ho
ok

.

(8
)

T
he

ap
p

ea
ra

n
ce

o
f

th
e

te
s
t

sp
ec

im
en

s
w

it
h

ho
ok

s
a
ft

e
r

fa
il

u
re

su
g

­

g
e
st

s
th

a
t,

in
b

u
il

d
in

g
s

su
rv

iv
in

g
an

ea
rt

h
q

u
ak

e,
lo

ss
o

f
co

v
er

fr
om

b
eh

in
d

th
e

ho
ok

sh
o

u
ld

b
e

in
te

rp
re

te
d

as
a

w
ar

n
in

g
th

a
t

th
e

an
ch

o
ra

g
e

fo
r

su
ch

b
ar

s
h

as
be

en
la

rg
e
ly

d
es

tr
o

y
ed

.

(9
)

T
he

g
ra

d
e

o
f

th
e

lo
ad

ed
re

in
fo

rc
in

g
b

ar
h

as
le

ss
e
ff

e
c
t

on
bo

nd

d
e
te

ri
o

ra
ti

o
n

th
an

th
e

g
e
n

e
ra

l
fo

rm
o

f
it

s
st

re
ss

-s
tr

a
in

ch
ar

ac
­

te
ri

s
ti

c
s
.

T
he

sl
o

p
e

o
f

th
e

lo
a
d

-s
li

p
cu

rv
e

a
ft

e
r

y
ie

ld
in

g
d

ep
en

d
s

on
th

e
In

.n
gt

h
o

f
th

e
y

ie
ld

p
la

te
a
u

in
th

e
b

a
r'

s
st

re
ss

-s
tr

a
in

cu
rv

e

an
d

th
e

b
a
r'

s
st

ra
in

h
ar

d
en

in
g

m
o

d
u

lu
s:

F
o

r
b

ar
s

w
it

h
si

m
il

a
r

st
ra

in
h

ar
d

en
in

g
m

o
d

u
li

th
e

sl
o

p
e

o
f

th
e

p
o

st
-y

ie
ld

lo
a
d

-s
li

p
cu

rv
e

d
ec

re
as

es
as

th
e

le
n

g
th

o
f

th
e

y
ie

ld
p

la
te

a
u

in
c
re

a
se

s
an

d
fo

r
b

a
rs

w
it

h
si

m
il

a
r

y
ie

ld
p

la
te

a
u

le
n

g
th

s
th

e
sl

o
p

e
o

f
th

e
p

o
st

-y
ie

ld

lo
a
d

-s
li

p
cu

rv
e

in
c
re

a
se

s
a
s

th
e

st
ra

in
h

ar
d

en
in

g
m

od
ul

us
in

c
re

a
se

s.

W
he

n
a

b
ar

is
fi

rs
t

st
re

ss
e
d

in
e
la

st
ic

a
ll

y
th

e
y

ie
ld

in
g

le
n

g
th

is

sm
al

l
an

d
th

e
in

it
ia

l
sl

o
p

e
o

f
th

e
p

o
st

-y
ie

ld
lo

a
d

-s
li

p
cu

rv
e

d
e­

pe
nd

s
p

ri
m

a
ri

ly
on

th
e

st
ra

in
h

ar
d

en
in

g
m

od
ul

us
.

T
he

bo
nd

st
re

ss

th
a
t

ca
n

b
e

d
ev

el
o

p
ed

w
it

h
a

y
ie

ld
in

g
b

ar
is

co
n

si
d

er
ab

ly
le

ss
th

an

th
a
t

w
it

h
an

e
la

st
ic

b
a
r.

T
h

er
ef

o
re

,
fo

r
in

cr
ea

si
n

g
lo

ad
s

be
yo

nd

y
ie

ld
in

g
,

th
e

le
n

g
th

o
f

b
ar

th
a
t

is
y

ie
ld

in
g

in
cr

ea
se

s
ra

p
id

ly
an

d

th
e

le
n

g
th

o
f

th
e

y
ie

ld
p

la
te

a
u

be
co

m
es

in
cr

ea
si

n
g

ly
im

p
o

rt
an

t
in

d
et

er
m

in
in

g
th

e
sl

o
p

e
o

f
th

e
lo

a
d

-s
li

p
cu

rv
e.
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(1
0)

T
he

am
ou

nt
o

f
ho

op
re

in
fo

rc
em

en
t

in
a

co
n

n
ec

ti
o

n
h

as
a

si
g

n
if

ic
a
n

t

in
fl

u
e
n

c
e

on
th

e
lo

a
d

-s
li

p
c
h

a
ra

c
te

ri
st

ic
s

fo
r

b
ar

s
an

ch
o

re
d

w
it

h
-

in
th

a
t

co
n

n
ec

ti
o

n
.

(1
1)

F
o

r
bo

nd
jo

in
ts

o
f

th
e

sa
m

e
g

eo
m

et
ry

su
b

je
ct

ed
to

th
e

sa
m

e
lo

ad

h
is

to
ry

th
e

s
li

p
fo

r
m

ax
im

um
lo

ad
is

ap
p

ro
x

im
at

el
y

in
v

e
rs

e
ly

p
ro

-

p
o

rt
io

n
a
l

to
th

e
y

ie
ld

st
re

n
g

th
o

f
th

e
b

ar
an

d
d

ir
e
c
tl

y
p

ro
p

o
r-

ti
o

n
a
l

to
th

e
co

n
cr

et
e

co
m

p
re

ss
ev

e
st

re
n

g
th

.

(1
2)

T
he

d
ia

m
et

er
o

f
th

e
b

ar
d

ir
e
c
tl

y
a
ff

e
c
ts

th
e

en
er

g
y

ab
so

rp
ti

o
n

o
f

th
e

b
o

n
d

in
g

m
ec

ha
ni

sm
.

(1
3)

T
he

fo
rm

u
la

s
re

co
m

m
en

de
d

in
A

C
I

31
8-

77
fo

r
c
a
lc

u
la

ti
n

g
th

e
d

e
v

e
l-

op
m

en
t

le
n

g
th

o
f

re
in

fo
rc

in
g

b
a
rs

a
re

sl
ig

h
tl

y
n

o
n

co
n

se
rv

at
iv

e

fo
r

b
ar

s
se

v
e
re

ly
re

v
er

se
d

c
y

c
li

c
a
ll

y
lo

ad
ed

in
to

th
e

in
e
la

st
ic

ra
n

g
e.

1
.3

P
re

v
io

u
s

A
n

a
ly

ti
c
a
l

R
es

ea
rc

h

S
er

v
al

at
te

m
p

ts
ha

ve
be

en
m

ad
e

to
d

ev
el

o
p

a
n

a
ly

ti
c
a
l

m
od

el
s

to

p
re

d
ic

t
th

e
fo

rc
e
-s

li
p

re
la

ti
o

n
sh

ip
s

m
ea

su
re

d
in

te
st

s
on

si
m

u
la

te
d

be
am

-c
ol

um
n

co
n

n
ec

ti
o

n
s.

H
as

sa
n

(7
)

d
ev

el
o

p
ed

tw
o

m
od

el
s

fo
r

th
e

p
re

d
ic

ti
o

n
o

f
h

is
re

su
lt

s.

O
ne

m
od

el
w

as
fo

r
a

b
ar

su
b

je
ct

ed
to

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
an

d
th

e

o
th

e
r

fo
r

a
b

ar
su

b
je

ct
ed

to
m

o
n

o
to

n
ic

al
ly

in
cr

ea
si

n
g

o
r

u
n

id
ir

e
c
ti

o
n

a
l

c
y

c
li

c
lo

ad
in

g
s.

H
as

sa
n

's
m

od
el

p
re

d
ic

ts
w

el
l

h
is

te
st

re
su

lt
s

w
hi

ch

w
er

e
a
ll

fo
r

G
ra

de
40

N
o.

10
ba

r&
._

_R
ow

ev
er

,
as

sh
ow

n
in

th
is

se
c
ti

o
n

.

th
e
re

a
re

se
v

e
ra

l
sh

o
rt

co
m

in
g

s
to

h
is

m
od

el
s

th
a
t

li
m

it
th

e
ir

re
a
li

ty
,

a
p

p
li

c
a
b

il
it

y
an

d
u

se
fu

ln
e
ss

.
Sh

ow
n

in
T

ab
le

1
a
re

th
e

p
ro

p
e
rt

ie
s

o
f

th
e

te
st

sp
ec

im
en

s
u

se
d

fo
r

th
e

co
m

p
ar

is
o

n
s

m
ad

e
in

th
is

se
c
ti

o
n

.

14

(a
)

H
as

sa
n

's
R

ev
er

se
d

C
y

cl
ic

L
o

ad
in

g
M

od
el

F
o

r
a

b
ar

su
b

je
ct

ed
to

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
th

e
bo

nd
st

re
ss

d
is

tr
ib

u
ti

o
n

as
su

m
ed

by
H

as
sa

n
fo

r
h

is
m

od
el

an
d

th
e

c
o

n
st

it
u

ti
v

e
re

la
-

ti
o

n
sh

ip
s

as
su

m
ed

fo
r

th
e

re
in

fo
rc

em
en

t
a
re

sh
ow

n
in

F
ig

.
1.

T
he

tr
a
n

s­

fe
r

le
n

g
th

is
d

iv
id

ed
in

to
th

re
e

ri
g

io
n

s.
In

re
g

io
n

I,
ad

ja
ce

n
t

to
th

e

ta
il

en
d

o
f

th
e

b
a
r,

th
e

st
e
e
l

st
ra

in
is

le
ss

th
an

th
e

y
ie

ld
st

ra
in

an
d

cr
ac

k
in

g
h

as
n

o
t

d
ev

el
o

p
ed

ar
o

u
n

d
th

e
b

a
r.

T
he

bo
nd

st
re

ss
is

as
su

m
ed

to
b

u
il

d
up

fr
om

ze
ro

a
t

th
e

en
d

o
f

th
e

b
ar

to
a

m
ax

im
um

a
t

th
e

ju
n

c
ti

o
n

be
tw

ee
n

re
g

io
n

1
an

d
re

g
io

n
2

.
In

re
g

io
n

2
in

te
rn

a
l

cr
ac

k
in

g
h

as
d

e
v

e
l-

op
ed

ar
o

u
n

d
th

e
b

ar
a
s

a
re

su
lt

o
f

th
e

lu
g

s
d

ig
g

in
g

in
to

th
e

c
o

n
c
re

te
.

A
s

sh
ow

n
in

F
ig

.
I,

th
e

ith
h

a
lf

cy
cl

e
o

f
lo

ad
in

g
is

as
su

m
ed

to
ha

ve

ex
te

n
d

ed
th

e
cr

ac
k

in
g

fr
om

a
d

is
ta

n
c
e

C
i_ 1

fr
om

th
e

lo
ad

ed
en

d
o

f
th

e

b
ar

to
a

d
is

ta
n

c
e

C
i

fr
om

th
e

lo
ad

ed
en

d
.

T
he

st
e
e
l

in
th

is
re

g
io

n
re

­

sp
on

ds
ac

co
rd

in
g

to
it

s
st

re
ss

-s
tr

a
in

re
la

ti
o

n
sh

ip
fo

r
v

ir
g

in
lo

ad
in

g

*
an

d
th

e
bo

nd
st

re
ss

h
as

a
co

n
st

an
t

v
al

u
e

u
.

In
re

g
io

n
3

.
co

m
p

re
ss

io
n

lo
ad

in
g

in
th

e
(i

-
l)

th
h

a
lf

cy
cl

e
h

as
g

en
er

at
ed

re
v

er
se

d
cr

ac
k

in
g

to

a
d

is
ta

n
c
e

C i_ 1
fr

om
th

e
lo

ad
ed

en
d

o
f

th
e

b
a
r.

T
he

b
ar

re
sp

o
n

d
s

ac
co

rd
­

in
g

to
it

s
st

re
ss

-s
tr

a
in

re
la

ti
o

n
sh

o
p

fo
r

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
an

d

th
e

re
v

er
se

d
cr

ac
k

in
g

ca
u

se
s

a
bo

nd
d

e
te

ri
o

ra
ti

o
n

ac
co

rd
in

g
to

a
po

w
er

*
la

w
fr

om
th

e
v

al
u

e
o

f
u

a
t

th
e

ju
n

c
ti

o
n

w
it

h
re

g
io

n
2

to
ze

ro
a
t

th
e

lo
ad

ed
en

d
o

f
th

e
b

a
r.

In
re

g
io

n
4

th
e

st
e
e
l

fo
ll

o
w

s
th

e
sa

m
e

la
w

a
s

th
a
t

in
re

g
io

n
3.

T
he

st
e
e
l

st
re

ss
v

a
ri

a
ti

o
n

in
re

g
io

n
1

w
as

d
er

iv
ed

b
as

ed
on

th
e

re
su

lt
s

o
f

fi
n

it
e

el
em

en
t

p
la

n
e

st
re

ss
a
n

a
ly

si
s

an
d

th
e

st
e
e
l

st
re

ss
v

a
ri

a
ti

o
n

s
in

o
th

er
re

g
io

n
s

w
er

e
d

er
iv

ed
fr

om
eq

u
il

ib
ri

u
m

in
th

e
a
x

ia
l

d
ir

e
c
ti

o
n

.
T

h
er

ef
o

re
.

th
e

d
is

p
la

ce
m

en
t

a
t

th
e

lo
ad

ed
en

d

o
f

th
e

b
ar

co
u

ld
b

e
d

er
iv

ed
fr

om
th

e
st

e
e
l

st
re

ss
e
s

d
is

tr
ib

u
te

d
al

o
n

g
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th
e

o
v

e
ra

ll
le

n
g

th
o

f
th

e
b

a
r.

T
he

sh
o

rt
co

m
in

g
s

o
f

th
e

m
od

el
a
re

:

(1
)

It
is

n
ec

es
sa

ry
to

kn
ow

th
e

le
n

g
th

o
f

th
e

bo
nd

jo
in

t
to

ap
p

ly
th

e

m
od

el
.

T
hu

s
th

e
m

od
el

ca
n

n
o

t
b

e
re

a
d

il
y

u
se

d
fo

r
d

es
ig

n
,

n
o

r
ca

n

it
b

e
re

a
d

il
y

ap
p

li
ed

to
a

b
ar

co
n

ti
n

u
o

u
s

th
ro

u
g

h
a

jo
in

t
o

r
a

b
ar

w
it

h
an

ex
tr

em
el

y
lo

n
g

an
ch

o
ra

g
e

le
n

g
th

.

(2
)

A
s

ap
p

ar
en

t
fr

om
F

ig
.

2
,

th
e

le
n

g
th

o
f

th
e

bo
nd

jo
in

t
d

ir
e
c
tl

y

a
ff

e
c
ts

p
re

d
ic

ti
o

n
s

o
f

th
e

lo
ad

-d
is

p
la

ce
m

en
t

re
la

ti
o

n
sh

ip
.

F
ig

.
2

sh
ow

s
p

re
d

ic
te

d
re

la
ti

o
n

sh
ip

s
fo

r
a

3
,5

0
0

p
si

co
n

cr
et

e,
a

N
o.

10

G
ra

de
40

b
a
r,

an
d

a
jo

in
t

le
n

g
th

o
f

24
in

.
(c

u
rv

e)
,

36
an

d
48

in
.

re
sp

e
c
ti

v
e
ly

.
T

he
lo

n
g

er
th

e
le

n
g

th
o

f
th

e
bo

nd
jo

in
t

th
e

g
re

a
te

r

is
th

e
am

ou
nt

o
f

d
is

p
la

ce
m

en
t

p
re

d
ic

te
d

fo
r

a
g

iv
en

lo
ad

.
T

ha
t

re
-

su
It

d
o

es
n

o
t

se
em

re
a
li

s
ti

c
.

(3
)

T
he

m
od

el
as

su
m

es
th

a
t

th
e
re

is
a

bo
nd

st
re

ss
a
c
ti

n
g

a
t

ev
er

y
p

o
in

t

al
o

n
g

th
e

le
n

g
th

o
f

th
e

b
ar

no
m

at
te

r
ho

w
sm

al
l

th
e

e
x

te
rn

a
l

lo
ad

-

in
g

o
r

ho
w

lo
n

g
th

e
b

a
r.

T
h

at
as

su
m

p
ti

o
n

is
n

o
t

re
a
li

s
ti

c
an

d
n

o
t

in
ag

re
em

en
t

w
it

h
st

e
e
l

st
ra

in
s

m
ea

su
re

d
al

o
n

g
th

e
le

n
g

th
o

f
th

e

b
ar

.

16

in
g

b
ar

g
o

v
er

n
s

th
e

re
sp

o
n

se
o

f
th

e
bo

nd
jo

in
t.

O
th

er
fa

c
to

rs
su

ch

as
th

e
b

a
r

si
z
e
,

th
e

ty
p

e
o

f
d

ef
o

rm
at

io
n

,
th

e
st

re
ss

-s
tr

a
in

ch
ar

ac
-

te
ri

s
ti

c
s

fo
r

th
e

b
a
r,

th
e

re
in

fo
rc

em
en

t
in

th
e

jo
in

t
an

d
th

e
co

n
-

c
re

te
st

re
n

g
th

m
ay

a
ls

o
si

g
n

if
ic

a
n

tl
y

a
ff

e
c
t

th
e

p
ro

p
ag

at
io

n
o

f
th

e

cr
ac

k
al

o
n

g
th

e
b

a
r.

A
s

c
u

rr
e
n

tl
y

fo
rm

u
la

te
d

H
as

sa
n

's
m

od
el

d
o

es

n
o

t
in

cl
u

d
e

th
e

e
ff

e
c
ts

o
f

th
o

se
fa

c
to

rs
.

C
om

pa
ri

so
ns

o
f

th
e

p
re

-

d
ic

ti
o

n
s

o
f

H
as

sa
n

's
m

od
el

an
d

th
e

re
su

lt
s

fo
r

sp
ec

im
en

s
h

av
in

g

p
ro

p
e
rt

ie
s

si
g

n
if

ic
a
n

tl
y

d
if

fe
re

n
t

fr
om

th
o

se
o

f
th

e
sp

ec
im

en
s

fo
r

w
hi

ch
H

as
sa

n
's

m
od

el
w

as
d

ev
el

o
p

ed
ar

e
sh

ow
n

in
F

ig
s.

3
th

ro
u

g
h

5
.

T
he

p
re

d
ic

te
d

re
sp

o
n

se
s

a
re

n
o

t
in

go
od

ag
re

em
en

t
w

it
h

th
e

te
s
t

re
su

lt
s

fo
r

bo
nd

jo
in

ts
co

n
ta

in
in

g
a

N
o.

10
G

ra
de

60
b

a
r,

51
04

,
o

r

a
N

o
.6

G
ra

de
60

b
a
r,

56
1,

o
r

fo
r

a
co

n
cr

et
e

st
re

n
g

th
,

f c
'

o
f

26
40

p
si

,
51

07
,

si
g

n
if

ic
a
n

tl
y

d
if

fe
re

n
t

fr
om

th
e

3
,5

0
0

p
si

st
re

n
g

th
u

se
d

in
H

as
sa

n
's

sp
ec

im
en

s.

(6
)

H
as

sa
n

's
re

su
lt

s
in

d
ic

a
te

d
th

a
t

cr
ac

k
in

g
p

ro
p

ag
at

ed
p

ro
g

re
ss

iv
e
ly

al
o

n
g

th
e

b
ar

o
n

ce
th

e
lo

ad
in

g
w

as
in

cr
ea

se
d

be
yo

nd
a

c
e
rt

a
in

ra
n

g
e.

T
he

m
ax

im
um

in
c
re

a
se

in
cr

ac
k

le
n

g
th

fo
r

a
p

a
rt

ic
u

la
r

h
a
lf

c
y

c
le

m
us

t
be

ac
h

ie
v

ed
w

he
n

th
e

lo
ad

in
g

is
a
t

it
s

p
ea

k
v

al
u

e
fo

r
th

a
t

(4
)

In
th

e
m

o
d

el
,

th
e

m
ax

im
um

bo
nd

st
re

ss
,

* u
,

be
tw

ee
n

th
e

re
in

fo
rc

in
g

p
a
rt

ic
u

la
r

h
a
lf

c
y

c
le

.
H

ow
ev

er
,

H
as

sa
n

's
m

od
el

as
su

m
ed

th
a
t

th
e

b
ar

an
d

th
e

co
n

cr
et

e
is

d
er

iv
ed

as
a

fu
n

ct
io

n
o

f
th

e
e
x

te
rn

a
l

lo
ad

-

in
g

.
It

is
co

m
m

on
ly

re
co

g
n

iz
ed

th
a
t

th
e

m
ax

im
um

bo
nd

st
re

ss
is

se
n

si
ti

v
e

to
m

an
y

fa
c
to

rs
su

ch
a
s

co
n

fi
n

em
en

t,
co

n
cr

et
e

st
re

n
g

th
,

su
rf

ac
e

g
eo

m
et

ry
fo

r
th

e
-r

ei
n

fo
rc

in
g

b
a
r,

e
c
t.

It
is

al
ao

re
as

o
n

-

ab
le

to
ex

p
ec

t
th

e
so

m
e

c
u

t-
o

ff
e
x

is
ts

on
th

e
m

ax
im

um
bo

nd
st

re
ss

th
a
t

ca
n

b
e

d
ev

el
o

p
ed

.

(5
)

T
he

m
od

el
im

p
li

es
th

a
t

th
e

le
n

g
th

o
f

th
e

cr
ac

k
al

o
n

g
th

e
re

in
fo

rc
-

cr
ac

k
in

cr
em

en
t

fo
r

th
e

w
ho

le
h

a
lf

c
y

c
le

,
w

hi
ch

w
as

p
re

d
et

er
m

in
ed

,

e
x

is
te

d
o

n
ce

th
e

e
x

te
rn

a
l

lo
ad

in
g

w
as

ap
p

li
ed

to
th

e
b

a
r.

F
u

rt
h

e
r,

th
e

le
n

g
th

o
f

ea
ch

re
g

io
n

in
h

is
m

od
el

(F
ig

.
1)

re
m

ai
ne

d
co

n
st

an
t

th
ro

u
g

h
o

u
t

a
g

iv
en

h
a
lf

c
y

c
le

.

(b
)

H
as

sa
n

's
M

on
ot

on
ic

L
o

ad
in

g
M

od
el

T
he

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
as

su
m

ed
fo

r
th

a
t

m
od

el
is

sh
ow

n

in
F

ig
.

6.
,

O
ne

fu
n

d
am

en
ta

l
d

if
fe

re
n

c
e

in
th

is
m

od
el

,
a
s

co
m

pa
re

d
to

th
e
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re
v

er
se

d
c
y

c
li

c
lo

a
d

in
g

m
o

d
el

,
is

th
a
t

th
e

cr
ac

k
in

cr
em

en
ts

a
re

g
en

er
at

ed

a
s

th
e

lo
a
d

in
g

in
c
re

a
se

s
so

th
a
t

th
e

c
ra

c
k

le
n

g
th

,
C

,
fr

om
th

e
lo

ad
ed

en
d

o
f

th
e

b
a
r

is
ch

an
g

in
g

c
o

n
ti

n
u

o
u

sl
y

w
it

h
th

e
a
x

ia
l

fo
rc

e
,

F
a.

B
es

id
es

th
e

fi
rs

t
fi

v
e

sh
o

rt
co

m
in

g
s

m
en

ti
o

n
ed

a
lr

e
a
d

y
fo

r
th

e
re

­

v
er

se
d

c
y

c
li

c
lo

a
d

in
g

m
o

d
el

,
th

e
re

is
an

a
d

d
it

io
n

a
l

sh
o

rt
co

m
in

g
fo

r
th

e

m
o

n
o

to
n

ic
m

o
d

el
.

T
he

m
od

el
as

su
m

es
th

a
t

th
e

bo
nd

s
tr

e
s
s

in
th

e
cr

ac
k

ed

*
re

g
io

n
is

c
o

n
st

a
n

t
an

d
eq

u
al

to
u

•
H

ow
ev

er
,

it
is

p
ro

b
ab

ly
m

or
e

re
a
li

s
-

ti
c

to
as

su
m

e
a

tr
a
n

sf
e
r

le
n

g
th

d
iv

id
e
d

in
to

th
re

e
re

g
io

n
s

o
n

ce
th

e

cr
ac

k
ed

le
n

g
th

,
C

,
ex

ce
ed

s
a

c
e
rt

a
in

d
is

ta
n

c
e

an
d

to
as

su
m

e
th

a
t

th
e

bo
nd

s
tr

e
s
s

d
is

tr
ib

u
ti

o
n

fo
r

th
e

th
ir

d
re

g
io

n
n

e
a
r

th
e

lo
ad

ed
en

d
o

f
th

e

b
ar

fo
ll

o
w

s
a

po
w

er
la

w
.

It
is

o
b

v
io

u
sl

y
d

e
si

ra
b

le
to

h
av

e
a
v

a
il

a
b

le
a

m
or

e
re

a
li

s
ti

c
an

d

m
or

e
w

id
el

y
a
p

p
li

c
a
b

le
m

od
el

th
an

H
as

sa
n

's
m

o
d

el
,

S
uc

h
a

m
od

el
w

ou
ld

p
ro

b
ab

ly
n

ee
d

to
u

ti
li

z
e

a
li

m
it

in
g

m
ax

im
um

v
a
lu

e
fo

r
th

e
p

ea
k

bo
nd

s
tr

e
s
s
,

p
er

m
it

v
a
ri

a
b

le
v

a
lu

e
s

fo
r

th
e

bo
nd

s
tr

e
s
s

al
o

n
g

th
e

b
a
r

as
a

fu
n

c
ti

o
n

o
f

d
is

p
la

c
e
m

e
n

ts
an

d
v

a
ri

a
b

le
le

n
g

th
s

fo
r

th
e

u
n

cr
ac

k
ed

p
o

rt
io

n

o
f

th
e

bo
nd

jo
in

t
th

a
t

a
re

a
fu

n
c
ti

o
n

o
f

th
e

lo
ad

in
g

h
is

to
ry

,

R
ec

en
tl

y
H

aw
ki

ns
e
t

a
l.

(2
7

,
28

)
d

ev
el

o
p

ed
a

si
m

p
li

fi
e
d

m
at

h
em

at
i­

c
a
l

m
o

d
el

,
a
s

sh
ow

n
in

F
ig

.
7

,
to

d
et

er
m

in
e

th
e

v
a
lu

e
s

fo
r

b
o

n
d

-s
li

p

e
ff

e
c
ts

fo
r

sl
a
b

-t
o

-c
o

lu
m

n
co

n
n

ec
ti

o
n

s
tr

a
n

sf
e
rr

in
g

re
v

e
rs

in
g

m
om

en
ts

.

T
he

cu
rv

e
O

A
BC

d
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a
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p
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c
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c
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c
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p
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c
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re
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a
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c
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p
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e
c
o

n
e
-l

ik
e

cr
ac

k
s

p
ro

p
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h
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b
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c
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m
ax

im
um

v
al

u
e

w
he

n
a

co
m

p
le

te
lo

n
g

it
u

d
in

a
l

cr
ac

k
fo

rm
s

b
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b
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c
a
l

bo
nd

st
re

ss
d

ec
re

as
es

as
th

e
lo

c
a
l

s
li

p
in

c
re

a
se

s.
T

he
sl

o
p

e
o

f
d

es
ce

n
d

in
g



35

lo
c
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p
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c
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d
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c
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d
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b
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c
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p
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c
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.
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f
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at
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c
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c
a
ll

y
a
lt

e
rs

th
e

in
te

g
ri

ty
o

f
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e
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d
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c
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in

lo
ad
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p
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ra
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p
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c
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c
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d

ev
el

o
p

be
tw

ee
n

su
ce

ss
iv

e

lu
g

s
w
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n
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e
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st
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in

c
re
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se
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T
m

ax
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s
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iv

en
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T

he

b
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r
o
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th

e
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in
t
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es
in

to
a

th
ir

d
st
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F
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s
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th
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So
th

e
re

is
no
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ti
v

e
m

ov
em

en
t
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ee
n

th
e

lu
g

u
n
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er
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o
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si
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e
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d

th
e
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n

cr
et

e
im
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te
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to

th
e
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o

n
t

an
d

o
u
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e
th
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t

lu
g
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F

o
r
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ip

s
g
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a
te

r
th

an
So

re
la

ti
v

e
m

ov
em

en
ts

o
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u
r
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s

th
e

lu
g

s
sh

ea
r

p
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t

th
e

su
rr

o
u

n
d

in
g
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o

n
c
re

te
.

T
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o

p
e

o
f

th
e

lo
c
a
l

bo
nd

s
tr

e
s
s
-s

li
p

cu
rv

e

in
th

e
th

ir
d

st
a
g

e
is

g
iv

en
a
s

a
c
o

n
st

a
n
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k

3
,

an
d

is
n

o
t

se
n

si
ti

v
e

to

co
n

cr
et

e
st

re
n

g
th

.
T

he
st

if
fn

e
ss

d
ep

en
d

s
e
n

ti
re

ly
on
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o

n
a
l

an
d

sh
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ri
n

g
o

f
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n
cr

et
e
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n
cr

et
e

e
ff

e
c
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o

n
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le
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b
e
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e
v

e

th
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t

th
e

su
rf
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c
e

o
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th
e

lo
n

g
it

u
d

in
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l

cr
ac

k
is

v
er
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ro
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h

im
m

ed
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te
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a
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e
r

th
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t

cr
ac

k
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T
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su
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c
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e
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c
a
l

s
li

p
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e
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e
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u
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th
e

b
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th
ro
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g

h
a
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en
d

is
p

la
ce

m
en

t
d

ec
re

as
es

as
th

e
lo

c
a
l

s
li

p
in

­

c
re

a
se

s.
W

he
n

th
e

lo
c
a
l

s
li

p
be
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m
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e
,
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is

to
be

ex
p

ec
te

d
th

a
t

th
e

cr
ac

k
ed

su
rf

a
c
e

w
il
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ve
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m

e
re
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th
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c
e

an
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u
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g
o
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u
sh

in
g
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e
w

il
l
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ro

p
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a
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n
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an
t

v
al

u
e
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rr

es
p

o
n

d
in

g
to

th
e

p
u

re
fr

ic
ti

o
n

be
tw

ee
n

th
e

b
ar

an
d

th
e

cr
ac

k
ed

co
n

cr
et

e
su

rf
a
c
e
.

T
he

m
o

n
o

to
n

ic
m

od
el

d
is

cu
ss

ed
ab

ov
e

sh
ow

s
th

a
t

fo
r

sl
ip
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le

ss
th

an

So
th

e
co

n
cr

et
e

st
re

n
g
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is

an
im

p
o
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an

t
fa

c
to

r
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ff

e
c
ti

n
g

th
e
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o

n
o

to
n

ic

lo
c
a
l
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nd
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tr

e
s
s
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li
p

re
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ti
o

n
.

It
is

b
el

ie
v

ed
th

a
t

o
th

er
fa

c
to
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ch
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th

e
d

eg
re

e
o
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n
fi
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en
t

fo
r

a
b

a
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th
e

ty
p

e
o

f
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n
cr

et
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an
d

th
e

b
ar

si
z
e

m
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a
ls

o
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g
n

if
ic

a
n

tl
y

a
ff

e
c
t

th
e

lo
c
a
l

bo
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c
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c
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u
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e
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c
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n
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e
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c
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c
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n
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e
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re
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c
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b
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T
he
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c
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li
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K
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u
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p
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c
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.
T

he
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th
e

b
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r
b
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il
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re
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st
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o

se
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e
d

e
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c
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ra
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c
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0
p
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p
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b
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b
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b
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ti
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in
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ie
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p
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b
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v
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at
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b
eh
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r
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v
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il
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b
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ro
u
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h

M
o
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ak
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o
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p

ar
is

o
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et
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ee
n

M
o

ri
ta
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n

o
to

n
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o
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p
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an
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e
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o
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o

to
n

ic
m

od
el

p
ro
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o

se
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in
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c
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.
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p
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n
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t
re

s
u

lt
s

sh
ow
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t
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e

b
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n
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er
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v

e
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e
d

c
y
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d

in
g
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se
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lo
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in

g
h

is
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ry
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T
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ad

in
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e
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u
se

d
in

th
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u
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e
c
a
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p
en

d
in

g
on

th
e

e
x

te
n

t
to

w
h

ic
h
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c
ti

o
n

o
f

th
e

s
li

p
w

as
re

v
e
rs

e
d

.

T
yp

e
1

lo
a
d

in
g

in
v

o
lv

ed
re

v
e
rs

e
d

c
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b
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s
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e
c
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d
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ra
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c
le

s

b
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b
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c
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c
le

s.
In

th
e

p
o

si
ti

v
e

lo
ad

in
g

d
ir

e
c
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c
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p
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c
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c
y

c
li

c
lo

a
d

in
g

,
w

as
g

re
a
te

r
th

an
70

%
o

f
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m

o
n

o
to

n
ic

lo
a
d
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g

.
H

ow
ev

er
,

in
th

e
n

e
g

a
ti

v
e

lo
ad

in
g

d
ir

e
c
ti

o
n

,
th

e

se
co

n
d

p
u

ll
in

g
d

ir
e
c
ti

o
n

,
th

e
p

ea
k

s
tr

e
s
s

ac
h

ie
v

ed
in

ev
er

y
c
y

c
le

w
as

n
ev

er
g

re
a
te

r
th

an
th

a
t

70
%

v
a
lu

e
.

A
ft

e
r

a
tt

a
in

m
e
n

t
o

f
th

e
m

ax
im

um

3
8

c
a
p

a
c
it

y
th

e
s
li

p
ra

n
g

e
w

as
in

cr
em

en
te

d
by

in
c
re

a
si

n
g

th
e

p
ea

k
s
li

p
fo

r

th
e

fi
rs

t
p

u
ll

in
g

d
ir

e
c
ti

o
n

.

T
yp

e
2

lo
a
d

in
g

in
v

o
lv

ed
re

v
e
rs

e
d

c
y

c
li

c
lo

a
d

in
g

b
et

w
ee

n
c
o

n
st

a
n

t

s
tr

e
s
s

li
m

it
s

u
n

ti
l

th
e

m
ax

im
um

c
a
p

a
c
it

y
w

as
re

ac
h

ed
.

A
ft

e
r

a
tt

a
in

m
e
n

t

o
f

th
e

m
ax

im
um

c
a
p

a
c
it

y
th

e
lo

a
d

w
as

c
y

c
le

s
b

et
w

ee
n

c
o

n
st

a
n

t
s
li

p
li

m
it

s

w
it

h
th

e
li

m
it

in
o

n
e

d
ir

e
c
ti

o
n

ap
p

ro
x

im
at

el
y

eq
u

al
b

u
t

o
p

p
o

si
te

in
si

g
n

to
th

e
li

m
it

in
th

e
o

p
p

o
si

te
d

ir
e
c
ti

o
n

.
G

e
n

e
ra

ll
y

fo
r

c
y

c
le

s
1

th
ro

u
g

h

9
,

th
e

bo
nd

jo
in

t
w

as
cy

cl
ed

b
et

w
ee

n
c
o

n
st

a
n

t
s
tr

e
s
s

li
m

it
s
.

T
he

s
tr

e
s
s

li
m

it
s

w
er

e
in

c
re

a
se

d
a
ft

e
r

th
re

e
c
y

c
le

s
b

et
w

ee
n

th
e

g
iv

en
s
tr

e
s
s

li
m

it
s
.

A
ft

e
r

c
y

c
le

9
,

th
e

bo
nd

jo
in

t
w

as
cy

cl
ed

b
et

w
ee

n
c
o

n
st

a
n

t
s
li

p
li

m
it

s
,

an
d

th
e

s
li

p
li

m
it

s
w

er
e

in
c
re

a
se

d
a
ft

e
r

th
re

e
c
y

c
le

s
b

et
w

ee
n

p
re

v
io

u
s

s
li

p
li

m
it

s
.

F
o

r
T

yp
e

1
lo

a
d

in
g

h
is

to
ry

,
it

w
as

o
b

se
rv

ed
th

a
t

in
th

e
p

o
si

ti
v

e

lo
ad

in
g

d
ir

e
c
ti

o
n

th
e
re

w
er

e
m

ar
ke

d
d

e
c
re

a
se

s
in

s
ti

ff
n

e
s
s

an
d

c
a
p

a
c
it

y

b
et

w
ee

n
th

e
fi

rs
t

an
d

se
co

n
d

c
y

c
le

s
b

u
t

n
o

t
b

et
w

ee
n

th
e

se
co

n
d

an
d

su
b

­

se
q

u
en

t
c
y

c
le

s.
W

it
h

an
in

c
re

a
se

in
th

e
s
li

p
li

m
it

s
,

a
si

g
n

if
ic

a
n

t

ch
an

g
e

in
s
ti

ff
n

e
s
s

an
d

c
a
p

a
c
it

y
a
g

a
in

o
cc

u
rr

ed
b

et
w

ee
n

th
e

fi
rs

t
an

d

se
co

n
d

c
y

c
le

s.
F

o
r

c
y

c
li

n
g

b
et

w
ee

n
c
o

n
st

a
n

t
s
li

p
li

m
it

s
,

th
e

c
a
p

a
c
it

y

an
d

s
ti

ff
n

e
s
s

d
ec

re
as

ed
w

it
h

in
c
re

a
si

n
g

nu
m

be
r

o
f

c
y

c
le

s.
H

ow
ev

er
,

th
e

re
d

u
c
ti

o
n

in
c
a
p

a
c
it

y
an

d
s
ti

ff
n

e
s
s

ca
u

se
d

by
th

e
in

c
re

a
se

in
s
li

p

li
m

it
s

w
as

m
uc

h
g

re
a
te

r
th

an
th

a
t

ca
u

se
d

by
a

nu
m

be
r

o
f

re
p

e
ti

ti
o

n
w

it
h

­

in
a

li
m

it
e
d

s
li

p
ra

n
g

e.
In

th
e

n
e
g

a
ti

v
e

lo
a
d

in
g

d
ir

e
c
ti

o
n

,
th

e
re

w
as

no
si

g
n

if
ic

a
n

t
d

e
g

e
n

e
ra

ti
o

n
in

c
a
p

a
c
it

y
w

it
h

c
y

c
li

c
lo

a
d

in
g

.

F
o

r
T

yp
e

2
lo

a
d

in
g

h
is

to
ry

,
w

he
n

s
tr

e
s
s

li
m

it
s

w
er

e
le

s
s

th
an

70
%

o
f

th
e

m
ax

im
um

bo
nd

s
tr

e
s
s

fo
r

m
o

n
o

to
n

ic
lo

a
d

in
g

,
th

e
te

s
t

re
s
u

lt
s

sh
ow

ed
no

si
g

n
if

ic
a
n

t
d

e
g

e
n

e
ra

ti
o

n
in

c
a
p

a
c
it

y
o

r
s
ti

ff
n

e
s
s

W
it

h
c
y

c
li

c
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lo
ad

in
g

b
u

t
th

e
st

if
fn

e
ss

fo
r

u
n

lo
ad

in
g

w
as

co
n

si
d

er
ab

ly
g

re
a
te

r
th

e

st
if

fn
e
ss

fo
r

lo
ad

in
g

.
T

he
bo

nd
s
tr

e
s
s
-s

li
p

en
v

el
o

p
es

fo
r

m
on

ot
on

ic
an

d

c
y

c
li

c
lo

ad
in

g
s

w
er

e
e
ss

e
n

ti
a
ll

y
th

e
sa

m
e.

A
ft

er
th

e
st

re
ss

li
m

it
w

as

in
cr

ea
se

d
be

yo
nd

70
%

o
f

th
e

m
ax

im
um

bo
nd

st
re

ss
,

'm
ax

'
fo

r
m

on
ot

on
ic

lo
ad

in
g

,
th

e
re

w
as

a
si

g
n

if
ic

a
n

t
d

ec
re

as
e

in
st

if
fn

e
ss

w
it

h
cy

cl
in

g
.

T
he

ne
w

p
ea

k
d

is
p

la
ce

m
en

t
fo

r
at

ta
in

m
en

t
o

f
th

e
sa

m
e

st
re

ss
li

m
it

w
as

al
w

ay
s

g
re

a
te

r
th

an
th

e
p

re
v

io
u

s
d

is
p

la
ce

m
en

t.
F

o
r

fu
rt

h
e
r

c
y

c
li

c
lo

ad
-

in
g

be
tw

ee
n

co
n

st
an

t
s
li

p
li

m
it

s,
in

th
e

p
o

si
ti

v
e

lo
ad

in
g

d
ir

e
c
ti

o
n

,
th

e

c
a
p

a
c
it

y
an

d
st

if
fn

e
ss

d
ec

re
as

ed
w

it
h

cy
cl

in
g

an
d

th
er

e
w

er
e

al
w

ay
s

m
ar

ke
d

d
ec

re
as

es
in

st
if

fn
e
ss

an
d

ca
p

ac
it

y
fo

r
th

e
fi

rs
t

an
d

se
co

nd

cy
cl

es
to

in
cr

ea
se

d
s
li

p
li

m
it

s.
H

ow
ev

er
,

in
th

e
n

eg
at

iv
e

lo
ad

in
g

d
ir

e
c
-

ti
o

n
,

th
e
re

w
as

no
su

ch
m

ar
ke

d
d

ec
re

as
e

in
st

if
fn

e
ss

an
d

ca
p

ac
it

y
.

T
he

en
v

el
o

p
e

cu
rv

e
fo

r
c
y

c
li

c
lo

ad
in

g
al

w
ay

s
la

y
in

si
d

e
th

e
m

on
ot

on
ic

cu
rv

e

on
ce

th
e

bo
nd

jo
in

t
ha

d
b

ee
n

c
y

c
li

c
a
ll

y
lo

ad
ed

be
tw

ee
n

st
re

ss
li

m
it

s

g
re

a
te

r
th

an
70

%
o

f
th

e
m

ax
im

um
bo

nd
st

re
ss

u
n

d
er

m
on

ot
on

ic
lo

ad
in

g
.

T
he

m
ax

im
um

ca
p

ac
it

y
fo

r
c
y

c
li

c
lo

ad
in

g
w

as
ab

o
u

t
90

%
o

f
th

a
t

fo
r

m
on

ot
on

ic

lo
ad

in
g

.

T
he

a
u

th
o

r'
s

c
y

c
li

c
m

od
el

p
re

se
n

te
d

in
S

ec
ti

o
n

3
.3

is
si

m
il

a
r

to

M
o

ri
ta

's
c
y

c
li

c
bo

nd
st

re
ss

-s
li

p
la

w
(3

3
,

3
4

).
F

o
r

th
e

a
u

th
o

r'
s

m
o

d
e
ll

,

a
se

t
o

f
ru

le
s,

sh
ow

n
in

F
ig

.
1

6
,

a
re

u
se

d
to

re
la

te
th

e
bo

nd
st

re
ss

-

s
li

p
cu

rv
es

fo
r

m
on

ot
on

ic
an

d
cy

cl
iC

lo
ad

in
g

.
To

p
re

d
ic

t
th

e
c
y

c
li

c
bo

nd

st
re

ss
-s

li
p

re
la

ti
o

n
sh

ip
,

u
si

n
g

th
e

m
od

el
o

f
F

ig
.

1
6

,
it

is
o

n
ly

n
ec

es
-

sa
ry

to
kn

ow
th

e
m

on
ot

on
ic

bo
nd

,t
re

s
s
-s

li
p

cu
rv

e
an

d
th

e
lo

ad
in

g
h

is
to

-

ry
.

It
is

as
su

m
ed

th
a
t

th
e

re
la

ti
o

n
sh

ip
be

tw
ee

n
th

e
m

on
ot

on
ic

an
d

c
y

c
li

c

bo
nd

st
re

ss
-s

li
p

cu
rv

es
is

e
ss

e
n

ti
a
ll

y
in

d
ep

en
d

en
t

o
f

th
e

co
n

cr
et

e

st
re

n
g

th
.

V
al

u
es

fo
r

th
e

u
n

lo
ad

in
g

st
if

fn
e
ss

k 4
an

d
th

e
c
o

e
ff

ic
ie

n
ts

a
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an
d

e
in

th
e

c
y

c
li

c
m

od
el

w
er

e
d

ev
el

o
p

ed
b

as
ed

on
L

iu
's

te
s
t

re
su

lt
s.

3
3

T
he

v
al

u
es

fo
r

K
4

an
d

a
a
re

ta
k

en
as

3
.0

x
10

(K
ip

s/
in

)
an

d
0

.1
5

re
-

sp
e
c
ti

v
e
ly

.
H

ow
ev

er
,

th
e

v
al

u
e

fo
r

e
is

as
su

m
ed

to
de

pe
nd

on
th

e
p

re
v

io
u

s

lo
ad

in
g

h
is

to
ry

an
d

th
e

s
li

p
in

cr
em

en
t,

~
S
.

F
o

r
a

lo
ad

in
g

d
ir

e
c
ti

o
n

fo
r

w
hi

ch
th

e
m

ag
n

it
u

d
e

o
f

bo
nd

st
re

ss
h

as
n

ev
er

ex
ce

ed
ed

T
c

'
th

e
v

al
u

e
o

f

e
is

ta
k

en
ss

0
.9

.
T

he
v

al
u

e
o

f
a

is
ex

p
re

ss
ed

as
a

fu
n

ct
io

n
o

f
th

e
s
li

p

in
cr

em
en

t,
~
S
,

fo
r

a
lo

ad
in

g
d

ir
e
c
ti

o
n

fo
r

w
hi

ch
th

e
m

ag
ni

tu
de

o
f

bo
nd

st
re

ss
ex

ce
ed

ed
T

c
'

Fr
om

th
e

p
h

y
si

ca
l

b
eh

av
io

r
d

es
cr

ib
ed

p
re

v
io

u
sl

y
it

is
lo

g
ic

a
l

th
a
t

th
e

bo
nd

jo
in

t
m

ec
ha

ni
sm

w
il

l
n

o
t

ch
an

ge
d

ra
st

ic
a
ll

y

w
it

h
lo

ad
in

g
re

v
e
rs

a
ls

b
ef

o
re

c
o

n
e
-l

ik
e

cr
ac

k
in

g
o

cc
u

rs
.

T
hu

s,
an

y
d

e
te

-

ri
o

ra
ti

o
n

in
bo

nd
ca

p
ac

it
y

w
it

h
cy

cl
in

g
is

li
k

e
ly

to
b

e
v

er
y

sm
al

l.
H

ow
-

ev
er

o
n

ce
th

e
bo

nd
st

re
ss

ex
ce

ed
s

'c
in

an
y

g
iv

en
d

ir
e
c
ti

o
n

,
co

n
e-

li
k

e

cr
ac

k
in

g
fo

rm
s

fo
r

th
a
t

lo
ad

in
g

d
ir

e
c
ti

o
n

an
d

d
ra

st
ic

a
ll

y
·c

ha
ng

es
th

e

bo
nd

jo
in

t
m

ec
ha

ni
sm

.
In

cr
ea

si
n

g
sl

ip
s

fo
r

a
g

iv
en

lo
ad

in
g

d
ir

e
c
ti

o
n

ca
n

be
ex

p
ec

te
d

to
ca

u
se

th
e

c
o

n
e
-l

ik
e

cr
ac

k
in

g
to

p
ro

p
ag

at
e

fu
rt

h
e
r,

da
m

ag
e

th
e

co
n

cr
et

e
ar

o
u

n
d

th
e

b
a
r,

an
d

ca
u

se
si

g
n

if
ic

a
n

t
d

e
te

ri
o

ra
ti

o
n

in
th

e

bo
nd

c
a
p

a
c
it

y
.

In
th

is
c
y

c
li

c
m

o
d

el
,

th
e

sl
ip

on
re

v
e
rs

a
l

o
f

lo
ad

in
g

L
'

in
F

ig
.

16
is

se
t

eq
u

al
to

0
.6

5
L

,
W

he
re

L
is

th
e

s
li

p
ra

n
g

e.
T

h
at

a
c
-

ti
o

n
im

p
li

es
th

st
th

e
la

rg
e
r

th
e

s
li

p
ra

n
g

e,
th

e
g

re
a
te

r
is

th
e

d
eg

re
e

o
f

da
m

ag
e.

T
he

c
o

e
ff

ic
ie

n
t

o
f

0
.6

5
w

as
b

as
ed

on
L

iu
's

te
s
t

re
su

lt
s.

In
M

o
ri

ta
's

c
y

c
li

c
bo

nd
st

re
ss

-s
li

p
la

w
,

th
e

s
li

p
li

m
it

s
fo

r
c
y

c
li

c

-3
lo

ad
in

g
ca

n
o

n
ly

b
e

in
cr

ea
se

d
up

to
~

20
x

10
in

.
(0

.5
m

m
)

an
d

th
e

re
lo

ad
in

g
cu

rv
e

is
as

su
m

ed
to

b
e

d
ir

e
c
te

d
to

w
ar

d
s

th
e

m
on

ot
on

ic
cu

rv
e

ev
en

a
ft

e
r

th
e

bo
nd

jo
in

t
h

as
be

en
c
y

c
li

c
a
ll

y
lo

ad
ed

to
a

h
ig

h
st

re
ss

.

M
o

ri
ta

to
o

k
th

e
v

al
u

e
fo

r
a

to
b

e
a

fu
n

ct
io

n
o

f
th

e
s
li

p
v

al
u

e
o

f
th

e

p
o

in
t

fr
om

w
hi

ch
u

n
lo

ad
in

g
w

as
st

a
rt

e
d

.
T

he
m

od
el

o
u

tl
in

e
d

in
S

ec
ti

o
n
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3
.3

,
ho

w
ev

er
,

im
po

se
s

no
re

st
ri

c
ti

o
n

on
sl

ip
li

m
it

s
fo

r
c
y

c
li

c
lo

ad
in

g

an
d

ts
s
ti

ll
a
p

p
li

c
a
b

le
ev

en
a
ft

e
r

th
e

m
ax

im
um

sl
ip

fo
r

c
y

c
li

c
lo

ad
in

g
.

S
o

'
h

as
be

en
ex

ce
ed

ed
.

In
th

e
a
u

th
o

r'
s

m
od

el
th

e
re

lo
ad

in
g

cu
rv

e
is

a
s­

su
m

ed
to

b
e

d
ir

e
c
te

d
to

w
ar

d
s

th
e

en
v

el
o

p
e

cu
rv

e
fo

r
c
y

c
li

c
lo

ad
in

g
an

d

th
e

v
al

u
e

fo
r

B
is

as
su

m
ed

to
de

pe
nd

on
th

e
p

ri
o

r
lo

ad
in

g
h

is
to

ry
an

d

th
e

s
li

p
in

cr
em

en
t.

V
al

u
es

o
f

k 4
,
~

an
d

a
fo

r
M

o
ri

ta
's

c
y

c
li

c
b

o
n

d
-s

li
p

la
w

an
d

th
e

c
y

c
li

c
m

od
el

p
ro

p
o

se
d

in
th

is
ch

ap
te

r
a
re

co
m

pa
re

d
in

T
ab

le
6.

F
ig

u
re

s
17

th
ro

u
g

h
22

sh
ow

co
m

pa
ri

so
ns

be
tw

ee
n

te
st

re
su

lt
s

an
d

th
e

re
su

lt
s

p
re

d
ic

te
d

by
th

e
c
y

c
li

c
bo

nd
st

re
ss

-s
li

p
m

od
el

.
T

he
v

a
ri

­

ab
le

s
fo

r
th

e
te

st
sp

ec
im

en
s

co
v

er
ed

in
th

o
se

co
m

pa
ri

so
ns

w
er

e
lo

ad

h
is

to
ry

an
d

co
n

cr
et

e
st

re
n

g
th

.

F
ig

u
re

s
17

an
d

18
co

m
pa

re
m

ea
su

re
d

an
d

p
re

d
ic

te
d

bo
nd

st
re

ss
-s

li
p

cu
rv

e
fo

r
a

jo
in

t
su

b
je

ct
to

T
yp

e
1

lo
ad

in
g

h
is

to
ry

.
T

he
e
ff

e
c
ts

o
f

in
cr

ea
si

n
g

sl
ip

li
m

it
s

a
re

st
u

d
ie

d
in

F
ig

.
17

an
d

o
f

re
p

ea
te

d
re

v
er

se
d

c
y

c
li

c
lo

ad
in

g
be

tw
ee

n
co

n
st

an
t

s
li

p
li

m
it

s
in

F
ig

.
18

.

F
ig

u
re

s
19

th
ro

u
g

h
22

sh
ow

th
a
t

th
e

c
y

c
li

c
m

od
el

ca
n

p
re

d
ic

t
re

a
­

so
n

ab
le

v
al

u
es

fo
r

a
bo

nd
jo

in
t

w
it

h
d

if
fe

re
n

t
co

n
cr

et
e

st
re

n
g

th
s

an
d

su
b

je
ct

to
T

yp
e

2
lo

ad
in

g
.

S
pe

ci
m

en
s

LC
2

an
d

LC
3

w
er

e
su

b
je

ct
ed

to
th

e

sa
m

e
ty

p
e

o
f

lo
ad

in
g

h
is

to
ry

,
b

u
t

th
e

co
n

cr
et

e
st

re
n

g
th

fo
r

S
pe

ci
m

en

LC
3

w
as

si
g

n
if

ic
a
n

tl
y

h
ig

h
er

th
an

th
a
t

fo
r

S
pe

ci
m

en
LC

2.
E

ff
ec

ts
o

f

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
be

tw
ee

n
co

n
st

an
t

st
re

ss
li

m
it

s
ar

e
sh

ow
n

in
F

ig
s

19
an

d
21

.
W

hi
le

th
e

e
ff

e
c
ts

o
f

in
cr

ea
si

n
g

sl
ip

li
m

it
s,

fO
L

a
jo

in
t

cy
cl

ed
be

tw
ee

n
co

n
st

an
t

st
re

ss
li

m
it

s,
a
re

sh
ow

n
in

F
ig

s
20

an
d

22
.

3
.4

.3
C

o
n

cl
u

si
o

n
s

T
he

fo
re

g
o

in
g

co
m

pa
ri

so
ns

sh
ow

th
st

th
e

m
ea

su
re

d
lo

a
d

-s
li

p
re

la
-
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ti
o

n
sh

ip
s

an
d

th
o

se
p

re
d

ic
te

d
by

th
e

m
od

el
de

ve
lo

pe
d

h
er

e
a
re

in
re

as
o

n
­

ab
le

ag
re

em
en

t.
E

q
u

at
io

n
(3

-9
),

w
hi

ch
w

as
d

er
iv

ed
fr

om
li

m
it

ed
te

st

re
su

lt
s,

is
a
p

p
li

c
a
b

le
o

n
ly

to
a

bo
nd

jo
in

t
w

it
h

a
co

n
cr

et
e

st
re

n
g

th

g
re

a
te

r
th

an
3,

00
0

p
si

an
d

le
ss

th
an

4
,5

0
0

p
si

,
w

it
h

a
d

eg
re

e
o

f
co

n
­

fi
n

em
en

t
si

m
il

a
r

to
th

a
t

o
f

lo
c
a
l

bo
nd

sp
ec

im
en

s
us

ed
in

th
is

st
u

d
y

an
d

b
ar

si
z
e
s

si
m

il
a
r

to
th

a
t

us
ed

in
th

is
st

u
d

y
.

A
lt

ho
ug

h,
co

n
si

d
er

ab
le

e
ff

o
rt

w
as

in
v

o
lv

ed
in

d
ev

el
o

p
in

g
th

e
m

on
ot

on
ic

an
d

c
y

c
li

c
m

od
el

s
re

­

p
o

rt
ed

h
er

e,
a
d

d
it

io
n

a
l

s
ta

ti
s
ti

c
a
l

an
d

ex
p

er
im

en
ta

l
st

u
d

ie
s

ar
e

n
ee

d
ed

if
ac

cu
ra

te
an

d
co

m
pr

eh
en

si
ve

lo
c
a
l

bo
nd

st
re

ss
-s

li
p

re
la

ti
o

n
sh

ip
s

fo
r

a
w

id
e

v
a
ri

e
ty

o
f

p
ra

c
ti

c
a
l

co
n

d
it

io
n

s
an

d
lo

ad
in

g
h

is
to

ri
e
s

a
re

to
b

e

d
ev

el
o

p
ed

.
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CH
AP

TE
R

4

PR
ED

IC
TI

O
N

OF
FO

RC
E-

D
IS

PL
A

CE
M

EN
T

RE
LA

TI
O

N
SH

IP
S

FO
R

AN
AN

CH
OR

ED
BA

R

4
.1

In
tr

o
d

u
c
ti

o
n

T
he

ea
rt

h
q

u
ak

e
re

sp
o

n
se

o
f

a
st

ru
c
tu

re
is

se
n

si
ti

v
e

to
v

a
ri

a
ti

o
n

s

in
it

s
n

a
tu

ra
l

fr
eq

u
en

ci
es

.
S

uc
h

v
a
ri

a
ti

o
n

s
a
re

ca
u

se
d

p
ri

m
ar

il
y

by

ch
an

g
es

in
th

e
st

if
fn

e
ss

o
f

th
e

st
ru

c
tu

re
.

C
lo

ug
h

an
d

Jo
h

n
st

o
n

(3
5)

fo
un

d
th

a
t

th
e

lo
ss

in
st

if
fn

e
ss

ca
u

se
d

by
in

e
la

st
ic

d
ef

o
rm

at
io

n
s

in
­

cr
ea

se
d

th
e

p
er

io
d

o
f

v
ib

ra
ti

o
n

o
f

a
st

ru
c
tu

re
an

d
th

a
t

su
ch

in
cr

ea
se

s

le
ad

in
tu

rn
to

fu
rt

h
e
r

m
o

d
if

ic
at

io
n

s
in

th
e

re
sp

o
n

se
.

F
o

r
st

ru
c
tu

re
s

w
it

h
lo

n
g

p
er

io
d

s
o

f
v

ib
ra

ti
o

n
,

in
cr

ea
si

n
g

th
e

p
er

io
d

re
d

u
ce

d
th

e
li

k
e
­

li
h

o
o

d
o

f
re

so
n

an
ce

w
it

h
th

e
ea

rt
h

q
u

ak
e

in
p

u
t

an
d

th
e
re

fo
re

d
ec

re
as

ed

th
e

st
ru

c
tu

re
's

re
sp

o
n

se
a
c
ti

v
it

y
si

g
n

if
ic

a
n

tl
y

.
In

c
o

n
tr

a
st

,
fo

r
st

ru
c
­

tu
re

s
w

it
h

sh
o

rt
p

er
io

d
s

o
f

v
ib

ra
ti

o
n

,
a

lo
ss

in
st

if
fn

e
ss

in
cr

ea
se

d
th

e

re
sp

o
n

se
a
c
ti

v
it

y
an

d
,

in
p

a
rt

ic
u

la
r,

th
e

d
is

p
la

ce
m

en
t

fo
r

a
g

iv
en

e
a
rt

h
­

qu
ak

e
in

p
u

t
in

cr
ea

se
d

.

W
he

re
a

m
ax

im
um

m
om

en
t

co
n

d
it

io
n

o
cc

u
rs

a
t

th
e

fa
ce

o
f

a
su

p
p

o
rt

th
e

st
if

fn
e
ss

o
f

a
co

n
cr

et
e

m
em

be
r

is
se

n
si

ti
v

e
to

th
e

an
ch

o
ra

g
e

co
n

d
i­

ti
o

n
fo

r
b

a
rs

w
it

h
in

th
e

su
p

p
o

rt
.

T
he

fo
rc

e-
d

is
p

la
ce

m
en

t
re

la
ti

o
n

sh
ip

s

c
h

a
ra

c
te

ri
z
in

g
th

o
se

an
ch

o
ra

g
e

co
n

d
it

io
n

s
de

pe
nd

on
m

an
y

fa
c
to

rs
.

T
he

m
or

e
im

p
o

rt
an

t
fa

c
to

rs
a
re

:
(1

)
th

e
in

e
la

st
ic

b
eh

av
io

r
o

f
th

e
re

in
fo

rc
­

in
g

st
e
e
l

an
d

in
p

a
rt

ic
u

la
r

B
au

sc
h

in
g

er
e
ff

e
c
ts

fo
r

th
a
t

st
e
e
l;

(2
)

th
e

lo
c
a
l

bo
nd

st
re

a
s-

sl
ip

c
h

a
ra

c
te

ri
st

ic
s

fo
r

re
in

fo
rc

in
g

st
e
e
l

u
n

d
er

v
a
r­

io
u

s
lo

ad
h

is
to

ri
e
s;

(3
)

th
e

p
en

et
ra

ti
o

n
o

f
s
li

p
al

o
n

g
th

e
co

n
cr

et
e­

re
in

fo
rc

in
g

st
e
e
l

in
te

rf
a
c
e

an
d

in
p

a
rt

ic
u

la
r

th
e

m
an

ne
r

in
w

hi
ch

th
a
t

p
en

et
ra

ti
o

n
m

o
d

if
ie

s
th

e
b

eh
av

io
r;

(4
)

th
e

p
re

se
n

ce
o

f
sh

ea
r

d
ef

o
rm

at
io

n
s

an
d

d
ia

g
o

n
al

cr
ac

k
in

g
in

th
e

an
ch

o
ra

g
e

zo
n

e;
an

d
(5

)
th

e
e
ff

e
c
ti

v
e
n

e
ss

44

o
f

co
n

fi
n

em
en

t
e
it

h
e
r

by
la

te
ra

l
m

em
be

rs
o

r
tr

a
n

sv
e
rs

e
re

in
fo

rc
em

en
t

on

sh
ea

r
d

ef
o

rm
at

io
n

s,
th

e
p

e
n

e
tr

a
ti

o
n

o
f

s
li

p
al

o
n

g
th

e
c
o

n
c
re

re
-r

e
in

fo
rc

­

in
g

st
e
e
l

in
te

rf
a
c
e
,

an
d

th
e

lo
c
a
l

bo
nd

st
re

ss
-s

li
p

c
h

a
ra

c
te

ri
st

ic
s

fo
r

th
e

c
o

n
c
re

te
-s

te
e
l

in
te

rf
a
c
e
.

In
th

is
st

u
d

y
th

e
sp

ec
im

en
s

w
er

e
p

ro
p

o
rt

io
n

ed
an

d
re

in
fo

rc
ed

so

th
a
t

th
e

in
fl

u
en

ce
s

o
f

sh
ea

r
d

ef
o

rm
at

io
n

s
an

d
d

ia
g

o
n

al
cr

ac
k

in
g

w
er

e

d
e
li

b
e
ra

te
ly

m
in

im
iz

ed
.

T
he

co
n

fi
n

in
g

re
in

fo
rc

em
en

t
p

ro
v

id
ed

in
th

e

jo
in

t
w

as
d

es
ig

n
ed

so
th

a
t

it
al

w
ay

s
re

m
ai

ne
d

in
th

e
e
la

st
ic

ra
n

g
e

th
ro

u
g

h
o

u
t

th
e

lo
ad

in
g

h
is

to
ry

of
th

e
sp

ec
im

en
.

In
th

e
fo

ll
o

w
in

g
d

is
cu

ss
io

n
a

m
od

el
is

de
ve

lo
pe

d
fo

r
th

e
fo

rc
e
­

lo
ad

ed
en

d
s
li

p
re

la
ti

o
n

sh
ip

fo
r

an
in

e
la

st
ic

a
ll

y
lo

ad
ed

,
an

ch
o

re
d

re
in

­

fo
rc

in
g

b
ar

.
T

ha
t

m
od

el
u

ti
li

z
e
s

th
e

st
re

ss
-s

tr
a
in

m
od

el
fo

r
th

e
re

in
­

fo
rc

in
g

st
e
e
l,

p
re

se
n

te
d

in
C

h
ap

te
r

2
,

an
d

th
e

lo
c
a
l

bo
nd

s
tr

e
s
s
-s

li
p

m
od

el
fo

r
a

re
in

fo
rc

in
g

b
a
r,

d
ev

el
o

p
ed

in
C

h
ap

te
r

3.
A

g
en

er
al

m
od

el
is

d
ev

el
o

p
ed

th
a
t

is
a
p

p
li

c
a
b

le
to

a
b

ar
su

b
je

ct
ed

to
re

v
er

se
d

c
y

c
li

c
lo

ad
­

in
g

th
a
t

ex
te

n
d

s
in

to
th

e
in

e
la

st
ic

ra
n

g
e

an
d

a
m

or
e

si
m

p
le

m
od

el
th

a
t

is
ap

p
li

ca
b

le
fo

r
a

b
ar

S
U

bj
ec

te
d

to
m

o
n

o
to

n
ic

al
ly

in
cr

ea
si

n
g

lo
ad

th
a
t

a
ls

o
ex

te
n

d
s

in
to

th
e

in
e
la

st
ic

ra
n

g
e.

T
he

se
m

od
el

s
c
h

a
ra

c
te

ri
z
e

th
e

re
la

ti
o

n
sh

ip
be

tw
ee

n
th

e
a
x

ia
l

fo
rc

e

on
a

re
in

fo
rc

in
g

b
ar

an
d

th
e

d
is

p
la

ce
m

en
t

o
f

th
e

lo
ad

ed
en

d
o

f
th

a
t

b
ar

re
la

ti
v

e
to

th
e

su
rr

o
u

n
d

in
g

co
n

cr
et

e.
F

o
r

re
v

er
se

d
cy

cl
iC

lo
ad

in
g

th
e

m
od

el
ta

k
es

in
to

ac
co

u
n

t
y

ie
ld

in
g

o
f

th
e

re
in

fo
rc

in
g

s
te

e
l,

B
au

sc
h

in
g

er

e
ff

e
c
ts

,
n

o
n

-l
in

e
a
ri

ty
o

f
th

e
bo

nd
st

re
ss

d
is

tr
ib

u
ti

o
n

an
d

th
e

m
o

d
if

i­

ca
ti

o
n

o
f

th
a
t

d
is

tr
ib

u
ti

o
n

ca
u

se
d

by
c
y

c
li

c
lo

ad
in

g
.
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4
.2

A
ss

um
pt

io
ns

A
s

m
en

ti
o

n
ed

p
re

v
io

u
sl

y
,

th
e

lo
c
a
l

bo
nd

st
re

ss
-s

li
p

m
od

el
fo

r
a

re
in

fo
rc

in
g

b
ar

an
d

th
e

st
re

ss
-s

tr
a
in

m
od

el
fo

r
T

ei
n

fo
rc

in
g

st
e
e
l

a
re

u
ti

li
z
e
d

as
b

u
il

d
in

g
b

lo
ck

s
to

d
ev

el
o

p
th

e
m

od
el

fo
r

p
re

d
ic

ti
n

g
th

e

lo
ad

-d
is

p
la

ce
m

en
t

c
h

a
ra

c
te

ri
st

ic
s

a
t

th
e

a
tt

a
c
k

en
d

o
f

an
an

ch
o
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b
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b
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d

c
y

c
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c
lo

ad
in
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e
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t
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c
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d
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m
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d
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(1
)
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c
a
l
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nd
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p
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o
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p
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b
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p
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n
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in
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c
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a
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c
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.

4
.3

.1
A
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W
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n
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.
2
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a
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e
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tt
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c
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f

a
b
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c
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e
d
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o

n
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e
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f
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e
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a
r.
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n
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d
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e
m
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f
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e
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a
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e
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a
c
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d

,
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e
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f
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e
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d
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u
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o
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re
ss

e
s
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d
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e
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ow
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in
F

ig
.

2
4

(b
)
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a

fr
e
e

bo
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d
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g
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m
o

f
a

ty
p
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a
l

b
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en
t
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f
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d
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b
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u
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d
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c
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f
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o
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g
n
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c
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re
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c
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c
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c
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:
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~
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b
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b
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b
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c
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b
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c
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re
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d
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p
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c
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c
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b
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c
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c
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p
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{
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5 c
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~
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c
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re
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c
ti

o
n

g
iv

es
w

h
er

e: S
•
~£
(S
)d
~
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p
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d
is

tr
ib

u
ti

o
n

,
th

e
st

e
e
l

st
re

ss
d

is
tr

ib
u

ti
o

n
,

an
d

th
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·
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at
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T
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d
e
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il
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c
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.
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c
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2
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•
K~
OI
(x
l)

.•
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..

.
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p
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d
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a
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e

lo
ad

-d
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c
k

en
d

o
f

th
e

b
a
r

a
re

fo
rm

u
la

te
d

st
e
p

by
st

e
p

fo
r

th
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f
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.
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g
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n
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.
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w
he

n
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e
P
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a
p

p
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c
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a
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p
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c
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c
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b
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~
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ra
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-
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d
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p
d

it
io

n
s

fo
r

so
lv

in
g

c
o

n
st

a
n

ts
a

1
an

d
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.
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1

),
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b
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c
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p
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c
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c
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b
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c
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c
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e

lo
c
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e
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.
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ip

a
t

A
o

r
A
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F

or
st

a
g

e
1,

th
e

d
is

­

p
la

ce
m

en
t

a
t

p
o

in
t

B
is

ta
k

en
as

th
e

lo
c
a
l

sl
ip

a
t

p
o

in
t

A
p

lu
s

th
e

el
o

n
g

at
io

n
o

f
se

gm
en

t
A

B
.

F
or

st
ag

e
2

th
ro

u
g

h
st

a
g

e
8

,
ho

w
ev

er
,

th
e

su
m

o
f

th
e

lo
c
a
l

s
li

p
a
t

p
o

in
t

A
'

an
d

th
e

el
o

n
g

at
io

n
o

f
se

gm
en

t
A

'B
is

ta
k

en
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th

e
d

is
p

la
ce

m
en

t
o

f
p

o
in

t
B

.
T

he
co

m
pu

te
r

pr
og

ra
m

li
s
ti

n
g

fo
r

th
is

ex
am

pl
e

is
p

re
se

n
te

d
in

A
pp

en
di

x
A
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ri
te
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a
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r

F
a
il

u
re

T
he

c
ri

te
ri

a
u

se
d

fo
r

fa
il

u
re

u
n

d
er

m
on

ot
on

ic
lo

ad
in

g
fo

r
st

ra
ig

h
t

b
ar

s
an

d
b

ar
s

te
rm

in
at

in
g

in
ho

ok
s

a
re

as
fo

ll
o

w
s:

(a
)

S
tr

a
ig

h
t

b
a
r:

F
o

r
sp

ec
im

en
s

w
it

h
st

ra
ig

h
t

b
a
rs

,
as

d
es

cr
ib

ed

p
re

V
io

u
sl

y
,

it
is

as
su

m
ed

th
a
t

th
e

bo
nd

jo
in

t
fa

il
s

w
he

n
th

e
m

ax
im

um

bo
nd

st
re

ss
,

T m
ax

'
e
st

a
b

li
sh

e
d

fr
om

u
n

it
bo

nd
te

st
s,

is
d

ev
el

o
p

ed
a
t

in
g

th
e

co
n

fi
n

em
en

t
co

n
d

it
io

n
s

fo
r

th
e

jo
in

t.
A

ljI
v

al
u

e
o

f
1
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co

m
-

m
en

de
d

fo
r

th
e

ty
p

e
o

f
co

n
fi

n
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en
t
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n

d
it

io
n

s
u

se
d

in
th

e
sp

ec
im

en
s

re
p

o
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ed
h

er
e.

F
o

r
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en
s
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it

h
b
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s
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in
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g
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h
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o
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m
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th
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t

th
e
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nd
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in

t
fa

il
s

w
he

n
th

e
st

e
e
l

st
re

ss
a
t

th
e

en
d

o
f

th
e

le
ad
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ne
fo

r
th

e
ho

ok
re

ac
h

es
f h

,
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c
a
lc

u
la

te
d

fr
om

E
q.
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-1

3
1

).

S
in

ce
th

e
st

ra
in

in
th

e
st

e
e
l
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rr

es
p

o
n

d
in

g
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.
f h

is
g

en
er
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an

th
e

sl
ip

st
ra

in
co

rr
es

p
o

n
d

in
g

to
T m

ax
in

th
e

u
n

it
bo

nd
te

st
an

d
th

e

le
a
d
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n

le
n

g
th
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re
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v
e
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e
,

th
e

fo
re
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o

in
g
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m
p

ti
o

n
m

ea
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th
a
t

a
t

fa
il

u
re
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n

g
it

u
d
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a
l
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k
in

g
sh

o
u

ld
n

o
t

b
e

ex
p

ec
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d
to
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p
en

e-

tr
a
te

d
fr

om
th

e
lo

ad
ed

en
d

in
to

th
e

ho
ok

ed
re

g
io

n
o

f
th

e
b

a
r.

H
ow

ev
er

,
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p

o
in

te
d

o
u

t
in

R
ef

er
en

ce
22

th
e

sp
ec

im
en

w
it

h
a

ho
ok

ed
b

ar
b

eh
av

es

d
if

fe
re

n
tl

y
to

th
a
t

w
it

h
a

st
ra

ig
h

t
b

ar
an

d
th

e
ho

ok
te

n
d

s
to

s
p

li
t
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e

co
n

cr
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e
su

rr
o

u
n

d
in

g
it

.
T

h
at
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tt
in

g
m
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e

e
ff

e
c
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o
f
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n

g
it

u
d

in
a
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ac

k
in

g
.
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is
p

la
ce
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en

t
M

od
el

4
.4

.1
T

he
M

od
el

I
f

an
an
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o

re
d

b
ar

is
su

b
je

ct
ed

to
re

v
er

se
d

c
y

c
li

c
lo

ad
in

g
ap

p
li

ed

a
t

on
e

en
d

o
n

ly
,

th
en

,
fo

r
th

e
fi

rs
t

te
n

si
le

h
a
lf

cy
cl

e,
th

e
lo

a
d

-d
is

-

pl
ac

em
en

t
cu

rv
e,

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
an

d
th

e
st

e
e
l

st
re

ss
d

is
-

tr
ib

u
ti

o
n

al
o

n
g

th
e

an
ch

o
ra

g
e

le
n

g
th

o
f

th
e

b
ar

ca
n

b
e

d
et

er
m

in
ed

u
si

n
g

th
e

m
on

ot
on

ic
m

od
el

d
es

cr
ib

ed
in

S
ec

ti
o

n
4

.2
.

H
ow

ev
er

,
fo

r
th

e
u

n
lo

ad
in

g

h
a
lf

cy
cl

e
an

d
su

b
se

q
u

en
t

re
v

er
se

d
lo

ad
in

g
cy

cl
es

d
et

er
m

in
at

io
n

s
o

f
th

e

lo
ad

-d
is

p
la

ce
m

en
t

cu
rv

e,
th

e
bo

nd
st

re
ss

d
is

tr
ib

u
ti

o
n

an
d

th
e

st
e
e
l

st
re

ss
d

is
tr

ib
u

ti
o

n
a
re

co
n

si
d

er
ab

ly
m

or
e

co
m

p
li

ca
te

d
th

an
fo

r
th

e

m
on

ot
on

ic
lo

ad
in

g
d

is
cu

ss
ed

p
re

V
io

u
sl

y
.

In
th

is
se

c
ti

o
n

th
e

b
a
r'

s
c
y

c
li

c

st
re

ss
-s

tr
a
in

c
h

a
ra

c
te

ri
st

ic
s

an
d

c
y

c
li

c
lo

c
a
l

bo
nd

st
re

ss
-s

li
p

re
la

-

ti
o

n
sh

ip
,

d
ev

ei
o

p
ed

in
C

h
ap

te
rs

2
an
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3
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e
c
ti

v
e
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,
a
re

us
ed

to
d

e
ri

v
e

a
m

od
el

to
p

re
d

ic
t

th
e

b
eh

av
io

r
o

f
a

bo
nd

jo
in

t
u

n
d

er
re

v
er

se
d

c
y

c
li

c

lo
ad

in
g

.
In

th
is

m
od

el
,

th
e

em
be

dm
en

t
le

n
g

th
fo

r
th

e
b

ar
is

d
iv

id
ed

in
to

a
nu

m
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r
o

f
d

is
c
re

te
se

g
m

en
ts

.
E

ac
h

se
gm

en
t

is
su

b
je

c
t

in
d

ep
en

d
en

tl
y

to

lo
ad

in
g

re
v

e
rs

a
ls

an
d

th
a
t

in
d

ep
en

d
en

t
lo

ad
h

is
to

ry
us

ed
to

d
et

er
m

in
e

th
e

se
g

m
en

t'
s

st
re

ss
-s

tr
a
in

c
h

a
ra

c
te

ri
st

ic
s

an
d

lo
c
a
l

bo
nd

st
re

ss
-s

li
p

c
h

a
ra

c
te

ri
st
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s.

T
he

ty
p

ic
a
l

v
a
ri

a
ti

o
n

s
in

bo
nd

st
re

a
s

d
is

tr
ib

u
ti

o
n

fo
r

lo
ad

in
g

re
v

e
rs

a
ls

ca
n

b
e

ca
te

g
o

ri
ze

d
in

to
th

e
fo

u
r

ca
se

s,
sh

ow
n

in
F

ig
s.
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.

In
th

o
se

fi
g

u
re

s
th

e
bo

nd
st

re
ss

d
is

tr
ib

u
ti

o
n

s
fo

r
p

re
-

v
io

u
s

p
ea

k
lo

ad
s

a
re

re
p

re
se

n
te

d
by

b
ro

k
en

li
n

e
s.

T
he

so
li

d
li

n
e
s

d
en

o
te

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
s

u
n

d
er

u
n

lo
ad

in
g

s
o

r
re

v
er

se
d

lo
ad

in
g

s.
P

o
r

ca
se

s
1

an
d

2
,

si
n

c
e

th
e

bo
nd

st
re

ss
w

av
e

h
as

n
o

t
p

en
et

ra
te

d
to

th
e

fr
e
e

en
d

o
f

th
e

b
a
r,

th
e

d
is

p
la

ce
m

en
t

a
t

th
e

a
tt

a
c
k

en
d

is
ta

k
en
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th

e
to

ta
l

el
o

n
g

at
io

n
o

f
th

e
b

a
r.

F
o

r
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se
a

3
an

d
4

,
ho

w
ev
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,

w
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th

e
bo

nd
st

re
ss
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w
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e
h
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p

en
et

ra
te

d
to

th
e

fr
e
e

en
d

o
f

th
e

b
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th
e

d
is

p
la

ce
m

en
t

a
t

th
e

a
tt

a
c
k

en
d

is
ta

k
en

a
s

th
e

to
ta

l
el

o
n

g
at

io
n

o
f

th
e

b
ar

p
lu

s
th

e
lo

c
a
l

sl
ip

a
t

th
e

ta
il

en
d.

D
e
ta

il
s

o
f

th
e

p
ro

ce
d

u
re

s
us

ed
to

d
ev

el
o

p
th

e

m
O

de
ls

fo
r

th
o

se
fo

u
r

ca
se

s
a
re

d
ea

cr
ib

ed
in

th
e

fo
ll

o
w

in
g

:

C
as

e
1

:
T

h
is

ca
se

is
sh

ow
n

in
F

ig
.
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.

A
s

u
n

lo
ad

in
g

o
cc

u
rs

,
th

e

g
re

a
te

st
am

ou
nt

o
f

st
ra

in
re

co
v

er
y

fo
r

th
e

b
ar

o
cc

u
rs

a
t

th
e

lo
ad

ed
en

d

an
d

th
e

am
ou

nt
o

f
th

e
c
o

n
tr

a
c
ti

o
n

d
ec

re
as

es
g

ra
d

u
al

ly
al

o
n

g
th

e
le

n
g

th

o
f

th
e

b
a
r.

S
in

ce
th

e
u

n
lo

ad
in

g
st

if
fn

e
ss

fo
r

th
e

lo
c
a
l

bo
nd

st
re

ss
-

sl
ip

cu
rv

e
is

ex
tr

em
el

y
la

rg
e
,

d
u

ri
n

g
u

n
lo

ad
in

g
th

e
d

ec
re

as
es

in
lo

c
a
l

sl
ip

s,
ca

u
se

d
by

st
ra

in
re

co
v

er
y

o
f

th
e

b
a
r,

re
su

lt
in

th
e

bo
nd

st
re

ss
e
s

n
ea

r
th

e
a
tt

a
c
k

en
d

o
f

th
e

b
ar

d
ec

re
as

in
g

m
or

e
ra

p
id

ly
th

an
th

o
se

on
tb

e

re
m

ai
n

in
g

,
p

re
v

io
u

sl
y

st
re

ss
e
d

p
o

rt
io

n
s

o
f

th
e

b
ar

c
lo

se
to

-t
h

e
fr

e
e

en
d.

T
hu

s,
as

sh
ow

n
in

F
ig

.
2

9
(a

),
u

n
lo

ad
in

g
a
ff

e
c
ts

th
e

bo
nd

st
re

ss

d
is

tr
ib

u
ti

o
n

ca
u

se
d

by
th

e
p

re
v

io
u

s
pe

ak
lo

ad
o

n
ly

o
v

er
a

d
is

ta
n

c
e

L
a

fr
om

th
e

lo
ad

ed
en

d
.

F
o

r
d

is
ta

n
c
e
s

m
or

e
re

m
ot

e
fr

om
th

e
lo

ad
ed

en
d

th
an

L
a'

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
re

m
ai

n
s

th
a
t

d
ic

ta
te

d
by

th
e

p
re

V
io

u
s

pe
ak

lo
ad

.
T

he
le

n
g

th
L

a'
m

ea
su

re
d

fr
om

p
o

in
t

A
',

in
cr

ea
se

s
as

u
n

lo
ad

in
g

co
n

ti
n

u
es

.

If
th

e
le

n
g

th
L

in
F

ig
.

2
9

(a
)

is
d

iv
id

ed
in

to
a

nu
m

be
r

o
f

d
is

c
re

te
p

se
g

m
en

ts
,

th
en

th
e

fr
e
e

bo
dy

d
ia

g
ra

m
fo

r
th

e
it

b
se

gm
en

t
is

as
sh

ow
n

in

F
ig

.
2

9
(b

).
T

he
eq

u
at

io
n

s
a
p

p
li

c
a
b

le
to

th
a
t

se
gm

en
t

a
re

:
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I

S
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•
S

i_
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+
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1
~
L
i
_
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z
E
E
j
~
j
'

i
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2
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-
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S
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o

f
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e
i
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en
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=
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+
i
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~
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.

(4
-1

3
4

)



65
66

st
re

ss
d

is
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u
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o

n
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su
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fr
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th
e

p
re

v
io

u
s

p
ea

k
lo
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in

g
is

n
o

t

°
i

+
°i

_
1

th
£

i
•

g
(

2
•

s
te

e
l

st
re

ss
h

is
to

ry
o

f
th

e
i

se
gm

en
t)

••
.•

••
•

(4
-1

3
5

)

in
fl

u
en

ce
d

by
th

e
d

ec
re

as
e

in
lo

ad
in

g
a
t

th
e

a
tt

a
c
k

en
d

.

(3
)

A
pp

ly
re

p
e
ti

ti
v

e
ly

E
qs

.
(4

-1
3

2
)

th
ro

u
g

h
(4

-1
3

5
)

to
ev

er
y

se
g

-

w
h

er
e: S

i
th

•
s
li

p
o

f
th

e
i

se
gm

en
t

m
en

t
o

f
th

e
b

a
r

an
d

th
u

s
o

b
ta

in
th

e
st

e
e
l

st
re

ss
a
t

th
e

a
tt

a
c
k

en
d

,
0

B
'

th
du

e
to

a
d

ec
re

as
e

in
st

re
ss

~
1

fo
r

th
e

K
se

gm
en

t.

(4
)

P
C

he
ck

if
0

B
•
~
.

If
n

o
t,

re
p

ea
t

st
e
p

s
1

th
ro

u
g

h
4

v
ar

y
in

g
th

e

th
p

o
si

ti
o

n
o

f
th

e
k

se
gm

en
t

u
n

ti
l

a
su

it
a
b

le
v

al
u

e
fo

r
L

a
is

fo
u

n
d

.

T
he

n,
th

e
bo

nd
st

re
ss

an
d

st
e
e
l

st
re

ss
d

is
tr

ib
u

ti
o

n
s

u
n

d
er

th
e

fo
rc

e
P

•
bo

nd
st

re
ss

o
f

th
e

ith
se

gm
en

t

£
i

th
a

i'
a

i_
1

•
st

e
e
l

st
re

ss
in

th
e

i
se

gm
en

t

th
•

av
er

ag
e

st
ra

in
fo

r
th

e
i

se
gm

en
t

1
i lU
. i

f

th
le

n
g

th
o

f
th

e
i

se
gm

en
t

=
c
y

c
li

c
lo

c
a
l

bo
nd

s
tr

e
s
s
-s

li
p

re
la

ti
o

n
sh

ip
o

f
re

in
fo

rc
-

ca
n

b
e

d
et

er
m

in
ed

.

(5
)

T
he

d
is

p
la

ce
m

en
t

o
f

p
o

in
t

B
eq

u
al

s
th

e
lo

c
a
l

s
li

p
a
t

p
o

in
t

A
'

p
lu

s
th

e
e
lo

n
g

a
ti

o
n

o
f

se
gm

en
t

A
'B

.

p
ro

ce
d

u
re

s:

u
n

lo
ad

in
g

an
d

th
e

d
is

p
la

ce
m

en
t

o
f

p
o

in
t

B
ca

n
be

d
et

er
m

in
ed

by
fo

ll
o

w
in

g

If
th

e
fo

rc
e

a
t

th
e

a
tt

a
c
k

en
d

is
d

ec
re

as
ed

to
P

,
th

e
le

n
g

th
o

f
L

a'

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
,

an
d

th
e

st
e
e
l

st
re

ss
d

is
tr

ib
u

ti
o

n
u

n
d

er

v
al

u
e

o
f

~
T
,

th
e

m
or

e
a
c
c
u

ra
te

~
s

th
e

p
re

d
ic

ti
o

n
fo

r
bo

nd
st

re
ss

d
is

tr
i­

b
u

ti
o

n
u

n
d

er
u

n
lo

ad
in

g
.

In
th

is
st

u
d

y
,

th
e

v
al

u
e

o
f

~
T

w
as

a
rb

it
ra

ri
ly

ta
k

en
a
s

51
o

f
th

e
m

ag
n

it
u

d
e

o
f

T
K

.
I
t

ca
n

th
en

b
e

as
su

m
ed

th
a
t

fo
r

d
is

-

th
ta

n
ce

s
m

or
e

re
m

o
te

fr
om

th
e

a
tt

a
c
k

en
d

th
an

th
e

k
se

gm
en

t
th

e
bo

nd

(1
)

A
ss

um
e

a
v

al
u

e
fo

r
~
.

(2
)

S
in

ce
th

e
se

gm
en

t
CD

in
F

ig
.

3
0

(a
)

h
as

e
ff

e
c
ti

v
e
ly

b
ee

n
su

b
-

C
as

e
2:

W
he

n
a

b
a
r

is
su

b
je

ct
ed

to
a

se
v

er
e

re
v

er
se

d
lo

ad
o

f
m

ag
n

i-

to
ta

ll
y

su
p

er
se

d
ed

by
th

a
t

fo
r

th
e

re
v

er
se

d
lo

ad
in

g
.

A
s

sh
ow

n
in

F
ig

.

3
0

(a
),

if
th

e
in

c
re

a
se

in
lo

ad
is

la
rg

e
,

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n

tu
d

e
P

,
th

e
bo

nd
st

re
ss

'
d

is
tr

ib
u

ti
o

n
fo

r
th

e
p

re
v

io
u

s
p

ea
k

lo
ad

m
ay

b
e

b
a
r,

p
ro

ce
d

u
re

s
a
re

u
se

d
as

fo
ll

o
w

s:

ca
u

se
d

by
th

e
re

v
er

se
d

lo
ad

in
g

p
e
n

e
tr

a
te

s
to

a
d

is
ta

n
c
e
~

fr
om

th
e

a
tt

a
c
k

en
d

w
he

re
~

is
g

re
a
te

r
th

an
th

e
d

is
ta

n
c
e

L
p

to
w

hi
ch

th
e

bo
nd

st
re

ss
p

e
n

e
tr

a
te

d
fo

r
th

e
p

re
v

io
u

s
p

ea
k

lo
ad

.
T

he
le

n
g

th
~

is
d

iv
id

ed

in
to

a
d

is
c
re

te
nu

m
be

r
o

f
se

gm
en

ts
an

d
th

e
fr

e
e

bo
dy

d
ia

g
ra

m
s

fo
r

th
e

th
fi

rs
t

an
d

i
se

gm
en

t
dr

aw
n

as
sh

ow
n

in
F

ig
.

3
0

(b
).

In
o

rd
er

to
d

e
te

r-

m
in

e
th

e
le

n
g

th
L b

,
th

e
lo

ad
-d

is
p

la
ce

m
en

t
re

la
ti

o
n

sh
ip

a
t

th
e

a
tt

a
c
k

en
d

an
d

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
al

o
n

g
th

e
an

ch
o

ra
g

e
le

n
g

th
o

f
th

e

je
c
te

d
to

m
o

n
o

to
n

ic
lo

ad
in

g
,

ta
k

e
,

as
sh

ow
n

in
F

ig
.

3
0

(b
),

th
e

bo
nd

in
g

b
a
r

=
c
y

c
li

c
st

re
ss

-s
tr

a
in

re
la

ti
o

n
sh

ip
o

f
re

in
fo

rc
in

g
b

ar
g (1

)
A

ss
um

e
a

v
al

u
e

fo
r

L
a'

(2
)

R
ed

uc
e

d
e
li

b
e
ra

te
ly

th
e

m
ag

n
it

u
d

e
o

f
th

e
bo

nd
st

re
ss

o
v

er
th

e

th
K

se
gm

en
t,

1
K

,
by

a
am

ou
nt

o
f

~
T
.

T
he

v
al

u
e

o
f

AT
is

an
ex

tr
em

el
y

sm
al

l
v

al
u

e
an

d
sy

m
b

o
li

ze
s

th
a
t

th
e

e
ff

e
c
t

o
f

u
n

lo
ad

in
g

on
th

e
bo

nd

st
re

ss
d

is
tr

ib
u

ti
o

n
h

as
p

en
et

ra
te

d
to

th
e

k
th

se
gm

en
t.

T
he

sm
al

le
r

th
e
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e
ss

o
v

er
th

e
se

gm
en

t
c
lo

se
st

to
th

e
fr

e
e

en
d

o
f

th
e

b
ar

a
s

1 0
,

T
he

v
al

u
e

o
f

To
is

c
a
lc

u
la

te
d

fr
om

E
q.

(4
-1

5
).

(3
)

A
pp

ly
E

q
s.

(4
-1

3
2

)
th

ro
u

g
h

(4
-1

3
5

)
to

a
ll

se
g

m
en

ts
.

T
he

st
e
e
l

°
i

+
°i

_
1

th
~
i

=
g

(
~

,s
te

e
l

s
tr

e
s
s

h
is

to
ry

o
f

th
e

i
se

g
m

en
t)

•
••

••
••

(4
-1

3
9

)

s
tr

e
s
s

a
t

p
o

in
t

B
,

0
B

'
ca

n
th

en
b

e
d

et
er

m
in

ed
.

(4
)

C
he

ck
if

0B
p

=
~
.

If
n

o
t,

re
p

e
a
t

st
e
p

s
1

th
ro

u
g

h
4

u
n

ti
l

an

T
he

p
ro

ce
d

u
re

s
o

u
tl

in
e
d

b
el

o
w

a
re

us
ed

to
d

et
er

m
in

e
th

e
v

al
u

e
fo

r

S1
o

r
T

l,
th

e
bo

nd
s
tr

e
s
s

d
is

tr
ib

u
ti

o
n

an
d

th
e

d
is

p
la

ce
m

en
t

a
t

th
e

a
tt

a
c
k

en
d

o
f

th
e

b
a
r.

a
p

p
ro

p
ri

a
te

v
a
lu

e
fo

r
~

is
o

b
ta

in
e
d

.

(5
)

A
ft

e
r

th
e

v
a
lu

e
fo

r
L

b
is

d
et

er
m

in
ed

,
th

e
bo

nd
st

re
ss

d
is

tr
i-

b
u

ti
o

n
al

o
n

g
th

e
an

ch
o

ra
g

e
le

n
g

th
o

f
th

e
b

a
r

ca
n

a
ls

o
b

e
d

et
er

m
in

ed
.

T
he

d
is

p
la

ce
m

en
t

o
f

p
o

in
t

B
is

ta
k

en
as

th
e

su
m

o
f

th
e

lo
c
a
l

s
li

p
a
t

p
o

in
t

A
'

an
d

th
e

e
lo

n
g

a
ti

o
n

o
f

se
g

m
en

t
A

'B
.

C
as

e
3:

If
,

a
s

sh
ow

n
in

F
ig

.
3

1
(a

),
as

a
re

su
lt

o
f

se
v

er
e

lo
ad

in
g

th
e

bo
nd

st
re

ss
w

av
e

p
e
n

e
tr

a
te

s
to

th
e

ta
il

en
d

o
f

th
e

b
a
r,

th
en

th
e

(3
)

(1
)

A
ss

um
e

a
v

al
u

e
fo

r
S1

o
r

1
1

,
T

he
n,

d
et

er
m

in
e

th
e

co
rr

es
p

o
n

d
in

g

v
al

u
e

fo
r

1
1

o
r

51
fr

om
E

q.
(4

-1
3

7
).

(2
)

S
ta

rt
in

g
fr

om
th

e
fi

rs
t

se
g

m
en

t,
ap

p
ly

re
p

e
a
te

d
ly

E
qs

.
(4

-1
3

6
)

th
ro

u
g

h
(4

-1
3

9
)

to
ev

er
y

se
gm

en
t

an
d

d
et

er
m

in
e

th
e

v
al

u
e

0
B

'

p
C

he
ck

if
0B

•
~
.

If
n

o
t,

re
p

e
a
t

st
e
p

s
1

th
ro

u
g

h
3

u
n

ti
l

an

a
p

p
ro

p
ri

a
te

v
al

u
e

fo
r

51
o

r
T

1
is

o
b

ta
in

ed
.

(4
)

A
ft

e
r

d
et

er
m

in
in

g
th

e
v

al
u

e
fo

r
51

o
r

T
l,

th
e

bo
nd

s
tr

e
s
s

d
is

tr
ib

u
ti

o
n

an
d

th
e

d
is

p
la

ce
m

en
t

o
f

p
o

in
t

B
ca

n
b

e
fo

u
n

d
.

T
he

d
is

p
la

c
e
-

m
en

t
o

f
p

o
in

t
B

is
ta

k
en

th
e

lo
c
a
l

s
li

p
a
t

p
o

in
t

A
'

p
lu

s
th

e
el

o
n

g
at

io
n

o
f

se
gm

en
t

A
'B

.
T

he
lo

c
a
l

s
li

p
a
t

p
o

in
t

A
',

in
th

is
c
a
se

,
is

eq
u

al
to

th
e

su
m

o
f

th
e

lo
c
a
l

s
li

p
a
t

th
e

ta
il

en
d

o
f

th
e

b
ar

an
d

th
e

el
o

n
g

at
io

n

o
f

th
e

b
a
r

o
v

er
se

gm
en

t
A

'D
in

F
ig

.
3

1
(a

).

C
as

e
4

:
A

s
sh

ow
n

in
F

ig
.

3
2

(a
),

if
a

b
ar

is
su

b
je

c
te

d
to

se
v

e
re

co
m

p
re

ss
iv

e
lo

a
d

in
g

,
th

e
c
o

n
c
re

te
ar

o
u

n
d

th
e

ta
il

en
d

o
f

th
e

b
ar

ca
n

b
e

pu
sh

ed
o

u
t

a
s

a
w

ed
ge

.
I
t

is
as

su
m

ed
th

a
t

a
w

ed
ge

fo
rm

s
a
t

th
e

ta
il

en
d

if
th

e
av

er
ag

e
v

a
lu

e
fo

r
th

e
bo

nd
st

re
ss

e
s

d
is

tr
ib

u
te

d
o

v
er

th
e

se
gm

en
t

CD
re

ac
h

es
l
c
r'

c
a
lc

u
la

te
d

fr
om

E
q.

(4
-1

9
).

F
o

r
su

b
se

q
u

en
t

lo
a
d

in
g

s,
it

is
co

n
si

d
er

ed
th

a
t

th
e

bo
nd

ed
le

n
g

th
fo

r
th

e
b

ar
be

co
m

es
L

c
an

d
th

e
se

g
­

m
en

t
CD

d
o

es
n

o
t

c
o

n
tr

ib
u

te
to

th
e

bo
nd

c
a
p

a
c
it

y
.

T
he

le
n

g
th

L
c

is
••

•
,

••
•

(4
-1

3
8

)

••
•.

•.
•

(4
-1

3
6

)

..
..

..
.

(4
-1

3
7

)

i
>

2

51
'

i=
1

th
T

i
=

f(
5

i
,

bo
nd

st
re

ss
h

is
to

ry
o

f
th

e
i

se
g

m
en

t)

T
i
~
L
i
L
o

°
i

=
°i

_
1

+
~

5
=

i

le
n

g
th

fo
r

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
is

ta
k

en
as

L
an

d
th

e
bo

nd

s
tr

e
s
s
,

T
l,

d
is

tr
ib

u
te

d
o

v
er

th
e

fi
rs

t
se

gm
en

t
be

co
m

es
an

un
kn

ow
n.

In

o
rd

e
r

to
d

et
er

m
in

e
th

e
d

is
p

la
ce

m
en

t
a
t

th
e

a
tt

a
c
k

en
d

an
d

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
al

o
n

g
th

e
le

n
g

th
o

f
th

e
b

a
r,

th
e

le
n

g
th

L
is

d
iv

id
ed

in
to

a
d

is
c
re

te
nu

m
be

r
o

f
se

g
m

en
ts

a
s

sh
ow

n
in

F
ig

.
3

1
(b

).
T

he
fr

e
e

bo
dy

d
ia

g
ra

m
s

fo
r

th
e

fi
rs

t
an

d
ith

se
g

m
en

ts
a
re

a
ls

o
sh

ow
n

in
F

ig
.

3
1

(b
).

F
o

r
th

e
it

h
se

g
m

en
t,

th
e

eq
u

at
io

n
s

in
v

o
lv

ed
a
re

:

i-
I

5
i_

l
+

~
i
_
l
~
L
i
-
l

=
51

+
'L

£j
~L
j'

j=
1
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4
.4

.2
T

he
A

nc
ho

ra
ge

L
en

g
th

4
.5

D
is

cu
ss

io
n

M
ea

su
re

d
lo

ad
-d

is
p

la
ce

m
en

t
cu

rv
es

fo
r

th
e

tw
en

ty
-t

w
o

si
m

u
la

te
d

be
am

-c
ol

um
n

sp
ec

im
en

s
a
re

sh
ow

n
in

F
ig

s.
33

th
ro

u
g

h
5

4
.

T
he

b
ro

k
en

li
n

e
s

d
iv

id
ed

in
to

a
d

is
c
re

te
nu

m
be

r
o

f
se

g
m

en
ts

.
F

re
e

bo
dy

d
ia

g
ra

m
s

fo
r

th
e

fi
rs

t
an

d
it

h
se

g
m

en
ts

a
re

sh
ow

n
in

F
ig

.
3

2
(b

).

T
he

p
ro

ce
d

u
re

s
fo

r
d

et
er

m
in

in
g

th
e

bo
nd

st
re

ss
d

is
tr

ib
u

ti
o

n
al

o
n

g

th
e

le
n

g
th

o
f

th
e

b
a
r

an
d

th
e

lo
ad

-d
is

p
la

ce
m

en
t

re
la

ti
o

n
sh

ip
a
t

th
e

a
tt

a
c
k

en
d

o
f

th
e

b
a
r

a
re

th
e

sa
m

e
as

th
o

se
d

es
cr

ib
ed

in
ca

se
3

.

T
he

li
s
ti

n
g

fo
r

th
e

co
m

p
u

te
r

p
ro

g
ra

m
d

ev
el

o
p

ed
u

si
n

g
th

e
c
y

c
li

c

lo
ad

-d
is

p
la

ce
m

en
t

m
od

el
is

p
re

se
n

te
d

in
A

pp
en

di
x

B
.

F
o

r
sp

ec
im

en
s

w
it

h
st

ra
ig

h
t

b
a
rs

,
th

e
an

ch
o

ra
g

e
le

n
g

th
is

ta
k

en
as

th
e

fu
ll

em
be

dm
en

t
le

n
g

th
fo

r
th

e
b

a
r.

F
o

r
b

a
rs

te
rm

in
a
ti

n
g

in
9

0
-d

eg
re

e

h
o

o
k

s,
an

e
q

u
iv

a
le

n
t

an
ch

o
ra

g
e

le
n

g
th

m
us

t
b

e
as

su
m

ed
in

o
rd

e
r

to
u

ti
­

li
z
e

th
e

m
o

d
el

.
By

co
m

pa
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e

d
is

p
la

ce
m

en
t

c
o

rr
e
-

sp
o

n
d

in
g

to
th

e
m

ax
im

um
c
a
p

a
c
it

y
o

n
ce

th
e

b
a
r

re
ac

h
es

it
s

u
lt

im
a
te

st
re

n
g

th
.

In
th

e
m

o
n

o
to

n
ic

lo
a
d

-d
is

p
la

c
e
m

e
n

t
m

o
d

el
,

it
is

as
su

m
ed

w
he

n



o
f

T
m

ax
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th
e

bo
nd

s
tr

e
s
s

re
a
c
h

e
s

T
c

'
c
o

n
e
-l

ik
e

c
ra

c
k

in
g

o
cc

u
rs

ar
o

u
n

d
th

e
b

a
r

an
d

d
ra

s
ti

c
a
ll

y
ch

an
g

es
th

e
m

ec
ha

ni
sm

o
f

s
tr

e
s
s

tr
a
n

sf
e
r

to
th

e
c
o

n
c
re

te

ar
o

u
n

d
th

e
b

a
r.

T
he

sl
o

p
e

o
f

th
e

lo
a
d

-d
is

p
la

c
e
m

e
n

t
cu

rv
e

d
e
c
re

a
se

s
w

it
h

in
c
re

a
se

in
lo

a
d

in
g

.
A

s
sh

ow
n

in
F

ig
.

7
9

,
th

e
p

e
n

e
tr

a
ti

o
n

o
f

T
c

al
o

n
g

th
e

le
n

g
th

o
f

th
e

b
a
r

in
d

ic
a
te

s
th

e
d

is
ta

n
c
e

to
w

h
ic

h
c
o

n
e
-l

ik
e

c
ra

c
k

in
g

ca
n

b
e

e
x

p
e
c
te

d
.

It
is

as
su

m
ed

th
a
t

th
e

lo
n

g
it

u
d

in
a
l

c
ra

c
k

b
et

w
ee

n
lu

g
s

fo
rm

s
a
s

th
e

bo
nd

s
tr

e
s
s

re
a
c
h

e
s

T
m

ax
.

T
he

le
n

g
th

o
f

th
e

lo
n

g
it

u
d

in
a
l

c
ra

c
k

,
m

ea
su

re
d

fr
om

th
e

a
tt

a
c
k

en
d

,
is

d
et

er
m

in
ed

by
th

e
p

e
n

e
tr

a
ti

o
n

o
f

In
th

e
si

m
u

la
te

d
be

am
-c

ol
um

n
sp

ec
im

en
s,

it
w

as
fo

un
d

th
a
t

bo
nd

st
re

ss
e
s

n
e
a
r

th
e

a
tt

a
c
k

en
d

o
f

th
e

b
a
r

d
id

n
o

t
re

ac
h

T
u

n
ti

l
a
ft

e
r

m
ax

y
ie

ld
in

g
o

f
th

e
b

a
r,

a
s

sh
ow

n
in

F
ig

.
7

9
.

T
he

d
is

ta
n

c
e

a
t

w
h

ic
h

T
m

ax
w

as

ac
h

ie
v

ed
m

ov
ed

g
ra

d
u

a
ll

y
to

w
ar

d
s

th
e

ta
il

en
d

o
f

th
e

b
a
r

a
s

th
e

lo
ad

in
g

in
c
re

a
se

d
.

W
he

n
lo

a
d

in
g

w
as

in
c
re

a
se

d
to

c
lo

se
to

th
e

m
ax

im
um

c
a
p

a
c
it

y

o
f

th
e,

sp
ec

im
en

,
th

e
ra

te
a
t

w
h

ic
h

T
m

ax
p

e
n

e
tr

a
te

d
al

o
n

g
th

e
b

a
r

in
­

c
re

a
se

d
v

er
y

ra
p

id
ly

.
F

in
a
ll

y
,

T
m

ax
p

e
n

e
tr

a
te

d
to

th
e

ta
il

en
d

o
f

th
e

b
a
r

a
s

th
e

b
o

n
d

jo
in

t
fa

il
e
d

.

F
o

r
bo

nd
jo

in
ts

te
rm

in
a
ti

n
g

in
90

d
eg

re
e

h
o

o
k

s,
th

e
m

od
el

p
re

d
ic

ts

th
a
t

th
e

b
e
h

a
v

io
r

o
f

th
e

bo
nd

jo
in

t
u

n
d

er
m

o
n

o
to

n
ic

lo
ad

in
g

is
d

e
te

r­

m
in

ed
by

th
e

st
re

n
g

th
o

f
th

e
c
o

n
c
re

te
,

th
e

s
tr

e
s
s
-s

tr
a
in

c
h

a
ra

c
te

ri
st

ic
s

o
f

th
e

b
a
r

an
d

th
e

le
a
d

-i
n

le
n

g
th

to
th

e
h

o
o

k
.

A
s

F
ig

s.
80

th
ro

u
g

h
83

sh
ow

,
th

e
e
ff

e
c
ts

o
f

th
e

c
o

n
c
re

te
st

re
n

g
th

an
d

th
e

s
tr

e
s
s
-s

tr
a
in

c
h

a
ra

c
­

te
ri

s
ti

c
s

o
f

th
e

b
a
r

on
p

re
d

ic
ti

o
n

s
o

f
th

e
lo

ad
-d

is
p

la
ce

m
en

t
cu

rv
es

fo
r

jo
in

ts
w

it
h

90
d

eg
re

e
h

o
o

k
s

a
re

e
ss

e
n

ti
a
ll

y
th

e
sa

m
e

as
th

o
se

fo
r

jo
in

ts

w
it

h
st

ra
ig

h
t

b
a
rs

.
T

he
e
ff

e
c
t

o
f

th
e

le
a
d

-i
n

le
n

g
th

to
th

e
p

re
d

ic
te

d

lo
a
d

-d
is

p
la

c
e
m

e
n

t
c
u

rv
e
s

is
sh

ow
n

in
F

ig
.

8
4

.
A

lo
n

g
er

le
a
d

-i
n

le
n

g
th

,

re
su

lt
s

in
a

g
re

a
te

r
m

ax
im

um
c
a
p

a
c
it

y
an

d
a

m
uc

h
g

re
a
te

r
m

ax
im

um

74

d
is

p
la

ce
m

en
t.

T
he

lo
a
d

-d
is

p
la

c
e
m

e
n

t
cu

rv
es

b
e
fo

re
fa

il
u

re
a
re

id
e
n

ti
c
a
l

si
n

c
e

in
th

e
m

od
el

th
e

d
eg

re
e

o
f

co
n

fi
n

em
en

t
fo

r
th

e
ho

ok
is

as
su

m
ed

to

re
m

ai
n

c
o

n
st

a
n

t
a
s

th
e

le
a
d

-i
n

le
n

g
th

d
e
c
re

a
se

s.
F

ig
.

85
sh

ow
s

th
e

c
o

r-

re
la

ti
o

n
b

et
w

ee
n

th
e

lo
a
d

-d
is

p
la

c
e
m

e
n

t
cu

rv
e

an
d

th
e

p
e
n

e
tr

a
ti

o
n

o
f

T
c

an
d

T m
ax

fo
r

S
pe

ci
m

en
B

81
.

In
th

is
fi

g
u

re
,

it
is

sh
ow

n
a
g

a
in

th
a
t

bo
nd

st
re

ss
e
s

n
e
a
r

th
e

a
tt

a
c
k

en
d

o
f

th
e

b
a
r

d
id

n
o

t
re

ac
h

T
u

n
ti

l
a
ft

e
r

m
ax

y
ie

ld
in

g
o

f
th

e
b

a
r.

S
in

ce
th

e
fa

il
u

re
fo

r
jo

in
ts

te
rm

in
a
ti

n
g

in
90

d
eg

re
e

h
o

o
k

s
is

d
u

e
to

th
e

sp
a
ll

in
g

o
f

c
o

n
c
re

te
co

v
er

fo
r

th
e

h
o

o
k

,
th

e

lo
n

g
it

u
d

in
a
l

c
ra

c
k

is
n

o
t

p
re

d
ic

te
d

a
s

p
e
n

e
tr

a
ti

n
g

to
th

e
ho

ok
p

ri
o

r
to

fa
il

u
re

o
f

th
e

jo
in

t.
A

s
sh

ow
n

in
F

ig
.

8
5

(b
),

th
e

lo
n

g
it

u
d

in
a
l

c
ra

c
k

,

w
hi

ch
co

rr
es

p
o

n
d

s
to

T
m

ax
'

is
p

re
d

ic
te

d
a
s

h
av

in
g

p
e
n

e
tr

a
te

d
to

o
n

ly

ab
o

u
t

h
a
lf

w
ay

al
o

n
g

th
e

le
a
d

-i
n

le
n

g
th

a
t

th
e

ti
m

e
o

f
.f

a
il

u
re

o
f

th
e

jo
in

t.
H

ow
ev

er
,

th
e

c
o

n
e
-l

ik
e

c
ra

c
k

in
g

,
w

h
ic

h
co

rr
es

p
o

n
d

s
to

1
c

an
d

al
w

ay
s

p
e
n

e
tr

a
te

s
fu

rt
h

e
r

th
an

th
e

lo
n

g
it

u
d

in
a
l

c
ra

c
k

,
an

d
is

p
re

d
ic

te
d

a
s

ha
V

in
g

p
e
n

e
tr

a
te

d
to

th
e

en
d

o
f

th
e

le
a
d

-i
n

zo
n

e
a
t

th
e

ti
m

e
o

f
fa

il
-

u
re

o
f

th
e

jo
in

t.

4
.5

.2
C

y
cl

ic
H

o
d

el

C
o

m
p

ar
is

o
n

s
b

et
w

ee
n

th
e

p
re

d
ic

te
d

an
d

m
ea

su
re

d
lo

a
d

-d
is

p
la

c
e
m

e
n

t

re
la

ti
o

n
sh

ip
s

fo
r

c
y

c
li

c
lo

a
d

in
g

a
re

sh
ow

n
in

F
ig

s.
86

th
ro

u
g

h
1

2
6

.
T

he

nu
m

be
r

o
f

c
y

c
le

s,
a

m
in

im
um

o
f

tw
o

fo
r

ea
ch

sp
ec

im
en

c
y

c
li

c
a
ll

y
lo

a
d

e
d

,

w
er

e
ch

o
se

n
a
t

ra
n

d
o

m
.

F
o

r
te

n
s
il

e
h

a
lf

c
y

c
le

s,
ex

ce
p

t
fo

r
F

ig
.

1
0

2
,

th
e

co
m

p
ar

is
o

n
b

e
-

tw
ee

n
th

e
p

re
d

ic
te

d
an

d
m

ea
su

re
d

v
a
lu

e
s

is
g

o
o

d
.

T
he

re
as

o
n

fo
r

th
e

p
o

o
r

c
o

rr
e
la

ti
o

n
in

F
ig

.
10

2
is

th
a
t

S
pe

ci
m

en
51

07
ha

d
a

lo
w

c
o

n
c
re

te

st
re

n
g

th
.

If
th

e
c
o

n
c
re

te
st

re
n

g
th

is
lo

w
,

th
e

m
ax

im
um

bo
nd

s
tr

e
s
s

T m
ax

,

d
et

er
m

in
ed

by
E

q.
(3

-9
),

an
d

th
e

lo
c
a
l

bo
nd

s
tr

e
s
s
-s

li
p

re
la

ti
o

n
sh

ip
,



75

d
is

cu
ss

ed
in

C
h

ap
te

r
3

.
m

ay
n

o
t

b
e

c
o

rr
e
c
t

an
d

th
e

p
re

d
ic

te
d

lo
a
d

-d
is

-

p
la

ce
m

en
t

cu
rv

es
a
re

li
k

e
ly

to
b

e
to

o
co

n
se

rv
at

iv
e.

F
o

r
co

m
p

re
ss

iv
e

h
a
lf

c
y

c
le

s.
th

e
p

re
d

ic
te

d
lo

ad
-d

is
p

la
ce

m
en

t
cu

rv
es

a
re

g
en

er
al

ly
le

ss

s
ti

ff
th

an
th

e
m

ea
su

re
d

cu
rv

es
an

d
th

e
co

m
p

re
ss

iv
e

p
ea

k
lo

ad
s

p
re

d
ic

te
d

by
th

e
m

od
el

a
re

si
g

n
if

ic
a
n

tl
y

sm
al

le
r

th
an

th
e

te
s
t

re
su

lt
s.

T
ha

t
p

o
o

r

ag
re

em
en

t
fo

r
co

m
p

re
ss

iv
e

h
a
lf

cy
cl

es
is

a
tt

ri
b

u
te

d
to

tw
o

fa
c
to

rs
:

(1
)

th
e

c
o

n
tr

ib
u

ti
o

n
o

f
co

n
cr

et
e

o
u

ts
id

e
th

e
co

lu
m

n
st

e
e
l

to
th

e
bo

nd

c
a
p

a
c
it

y
o

f
th

e
b

a
r

fo
r

co
m

p
re

ss
iv

e
lo

ad
in

g
s

is
to

ta
ll

y
ig

n
o

re
d

in
th

e

c
y

c
li

c
lo

ad
-d

is
p

la
ce

m
en

t
m

od
el

an
d

(2
)

th
e

c
o

n
tr

a
c
ti

o
n

o
f

th
e

st
e
e
l

em
be

dd
ed

in
to

th
e

c
o

n
c
re

te
.

lo
ad

ed
p

re
v

io
u

sl
y

in
to

th
e

in
e
la

st
ic

ra
n

g
e.

an
d

su
b

je
ct

ed
to

co
m

p
re

ss
io

n
m

ay
b

e
m

uc
h

sm
al

le
r

th
an

th
a
t

p
re

d
ic

te
d

by

th
e

c
y

c
li

c
s
tr

e
s
s
-s

tr
a
in

re
la

ti
o

n
sh

ip
,

p
re

se
n

te
d

in
C

h
ap

te
r

2
.

T
hs

oe

re
la

ti
o

n
sh

ip
s

w
er

e
d

ev
el

o
p

ed
fr

om
te

st
re

su
lt

s
o

f
b

ar
s

w
it

h
o

u
t

su
rr

o
u

n
d

-

in
g

co
n

cr
et

e.
O

nc
e

cr
ac

k
s

c
re

a
te

a
co

n
e

in
th

e
co

n
cr

et
e

o
u

ts
id

e
th

e

co
lu

m
n

s
te

e
l,

it
is

o
b

v
io

u
s

th
a
t

fo
r

te
n

si
le

lo
ad

in
g

s,
th

e
re

w
il

l
be

li
tt

le
st

re
ss

tr
a
n

sf
e
r

b
et

w
ee

n
th

e
b

ar
an

d
th

e
co

n
cr

et
e

fo
r

th
e

p
o

rt
io

n

o
f

th
e

b
ar

ly
in

g
o

u
ts

id
e

th
e

co
lu

m
n

st
e
e
l.

F
o

r
co

m
p

re
ss

iv
e

lo
ad

in
g

s,

ho
w

ev
er

.
it

is
re

as
o

n
ab

le
to

ex
p

ec
t

th
a
t

th
e

w
ed

ge
w

il
l

be
pu

sh
ed

b
ac

k

in
to

th
e

m
ai

n
bo

dy
o

f
co

n
cr

et
e

an
d

th
a
t

th
e
re

w
il

l
be

si
g

n
if

ic
a
n

t
st

re
ss

tr
a
n

sf
e
r

b
et

w
ee

n
th

e
b

a
r

an
d

th
e

co
n

cr
et

e
o

v
er

th
e

le
n

g
th

o
f

th
e

w
ed

ge
.

T
he

w
ed

g
e'

s
c
o

n
tr

ib
u

ti
o

n
to

th
e

b
a
r'

s
bo

nd
st

re
n

g
th

d
ec

re
as

es
as

th
e

d
is

p
la

ce
m

en
t

in
c
re

a
se

s
an

d
as

th
e

nu
m

be
r

o
f

cy
cl

es
be

tw
ee

n
co

n
st

an
t

s
li

p

li
m

it
s

in
c
re

a
se

s.
a
s

sh
ow

n
in

th
e

co
m

p
ar

is
o

n
s

fo
r

S
pe

ci
m

en
s

S
10

2,
S

10
3.

S
10

5.
S

10
6.

B
85

an
d

S6
4

in
F

ig
s.

8
6

.
8

7
,

8
8

.
8

9
,

9
0

,
91

;
9

3
,

9
4

.
95

;
96

•
....'

9
7

.
9

8
.

99
;

1
1

5
.

11
6

an
d

12
3.

12
4,

12
5.

F
o

r
te

n
si

le
lo

ad
in

g
s,

th
e

s
te

e
l

st
ra

in
s

al
o

n
g

th
e

b
a
r

ca
n

be
p

re
d

ic
te

d
re

as
o

n
ab

ly
w

el
l

by
u

si
n

g
th

e

76

st
re

ss
-s

tr
a
in

re
la

ti
o

n
sh

ip
fo

r
th

e
st

e
e
l.

W
he

n
th

e
b

ar
is

su
b

je
c
t

to

te
n

si
le

lo
a
d

in
g

s.
th

e
p

re
se

n
ce

o
f

th
e

su
rr

o
u

n
d

in
g

co
n

cr
et

e
d

o
es

n
o

t

si
g

n
if

ic
a
n

tl
y

a
ff

e
c
t

th
e

el
o

n
g

at
io

n
o

f
th

e
b

a
r.

H
ow

ev
er

.
fo

r
co

m
p

re
ss

iv
e

lo
ad

in
g

s,
ag

g
re

g
at

e
in

te
rl

o
c
k

e
ff

e
c
ts

m
ay

fo
rc

e
cr

ac
k

s
in

th
e

co
n

cr
et

e

su
rr

o
u

n
d

in
g

th
e

b
ar

to
re

m
ai

n
op

en
an

d
th

u
s

si
g

n
if

ic
a
n

tl
y

c
o

n
st

ri
c
t

th
e

b
a
r'

s
c
o

n
tr

a
c
ti

o
n

.
I
t

is
n

o
t

u
n

re
as

o
n

ab
le

to
ex

p
ec

t
th

a
t

th
e

b
a
r'

s
re

a
l

c
o

n
tr

a
c
ti

o
n

w
il

l
b

e
le

ss
th

an
th

a
t

p
re

d
ic

te
d

by
th

e
s
tr

e
s
s
-s

tr
a
in

m
od

el

e
sp

e
c
ia

ll
y

if
th

e
jo

in
t

in
w

hi
ch

th
e

b
ar

is
an

ch
o

re
d

is
su

b
je

c
te

d
to

si
g

n
if

ic
a
n

t
sh

ea
ri

n
g

a
c
ti

o
n

s.
A

s
a

re
su

lt
it

is
b

e
li

e
v

e
d

th
a
t

it
is

re
as

o
n

ab
le

to
fi

n
d

.
th

a
t

fo
r

co
m

p
re

ss
iv

e
lo

ad
in

g
s

m
ea

su
re

d
p

ea
k

lo
ad

s

ar
e

la
rg

e
r

th
an

p
re

d
ic

te
d

v
al

u
es

an
d

m
ea

su
re

d
lo

ad
-d

is
p

la
ce

m
en

t
cu

rv
es

s
ti

ff
e
r

th
an

p
re

d
ic

te
d

cu
rv

es
.

A
co

m
p

ar
is

o
n

o
f

th
e

m
ea

su
re

d
an

d
p

re
d

ic
te

d
st

ra
in

s
al

o
n

g
th

e
le

n
g

th

o
f

th
e

b
ar

w
as

m
ad

e
fo

r
S

pe
ci

m
en

s
S

10
2,

S
10

3,
S1

04
an

d
S

10
7.

T
he

v
a
ri

-

ab
Ie

s
co

n
si

d
er

ed
in

th
o

se
co

m
p

ar
is

o
n

s
w

er
e

lo
ad

h
is

to
ry

,
th

e
y

ie
ld

st
re

n
g

th
o

f
th

e
b

ar
an

d
th

e
st

re
n

g
th

o
f

th
e

co
n

cr
et

e.
E

xc
ep

t
fo

r
F

ig
s.

12
8.

12
9

an
d

13
6,

th
e

p
re

d
ic

te
d

sh
ap

es
o

f
st

ra
in

d
is

tr
ib

u
ti

o
n

s
al

o
n

g
th

e

b
ar

a
re

e
ss

e
n

ti
a
ll

y
in

go
od

ag
re

em
en

t
w

it
h

th
e

m
ea

su
re

d
sh

ap
es

.
P

o
ss

ib
le

re
as

o
n

s
fo

r
th

e
p

o
o

r
c
o

rr
e
la

ti
o

n
s

in
F

ig
s.

12
8,

12
9

an
d

13
6

a
re

:
(1

)

so
m

e
st

ra
in

g
ag

es
d

id
n

o
t

w
or

k
w

el
l

an
d

(2
)

cr
ac

k
in

g
w

it
h

in
th

e
jo

in
t

du
e

to
sh

ea
r

an
d

b
en

d
in

g
e
ff

e
c
ts

.
F

o
r

ex
am

pl
e,

in
F

ig
.

12
9

th
e

st
ra

in

re
ad

in
g

s
a
t

th
e

ta
il

en
d

o
f

th
e

b
ar

a
re

c
lo

se
to

th
e

y
ie

ld
st

ra
in

o
f

th
e

b
a
r.

In
re

a
li

ty
.

th
a
t

is
ex

tr
em

el
y

u
n

li
k

e
ly

u
n

le
ss

sh
ea

r
cr

ac
k

in
g

st
ro

n
g

ly
a
ff

e
c
te

d
b

a
r

st
ra

in
s.

Fr
om

a
co

m
p

ar
is

o
n

o
f

st
ra

in
s

al
o

n
g

th
e

le
n

g
th

o
f

th
e

b
a
rs

.
it

is

ap
p

ar
en

t
th

a
t

y
ie

ld
in

g
in

th
e

b
ar

s
p

e
n

e
tr

a
te

d
ab

o
u

t
3

in
.

d
ee

p
er

in
to



77

th
e

sp
ec

im
en

th
an

v
a
lu

e
s

p
re

d
ic

te
d

by
th

e
m

o
d

el
.

In
g

e
n

e
ra

l,
m

ea
su

re
d

s
tr

a
in

s
al

o
n

g
th

e
b

a
rs

fo
r

te
n

s
il

e
lo

a
d

in
g

s
a
re

so
m

ew
ha

t
la

rg
e
r

th
an

p
re

d
ic

te
d

v
a
lu

e
s

w
h

il
e

fo
r

co
m

p
re

ss
iv

e
lo

a
d

in
g

s
m

ea
su

re
d

s
tr

a
in

s
a
re

sh
om

ew
ha

t
sm

a
ll

e
r

th
an

p
re

d
ic

te
d

v
a
lu

e
s.

T
ho

se
tr

e
n

d
s

m
ay

b
e

e
x

p
la

in
e
d

p
a
rt

ia
ll

y
by

th
e

e
ff

e
c
ts

o
f

c
ra

c
k

in
g

d
is

c
u

ss
e
d

p
re

v
io

u
sl

y
an

d
by

d
is

-

c
re

p
a
n

c
ie

s
in

th
e

a
c
tu

a
l

an
d

p
re

d
ic

te
d

s
tr

e
s
s
-s

tr
a
in

re
la

ti
o

n
sh

ip
s

fo
r

th
e

b
a
rs

an
d

lo
c
a
l

bo
nd

s
tr

e
s
s
-s

li
p

re
la

ti
o

n
sh

ip
s

fo
r

th
e

b
a
rs

.
In

th
e

la
tt

e
r

ca
se

th
e

m
o

d
el

s
d

ev
el

o
p

ed
in

C
h

ap
te

r
2

an
d

3
re

sp
e
c
ti

v
e
ly

w
er

e

b
as

ed
on

li
m

it
e
d

te
s
t

re
s
u

lt
s

ea
ch

in
v

o
lv

in
g

o
n

ly
o

n
e

si
z
e

o
f

b
a
r

an
d

m
ay

th
e
re

fo
re

b
e

in
a
c
c
u

ra
te

.
H

ow
ev

er
,

o
v

e
ra

ll
th

e
s
tr

a
in

d
a
ta

su
g

g
e
st

s

th
a
t

th
e

d
e
te

ri
o

ra
ti

o
n

o
f

bo
nd

s
tr

e
s
s

in
th

e
te

s
ts

w
as

sl
ig

h
tl

y
m

or
e

se
v

e
re

th
an

p
re

d
ic

te
d

.

7
?

CH
A

PT
ER

5

SI
G

N
IF

IC
A

N
C

E
O

F
R

ES
U

LT
S

FO
R

SE
IS

M
IC

CO
D

E
PR

O
V

IS
IO

N
S

T
es

t
re

s
u

lt
s

sh
ow

c
le

a
rl

y
th

a
t

co
n

n
ec

ti
o

n
s

b
et

w
ee

n
fl

e
x

u
ra

l
m

em
be

rs

an
d

co
lu

m
n

s
sh

o
u

ld
n

o
t

b
e

as
su

m
ed

to
b

e
ri

g
id

fo
r

se
is

m
ic

-t
y

p
e

lo
a
d

in
g

s.

R
ei

n
fo

rc
in

g
b

a
r

p
u

ll
-o

u
t

ca
u

se
s

ri
g

id
bo

dy
ro

ta
ti

o
n

s
a
t

th
e

co
n

n
ec

ti
o

n
s

b
et

w
ee

n
fl

e
x

u
ra

l
m

em
be

rs
an

d
co

lu
m

n
s.

F
o

r
ad

eq
u

at
e

se
is

m
ic

re
si

st
a
n

c
e

o
f

c
o

n
c
re

te
m

em
be

rs
in

d
u

c
ti

le
m

o­

m
en

t
re

s
is

ta
n

t
sp

ac
e

fr
am

es
d

es
ig

n
ed

to
UB

C
19

79
,

b
ar

st
re

n
g

th
s

g
re

a
te

r

th
an

th
e

y
ie

ld
st

re
n

g
th

m
us

t
b

e
a
b

le
to

b
e

ac
h

ie
v

ed
u

n
d

er
re

v
e
rs

e
d

cy
­

c
li

c
lo

a
d

in
g

s
to

a
tt

a
c
k

en
d

d
is

p
la

ce
m

en
ts

up
to

a
t

le
a
s
t

10
ti

m
es

g
re

a
te

r
th

an
th

o
se

fo
r

fi
rs

t
y

ie
ld

in
g

.
F

o
r

a
ll

sp
ec

im
en

s
u

se
d

in
th

is

st
u

d
y

,
th

e
em

be
dm

en
t

le
n

g
th

s
p

ro
v

id
ed

an
d

th
e

d
ev

el
o

p
m

en
t

l
e
n
~
t
h
s

re
­

q
u

ir
ed

by
A

cr
3

1
8

-7
7

C
od

e,
A

C
I-

A
SC

E
C

om
m

it
te

e
3

5
2

's
re

co
m

m
en

d
at

io
n

s
(3

8
)

an
d

A
C

I
C

o
m

m
it

te
e

4
0

8
's

re
co

m
m

en
d

at
io

n
s

(3
9

)
a
re

li
s
te

d
in

T
ab

le
7

.
It

is
a
p

p
a
re

n
t

fr
om

T
ab

le
7

th
a
t

S
p

ec
im

en
s

S
61

,
S6

2
an

d
56

3
ha

d
em

be
dm

en
t

le
n

g
th

s
eq

u
al

to
o

r
g

re
a
te

r
th

an
th

e
d

ev
el

o
p

m
en

t
le

n
g

th
s

re
q

U
ir

ed
by

A
C

I
3

1
8

-7
7

C
od

e.
H

ow
ev

er
,

th
o

se
th

re
e

sp
ec

im
en

s
fa

il
e
d

a
t

d
is

p
la

ce
m

en
ts

c
o

n
si

d
e
ra

b
ly

le
s
s

th
an

10
ti

m
es

th
o

se
fo

r
fi

rs
t

y
ie

ld
in

g
.

T
h

u
s,

th
o

se

re
su

lt
s

in
d

ic
a
te

th
a
t

th
e

A
C

I
3

1
8

-7
7

p
ro

v
is

io
n

s
fo

r
d

ev
el

o
p

m
en

t
le

n
g

th

in
C

h
ap

te
r

12
a
re

n
o

t
a
d

e
q

u
a
te

ly
c
o

n
se

rv
a
ti

v
e

fo
r

N
o.

6
G

ra
d

e
60

s
tr

a
ig

h
t

b
a
rs

su
b

je
c
t

to
th

e
ty

p
e
s

o
f

re
v

e
rs

e
d

c
y

c
li

c
lo

a
d

in
g

s
li

k
e
ly

w
he

n
th

so
e

b
a
rs

a
re

u
se

d
in

h
in

g
in

g
re

g
io

n
s

in
d

u
c
ti

le
m

om
en

t
re

s
is

ta
n

t
fr

am
es

.

T
h

er
e

is
n

o
d

ir
e
c
t

ev
id

en
ce

fr
om

th
e

te
s
t

d
a
ta

in
T

ab
le

7
to

sh
ow

th
e

a
p

p
ro

p
ri

a
te

n
e
ss

o
f

th
e

A
C

I
3

1
8

-7
7

p
ro

v
is

io
n

s
fo

r
N

o.
10

an
d

N
o.

8

b
a
rs

su
b

je
c
t

to
si

m
il

a
r

re
v

e
rs

e
d

c
y

c
li

c
lo

a
d

in
g

s.
H

ow
ev

er
,

fr
om

th
o

se

re
s
u

lt
s

it
is

th
a
t

fo
r

N
o.

10
G

ra
d

e
60

b
a
rs

te
rm

in
a
ti

n
g

in
90

d
eg

re
e



79

ho
ok

s
th

e
le

a
d

-i
n

le
n

g
th

m
us

t
be

g
re

a
te

r
th

an
1

5
.7

5
in

.
fo

r
ad

eq
u

at
e

b
eh

av
io

r
u

n
d

er
re

v
e
rs

e
d

c
y

c
li

c
lo

ad
in

g
an

d
th

a
t

fo
r

N
o.

8
G

ra
de

60
b

a
rs

th
e

le
a
d

-i
n

le
n

g
th

ca
n

b
e

le
ss

th
an

1
8

.0
in

.
fo

r
ad

eq
u

at
e

b
eh

av
io

r
u

n
d

er

re
v

er
se

d
c
y

c
li

c
lo

ad
in

g
.

F
o

r
re

v
er

se
d

c
y

c
li

c
lo

ad
in

g
s

in
to

th
e

in
e
la

st
ic

ra
n

g
e,

th
e

fo
rm

u
la

s
re

co
m

m
en

de
d

by
A

C
I-

A
SC

E
C

om
m

it
te

e
35

2,
w

hi
ch

ta
k

e

in
to

ac
co

u
n

t
th

e
in

e
ff

e
c
ti

v
e
n

e
ss

o
f

th
e

co
n

cr
et

e
be

yo
nd

th
e

li
n

e
o

f
th

e

co
lu

m
n

re
in

fo
rc

em
en

t
a
t

th
e

lo
ad

ed
en

d
o

f
th

e
b

ar
an

d
th

e
p

ro
b

ab
le

fo
rc

e

in
th

e
b

ar
ra

th
e
r

th
an

th
e

no
m

in
al

y
ie

ld
fo

rc
e
,

re
su

lt
in

m
or

e
co

n
se

rv
a­

ti
v

e
re

q
u

ir
em

en
ts

fo
r

de
ve

lo
pm

en
t

le
n

g
th

th
an

th
o

se
re

co
m

m
en

de
d

by
A

C
I

3
1

8
-7

7
.

T
he

fo
rm

u
la

s
re

co
m

m
en

de
d

by
A

C
I

C
om

m
it

te
e

40
8,

w
hi

ch
te

n
d

to

u
p

d
at

e
th

e
A

C
I

31
8-

77
p

ro
v

is
io

n
s

fo
r

de
ve

lo
pm

en
t

le
n

g
th

,
ca

n
re

su
lt

in

m
or

e
co

n
se

rv
at

iv
e

re
q

u
ir

em
en

ts
fo

r
de

ve
lo

pm
en

t
le

n
g

th
fo

r
st

ra
ig

h
t

b
ar

s

th
an

A
C

I-
A

SC
E

C
om

m
it

te
e

3
5

2
's

re
co

m
m

en
da

ti
on

s.
H

ow
ev

er
,

fo
r

b
ar

s
te

rm
i­

n
a
ti

n
g

in
90

d
eg

re
e

ho
ok

s
an

d
su

b
je

c
t

to
re

v
er

se
d

c
y

c
li

c
lo

ad
in

g
s,

te
st

re
su

lt
s

an
d

T
ab

le
7

sh
ow

th
a
t

th
e

A
C

I
C

om
m

it
te

e
4

0
8

's
re

co
m

m
en

da
ti

on
s

fo
r

le
a
d

-i
n

le
n

g
th

s
a
re

n
o

t
a
p

p
ro

p
ri

a
te

.

T
he

m
od

el
p

re
se

n
te

d
in

th
is

th
e
si

s
is

ca
p

ab
le

o
f

p
re

d
ic

ti
n

g
th

e

lo
ad

-d
is

p
la

ce
m

en
t

cu
rv

es
fo

r
a

w
id

e
v

a
ri

e
ty

o
f

lo
ad

in
g

h
is

to
ri

e
s

an
d

ca
n

b
e

us
ed

to
p

re
d

ic
t

th
e

m
in

im
um

an
ch

o
ra

g
e

le
n

g
th

fo
r

a
b

ar
to

b
e

a
b

le
to

m
ai

n
ta

in
it

s
y

ie
ld

st
re

n
g

th
s

fo
r

re
v

er
se

d
c
y

c
li

c
d

is
p

la
ce

m
en

ts
up

to
te

n

ti
m

es
th

o
se

fo
r

fi
rs

t
y

ie
ld

in
g

.
C

o
n

si
d

er
fo

r
ex

am
pl

e
th

e
u

se
o

f
th

is

m
od

el
to

p
re

d
ic

t
th

e
m

in
im

um
an

ch
o

ra
g

e
le

n
g

th
s

sa
ti

sf
y

in
g

th
e

10
ti

m
es

y
ie

ld
d

is
p

la
ce

m
en

t
c
ri

te
ri

a
fo

r
re

v
er

se
d

c
y

c
li

c
lo

ad
in

g
fo

r
S

pe
ci

m
en

s

S1
01

an
d

B
10

3.
F

o
r

S
pe

ci
m

en
S1

01
su

b
je

c
t

to
re

v
er

ae
d

c
y

c
li

c
lo

ad
in

g
,

th
e

c
o

rr
e
la

ti
o

n
b

et
w

ee
n

th
e·

p
re

d
ic

te
d

m
on

ot
on

ic
re

sp
o

n
se

cu
rv

e,
in

d
ic

a
te

d
by

a
b

ro
k

en
li

n
e
,

an
d

th
e

c
y

c
li

c
'

re
sp

o
n

se
cu

rv
es

,
in

d
ic

a
te

d
by

so
li

d
li

n
e
s,

80

is
sh

ow
n

in
F

ig
.

13
7.

F
o

r
th

e
c
y

c
li

c
lo

ad
in

g
sh

ow
n,

it
is

p
re

d
ic

te
d

th
a
t

th
e

m
ax

im
um

c
a
p

a
c
it

y
w

il
l

o
cc

u
r

a
t

a
d

is
p

la
ce

m
en

t
o

f
0

.2
2

in
.

an
d

th
a
t

fo
r

g
re

a
te

r
d

is
p

la
ce

m
en

ts
th

e
c
a
p

a
c
it

y
w

il
l

d
ec

re
as

e
w

it
h

c
y

c
li

n
g

.
T

h
at

m
ax

im
um

d
is

p
la

ce
m

en
t

is
ab

o
u

t
49

%
o

f
th

a
t

ac
h

ie
v

ed
fo

r
m

on
ot

on
ic

lo
ad

in
g

.

T
he

em
be

dm
en

t
le

n
g

th
ha

d
to

b
e

in
cr

ea
se

d
fr

om
24

in
.

to
30

in
.

in
o

rd
er

th
a
t

th
e

m
ax

im
um

c
a
p

a
c
it

y
w

as
m

ai
n

ta
in

ed
up

to
d

is
p

la
ce

m
en

ts
10

ti
m

es

th
o

se
fo

r
fi

rs
t

y
ie

ld
in

g
.

T
he

c
o

rr
e
la

ti
o

n
be

tw
ee

n
th

e
p

re
d

ic
te

d
m

on
o­

to
n

ic
an

d
c
y

c
li

c
cu

rv
es

fo
r

S
pe

ci
m

en
S1

01
w

it
h

a
30

in
.

em
be

dm
en

t
le

n
g

th

is
sh

ow
n

in
F

ig
.

13
8.

T
he

d
is

ti
n

c
t

im
pr

ov
em

en
t

in
th

e
fo

rm
o

f
th

e
h

y
st

e
r­

e
si

s
lo

o
p

s
w

it
h

g
re

a
te

r
e
m
b
e
d
~
e
n
t

le
n

g
th

is
a
ls

o
ap

p
ar

en
t

fr
om

a
co

m
pa

r­

is
o

n
o

f
F

ig
s.

13
7

an
d

13
8.

F
o

r
S

pe
ci

m
en

B
I0

3
su

b
je

c
t

to
re

v
er

se
d

c
y

c
li

c
lo

ad
in

g
,

th
e

c
o

rr
e
la

­

ti
o

n
be

tw
ee

n
th

e
p

re
d

ic
te

d
m

on
ot

on
ic

lo
ad

-d
is

p
la

ce
m

en
t

cu
rv

e
an

d
th

e

c
y

c
li

c
lo

ad
-d

is
p

la
ce

m
en

t
cu

rv
es

is
sh

ow
n

in
F

ig
.

13
9.

F
o

r
th

e
c
y

c
li

c

lo
ad

in
g

sh
ow

n,
it

is
p

re
d

ic
te

d
th

a
t

th
e

m
ax

im
um

ca
p

ac
it

y
w

il
l

o
cc

u
r

a
t

a
d

is
p

la
ce

m
en

t
o

f
0

.1
7

in
.

an
d

fo
r

g
re

a
te

r
d

is
p

la
ce

m
en

t
th

e
ca

p
ac

it
y

w
il

l
d

ec
re

as
e

w
it

h
c
y

c
li

n
g

.
T

he
d

is
p

la
ce

m
en

t
co

rr
es

p
o

n
d

in
g

to
th

e
m

ax
i­

m
um

ca
p

ac
it

y
is

ab
o

u
t

52
%

o
f

th
e

ac
h

ie
v

ed
fo

r
m

on
ot

on
ic

lo
ad

in
g

.
It

w
as

fo
un

d
th

a
t

th
e

le
a
d

-i
n

le
n

g
th

ha
d

to
b

e
in

cr
ea

se
d

fr
om

1
5

.7
5

in
.

to
23

in
.

in
o

rd
er

th
a
t

th
e

m
ax

im
um

c
a
p

a
c
it

y
w

as
m

ai
n

ta
in

ed
up

to
d

is
p

la
ce

m
en

ts

te
n

ti
m

es
th

o
se

fo
r

fi
rs

t
y

ie
ld

in
g

.
T

he
c
o

rr
e
la

ti
o

n
be

tw
ee

n
th

e
p

re
d

ic
te

d

m
o

n
o

to
n

ic
an

d
c
y

c
li

c
lo

ad
-d

is
p

la
ce

m
en

t
cu

rv
es

fo
r

S
pe

ci
m

en
B

I0
3

w
it

h
a

23
in

.
le

a
d

-i
n

le
n

g
th

is
sh

ow
n

in
F

ig
.

14
0.

Fr
om

th
e

co
m

p
ar

is
o

n
o

f
F

ig
s.

13
9

an
d

14
0,

it
is

a
ls

o
ap

p
ar

en
t

th
a
t

S
pe

ci
m

en
B

I0
3

w
it

h
a

23
in

.
le

a
d

­

in
le

n
g

th
h

as
d

is
ti

n
c
tl

y
b

e
tt

e
r

h
y

st
e
re

si
s

lo
o

p
s

th
an

th
e

sa
m

e
sp

ec
im

en

w
it

h
a

1
5

.7
5

in
.

le
a
d

-i
n

le
n

g
th

.



8
M

Sh
ow

n
in

F
ig

.
14

1
is

a
co

m
p

ar
is

o
n

o
f

th
e

re
su

lt
o

b
ta

in
ed

in
th

e

te
st

on
sp

ec
im

en
B

85
(
f
~

-
3

,3
0

0
p

si
;

1
8

.0
in

.
lo

a
d

-i
n

.
le

n
g

th
)

an
d

th
e

p
re

d
ic

te
d

re
su

lt
fo

r
c
y

c
li

c
lo

ad
in

g
.

T
he

te
s
t

re
su

lt
is

in
d

ic
a
te

d

by
b

ro
k

en
li

n
e
s

an
d

th
e

p
re

d
ic

te
d

re
su

lt
by

u
n

b
ro

k
en

li
n

e
s.

T
he

m
ai

n
d

e
v

ia
ti

o
n

b
et

w
ee

n
th

e
m

ea
su

re
d

an
d

p
re

d
ic

te
d

re
sp

o
n

se
s

is
w

he
re

d
is

p
la

ce
m

en
ts

a
re

n
e
g

a
ti

v
e

an
d

th
e

lo
ad

in
g

co
m

p
re

ss
iv

e.
T

h
at

d
ev

ia
­

ti
o

n
is

du
e

to
th

e
m

od
el

n
o

t
re

co
g

n
iz

in
g

th
a
t

th
e

w
ed

ge
o

f
co

n
cr

et
e

th
a
t

su
rr

o
u

n
d

s
th

e
b

ar
a
t

it
s

a
tt

a
c
k

en
d

,
F

ig
.

25
,

is
p

a
rt

ia
ll

y

e
ff

e
c
ti

v
e

fo
r

co
m

p
re

ss
iv

e
lo

ad
in

g
ev

en
th

o
u

g
h

it
is

to
ta

ll
y

in
e
ff

e
c
­

ti
v

e
fo

r
te

n
si

o
n

lo
ad

in
g

.
T

he
in

it
ia

l
st

if
fn

e
ss

on
re

lo
ad

in
g

in

te
n

si
o

n
is

a
ls

o
le

ss
th

an
th

a
t

p
re

d
ic

te
d

by
th

e
m

od
el

.
T

he
re

as
o

n

fo
r

th
a
t

d
e
v

ia
ti

o
n

is
n

o
t

re
a
d

il
y

ap
p

ar
en

t.

Sh
ow

n
in

F
ig

.
14

2
is

th
e

p
re

d
ic

te
d

re
su

lt
fo

r
lo

ad
in

g
a

sp
ec

im
en

si
m

il
a
r

to
B

85
to

fa
il

u
re

.
T

he
p

re
d

ic
te

d
m

on
ot

on
ic

re
sp

o
n

se
cu

rv
e

is
in

d
ic

a
te

d
by

th
e

b
ro

k
en

li
n

e
an

d
th

e
p

re
d

ic
te

d
c
y

c
li

c
lo

ad

re
sp

o
n

se
cu

rv
e

by
th

e
u

n
b

ro
k

en
li

n
e
s.

T
he

as
su

m
ed

lo
ad

in
g

h
is

to
ry

w
as

th
re

e
fu

ll
y

re
v

er
se

d
cy

cl
es

a
t

d
u

c
ti

li
ty

ra
ti

o
s

o
f

2
.0

,
4

.0
,

6
.0

,

8
.0

,
an

d
1

0
.0

.
F

a
il

u
re

is
p

re
d

ic
te

d
to

o
cc

u
r

du
e

to
b

ar
sl

ip
p

a
g

e

in
co

m
p

re
ss

io
n

a
t

th
e

d
u

c
ti

li
ty

ra
ti

o
o

f
1

0
.0

.
O

b
v

io
u

sl
y

,
th

e
m

od
el

p
re

se
n

te
d

h
er

e
ca

n
b

e
u

se
d

to
p

re
d

ic
t

th
e

e
ff

e
c
ts

o
f

d
if

fe
re

n
t

lo
ad

in
g

h
is

to
ri

e
s

on
an

ch
o

ra
g

e
le

n
g

th
re

q
u

ir
em

en
ts

an
d

is
th

e
re

fo
re

a
su

it
a
b

le

fi
rs

t
st

e
p

fo
r

d
ev

el
o

p
in

g
co

de
re

q
u

ir
em

en
ts

fo
r

an
ch

o
ra

g
e

fo
r

se
is

m
ic

lo
ad

in
g

s.

CH
A

PT
ER

6

CO
N

CL
U

SI
O

N
S

B
as

ed
on

th
e

re
su

lt
s

an
d

a
n

a
ly

si
s

re
p

o
rt

e
d

h
e
re

,
it

is
co

n
cl

u
d

ed
:

(1
)

I
t

is
p

o
ss

ib
le

to
p

re
d

ic
t

th
e

lo
a
d

-s
li

p
c
h

a
ra

c
te

ri
st

ic
s

o
f

b
ar

s
an

ch
o

re
d

in
re

in
fo

rc
e
d

c
o

n
c
re

te
co

n
n

ec
ti

o
n

s
by

in
te

g
ra

ti
o

n
o

f
th

e

lo
c
a
l

b
o

n
d

-s
li

p
an

d
s
tr

e
s
s
-s

tr
a
in

c
h

a
ra

c
te

ri
st

ic
s

fo
r

th
o

se
b

a
rs

.
F

u
r­

th
e
r

st
u

d
ie

s
w

il
l

p
ro

b
ab

ly
b

e
n

ee
d

ed
to

im
pr

ov
e

th
e

m
od

el
s

d
ev

el
o

p
ed

in
th

is
st

u
d

y
fo

r
lo

c
a
l

b
o

n
d

-s
li

p
an

d
s
tr

e
s
s
-s

tr
a
in

c
h

a
ra

c
te

ri
st

ic
s.

(2
)

T
he

m
o

d
el

s
d

ev
el

o
p

ed
in

th
is

th
e
si

s
w

il
l

p
ro

v
id

e
re

as
o

n
ab

le

p
re

d
ic

ti
o

n
s

o
f

lo
a
d

-s
li

p
c
h

a
ra

c
te

ri
st

ic
s

fo
r

m
o

n
o

to
n

ic
al

ly
o

r
re

v
e
rs

e
d

c
y

c
li

c
a
ll

y
lo

ad
ed

b
a
rs

em
be

dd
ed

in
co

n
cr

et
e

co
n

n
ec

ti
o

n
s

h
av

in
g

p
ro

p
e
r­

ti
e
s

o
f

th
e

ty
p

e
te

st
e
d

in
th

is
st

u
d

y
.

(3
)

T
he

as
su

m
p

ti
o

n
th

a
t

be
am

-c
ol

um
n

jo
in

ts
o

f
m

o
m

en
t-

re
si

st
in

g

re
in

fo
rc

e
d

c
o

n
c
re

te
fr

am
es

a
re

ri
g

id
is

in
c
o

rr
e
c
t.

T
he

m
ai

n
re

in
fo

rc
in

g

b
ar

s
o

f
be

am
s

ca
n

d
ev

el
o

p
m

ar
ke

d
s
li

p
s

re
la

ti
v

e
to

th
e

c
o

n
c
re

te
a
t

th
e

in
te

rf
a
c
e

b
et

w
ee

n
th

o
se

be
am

s
an

d
th

e
co

lu
m

ns
in

to
w

hi
ch

th
ey

fr
am

e.

T
he

lo
a
d

-s
li

p
c
h

a
ra

c
te

ri
st

ic
s

fo
r

th
e

b
a
rs

a
re

as
im

p
o

rt
an

t
as

th
e
ir

st
re

ss
-s

tr
a
in

c
h

a
ra

c
te

ri
st

ic
s

fo
r

p
re

d
ic

ti
o

n
s

o
f

th
e

o
v

e
ra

ll
re

sp
o

n
se

o
f

co
n

n
ec

ti
o

n
s.

(4
)

C
y

cl
ic

re
v

e
rs

e
d

lo
ad

in
g

in
d

u
ce

s
a

p
ro

g
re

ss
iv

e
d

e
te

ri
o

ra
ti

o
n

o
f

bo
nd

b
et

w
ee

n
c
o

n
c
re

te
an

d
re

in
fo

rc
in

g
b

a
rs

.
T

he
c
h

a
ra

c
te

ri
st

ic
s

o
f

th
a
t

d
e
te

ri
o

ra
ti

o
n

a
re

a
m

aj
o

r
fa

c
to

r
d

et
er

m
in

in
g

th
e

ro
ta

ti
o

n
c
h

a
ra

c
­

te
ri

s
ti

c
s

o
f

a
co

n
n

ec
ti

o
n

.

(5
)

B
on

d
d

e
te

ri
o

ra
ti

o
n

c
h

a
ra

c
te

ri
st

ic
s

a
re

a
e
n

si
ti

v
e

to
lo

ad
h

is
­

to
ry

an
d

in
p

a
rt

ic
u

la
r

to
th

e
m

ax
im

um
d

is
p

la
ce

m
en

t
a
tt

a
in

e
d

in
th

e
co

m
­

p
re

ss
io

n
h

a
lf

c
y

c
le

co
m

pa
re

d
to

th
e

d
is

p
la

ce
m

en
t

in
th

e
te

n
si

o
n

h
a
lf
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c
y

c
le

. (6
)

T
he

c
o

n
c
re

te
st

re
n

g
th

,
th

e
s
tr

e
s
s
-s

tr
a
in

c
h

a
ra

c
te

ri
st

ic
s

fo
r

re
in

fo
rc

in
g

b
a
r

an
d

th
e

em
be

dm
en

t
le

n
g

th
fo

r
th

e
b

a
r

a
re

si
g

n
if

ic
a
n

t

fa
c
to

rs
a
ff

e
c
ti

n
g

th
e

s
ti

ff
n

e
s
s
,

th
e

c
a
p

a
c
it

y
,

th
e

ra
te

o
f

bo
nd

d
e
te

ri
­

o
ra

ti
o

n
an

d
th

e
lo

a
d

-s
li

p
c
h

a
ra

c
te

ri
st

ic
s

o
f

th
e

co
n

n
ec

ti
o

n
.

(7
)

F
o

r
b

a
rs

te
rm

in
a
ti

n
g

in
90

d
eg

re
e

h
o

o
k

s,
th

e
ho

ok
fo

r
re

v
e
rs

e
d

c
y

c
li

c
lo

ad
in

g
p

ro
v

id
e
s

le
ss

c
o

n
tr

ib
u

ti
o

n
to

th
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TABLE 3 - PROPERTIES OF TEST BARS

Type f E E: sh Esh E: f Nomina Asperityc Provided ASTH M15
Y s su su Diamete (in. ) (in. )

of SloDe
d ~ide Side Lug Asperity Max. Min.

Bar (ksi) (ksi) (ks1) (ksi) (In. ) 1 2 Spacing Height Lug Asperity
Spacing Height

110 60 29600 0.006 715 0.185 95.9 1.27 44 55 0.82 0.085 0.889 0.064
Grade 60

110 47 29600 0.010 550 0.215 79.5 1. 27 44 55 0.82 0.085 0.889 0.064
Grade 40

'8 68 29000 0.0024 880 0.164 122.5 1.0 45 63 0.67 0.065 0.7 0.05
Grade 60

16 63 29000 0.003 900 0.152 112.5 0.75 35 44 0.5 0.048 0.525 0.038
Grade 60



TABLE 6 - COMPARISONS BETWEEN MORITA'S AND LIN'S CYCLIC BOND-SLIP MODELS

Model Proposed k4
CL

by 3(Kip/in )

Morita
and 1,442 0.18

Kaku

0.9 *
for S < 0.002 in.

x

0.9 - 11.11(Sx - 0.002)

for 0.002 in. < S < 0.02 in.x

,
f

c

(psi)

4,300

I
5,000

Lin 3,000 0.15 0.9
for the loading direction for which
ITI has never been greater than Tc

0.9 ~ 6 =0.9 - 156S ~ 0.75
for the loading direction for which
ITI has been greater than Tc

3,000

4,500

Sx - the slip value of the point from which unloading is started
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TABLE 7 - DEVELOPMENT LENGTHS FOR SPECIMENS (CONTINUED)

Specimen Concrete Type Development Lengths (in. ) Displacement at
MaximUllt Load

Strength of
Required by Displacement at

No. (psi) Rebar Provided ACI 318-77 Committee 352 Committee 408 First Yielding

5107 2,640 Hl0 24.0 29.2 38.4 41.8 2.8
Cyclic Grade 40

BI.OI. 2,630 1110 900 hook 900 hook 900 hook 900 hook
Cyclic Grade 60 + + + + 2.8 \D

15.75 25.8 30.6 14.5 \W

B102 3.050 H10 900 hook 900 hook 900 hook 900 hook
Cyclic Grade 60 + + + + 3.1

15.75 22.7 27.1 13.1

BI03 2.980 1/10 90° hook 900 hook 900 hook 90° hook
Cyclic Grade 60 + + + + 2.9

15.75 23.2 27.7 13.3

BI04 4.110 1/10 900 hook 900 hook 90° hook 900 hook
Cyclic Grade 60 + + + + 4.5

15.75 17.0 20.9 10.4

12-
TABLE 7 - DEVELOPMENT LENGTHS FOR SPECIMENS

Specimen Concrete Type Development Lengths (in.) Displacement at
Maximlllll.Load

Strength of
Displacement at

No. (psi) Rebar Provided ACI 318-77 COlTllllittee 352 Committee 408 First Yielding

5101 2,890 HI0 24.0 41.8 54.2 59.9 9.4
Monotonic Grade 60

5102 3,630 Hl0 24.0 37.3 48.6 53.4 3.0
Cyclic Grade 60 \D

N

5103 4,100 1110 24.0 35.1 45.9 50.3 4.0
Cyclic Grade 60

5104 3,000 1/10 24.0 41.0 53.3 58.7 1.9

Cyclic Grade 60

5105 5,120 #10 24.0 31.4 41.2 45.0 5.5

Cyclic Grade 60

Sl06 3.760 /110 24.0 36.6 47.8 52.5 4.4

Cyclic Grade 60



15
TABLE 7 - DEVELOPMENT LENGTHS FOR SPECIMENS (CONTINUED)

Specimen Concrete Type Development Lengths (in. ) Displacement at
Maximum Load

Strength of
Required by Displacement at

No. (psi) Rebar Provided ACI 318-77 Committee 352 Committee 408 First Yielding

S61 3,450 116 16.0 14.4 19.5 21.6 2.5
Cyclic Grade 60

S62 3,400 1/6 16.0 14.5 19.6 21.6 6.3
Cyclic Grade 60

\l)
1.11

563 2,760 116 16.0 16.1 21.6 25.6 2.4
Cyclic Grade 60

S64 4,170 116 24.0 14.4 19.5 21.6 4.1
Monotonic Grade 60

S65 5,070 116 24.0 14.4 19.5 21.6 5.7
Cyclic Grade 60

S66 3,880 li6 24.0 14.4 19.5 21.6 16.1
Cyclic Grade 60

TABLE 7 - DEVELOPMENT LENGTHS FOR SPECIMENS (CONTINUED)

Specimen Concrete Type Development Lengths (in.) Displacement at
Maximum Load

Strength of
Required by Displacement at

No. (psi) Rebar Provided ACI 318-77 Committee 352 Committee 408 First Yielding

881 3,280 118 900 hook 900 hook 900 hook 900 hook

Monotonic Grade 60 + + + + 12.9
18.0 11.4 14.5 10.7

882 3,760 #8 900 hook 900 hook 900 hook 90° hook

Cyclic Grade 60 + + + + 2.8 \l)
I>-

18.0 9.8 12.7 9.7

B83 3,080 118 900 hook 900 hook 900 hook 900 hook

Cyclic Grade 60 + + + + 4.9
18.0 12.1 15.3 11.1

884 2,780 118 900 hook 900 hook 900 hook 900 hook

Cyclic Grade 60 + + + + 6.5
18.0 13.4 16.7 11.9

B85 3,300 118 900 hook 900 hook 900 hook 900 hook

Cyclic Grade 60 + + + + 8.1

18.0 11.3 14.4 10.6
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C
C

PROGRAM LINIINPUT,OUTPUT,TAPE5-INPUr,TAPE6-0UTPUTJ
REAL L,KK1,K~2,KK3,Kl,KZ,K3,K~,KKK1,KKKZ,LL,Ll,LZ,L3,l~,KKK3,KKK~

COHHON/LO/Ft.KK1,KK2,KK3,Kl,KZ,K3,K~,SIG"AY,D.A,AA.PERI,SPACE,H,El

S,EZ,L,THAX,SO,SC,TC,LL,SIGEND,PY,Ll,L2,L3,L~,EPSILOY,EPSISH,TEND,T

STMAX,TTC,TL,TLL.UL1.ULZ
FC - CONCRETE STRENGTH (PSII
KK1, KKZ, KK3 - STIFFNESS ON LOCAL BOND STRESS - SLIP CURVE
THE UNIT FOR KK1,KK2,KK3 IS KIP/IN•• 3
Kl,K2,K3,K4 ARE CONSTANTS USED IN DE
SIGMAY - YIELD STRESS OF STEEL IKSll
o - NOMINAL DIAMETER OF BAR (IN.I
AA - NOMINAL AREA OF BAR IIN ••• ZI
A - REDUCED AREA OF BAR IIN••• 21
PERI - EFFECTIVE PERIMETER OF BAR (IN.I
SPACE - LUG SPACING OF BAR (IN.)
H - HEIGHT OF LUG IIN.I
El - MODULUS OF ELASTICITY BEFORE YIELDING Of BAR IKSI)
EZ - MODULUS OF ELASTICITY AFTER YIELDING OF BAR IKSIJ
LL - BONDED LENGTH IIN.I
L - EFFECTIVE BONDED LENGTH (IN.I
ULl - DEPTH OF THE WEDGE AT THE ATTACK END
ULZ - LENGTH OF THE BAR OUTSIDE THE CONCRETE
SIGEND - STEEL STRESS WHICH WILL DROP TO ZERO WITHIN ONE LUG
SPACING (KSII
SIGENDL - DISTANCE WHERE CUTOFF IS MADE ,MEASURED FRO" DEAD END
PENEL - DISTANCE FOR PENETRATION OF BONO STRESS, MEASURED FROM
ATTACK END (IN.I
TMAX - MAXIMUM LOCAL BONO STRESS IKSI)
SO - LOCAL SLIP CORRESPONDING TO TMAX lIN.)
TC - LOCAL BONO STRESS WHICH CAUSES DIAGONAL CRACKING IKSI)
SC - LOCAL SLIP CORRESPONDING TO TC IIN.I
P - APPLIED FORCE AT ATTACK END IKIPS)
PY - YIELD LOAD OF BAR
EPSILOY - STRAIN AT YIELD STRESS OF BAR
READ(5,1)FC,KK3,SIGMAy,El,EZ,D,A,AA,PERI,H,LL,SPACE,EPSISH,UL1,utZ

1 FORMAT(8F10.~1

U
H

~
~
0z
~ -0-~ ~

~ z
~ ~
0 H

U
Z ~
0 ~
H ~

< ~u ~
~ H 0
H ~ ~

ffi
~ ~
~

~~

~
~ ~

~
u
~

~
z

m
~ j
~

~
~ ~
~ H
~ Q
~

~~u s
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KKK1-(KK1-PERlI/CA9Ell
K laS QIH CKKK 11
KKKZ-CKKZ·PERII/CA*EII
KZ-SQRTCKKKZ)
TMAX-CCFC-Z300.1/300.)**0.bbbbb7
So-lbO./FC
SC-CTMAX-KKZ*So)/CKKI-KKZI
TC-KK1·SC
SIGENO-H*ZZ./14.*O*FC/A/IOOO.
TENO-SIGENO*A/SPACE/PERI
PY-SIGI'IAY·A
EPSILoY-S[G~AY/EI

TTMAX- T/1AX-O .03
TTC-TC-0.05
WR ITE Cb, 51

5 FoRMATCIHl,4X,*OATA FOR LOCAL BONO STPESS - SLIP CURVE OF SPECII'IEN
1 L5*,/I)

WRITElb,3)
3 FoRMATI14X,ZHFC,lOX,3HKKl,lOX,JHKKZ,lOX,ZHK1,lOX,ZHKZ,10X,4HTI'IAX,1
10X,ZHSO,10X,ZHTC,10X,ZHSC,/)

WRITECo,ZIFC,KKl,KKZ,Kl,KZ,TI'IAX,SO,TC,SC
Z FoRI'IATIIOX,ZIFIO.4,3XI,7CFIO.5,2X),IIII)

WRITECb.l6)
16 FoRI'IATC4X,*THE FOLLOWING ARE THEORETICAL RESULTS FOR SPECIMEN L5.

1,1/)
P-5.
CAll CASEllP)
CAll CASEZCPI
CAll CASE3CP)
CAll CASE38CP)
CAll CASE38lCPI
CAll CASE383IP)
CAll CASE3A3CPI

ON~

dOH

N
l:--
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GO TO 13
11 RETURN

END

SUBROUTINE CASEICP)
REAL L,KK1,KKZ,KK3,Kl,KZ,K3,K4,KKK1,KKKZ,LL,Ll,LZ,L3,L4,KKK3,KKK4
COMMON/LO/FC,KK1,KKZ,KK3,Kl,KZ,K3,K~,SIGMAY,D,A,AA,PERI,S'ACE,H,El

S,EZ,L,TMAX,SO,SC,TC,LL,SIGEND,PY,Ll,LZ,L3,L4,EPSILOY,EPSISH,TEND,T
STMAX,TTC,TL,TLL,UL1,ULZ

COMMON TIIZOl,STlIZ0),XIZOl
C Tl - BONO STRESS IN SEGMENT 1 STI - STEEL STRESS IN SEGMENT 1

13 E-P/A
41-.5*ISIGEND+TENO*PERI/4/Kl)
81-.5*ISIGEND-TEND*PERI/A/K11
RI-IE**ZI-4·A1*SI
RR1-IE+SORTIRlI1/Z./41
LI-ALOGIRRII/Kl
XIII-O
N-IO
HaN+l
DO lZ I-I,M
TlIII-4.KI/PERI·IAl·EXPIK1*XIIII-Bl*eXPC-KI*XCII)1
STIIIlaAl·EXPIK1·XIIll+Bl.EXPI-KI·XIII)
XII+l1-XIIl+L1/~

12 CONTINUe
IFITIIMl.GT.TClGO TO 11
OELTA-TlIMI/KK1+P/4/EI*UL1+P/AA/E1*Ul2
PENEL-Ll+ULl+SPACE
WRITElb,14IP,DELTA,PENEl,AI,BI,Ll,IXIII,I-I,MI,ITlIII,I-I,Ml,ISTlC

lIl,I-1,Ml
14 FORMATI4X,4H •••• ,ZX,8HFORCE - ,Fb.ZI

IlOX,15HOISPLACEHENT - ,F6.41
810X,8HPENEL • ,F5.ZI
ZlOx,5HA1 - ,F8.41
310X,5HBI - ,F8.41
410X,14HlONE LENGTH - ,F5.ZI
510X,5HXI - ,4X,11FS.31
610X,QHTIIXII - ,IIF8.31
710X,QHST1IXII- ,IIFe.3/1

P-P+5.
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SUBROUTINE CASEZIPI
REAL L,KKl,KKZ,KKJ,Kl,Kl,K3,K4,KKKl,KKKZ,LL,Ll,L2,L),L~,KKK),KKK~

COMHON/LO/FC,KKl,KK2,KK).Kl,Kl,KJ,K4.SIGHAy.D.A,AA,PER[,SPACE,H,El
l,EZ,L,THAX,SO,SC,TC,Ll,SlGEND,PY,ll,lZ,L3,L4,EPSIlOV,EPSISH,TEND,T
lTMAX,TTC,TL, Tll,ULl,Ul2

CO MH ON TIll 0 I, STl ( 10 I , T2I 10 I • ST2 I 10 I , Xl I 10 I , XZI 10 I
25 E-PIA

IFIP.GT.PYIGO TO 29
Al-.5+ISIGEND+TENO·PERI/A/Kll
Bl-.S·ISIGEND-TENO·PERI/A/Kll
Rl-ITC·PERI/A/Kl,··Z+4.·Al*al
RR1- I I TC+PE RI I A/ K1 1+ SORT I Io! 1 I II l • I A1
Ll-ALOGIRRlI/Kl
AZ-.S·IAl·EXPIKl·lll+81·ExPI-Kl·Lll+TC·PERI/A/K21
8Z-.S+IAl·ExPIKl·Lll+BI*EXPI-Kl·Ll)-TC·PERI/A/Kll
RZ-E"Z-4.*AZ·BZ
RRZ-IE+SORTIR211/2./A2
LZ-ALOGIRR21/K2
TL-ll+lZ
Tll-L-SPACE
IFITl.GT.TLLIGO TO Z9
N-S
H-N+I
XlIll-O
00 2) I-I,M
TIIII-A.Kl/PERI·IA1·EXPIKI·Xll[II-Bl·EXPI-K1.Xl(IIII
STIIII-A1·ExPIKl*xIIIII+B1·EXPI-Kl·X11[11
xlII+lI-XlIII+lllN

l) CONTINUE
Xllll-O
00 l4 [-I,M
TZIII-A+KZ/PERI·IAZ*EXP(KZ·XZ(III-BZ·EXPI-KZ*XZII)11
STZ(II-AZ·EXPIKZ·XZ(III+BZ·EXPI-KZ·XZI[11
X2II+1I-XZIIIH2IN

24 CONT INUE
OELTA-IT2IHI-TCI/KKZ+SC+P/A/El*Ull+P/AA/El·UL2

PENEl-TL+Ul1+$PACE
WRITElb,14IP,OElTA,PENEl,Al,81,Ll,lxIIII.I-1,H),ITl(I),I-l,HI,(STl

1 I I ) , I- 1, /11 , A2, B2 , L2, I Xl I I ) , I -1, III , ( TZ I I II I -1, MI, IS T2 (l " 1.1, M)
l~ FORHATI4X,4H •••• ,2X,8HFORCE - ,Fb.21

IIOX,15HOISPlACE~ENT - ,Fb.41
810X,8HPENEl - ,F5.21
llOX,SHAl - ,F8.41
310X,5HBl - ,F8.41
llOX,19HLENGTH OF ZONE 1 - ,F5.21
110X,5HXl - ,4X,bF8.31
110X,9HTIIXll - ,bF8.31
110X,9HSTIIXll- ,bF8.31
110x,5HAZ - ,FB.41
110x,5H8Z - ,F8.41
110X,19HlENGTH OF ZONE Z • ,F5.21
I10x,5HX2 • ,4X,bF8.31
110x,9HT2(XZI - ,bF8.31
110x,9HST2IX21- ,bFB.)/1

PPY-PY-5.
IFIP.GE.PPY)Z6,27

lb p·P+l.
GO TO 25

27 P.P+5.
GO TO 25

zq RETURN
END
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PENEL-LL
WRITElb,l~IP,OELTA,PENEL,Al,Bl,Ll,IXlIII,I-l,~I,ITl(II,I-1,"),(STl

lII),I-l,~),AZ.8Z,LZ,IX2II),I-l,~),IT2II),I-l,"),IST211),1-1,")

l~ FOR~ATI~X,4H****,Zx,aHFoRCE - ,Fo.ZI
110X,15HDISPLACE~ENT - ,Fb.~1

BIOX,BHPENEL - ,F5.21
ZlOX,5HAl - ,FA.41
310x,5H81 - ,F8.~1

llOX,lqHLENGTH OF ZONE 1 - ,F5.21
110X,5HXl - ,4X,bFB.31
110X,qHTIIXl) - ,bF8.31
110X,QHSTlIXl)- ,bF8.31
110X,5HA2 - ,F8.~1

110X,5H82 - ,FB.41
110X,lqHLENGTH OF ZONE 2 - ,F5.ZI
110X,5HX2 - ,4X,bF8.31
110X,qHTZIXZ) - ,bF8.31
110X,qHSTZIX2)- ,bF8.3/)

PPY-PY-5.
IFIP.GE.PPY)Zb,Z7

Zb P-P+1.
GO TO Z5

Z7 P-P+5.
GO TO Z5

Zq RETURN
ENO

SUBROUTINE CASE]IP)
REAL L,KK1,KK2,KK3,K1,K2,K3,K4,KKKl,KKK2,LL,Ll,lZ,L3,L~,KKK3,KKK~

COMMON/lO/FC,KKl,KK2,KK3,K1,KZ,K3,K4,SIG~Ay,0,A,AA,PERI,SPACE,H,El

S,EZ,L,TMAX,SO,SC,TC,LL,SIGENQ,PY,ll,L2,L3,L4,EPSILOY,EPSISH,TEND,T
STMAX,TTC,TL,TLL,UL1,ULZ
CO~MON TlIIOI,ST11101,TZII01,STZIIOI,X1(10),X2110J
U-l

25 IFIP.GT.PYIGO TO Zq
21 Ll-lI-0.01

LZ-l-ll
E-P/A
A1-TC*PERI/A/K1/IEXPIKl*lll+EXPI-Kl*Ll))
81--A1
AZ-.5*IAl*EXPIKl*Ll)+81*EXPI-Kl*Ll)+TC*PERI/A/K21
82-.5*IAl*EXPIK1*Lll+81*EXPI-Kl*Lll-TC*PERI/A/KZI
f-AZ*EXPIKZ*LZI+B2*EXPI-KZ*L21
OIFF-IE-FHE
01 FF A- AB SID IFF)
IFIOIFFA.LE.O.005)GO TO 22
GO TO 21

22 N-5
~-N+l

Xllll-O
00 23 r-1,M
TIIII-A*KI/PERI*IAl*EXPIKl*XIII))-Bl*F.XPI-Kl*XlIIII)
STll[I-Al*EXPIKl*XlIII)+81*EXPI-Kl*X1II)1
xllI+ll-nIII+Ll/N

23 CONTINUE
X2111·0
00 Z4 I-l,~

T2III-A*K2/PERI*IAZ*EXPIKZ*X2IIII-82*EXPI-KZ*XZII)11
ST2111-AZ*EXPIK2*xZIIII+8Z*EXPI-KZ*XZIIII
XZ(I+l)-X2III+L2/N

H CONTINUE
IFITZIMI.GT.l.5.0R.Tl(1).GE.O.qIGO TO 2q
DELTA·ITZIMI-TCI/KKZ+SC+P/A/El*UL1+P/AA/E1*UL2
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)U~~UUIINt LA~ti~I~1

REAL L,KK1,KKZ,KK3,Kl,KZ,K3,K~,KKK1,KKKZ,ll,ll,LZ,L3,l~,KKK3,KKK~

COMMON/lO/FC,KKl,KKZ,KK3,Kl,K2,K3,K~,SIGMA~,O,A,AA,P£RI,SPACE,H,£l

S,EZ,l,TMA~,SO,SC,TC,Ll,SlGENO,PY,Ll,LZ,L3,l4,EPSrlOY,EPSISH,TEND,T

STMAX,TTC,Tl,Tll,Ull,UlZ
COMMON TICIOI,STICIOI,TZCIOI,STZCIOI,T31101,ST31101,Xl(lOI,XZ1101,

SX3 (101
KKK3-KKZ·PERI/A/EZ
K3-SQRT lKKK3 I
Ll-ll+SPACE

30 e-P/A
ll-ll-O.Ol
Ol-LZ+Z.
OOL-LZ-l.

34 LZ-OOl
33 IfllZ.GE.OLIGO TO 35

AI-TC·PERI/A/KI/IEXPIKl·lll+EXPI-Kl·llI1
81--A!
AZ-.5*IAl*EXPCK1*lll+81*EXPl-Kl*Lll+TC*PERI/A/KZI
8Z-.5*CA1*eXPIKl*lll+81*EXPl-K1*Lll-TC*PERI/A/KZI
EEI-AZ*exPlKZ*LZI+8Z*EXPI-KZ*LZI
OIFF1-1SIGMAY-EE11/SIGMAY
OIFFIA-ABSCOIFFll
IFCOIFFIA.LE.0.005IGO TO 31
LZ-LZ+O.Ol
GO TO 33

31 L3-L-LI-LZ
A3-.5*CEPSISH.EZ+KZ/K3*IAZ*EXPCKZ·LZI-8Z·EXPI-KZ*LZII)
B3-.5.1EPSISH.EZ-KZ/K3*CAZ.EXPIKZ.LZI-8Z.EXPI-KZ*LZI))
EEZ-A3*EXPlK3*l31+B3*EXPC-K3.L31+1SIGMAY-EZ.EPS[SHI
OIFFZ- lE-EEZ lIE
OIFFZA-ABSCOIFFZ)
IFlOIFFZA.lE.0.005IGO TO 3Z
lZ-lZ+O.OI
GO TO 33

35 Ll-LI-O.Ol

GO TO 34
3Z N-5

IhN+1
XlCll-O
DO Z3 1-1,11
TIlII-A+Kl/PERI*CAl·EXPIKl*Xll[II-81*EXPC-Kl.XlCIIII
STIlII-Al*EXPIKl*XlCIII+Bl*EXPI-Kl*XlCIII
X11I+II-Xllll+Ll/N

23 CONTINUE
XZlll-O
DO Z4 I-I,M
Tllll-A+Kl/PERI.IAZ.EXPIKZ·XZIIII-BZ*EXPC-KZ*XZIIIII
STZlII-AZ*EXPIKZ*XZllll+BZ*EXPI-KZ*XZCIII
Xl C1+1 I-XZ CI I+L2IN

Z4 CONTINUE
X31l)-O
DO Z5 1-1,11
T3C[I-A+K3/PER[*IA3.EXPlK3*X3C[II-83*EXPC-K3.X3C[111
ST3III-A3*EXPIK3*X3(III+B3*EXPl-K3*X3CI)I+lSIGI1AY-EZ.EPSISHI
X311+11-X3111+l3/N

Z5 CONT INUE
S[GI1A-P/lA
IFlSIGI1A.GT.SIGMAYI31,3b

36 OELTAe lT3CM)-TCI/KKZ+SC+(IP/A-SIGI1AYI/EZ+EPS[SHI*UL1+'IAA/E1.UlZ
GO TO 38

31 OELTA-lT31111-TCI/KKZ+SC+(IP/A-SIGMAY)/EZ+EPSISHI.ULl+1lP/AA-SIGHAY
lI/EZ+EPSISHI*ULZ

38 WRITEI6,14IP,DElTA,Al,81,ll,IXllII,I-1,MI,ITl(II,I-1,111,(STl(II,I­
11,MI,AZ,8Z,lZ,IXZlII,[-l,HI,ITZIII,I-1,111,(STZ([I,I-1,111,A3,83,l3,
11 X3( I I , I -1, HI, I T3( II, I -I, MI, ISf 3( I I, 1-1, HI

14 FORI1AT(4X,4H •••• ,ZX,8HFORCE - ,Fb.ZI
110X,15HDISPlACEI1ENT - ,Fb.41
lI0X,5HAI - ,F8.41
310X,5H81 • ,F8.41
110X,lQHlENGTH OF ZONE 1 - ,F5.21
110X,5HXl - ,4X,bFB.31
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SUBROUTINE CASE381C't
REAL L,KKl,KKZ,KK3,Kl,KZ,K3,K~,KKKl,KKKZ,LL,Ll,LZ,L3,L~,KKK3,KKK~

COMMON/LO/FC,KKl,KKZ,KK3,Kl,KZ,K3,K4,SIG"AY,D,A,AA,'ERI,SPACE,H,E1
S,EZ,L,T"AX,SO,SC,TC,LL,SIGENO,PY'Ll,LZ,L3'L~,EPSILOY,EPSISH,TEND,T
STMAX,TTC,TL,TLL,UL1,ULZ

CO"MON T11101,STII10t,TZI101,STZIIOt,T3110t,ST3C101,X1C10t,XZCI0),
SX3110),T4110),ST4110),X4110)

KKK3-KKZ·PERIfA/EZ
K3-SQRTIKKK3)
KKK4-KK3·PERI/A/EZ
K4-SQRTIKKK4)
EE-TMAX*PERI/A/K3

45 E-P/A
LI-LI-Z.O
LI-Ll+O.1
DLI-lZ+l.O
ODLI-LZ-0.5
DLZ-L3+1.0
DOLZ-L3-0.5

3~ LZ-ODLI
33 IFllZ.GE.Ol1IGO TO 35

AI-TC.PERI/A/KlfIEXPIKI*ll)+EXPI-KI*L11)
BI--Al
AZ-.5*CAl*eXPCKl*lll+Bl*EXPC-Kl*L1l+TC*PERI/A/KZt
BZ-.5*IAl*EXPIKl*L11+Bl*EXPI-Kl*llt-TC*PERI/A/KZt
EEI-AZ*EXPIKZ*LZt+BZ*EXPI-KZ*LZt
OIFFl-ISIGMAY-EElt/SIG"AY
DIFFIA-ABSIDIFFlt
IfIOIFFIA.lE.O.OIIGO TO 30

41 lZ-lZ+O.1
GO TO 33

30 L3-00LZ
31 IFIL3.GE.OlZIGO TO 41

A3-.5*IEPSISH*EZ+KZ/K3*IAZ*EXPIKZ*lZ)-8Z*EXPI-KZ*lZtt)
B3-.5*IEPSISH*EZ-KZ/K3*IAZ*EXPIKZ*lZI-8Z*EXPC-KZ*LZttt
EEZ-A3*EXPIK3*l3)-B3*EXP(-K3*L3)

110X,9HTIIXll - ,bF8.31
110X,9HSTIIXl)- ,bF8.31
110X,5HAZ - ,F8.41
110X,5HBZ - ,FB.41
110X,19HLENGTH OF ZONE Z - ,F5.ZI
110X,5HXZ - ,4X,bF8.31
110X,9HTZIXZI - ,bF8.31
110X,9HSTZIXZI- ,bF8.31
11ox,5HA3 - ,FB.41
110X,5HB3 - ,FB.41
110X,19HLENGTH OF ZONE 3 - ,F5.ZI
110X,5HX3 - ,4X,bF8.31
110x,9HT31X31 - ,bF8.31
110X,9HST3IX31- ,bF8.3/t
P-P+l.
IFIT3IM).GT.TTMAX.OR.T1Cl).GE.TTC)GO TO 39
GO TO 30

39 RETURN
END

176



OlFflA-ABSlOIFF21
IFlOIFF2A.lE.O.Ol)GO TO 32
l3-l3+0.1
GO TO 31

3Z llt-l-ll-lZ-l3
A4-T"AX*PERI/A/K4
B4-A3*EXPlK3*l31+83*EXPl-K3*l31
EE3-A4*SINIK4*l4)+84*COSlK4*l41+SIG"AY-EZ*EPSISH
OIFF3- lE-EE3I1E
OIFF3A-ABSIOIFF31
IFCOIFF3A.lE.O.OIIGO TO 42
l3-L 3+0.1
GO TO 31

35 ll-l1+0.1
GO TO 3lt

42 N-5
H-N+1
Xllll-O
DO 23 I-I,M
T1CII-A*K1/PERI*CAl*EXPIKl*XlCIII-Bl*eXPI-Kl*X1CII)1
ST1III-41*EXPIK1*XICIII+81*EXPI-K1*XlII))
XIII+II-XIIII+lI/N

Z3 CONTINUE
XZllI-O
DO 21t 1-1,11
TZIII-A*K2/PERI*IAZ*EXPIKZ*XZIIII-8z*eXPI-KZ*XZCI)))
STZIII-AZ*EXPIKZ*xZIIII+BZ*EXPI-KZ*XZIIII
X21I+11-XZII )+lZ/N

21t CONTINUe
X311)-O
DO Z5 1-1,14
T3III-A*K3/PERI*IA3*EXPIK3*X3IIII-B3*EXPI-K3*X3(I))1
ST3III-A3*EXPIK3*X3IIII+83*EXPI-K3*X3IIII+SIGI1AY-EZ*EPSISH
X31 1+11-01 I 1+l3/N

Z5 CONTINUe

X" Cl I-a
DO 2b 1-1,14
T4III-A*K4/PERI*IA4*CDSIK4*X4IIII-B4*SINIK4*X4(1)))
ST4111-A4*SINIK4*X4IIII+81t*COSIK4*X4III)+SIGI1AY-EZ*EPSISH
X41I+II-X41II+l4/N

Z6 CONTINUE
OElTA-ITI1AX-T4(11)I/KK3+S0+11P/A-SIGI1AY)/El+EPSISH)*Ull+IIP/AA-$1611

lAYI/El+EPSISHI*UlZ
WRITEI6,14IP,OELTA,Al,B1,ll,IXIIII,I-1,M),ITlIII,I-1,"),ISTlll),I­

11, M1, AZ, B2, l Z, I XZ I I I, I -1, 111, I Tl I 1 I, 1-1, " I , IS TZ I I II I -1, "I , A3, B3, l3,
1IX31II,I-l,MI,IT3III,I-l,I1I,I$T3III,I-l,I1I,A4,BIt,l4,1X41II,I-l,I1),
llT4III,I-l,MI,ISHIII,I-1,HI

14 FORMATIIOX,8HFORce - ,Fb.ll
110X,15HDISPlACEMENT - ,Fo.41
210X,5HAI - ,F~.4/,lOX,5HB1 - ,F8.41
110X,19HLENGTH OF ZONE 1 - ,F5.21
110X,5HXl - ,ltX,bFB.31,lOx,9HT1lXll - ,bFB.3/,lOX,9HSTICXl)-,bF8.31
110X,5HAZ - ,F8.41,lOX,5HBZ - ,F8.41
110X,lqHlENGTH OF ZONE Z - ,F5.ZI
110X,5HXl - ,4X,bF8.31
110X,QHTllXZI - ,bF8.31,lOX,QHSTZIXlI- ,bF8.31
110X,5HA3 - ,FB.ltl,lOX,5HB3 - ,Fe.41
110x,19HlENGTH OF ZONE 3 - ,F5.ZI
110X,5HX3 - ,4X,bFB.31
110X,QHT3lX31 - ,bF8.31
110X,9HST3IX31- ,bFB.31
210X,5HAIt - ,FB.ltl
310X,5HB4 - ,Fa.41
110x,IQHlENGTH OF ZONE It - ,F5.21
110x,5HX4 - ,4X,bFB.31
llOx,9HT41X41 - ,bF8.31
110X,QHSTltIXltl- ,bF8.3/1

P-P+2.0
IFlTllll.GE.TTC.OR.l3.lE.O.OZIGO TO 4Q
GO TO It5

"Q RETURN
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KtAL LI~~l'~~~I~~~'~~_~~'~~'~~'~~~~'~~~"LL'L~'L'~~~'~~'~~~~,~~~~

COHHON/LO/FC,KKl,KKZ,KK3,Kl,KZ,K3.K~.SIG"AY,O.A,AA"ERI,SPACE.H,El

$,EZ,l,THAX.SO.SC,TC,LL,SIGENO.Py.Ll.LZ,L3,L~,EPSIlOY,EPSISH,TEND,T

$THAX, TTC, H, Tll, UL 1, UlZ
COH"ON T11101.ST11101.TZI101.STZI101,T31101,ST31101,XIIIOI,XZ110J,

$X3 110 I, H I 10 I, SH 110 I. H 110 I
KKK3-KKZ*PERI/A/EZ
K3-SQRTIKKK31
KKK~-KK3*PERI/A/EZ

K~-SQRT IKKK~ I
EE-THAX*PERI/A/K3
lZ-lZ+I.

~5 E-I'/A
lZ-12-0.01
Dl-l3+Z.
DDl-U-Z.

H l3-0Dl
33 [FIl3.GE.OlIGO TO 3'

AZ-SIGHAY/IEXPIKZ*lZI-EXPI-KZ·lZII
8Z--A2
l3-0.5*IEZ*EPSISH+KZ/K3*IAZ*EXPIKZ*lZ)-8Z*EXPI-KZ*lZIII
83-0.5*IEZ*EPSISH-KZIK3*IAZ*EXPIKZ*lZI-8Z.EXPI-KZ*LZIII
EEI-A3*EXPIK3*l31-83*EXPI-K3*l31
OIFFI-IEEI-EEI/EE
DIFFIA-l8SI0IFFll
IFIOIFFIA.lE.O.005IGO TO 31
l3-l3+0.01
GO TO 33

31 l~-l-L2-L3

A~-T"AX·PERI/A/K~

8~-A3.EXPIK3*L31+B3.EXPI-K3*L31

EEZ-A4·SINIK~*l41+B4*COSIK~*L41+SIGHAY-EZ*EPSISH

OIFFZ-IEEZ-E liE
OIFFZA-lBSIOIFFZI
IFIOIFFZl.lE.O.005)GO TO 2Z
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110X,9HSTZIXZI- ,bF8.31
110X,5HA3 - ,F8.41
110X,5H83 - ,F6.41
110X,19HLENGTH OF ZONE 3 - ,F5.Z1
110X,5HX3 - ,4X,bF6.31
110X,9HT31x31 - ,bf8.31
110X,9HST3IX31- ,bf8.31
Z10X,5HA4 - ,F8.41
310X,5H84 - ,F6.41
110X,19HLENGTH OF ZONE 4 - ,F5.Z1
110X,5HX4 - ,4X,6F8.31
110X,9HT41X41 - ,6F8.31
110X,9HST4IX41- ,6F8.3/1

P-P+1.
IFIL3.LE.0.8IGO TO 49
GO TO 45

49 RETURN
END

L3-l3+0.01
GO TO 33

35 lZ-LZ-O.01
GO TO 34

ZZ N-5
I'I-N+1
XZIlI-O
00 Z4 I-I,M
TZIII- ••KZ/PERI.IAZ·EXPIKZ.XZIIII-BZ.EXPI-KZ·xZII)I)
STZIII-AZ·EXPIKZ·XZIIII+8Z·exPI-KZ·XZIIII
XZII+11-XZIII+LZIN

Z4 CONTINUE
X3Cl 1-0
00 Z5 I-I,M
T3III-A.K3/PfRI·IA3.exPIK3·X3II11-83·EXPI-K3·X3III11
ST3III-A3.EXPIK3.X3IIII+83.EXPI-K3.X3IIII+ISIGIAY-EZ.EPSISHI
011+1)-011 )+13/N

Z5 CONTINUe
XltCl 1-0
00 Z6 1-1,11
T4II)-A·K4/PERI·IA4·COSIK4.X4II11-84.SINIK4·X4II)I)
ST4«(I-A4.SINIK4.X4(III+B4.COSIK4.X4IIII+SIGI1AY-EZ.EPSISH
X41I+1I-X4111+l4/N

Z6 CONTINUE
OELTA-ITI'IAX-T4IMI)/KK3+S0+IIP/A-SIGI'IAY)/EZ+EPSISHI.Ull+(IP/AA-SIGI1

lAYl/eZ+EPSISHI.ULZ
WRITE(6,14)P,DElTA,AZ,8Z,lZ,IX2(I),I-l,~),ITZII),I-1,"I,(STZIII,I­

11,I'II,A3,83,L3,IX3II),1-1,111,(T3111,I-l,I'II,IST3(II,I-1,1'I1,A~,8~,L4,

1 I X4( 1 I , I -1, M), ( TIt ( I I, I -1, I'll, (s TIt II I, 1-1,11 I
l~ FORI'IATI4X'4H •••• ,ZX,8HFORCE - ,Fb.ZI

11ox,15HOISPLACEI'IENT - ,Fb.4/
110X,5HAZ - ,f8.41
110X,5H8Z - ,f8.41
110X,19HlENGTH OF ZONE 2 - ,F5.Z1
110X,5HX? - ,4X,bF8.31
110X,9HTZIXZI - ,bF8.31
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SUBROUTINE CASE3A3IPI
REAL l,KKl,KK2,KK3,Kl,K2,K3,K4,KKKl,KKK2,ll,ll,lZ,l3,l4,KKK3,KKK4
COMMON/LO/FC,KK1,KKZ,KK3,K1,KZ,K3,K4,SIGMAy,D,A,AA,PERI,SPACE,H,El

S,E2,l,TMAX,SO,SC,TC,ll,SIGEND,PV,ll,LZ,l3,L4,EPSILOY,EPSISH,TEND,T
STf'UX, TTC, Tl, Tll, Ull, UL2

COMMON TIII01,ST11101,T21101,STZI101,T31101,ST31101,XIC101,XZCI01,
SX31101,T4CI01,ST41101,X4C101

KKK3-KK3*PERI/A/EI
O-SQRTCKKK31
KKK4-KK3*PERI/A/E2
K4-SCRTIKKK41

45 E-P/A
lZ-l2-0.01
Ol-l3+2.
OOl-O.

34 13-00l
33 IFll3.GE.OlIGO TO 35

AZ-TMAX*PERI/IA*K2*CEXPIKZ*LZI+EXPI-KZ·lZIII
BZ--A2
A3-TMAX*PERI/A/K3
B3-AZ*EXPIKZ*lZI+BZ*EXPC-KZ*LZ)
EEI-A3*SINCK3*l31+B3*COSIK3*l31
DIFF1-ISIGMAY-EElI/SIGMAY
DlfFlA-ABSIOIFFll
IFIOIFFIA.lE.0.005)GO TO 31
U-l3+0.01
GO TO 33

31 l4-l-lZ-l3
A4-K3/K4*CA3*COSCK3*l31-B3*SINCK3*l311
B4-EZ*EPSISH
EEZ-A4*SINIK4*l4)+B4*COSCK4·l4)+SIGMAY-E2*EPSISH
DIFF2- IEE2-E lIE
OIFFZA-ABSIOIFF2)
IfCDIFFZA.lE.O.005)GO TO 22
U-l3+0.01
GO TO 33

35 lZ-LZ-O.Ol
GO TO 34

22 N-5
M-N+l
XZCII-O
DO Z4 I-I,M
TZCI)-A*KZ/PERI*CAz.eXPCKZ*XZIII)-82·EXPC-KZ*XZCI)11
STZCI)-AZ*EXPCKZ*XZCII)+BZ·EXPC-KZ·XZCIII
Xl I [+1 )-XlC I l+l2lN

24 CONTINUE
X3111-0
DO 25 I-I,M
T3III-A*K3/PERI*IA3*COSCK3*X3(11)-83*SINCK3.X]III»
ST3III-A3*SINIK3·X31111+B3·COSIK3·X3II))
X3 I 1+1 )-X3 I I )+l3/N

Z5 CONTINUE
HIll-O
DO Zb 1-1,11
T4CI)-.*K41PfRI*(A4.COSIK4·X4CII)-84.SINCK4*X4CI»)
ST4III-A4*SINIK4*X4II)I+B4.COSIK4*X4II)I+SIGMAY-Ez.epsISH
X41 I+II-X4 CI )+l4/N

lb CONTINUe
OElTA-ITMAX-T411111/KK3+S0+CCP/A-SIGI1AYI/EZ+EPSISH).Ull+(CP/AA-SIGI1

lAYI/El+EPSISHI·UlZ
WRITElb,14)P,DElTA,AZ,82,l2,CXZCII,I-1,11),CT2(1),1-1,"),CST2(11,1­

11,M),A3,B3,l3,IX3111,I-l,I1),CT3II),I-l,M),(ST3CI),I-1,11),A4,B4,L4,
1 CX4 I I I , I -1, MI, CT4 C1" I -1, Mill ST4 1I I, 1-I , M)

14 FORMATC4X,4H •••• ,ZX,8HFORCE - ,Fb.ZI
110X,15HOISPlACEI1ENT - ,Fb.41
110X,5HAl - ,F8.41
110X,5H82 - ,F8.41
110X,IQHlENGTH OF laNE 2 - ,F5.Z1
110X,5HX2 - ,4X,bF8.31
110X,QHT2CX21 - ,bFB.31
110X,QHSTlIX2)- ,bFe.31
110X,5HA3 • ,FB.4/

I~O



110X,SHB3 .. ,F8.~1

110X,19HlENGTH OF ZONE 3 .. ,F5.ZI
110X,5HX3 .. ,~X,bF8.3l

110X,9HT](X3) .. ,bF8.31
110X,9HST3(X3). ,6FS.31
ZlOX,5HA~ .. ,F8.~1

310X,5H8~ .. ,FA.~I

110X,19HlENGTH OF ZONE ~ .. ,F5.ZI
110X,5HX~ - ,~X,6F8.31

110X,9HT~(X~) - ,6F8.3'
110X,9HST~(X4). ,bFB.3/)

PD-TI1AX-TZll )
IF(PD.LE.O.l)GO TO ~9

P·P+0.1
GO TO ~,

49 PP.P+(T~(")-TZ(1».0.1.3.49

X"l~+0.1

T·A.K4/PERI.(A~.COSIK4.X)-8~.SIN(K~.X))

DeLTAI-lTI1AX-T)'KK3+S0+(IPP'A-SIG"'Y)/E2+EPSIS~).3.Z+(('P'AA-SIGI1A
lY)/EZ+EPSISH).11./lb.

WR ITE (b, 70) PP, DEL TAL
70 FORI1ATlZFIO.5)

RETURN
END
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PROGRAM CYClICCIMPUT,oUTPUT,TAPE5-INPUT,TAPE6-0UT'UT,TA'EZ)
REAL KKl,KKZ,KK3,KK4,KK',KKb,Kl,KZ,K3,Ll,LZ,L3,l
COMMON/BONO/SIG"ACZS,lOO»,OLCIOO),ATCRACK,TL,"R,M"NNN,Ll,lZ,L3,L,

SSPACE,PERI,A,AA,ULl,ULZ,FC,P,AOISP,DISP1,OJSPZ,DISP3,DISP4,DISP5,D
SISPb,OISP7,OlSP8,AADISPl,lAOlSPZ,AAOISP3,AADISP4,AADISP"AAOISP6,A
SAOISP7,AADISP8,D,DISPQ,DISPIO,AAOISPQ,ADISPIO,JC,JCl,JCZ,JC3,JC4,J
SC5,PCl,PCZ,PC3,PTl,PTz,PT3
CO""ON/L8/ATI25,IOO),ASCZ5,100),S~AXIC100),S"AXZC100),$"IN1(100),S

'MINZCIOOI,KK1,KKZ,KK3,KK4.KK5,KKb,AALPH,BBETA,TO,TC,SC,TMAX,SMAX,T
STIUX
CO""ON/STRAIN/FY,El,E2,EPSILOY,EPSISH,ASIGMACZ',lOO),fPSJLoIZ',100

S»,SIGMAACIOOJ,EPSILOACI00»,SIG"ATCIOO),EPSILOTCI00»,E'SACIOO»,IETA
SCIOO»,AlPHC100J,OSIGICIOO»,DSIGZ(100),SIGMATICI00),SI6"AT2(100J,51
SGMAT3flOOJ,SIG"AT~(100),SIG"AT'(lOOJ

CO""oN/"ONO/XCIOO»,TCIOOJ,5TCI00J,TICIOO),SIG"AICIOO),A516"AICI00
S),EPSILOICIOOJ,ATICIOOJ,ASlfI00J,K1,KZ,K3
SIGMA' STEEL STRESS AT NODE POINT
o I BU DIAMETER
Ol I LENGTH OF SEGMENT
ATCRACK I AVERAGE 80ND STRESS WHEN WEDGE FORMS
Tl I PENETRATION OF BOND STRESS
NKN I NO OF NODE POINT
"P • NO OF SEGMENT
l I EFfECTIVE LENGTH
Ll,LZ,L3 I LENGTHS OF SEGMENTS AFTER MONOTONIC LOADING
SPACE I LUG SPACE
PERI I PERIMETER
A , EFFECTIVE 8AR AREA
AA I GROSS BAR AREA
ULI I LENGTH OF THE BAR OUTSIDE THE CONCRETE
ULZ I DEPTH OF THE WEDGE AT THE ATTACK END
FC I CONCRETE STRENGTH
, I LOADING
ADIS' I DISPLACEMENT
DISPI-DISPS I SLIP LIMIT
AADISPI-AADISP8 I "ODlfIED SLIP lI~IT TO CONTROL PROGRA"



I. Al I LiJCAL bUNO STRESS fOR EACH SEGI1ENT
C AS I LOCAL BONO SLIP FOR EACH SEGMENT
C SMAX1 I LARGEST + EXPERIENCED LOCAL SLIP
C SMAXZ I SECOND LARGEST + EXPERIENCED LOCAL SLIP
C SMINI t LARGEST - EXPERIENCED LOCAL SLIP
C SECOND LARGEST - EXPE
C SMINZ t SECOND LARGEST - EXPERIENCED LOCAL SLIP
C KKI-KKb t STIFFNESSES FOR LOCAL 80ND STRESS-SLIP CURVE
C TO I LOCAL BOND STRESS FOR CUT-OFF
C TC I LOCAL BONO STRESS INDUCES DIAGONAL CRACKING
C SC I LOCAL BONO SLIP CORRESPONDING TO TC
C TMAX I "AX LOCAL BOND STRESS
C $I1AX I LOCAL SLIP CORRESPONDING TO TMAX
C TTMAX I MODIFIED TI1AX FOR CYCLIC CURVE
C FY I YIELD STRESS
C El I STIFfNESS FOR ELASTIC RANGE
C EZ I STIfFNESS FOR STRAIN-HARDENING
C EPSILOr : YIELD STRAIN
C . EPSISH I STRAIN ~HERE STRAIN-HARDENING OCCURS
C . ASIGMA I AVERAGE STEEL STRESS
C EPSILO I STEEL STRAIN
C SIGMAA I MAX EXPERIENCED STRESS
C EPSILOA I STRAIN CORRESPONDING TO SIGMAA
C SIGHAT I TRANSITION STRESS IN REVERSED LOADING
C EPSILOT tRANSITION STRAIN IN REVERSED LOADING
C SIGMATI-SIGKAT5 I TRANSITION STRESSES IN FOLLOWING CYCLES
C K,M,N, I NO. OF SEGMENTS FOR Ll,LZ,L3
C JC1-JC5 I THE LAST HALF CYCLE HO. FOR EACH SLIP
C JC I NO. Of HALF CYCLES TO BE PRINTED OUT
C Ji I THE LAST HALf CYCLE NO. FOR PREVIOUS SLIP USED

READf5,100)Al,81,AZ,BZ,A3,B3,L1,LZ,l3,l,ULl,UlZ,KK1,KKZ,KK3,Kl,KZ,
lK3,TO,TC,SC,TMAX,SMAX,SPACE,PERI,A,AA,D,FY,FC,£1,EZ,EPSISH,DP1,DPZ
1,DP3,PC1,PCZ,PC3,PT1,PTZ,PT3,DISP1,DlSPZ,DISP3,DISP~,DISP5,DIS'6,D
lISP7,OISPB,DISPq,DISPlO

100 FORMATf8FID.5)
REAOf5,101)K,M,N,JC1,JCZ,JC3,JC~,JC5,JC,JT

101 FORHAT 110IB)
WRITElb,500IA1,Bl,AZ,8Z,A3,B3,Ll,LZ,L3,L,UL1,ULZ,KK1,KKZ,KK3,Kl,K2
1,K3,TO,TC,SC,THA~,SKAX,SPACE,PERI,A;AA,D,FY,FC,El,EZ,EPSISH,DP1,O'
1Z,OP3,PCl,PC2,PC3,PTl,PTZ,PT3,DISP1,OISPZ,0ISP3,DISP4,DISP5,DISP6,
lDISP7,OISP8,OISPq,DISPlO

500 FORMAT(lHl,10X,.MATERIAl PROPERTIES AND DATA OBTAINED IN MONOTONIC
1 LOADING PROGRAM ,."Sf10X,10F12.S"),10X,ZFIZ.5)
WRITEfb,501)K,M,N,JCl,JCZ,JC3,JC~,JC5,JC,JT

501 FORMATflOX,lOIlZ)
IFIJT.GT.l)GD TO 102
EPSILOY-FYlEl
AADISP1-DISP1-DPl
AADISP3-0ISP3-0PZ
AADISPS-OISP5-DP3
AADISP7-0ISP7-DP3
AADISPQ-DISP9-DP3
AADISPZ-DISPZ+DPI
AADISP~-DISP~+DPZ

AAOISP6-DISP6+0P3
AAOISPS-DISPS+OP3
ADISPIO-DISPIO+OP3
Tl-Ll+LZ+L3+SPACE
M!hO
DO 11 J-1,25
DO 11 1-1,100
ATIJ,II-O
ASIJ,I)-O
SIGMAfJ,I)-O
ASIGMAfJ, I )-0
EPSIlOIJ,I)-O

11 CONTINUE
DO 15 r-11100
SMAXlIII-O
SMAXZIII-O
SMINUI)-O
SMINZfIl-O

'.
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SIGI'IAT(U-O
EPSIlOTfI)aO
EPSIlOAUJ-O
DLUI-O
EPSAll)-O
8ETAII)-0
AlPH(lJ-O
DSIGIlI)-O
DSIGZlII-O
SIGI'IATlII)-O
SIGP1ATZlI)-O
SIGI'IAT3III-0
SIGI'1ATltII I-a
SIGI'IAT51I)-0

15 CONTINUE
X lU-O
IFlll.EO.O.)GO TO 51

. KK-I(+1
DO 1 1-11"'1<

. Tll)-A*K1/PERI*IAl*EXPlI<1*XIIII-81*eXPI-K1*xII)I)
STIII-Al*EXPIKl*XIIJ)+Bl*eXPI-KI*XII))

1 XII+IJ-XIII+L1/K
IFILZ.EQ.O.)NNN-I(K
IFILZ.EO.O.)GO TO ZI
1'I"-KI<+l
XI""JaLZlI'I

51 IFIL1.EO.0.)""al
'''1"-K+"+1
00 Z1-""'''""TII)aA*KZ/PERI*IAZ*EXPII<Z*XII»)-8Z*EXPI-I<Z*XIIJ))
IFITI",,).lE.TCJGO TO 10
STll)-Az*eXPIKZ*XII))+BZ*EXPI-KZ*XIIJ)
GO TO Z

10 STlII-AZ*EXPIKZ*XII)I+8Z*EXPI-KZ*XII))+IFY-EZ*EPSISH)
Z Xll+l)aXlIJ+l2/"

IFCL3.EQ.O.)NNN-I'II'II'I
IFCL3.EO.0.IGO TO 21
NN·"I'II'I+l
XCNNlaL3IN
NNN-K+P1+N+l
DO 3 I-NN,NNN
TlII-A*K3fPERI*IA3*EXPIK3*XII)I-83*EXPI-K3*XIII))
STII)aA3*EXPIK3*XII))+83.~XPI-K3.XII))+IFY-E2*EPSISH)

3 XlI+11-XIII+l3/N
21 NNNN a"lNN+1

DO It !-I,NNN
J-NNNN-I
TlCIlaHJI

It SIGI'IA1111.STIJI
IFITl.lE.L)b01,bOZ

601 Tt( NNN 1- TO
TllNNNIO-TO
SIG'UUNNNN 1-0
GO TO b03

60Z n-l
NNN-NNN-l
NNNN-NNN+l

603 I'IP.NNN
DO 6 [-l,I'IP
ATIIII-IT111+1'+Tllll)/Z.
ASIGI'IAIIII-ISIGI'IA11[+II+SIGI'IAI1111/Z.
IFIATIII).lE.TCIASIIIJaAT111)/KKl
IFIAT1I!I.GT.TCIASIII)-IAT1III-TC)/KKZ+SC
IFIASIG"A1111.LE.FYIEPSILOIII)-ASIGP1A1II)/E1

6 IFIASIGI'IAIIII.GT.FYIEPSIL01111·IASIGI'IA1IIJ-FY"EZ+EPSISH
NI-N+l
I'IN-I'I+N
I'INI-I'IN+l
KI'IN-K+"+N
IFILZ.EO.O.IGO TO 22
[FIL3.EO.O.)Go TO Z3



00 7 I-l,N
7 OlIII-l3/N

23 00 8 I-Nl,HN
8 OLIII-l2/H

IFIll.EQ.O.IGO TO 52
22 00 q t-HN1,KMN

q OLII)-LI/K
IFIKMN.NE.NNNIDLINNNI-SPACE

52 ATCRACK-12.5bb~*SQRTIFCI*IUL2+01/PERI/IOOO.

J-l
00 5 I-I,NNN
ATIJ,II-AT1II1
ASIJ,ll-ASIIII
SIGMAIJ,II·SIGMA1II1
ASIGHAIJ,II-ASIGMAIII)
EPSILOIJ,II-EPSIlOIII)

5 CONTINUE
ASIGHAIJ,qql-SIGHA1Il)*A/AA
IFIASIGHAIJ,QQI.LE.FYIEPSILOIJ,Q91-ASIGHAIJ,q9)/El
IFIASIGHAIJ,Qql.GT.FY,EPSILOIJ,QQ,-IASIGHA(J,QQI-FY,/E2+EPSISH
ASIGHAIJ,100I-SIGHAlI11
IFIASIGHAIJ,lOOI.LE.FYIEPSILOIJ,lOOI-ASIGMAIJ,lOOI/El
IFIASIGHAIJ,lOOI.GT.FYIEPSIlOIJ,lOOI-IASIGHAIJ,lOOI-FYI/E2+EPSISH
WRITElb,2001IATIJ,II,I-l,NNNI,IASIJ,II,I-l,NNN),ISIGHAIJ,II,I-1,NN

1NNI,IASIGMAIJ,II,I-1,NNN),IEPSILOIJ,II,I-I,NNNI
200 FORHATIIHl,lOX,*BONO STRESS DISTRIBUTION BEFORE UNLOADING '*1,5110

lX,10F10.~/I,

110X,*lOCAl SLIP DISTRIBUTION BEFORE UNLOADING ,.,,5110X,10FI0.7/),
2l0X,*STEEl STRESS DISTRIBUTION BEFORE UNLOADING ••,,5110X,lOFI0.~'
31,10X,FIO.~/,

110X,*AVERAGE STEEL STRESS DISTRIBUTION BEFORE UNLOADING , *1,5110X
1,10FI0.~/),

4l0X,.STEEL STRAIN DISTRIBUTION BEFORE UNLOADING '.',5110X,10FIO.7'
~I,II/I

102 WRITElb,300)
300 FORMATI1Hl,*THE FOLLOWING ARE THEORECTICAL RESULTS I ."/1

IFIJT.EQ.1177,I03
103 REAO(ZIIISIGMA(J,ZI,I-l,lOOI,J-l,Z51,IDLIII,Z_I,lOOI,ATCRACK,TL,"R

1,NNN,AAOISP1,AAOISP2,AAOISP3,AAOISP4,AADISP5,AADlSPb,AADISP7,AADlS
IP8,AAOISPq,AOISPIO,IIATIJ,I),1-1,1001,J_1,25),IIASIJ,[1,r-l,lOOI,J
1-I,Z51,ISMAX1CII,I-l,100l,ISHAXZC(I,I_l,100l,CSMINICI),I-l,1001,CS
IHINZIII,I-l,lOOl,EPSIlOY,IIASIGHAIJ,I),I_I,lOO),J_l,Z,),CCEPSIlOCJ
1,I',I-l,lOO',J-l,Z",ISIGHAAIII,I-1,100),IEPSIlOAII),I-l,100),(SIG
IMATIII,ral,lOOl, IEPSIlOTCII,r a l,lOO),(EPSAI[I,I-1,lOOI,CB£TACII,I_
11,lOOI,CALPHIII,I-l,100l,COSIGlII),I_1,1001,IDSIGZCI),1-1,1001,ISI
1GMATlIII,I-l,lOO),ISIGHATZlll,I-l,100l,ISIGMAT3Cll,Ia1,100),C51G"A
IT~III,I-l,lOO),ISIGMAT5III,I_1,100)

REWIND Z
J-JT
AADISPl-DlSP1-OPI
AAOISP3-0ISP3-0P2
AAOISP5-0ISP~-OP3

AAOlSP7-0ISP7-0P3
AAOISpQ-OISP9-DP3
AAOISPZ-OISP2+DPl
AAOISP~-OISP4+0PZ

AADISP6-0ISPb+DP3
AADISP8-0ISP8+DP3
AOISP10-OISPIO+OP3
GO TO lO~

77 DO 18 r-l,NNN
IFIASIJ,II.GT.SMAX1CII)40,18

40 SHAX2III-SHAXICII
SMAXICII-ASIJ,I)

18 CONTINUE
00 lq I-l,NNN
IFCSIGMAACII.GE.-Fy.ANO.ASIGHAIJ,II.GT.SIGHAACII141,IQ

41 SIGHAAI[I-ASIGMAIJ,II
EPSILOA(II-EPSILOIJ,I)

lq CONTINuE
00 199 1-99,100
IF(SIGMAAIII.GE.-Fy.AHD.ASIGMAIJ,II.GT.SIGHAAClt'411,1qq
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~!! JLvMAA\LlsAJlvMAIJ,LI
EPSILOAIIlmEPSILOIJ,II

lQQ CONTINUE
10~ J-J+l

IFIJ.GE.JCIGO TO QQ
CALL CASEUllJI
IFIJ.LT.JC1.AND.ADISP.lT.DISPZIGO TO 78
IFIJ.GE.JC1.AND.J.LT.JCZ.AND.ADISP.LT.DISP4IGO TO 78
IFIJ.GE.JC2.AND.J.LT.JC3.AND.ADISP.LT.OISPbIGO TO 78
IFIJ.GE.JC3.ANO.J.LT.JC4.AND.ADISP.LT.OISP8IGO TO 78
IFIJ.GE.JC4.ANO.J.LT.JC5.ANO.AOISP.LT.OISPIOIGO TO 78

12 CALL CASEUZIJI
IFIJ.LT.JCl.AND.AOISP.LT.OISPZIGO TO 78
IFlJ.GE.JC1.A~0.J.LT.JCZ.ANO.ADISP.lT.OISP41GO TO 78
IFlJ.GE.JC2.ANO.J.lT.JC3.ANO.AOISP.lT.OISPbIGO TO 18
IFlJ.GE.JC3.ANO.J.LT.JC4.AND.AOISP.LT.OISP8IGO TO 78
IfIJ.GE.JC4.AND.J.LT.JC5.ANO.AOISP.LT.DISPIOIGO TO 78
IFIATlJ,NNNl.lT.-ATCRACKIGO TO 79
CALL CASEU3CJl
IFIJ.LT.JCl.ANO.ADISP.lT.DISPZIGO TO 78
IFIJ.GE.JC1.ANO.J.lT.JC2.ANO.ADISP.LT.OISP4IGO TO 78
IFlJ.GE.JCZ.ANO.J.LT.JC3.AND.AOISP.LT.OISP6IGO TO 78
IFIJ.GE.JC3.AND.J.lT.JC4.AND.AOISP.LT.DISP8IGO TO 78
IFIJ.GE.JC4.AND.J.LT.JC5.AND.AOISP.lT.DISPI0IGO TO 78
IFlTl.GE.lIGO TO lZ

79 CALL CASEU4lJl
78 DO 17 I-l,NNN

IFIASIJ,II.LT.SMINIIII130,17
30 SMINZIII.SMINlIII

SMINIIII-ASCJ,II
17 CONTINUE

00 20 I-l,NNN
IfISIGMAAIII.LE.FY.AND.ASIGMAIJ,II.LT.SIGMAAIII131,ZO

31 SIGMAAIII-ASIGMAIJ,Il
EPSILOAlII-EPSILOIJ,ll
IFISIGMAAIII.LT.-fYIGO TO Q8

20 CONTINUE
J-J+l
CALL CASERllJI
IFIJ.LT.JCl.AND.AOISP.GT.OISPlIGo TO 77
IFIJ.GE.JCl.ANO.J.LT.JC2.ANO.AOISP.GT.OISP3IGO TO 11
IFIJ.GE.JCZ.ANO.J.LT.JC3.ANO.ADISP.GT.OISP5IGO TO 77
IFIJ.GE.JC3.ANO.J.LT.JC4.ANO.ADISP.GT.DISP71GO TO 77
IfIJ.GE.JC4.AND.J.LE.JC5.ANO.ADISP.GT.OISPQIGO TO 77

14 CALL CASER2lJI
IfIJ.LT.JC1.AND.ADISP.GT.DISPIIGO TO 77
IFlJ.GE.JC1.AND.J.LT.JCZ.AND.AOISP.GT.OISP3IGO TO 77
IfCJ.GE.JC2.AND.J.LT.JC3.ANO.AOISP.GT.OISP51GO TO 77
IfIJ.GE.JC3.AND.J.LT.JC4.ANO.AOISP.GT.OISP71GO TO 77
IfCJ.GE.JC4.AND.J.LE.JC5.AND.AOISP.GT.DISPQlGO TO 71
CALL CASER3lJl
IFCJ.LT.JCl.ANO.AOISP.GT.DISPlIGO TO 77
IFlJ.GE.JC1.AND.J.LT.JC2.ANO.ADISP.GT.OISP31GO TO 71
IFIJ.GE.JCZ.AND.J.LT.JC3.ANO.ADISP.GT.OISP51GO TO 71
IFIJ.GE.JC3.ANO.J.LT.JC4.AND.ADISP.GT.OISP71GO TO 77
IfCJ.GE.JC4.AND.J.LE.JC5.ANO.ADISP.GT.DISPQIGO TO 77
IFITL.GE.LIGO TO 14

98 WRITElb,4001 ISIGMAA(II,I-l,NNNI
400 FORMATCI0X,*SOME SEGMENTS YIELD IN COMPRESSION fIRST, USE ANOTHER

ISET OF STRESS_STRAIN CURVES, OR MODIFY SEGMENT lENGTH a.,,5110X,lO
IFIO.4/11

99 WRITEI211ISIGMAIJ,II,I-l,lOOI,J-l,2)I,IDlIII,I-1,lOOI,ATCRACK,TL,M
lR,NNN,AAOISPl,AAOISP2,AADISP3,AADISP4,AADISP5,AADIS'6,AADISP7,AADI
lSP8,AADISPQ,ADISPIO,IIATIJ,II,t-l,lOOI,J-l,251,IIASIJ,1),1-1,1001,
IJ-l,251,ISMAXlll',I-1,lOOI,ISMAXZIII,I-l,lOOI,ISMINll11,1-1,1001,1
lSMINZIII,I-l,100I,EPSILOV,IIASI'MAIJ,II,I-l,lOOI,J-1,251,ICEPSIlOI
IJ,II,I-l,100I,J-l,25I,ISIGMAAIII,I-l,1001,IEPSILOAI[1,1-1,1001,151
IGMATIII,I-l,1001,IEPSILOTIII,I-I,lOOI,IEPSAII"I-1,lO0),(8ETAlIl,1
1-1,1001,IALPHIII,I-l,lOOI, IDSIGlll"I-1,lOOI,IOSIG2111,I-l,100I,(S
lIGMATlIIl,I-l,lOOI,ISIGMAT2IIl,I-I,lOOI,ISIGMAT3IIl,1-1,1001,15IG"
lAT4III,I-l,1001,ISIGMAT51II,I-I,lOOI

END FILE Z



STOP
END

SUBROUTINE CASEUIIJ)
REAL KKl,KKZ,KK3,KK~,KK5,KKb,Kl,KZ,K3,Ll,LZ,l3,L

COMMON/BOND/SIGMAIZ5,100),OLII00),ATCRACK,TL,M~,""NNN,ll,LZ,L3,L,

SSPACE,PERI,A,AA,UL1,ULZ,FC,P,ADISP,OISPl,OISPZ,0ISP3,DtSP~,DIS'5,O

SISPb,DISP7,OISP8,AAOISPl,AADISPZ,AAOISP3,AAOISP~,AAOISP5,AAOISP6,A

SADISP7,AADISP8,D,DISP9,DISPIO,AAOISP9,ADISPI0,JC,JCl,JC2,JC3,JC~,J

SC5,PC1,PCZ,PC3,PT1,PTZ,PT3
COMMON/LB/ATIZ5,lOO),ASIZ5,lOO),SKAXII100),SKAXZIIOO),S"INICIOO),S
SMINZII00),KK1,KKZ,KK3,KK~,KK5,KKb,AALPH,BBETA,TO,TC,SC,T"AX,SMAX,T

snln
COM~ON/STRAIN/FY,El,E2,EPSILOy,EPS1SH,ASIGKAC25,100),EPSILOCZ5,lOO

S),SIGMAAIIOO),EPSILOACIOO),SIGKATCIOO),EPSILOTCIOO),E'SACI00),BETA
SCI001,ALPHCI001,DSIGICIOOI,OSIGZCI00),SIG~ATICIOO),SIG"ATZCI00),51

SGKAT3CI00),SIGMAT~II00),SIG"AT5CI00)

DO 1 l-l,NNN
ATCJ,I)-ATCJ-l,II
ASCJ,II-ASCJ-l,II
EPSILOCJ,I)-EPSILOCJ-l,I)

1 SIGMACJ,I)-SIGKACJ-l,I)
Il-a

~ n-Il+5
1-11
IFCI.GE.NNN)GO TO 99
ATIJ,I)-ATIJ,I)-0.05*ATCJ,I)
ASCJ,II-ASCJ-l,I)-IATCJ-l,I)-ATCJ,I)I/KK~

Z CALL LOCALIJ,I)
SIGKAIJ,I)-ATIJ,I)*OLCII*PERI/A+SIGKAIJ,I+I)
ASIGKAIJ,II-CSIGMAIJ,l)+SIGKACJ,I+l»/Z.
CALL STEELCJ,I)
IFCI.EQ.l)GO TO 3
ASCJ,I-1)-ASIJ,I)+E~SILOCJ,I)·Olll)

1-1-1
GO TO Z

3 AOISPZ-ASIJ,I)+EPSll0CJ,I)*OLCI)
13-100
ASIGKAIJ,131-SIGMAIJ,I)



ADISPI-AOISP2+EPSllOlJ,I31.UlZ
12-99
ASIGMAtJ,IZl-SIGMAtJ,I)·A/AA
CALL STEEltJ,IZ)
P-SIGMAlJ,Il*A
AOISP-AOISP1+UL1·EPSILOlJ,IZl
NNNN-NNN+l
WRITElb,ZOOIP,AOISP

200 FORMATtbX,4H•••• ,.FORCE - .,FIO.bl
110X,*OISPLACEMENT - *,F9.5/1

WRITElt"ZOll
201 FORMATIIOX,*BOND STRESS OISTRIBUTION '.1

WRITElb,ZOZllATIJ,Il,I-l,NNNI
202 FORMATIIOX,10FIO.4)

WRITElb,Z03) .
Z03 FORMATII0X,*STEEL STRESS DISTRIBUTION 1*1

WRITE I 0, 2041 lSIGMA IJ, II, I-I, NNNN I
Z04 FORf'lATllOX,10FlO.4)

IFlJ.LT.JCl.AND.ADISP.LT.OlSPZlGO TO 99
IFIJ.GE.JC1.AND.J.LT.JC2.AND.ADISP.LT.DISP4)GO TO 99
IFIJ.GE.JCZ.ANO.J.lT.JC3.AND.AOISP.LT.OISPb)GO TO 99
IFlJ.GE.JC3.AND.J.LT.JC4.ANO.ADISP.LT.OISP8IGO TO 99
IFIJ.GE.JC4.AND.J.LT.JC5.AND.AOISP.LT.DISPI01GO TO 99
GO TO 4

99 RETURN
END

SUBROUTINE CASEUZlJl
REAL KKl,KKZ,KK3,KK4,KK5,KKb,K1,KZ,K3,Ll,LZ,L3,L
COf'lMON/BOND/SIGMAlZ5,lOOI,DLlI001,ATCRACK,TL,MR,f'lP,NNM,Ll,LZ,Ll,L,
SSPACE,PERI,A,AA,ULl,ULZ,FC,P,ADISP,DISPl,DISPZ,DISP3,OIS'~,DISP5,D

SISPb,DISP7,DISP8,AADISPl,AADISPZ,AADISP3,AADISP4,AADlSP5,AADISP6,1
SADISP7,AADISP8,D,DISP9,DISPIO,AADISP9,ADISPIO,JC,JC1,JC2,JC3,JC~,J

SC5,PC1,PCZ,PC3,PT1,PTZ,PT3
COMf'lON/L8/ATlZ5,100),ASIZ5,lOOI,SMAXIII00),Sf'lAXZ(1001,Sf'lIN1(1001,$

Sf'lINZ(100I,KKl,KKZ,KK3,KK4,KK5,KKb,AALPH,88ETA,TO,TC,$C,Tf'lAX,Sf'lAX,T
STf'lAX

COf'lMON/STRAIN/FY,El,E2,EPSILOY,EPSISH,ASIGf'lA(25,lOOI,EPSILO(Z5,lOO
SI,SIGMAAIIOOl,EPSILOA(lOOI,SIGf'lAT(lOOI,EPSILDT(lOOI,E,$A(1001,8ET1
S(1001,ALPHlIOOI,DSIGltlOOI,DSIGZtlOO),SIGf'lAT1(lOO),SIGMATZtlOO),SI
SGMAT3l1001,SIGMAT4tlOO),SIGMAT5l100)

~ I-NNK
IFlJ.LT.JCIIGO TO ~1

IF(J.GE.JCl.AND.J.LT.JCZIGO TO ~Z

IF(J.GE.JC2.AND.J.LT.JC31GO TO ~3

IFlJ.GE.JC3.AND.J.LT.JC4)GO TO 44
IFlJ.GE.JC4.AND.J.LT.J(5)GO TO 45

41 IflAOISP.LT.AADISPZ.OR.P.lT.PC1)51,5Z
51 AS(J#II-ASlJ,Il-0.0000125

GO TO 7
52 ASlJ,II-ASlJ.Il-O.OOOZ

GO TO 7
~Z IFIADISP.LT.AAOISP~.OR.P.LT.PCZI51,5Z

43 IFlADISP.LT.AADISP6.0R.P.LT.PC3151,5Z
4~ IFlADISP.LT.AADISP8.0R.P.LT.PC3151,5Z
45 IFlADISP.LT.AOISPIO.OR.P.LT.PC3151,5Z

7 IFlTl.LT.LI9,lO
9 ATlJ,I)-ASlJ,Il*KKl

IFIATlJ,Il.LT.-TOIGD TO 99
GO TO 1

10 CALL lOCAllJ,II
1 SIG~AtJ,I)-ATlJ,II.OLlIl.PERI/A+SIG~AlJ,I+11

ASIG~AlJ.I)-lSIG~AlJ,Il+SIGf'lA(J,I+lII/Z.



CAll STEELIJ,1l
IFII.EQ.IIGO TO 3
AS(J,I-II-AS(J,II+EPSllO(J,II.Ol(II
1-1-1
GO TO 10

3 AOISPZ-AS(J,II+EPSIlO(J,II*OlCII
13-100
ASIGMACJ,I31-SIGMACJ,II
CAll STF.EUJ,131
AOISPI-ADISPZ+EPSIlO(J,131*UlZ
I2-qq
ASIGMA(J,I21-SIGMACJ,II*A/AA
CAll STEElCJ,121
P-SIGI1AlJ,II*A
ADISP-AOISP1+UL1*EPSILO(J,IZI
NNNN-NNN+l
WRITElb,ZOOIP,AOISP

ZOO FORHATlbX,~H***.,*FORCE - *,FI0.bl
110X,.OISPLACEI1ENT - *,Fq.5/1

WRITE(6,2011
Z01 FORI1AT(IOX,*BONO STRESS DISTRIBUTION 3.1

WRITE(6,ZOZI IATlJ, 11,1-1,1'41'41'41
Z02 FORMAT(10X,10F10.~1

WRITE16,2031
Z03 FORI1ATlIOX,*STEEl STRESS DISTRIBUTION .*1

WRITElb,ZO~I(SIGMAlJ,II,I-1,NNNNI

ZO~ FORI1AT(IOX,10F10.~1

IFlJ.LT.JC1.ANO.ADISP.lT.DISP2IGO TO qq
IFlJ.GE.JC1.ANO.J.lT.JCZ.AND.AOISP~lT.OISP4IGOTO q9
IFlJ.GE.JCZ.ANO.J.lT.JC3.AND.AOISP.lT.DISPbIGO TO 9q
IFlJ.GE.JC3.AND.J.lT.JC4.AND.AOISP.lT.DISP8IGO TO 99
IFIJ.GE.JC4.ANO.J.lT.JC5.AND.ADISP.lT.DISP10IGO TO 99
IF lHR. EQ.O 111,4

11 IF(ATIJ,NNNI.lE.-ATCRACKI12,4
12 I-NNN

Al-l-Ul2

Ul-l
15 AlL-Ul-DL (I I

IFlAAl.lE.ALI13,14
14 1-1-1

GO TO 15
13 NNN-l-1

SIGMAIJ,NNN+II-O
WRITE16,3001

300 FORI1ATIIHI,*WEDGE AT DEAD END HAS DROPPED .,11)
q9 RETURN

END

N........

N....
00



~UOKUUI!Nt CASEU3IJ)
REAL KK1,KK2,KK3,KK~,KK5,KK6,Kl,KZ,K3,ll,l2,l3,l

CO~~ON/BOND/SIGMAl25,100),DllIOO),ATCRACK,Tl,"R,"P,NNN,Ll,L2,ll,l,

SSPACE,PERI,A,AA,Ull,Ul2,FC,P,ADISP,DISPl,DISPZ,OISP3,OIS,~,O[SP"D

SISP6,DISP7,DISP8,AADISPl,AADISPZ,AADlSP3,AADISP~,AADISP5,AADISP6,A

SADISP7,AADISP8,D,DISP9,DISPI0,AADISP9,ADISPI0,JC,JCl,JC2,JC3,JC4,J
SC5,PCl,PCZ,PC3,PTl,PTZ,PT3
CO~MON/lB/ATl25,100),ASlZ~,100),SMAXll100),SHAX2l100),SHINl(100),S

S~INZlI00),KK1,KKZ,KK3,KK~,KK5,KK6,AAlPH,B8ErA,rO,TC,sC,THAX,SHAX,T

STIUX
COH~ON/STRAIN/Fy,El,EZ,EPSIlOY,EPSISH,ASIG~Af25,100),EPSIlOlZ5,100

S),SIG~AAlI00),EPSIlOAlI00),SIGMATlI00),EPSIlOTf100),EPSAfl00),BETA

SflOO),ALPHllOO),DSIGll100),OSIGZl100),5IGMATlf100),5IGHAT2(100),51
5GMAT3(100),SIG"AT4l100),5IG"AT5l100)

DDl-O.l .
I-NNN
ATlJ,n--TO
ASlJ,I)-ATlJ,I)/KKl
GO TO 1

4 NNN-NNN+l
I-NNN
AT lJ, [)--TO
ASlJ,II-ATfJ,I)/KKl
DlCI)-DDl
n-TL+Ol l I)
IFCTl.GE.l)GO TO 8
GO TO 1

10 CAll lOCAllJ,I)
1 SIGHAfJ,I)-ATlJ,I)*OLlI)*PERI/A+SIGHAlJ,I+l)

ASIGMAlJ,I)-lSIGMAlJ,I)+5IGMAlJ,I+l)I/Z.
CAll STEElCJ,I)
IFCI.EQ.l)GO TO 3
ASlJ,I-l)-ASlJ,I)+EPSIlOlJ,I)*Olll)
1-1-1
GO TO 10

3 AOISPZ-ASlJ,I)+EPSIlOCJ,I)*DllI)

13-100
ASIGHAlJ,I3)-SIGHAfJ,I)
CAll STEEUJ,I31
ADlSPI-AOISP2+EPSIlOlJ,I3)*UlZ
12-99
ASIGMAlJ,IZ)-SIGHAlJ,I)*A/AA
CALL STEEUJ,IZ)
P-SIGMAIJ,I)*A
AOISP-AOISPl+Ull*EPSILOCJ,IZ)
NNNN-NNN+l
WRITElb,200)P,ADISP

ZOO FORMATl6X,~H** •• ,*FORCE - *,FI0.61
110X,*OISPlACEMENT • *,F9.5/)

WRITFl6,ZOll
ZOI FORMATlIOX,*BOND STRESS DISTRIBUTION t*)

WRITEl6,20Z)CATIJ,I),I-l,NNN)
202 FORHATlIOX,lOFIO.4)

WR ITEC6, Z03)
Z03 FORMATIIOX,*STEEl STRESS DISTRIBUTION '*1

WRITEl6,20~)lSIGHAlJ,I),I-l,NNNNI

20~ FORHATlIOX,lOFIO.~)

IFlJ.lT.JCl.AND.AOISP.lT.DISPZ)GO TO 99
IFCJ.GE.JCl.AND.J.lT.JCZ.lNO.AOlSP.lT.DISP~)GO TO 99
IFIJ.GE.JCZ.ANO.J.lT.JC3.AND.AOISP.lT.DISPb)GO TO 99
IFIJ.GE.JC3.AND.J.lT.JC~.AND.ADISP.lT.DISP8)GO TO 99
IFlJ.GE.JC~.AND.J.lT.JC5.AND.AOISP.LT.DI5'lO)GOTO 99
GO TO ~

8 OllI)-OOl+L-Tl
99 RETURN

END

N..,
10

1'10



~U~KUUI!N~ CA~~U~(J)

REAL KK1,KKZ,KK3,KK4,KK5,KKb,Kl.KZ.K3.l1.lZ.l3.l
COH"ON/eOND/SIGHAlZ5.100),DlClOOI,ATCRACK,Tl,KR,"P,NNN,l1,lZ,lJ,L,

SSPACE,PERI.A,AA,Ull,UlZ,FC,P.ADISP,OISPl,DISPZ,DISP3,DISP4,DIS",D
SISPb,DISP7.DISP8.AADlSP1.AADISP2,AADISP3,AADISP4,AAOISP5,AADISPb,A
SADISP7,AADISP8.D,OISP9,OISP10,AAOISPQ,ADISPIO,JC,JC1,JCZ,JC3,JC4,J
SC5,PCl,PCZ,PC3.PT1,PTZ.PT3

COH"ON/lB/ATlZ5,lOO),ASlZ5,lOO).SKAXll100),SMAXZC100),S"IN1(100),5
'MINZl100I,KK1.KKZ,KK3,KK4.KK5,KKb.AAlPH,8BETA.TO.TC,SC.T"AX,SKAX,T
STMAX

COMMON/STRAIN/FY,El,EZ,EPSIlOV,cPSISH,ASIGHAlZ5,100),EPSIlOlZ5,100
SI,SIGHAAIIOOI.EPSIlOAIIOO),SIGKATl100I,EPSIlOTC100),EPSAl100J,8ETA
SI100J,ALPHl100J.OSIGllIOO).OSIGZIIOOI,SIGHAT1l100),SIG"ATZ(100),SI
5GHAT3(100),5IG"AT4l100I,SIG"AT5l1001

4 I-NNN
IfIHR.EO.0)17.18

17 ASCJ,l)-ASlJ,I)-0.0078
GO TO 7

18 IFlJ.lT.JCIIGO TO 41
IFCJ.GE.JC1.AND.J.LT.JCZIGO TO 4Z
IFlJ.GE.JCZ.ANO.J.LT.JC3IGO TO 43
IFCJ.GE.JC3.ANO.J.lT.JC4IGO TO 44
IFlJ.GE.JC4.ANO.J.lT.JC5IGO TO 45

41 IFIAOISP.LT.AAOISPZ.OR.P.lT.PClI51,5Z
51 ASIJ,II-ASlJ,II-0.00001Z5

GO TO 7
52 A$CJ,II-ASlJ,II-O.OOOZ

GO TO 7
4Z IFIAOISP.lT.AADISP4.0R.P.lT.PC2151,5Z
43 IFIADISP.lT.AAOISP&.OR.P.lT.PC3)51,5Z
44 IFlADISP.lT.AADISP8.0R.P.lT.PC3)51.5Z
4' IFIAOISP.LT.ADISP10.0R.P.lT.PC3151,5Z

7 CALL LOCALCJ,I)
SIGHAIJ,I)-ATIJ,II*OLIII*PERI/A+SIGKAlJ,I+IJ
ASIGHAlJ,I)-ISIGHAlJ,I)+SIGMAIJ,I+1))/2•.
CAll STEElIJ,I)

IFII.EQ.1)GO TO 3
ASIJ,I-II-ASIJ,I)+EPSllOIJ,I)*OLlII
t-I-1
GO TO 7

3 ADISP2 D ASlJ,I)+EPSIlOCJ,I)*OLlI)
13-100
ASIG"AIJ,I3)-SIGHAIJ,II
CAll STEEllJ,I3J
ADISPl-AOISP2+EPSILOlJ,I3).ULZ
12-99
ASIGHAIJ,IZI-SIGHAlJ,I)*A/AA
CALL STEElIJ.I21
P-SIGMAIJ,II.A
AOISP-AOISPl+UL1.EPSILOIJ,IZI
NNHN-NNN+l
WRITElb.200IP,AOISP

200 fORMATlbX,4H •••••• fORCE - *,FIO.bl
110X••OISPlACEHENT - *,F9.5/1

WRITElb.201)
ZOl FORMATlIOX,.BONO STRESS DISTRIBUTION .·1

WRITE(b,ZOZ)IATIJ,I).I-1,NNNJ
202 FORMATC10X.10flO.4)

WRITEI6,Z031
203 FOR"ATI10X,.STEEl STRESS DISTRIBUTION .*)

WRITElb,Z041ISIG~AIJ,I),I-l,NNNN)

204 FORHATIIox.10FIO.41
IfIJ.LT.JC1.ANO.AOISP.lT.OISP2IGO TO 99
IFlJ.GE.JCl.AND.J.LT.JCZ.AND.ADISP.lT.DISP4JGO TO 99
IfIJ.GE.JC2.ANO.J.lT.JC3.AND.ADISP.LT.OISPb)GO TO 99
IFIJ.GE.JC3.AND.J.lTeJC4.ANO.ADlSP.lT.DISP8)GO TO 99
IFIJ.GE.JC4.ANO.J.lT.JC5.AND.ADISP.LT.OISP10IGO TO 99
HR-l
GO TO ~

99 MR-1
RETURN
END



SUBROUTINE CASERllJI
REAL KK1,KKZ,KK3,KK4,KK5,KKb,Kl,KZ,K3,Ll,LZ,L3,L
COHHON/80No/SIGHAlZ5,lOOI,OlllOO),ATCRACK,Tl,HR,""NNN,Ll,LZ,L3,L,

SSPACE,PERI,A,AA,Ul1,UlZ,FC,P,AOISP,oISP1,OISPZ,OISP3,OIS'4,DISP5,D
SISPb,oISP7,0ISP~,AAoISPl,AAoISPZ,AAOISP3,AAOISP4,AAOISP5,AAOISPb,A

SAOISP7,AAoISP8,O,OISP9,DISPIO,AAOISP9,ADISPIO,JC,JCl,JCZ,JC3,JC4,J
SC5,PCl,PCZ,PC3,PTl,PTZ,PT3

COHHON/lBfATl25,lOOI,ASlZ5,lOOI,SMAX1l100),SMAXZlIOO),$"INl(100),S
SMINZ(100),KKl,KKZ,KK3,KK4,KK5,KKb,AAlPH,BBETA,TO,TC,SC,TMAX,SMAX,T
STHAX

COHHON/STRAIN/FY,El,EZ,EPSllOY,EPSISH,ASIGMAlZ',lOO),EPSILOlZS,100
S),SIGMAAllOO),EPSILOAllOOI,SIGMATl100),EPSILOTC100),EPSACIOO),8ETA
SllOOI,AlPHl1OOI,DSIG1(100),DSIGZl100),SIGMATIl100),SIGMATZlIOO),SI
SGHAT311001,SIGMAT4(100),SIGMAT5l100)

DO 1 l-l,NNN
ATIJ,I)-ATlJ-1,1)
ASIJ,II-ASlJ-l,I)
EPSIlOlJ,II-EPSIlOlJ-1,II

1 SIGMAIJ,I)-SIGMAlJ-1,1)
11-0

4 11-11+5
I-II
IFII.GE.NNN)GO TO 99
ATIJ,I)-ATIJ,II-0.05·ATlJ,I)
ASlJ,II-ASIJ-l,II-lATlJ-l,I)-ATIJ,I»/KK4

Z CAll LOCAllJ,I)
SIGMAlJ,I)-ATlJ,I)·OLII)·PERI/A+SIGHAlJ,I+1)
ASIGMAlJ,I)-lSIGMAlJ,I)+SIGHAlJ,I+1»/Z.
CAll STEEllJ,I)
IFII.EQ.I)GO TO 3
ASlJ,I-l)-ASlJ,I)+EPSIlOlJ,I)·OLlI)
1-1-1
GO TO Z

3 Ao[SPZ-ASlJ,I)+EPSIlOlJ,I).oll[)
13-100
ASIGMAlJ,I3)-SIGHAlJ,I)



CALL STEELIJ,I3J
AOISP1-AOISPZ+EPSILOCJ,I3J·Ul2
IZ-99
ASIG"ACJ,IZJ-SIG"AIJ,IJ·A/AA
CALL STEELCJ,IZJ
P-SIG"ACJ,IJ·A
AOISP-AOISP1+Ul1·EPSIlOCJ,I2J
NNNN-NNN+1
WAITElb,200JP,AOISP

200 FOA"ATCbX,~H•••• ,.FORCE • *,F10.bl
110X,*OISPLACEMENT - *,F9.'/J

WRITElb,201J
201 FO~MATIIOX,.80NO STRESS DISTRIBUTION .*J

WRITElb,ZOZJCATCJ,IJ,I-l,NNNJ
ZOZ FORMATCIox,10FIO.~J

WRITEC6,Z03J
203 FOR"ATC10X,.STEEl STRESS OISTRIBUTION '*J

WRITEI6,Z04ICSIG"ACJ,I),1-1,NNMNJ
ZO~ FOR"AT(lOX,lOFIO.4J

IFCJ.LT.JC1.AND.AOISP.GT.OISPIJGO TO 99
IfCJ.GE.JCl.AND.J.LT.JCZ.ANO.AOISP.GT.OISP3JGO TO 99
IFCJ.GE.JC2.ANO.J.LT.JC3.ANO.ADISP.GT.OIS'5JGO TO 99
IFCJ.GE.JC3.ANO.J.LT.JC4.ANO.AOISP.GT.OISP7JGO TO 99
IFCJ.GE.JC4.AND.J.LE.JCS.ANO.ADISP.GT.OISP9JGO TO 99
GO TO 4

qq RETURN
END

SUBROUTiNE CASERZCJI
REAL KKl,KK2,KK3,KK4,KK5,KK6,Kl,KZ,K3,L1,LZ,L3,L
COMMON/BONO/SIGMACZ5,100J,DLI100),ATCRACK,TL,"R,""NNN,L1,lZ,L3,L,
SSPACE,PERI,A,AA,Ull,Ul2,FC,P,ADISP,DISPl,DISPZ,OISP3,DIS~4,DISP5,D

SISP6,DISP7,DISP8,AADISP1,AADISPZ,AADISP3,AAOISP4,AAOISP5,AADISPb,A
SADISP7,AAOISP8,D,DISP9,OISP10,AADISPq,ADISP10,JC,JC1,JCZ,JC3,JC4,J
SC5,PC1,PCZ,PC3,PT1,PTZ,PT3
COMMON/LB/ATI2S,lOOI,ASI25,100J,S"AX11100J,S"AXZI100J,S"IN1(100J,S

S"IN21100J,KK1,KK2,KK3,KK4,KK5,KKb,AAlPH,8BETA,TO,TC,SC,T"AX,SMAX,T
STMAX

COMMON/STRAIN/FY,E1,EZ,EPSIlOy,EPSISH,ASIGMAIZ5,100J,fPSILOCZ5,100
SJ,SIG"AACIOOJ,EPSILOAI100J,SIG"ATC100J,EPSILOTI100J,ePSA(lOOJ,BETA
S(100),ALPHI100J,DSIG1C100J,DSIGZC100J,SIGMATII1OOJ,SIG"ATZC100J,SI
SGMAT311001,SIG"AT~CIOOI,SIG"AT5CI00)

~ I-NNN
IFCJ.LT.JC1JGO TO ~l

IFCJ.GE.JC1.AND.J.lT.JCZJGO TO 4Z
IFCJ.GE.JCZ.AND.J.lT.JC3)GO TO ~3

IF(J.GE.JC3.ANO.J.lT.JC~JGO TO ~4

IFIJ.GE.JC4.ANO.J.LE.JCSJGO TO 45
~1 IFCAOISP.GT.AADISP1.OR.P.GT.PTlI51,5Z
51 ASCJ,IJ-ASCJ,I)+O.0000125

GO TO 7
SZ ASCJ,IJ-ASIJ,IJ+O.OOOZ

GO TO 7
~Z IFIADISP.GT.AAOISP3.0R.P.GT.PTZI51,5Z
43 If(ADrSP.GT.AADrSP5.0R.P.GT.PT3J~1,>Z

~~ IFCADISP.GT ••ADISP7.0R.P.GT.PT3JS1,SZ
~5 IFIADISP.GT.AADISP9.0R.P.GT.PT3J51,5Z

7 IFITL.LT.l)9,lO
9 ATCJ,I)-ASCJ,II.KKI

IFlATIJ,II.GT.TOIGO TO 99
GO TO 1

10 CAll LOCALIJ,IJ
1 SIG"AIJ,I)-ATIJ,II*OlCI).PERI/A+SIGMAIJ,I+IJ

ASIG"AIJ,IJ-ISIG"ACJ,IJ+SIGMACJ,I+1JJ/Z.

If}



IFC1.EQ.IIGO TO 3
ASCJ,I-l1-ASCJ,Il+EPSILOIJ,II.DLllt
1-1-1
GO TO 10

3 ADISPZ-ASCJ,II+EPSILOCJ,Il.DL(11
13-100
ASIGMACJ,131·SIGMACJ,II
CALL STEELCJ,(3)
ADISPIDADISPZ+EPSILOCJ,131.ULZ
IZ·qq
ASIG"ACJ,121-SIGMACJ,I).A/AA
CALL STEELCJ,IZI
P·SIGMACJ,II.A
ADISP-ADISPl+ULl.EPSILOCJ,IZI
~NNN-NN~.1

WRITEC6,ZOOIP,ADISP
ZOO FORMATCbX,4H•••• ,.FORCE - .,FlO.bl

Il0X,.DlSPlACEME~T - .,F9.5/)
WRITECb,ZOl)

201 FORMATCIOX,.BOND STRESS DISTRIBUTION •• )
WRITEC6,ZOZI(AT(J,ll,I-l,NNNl

20Z FORMATCIOX,lOFlO.~1

WRITE(b,Z031
203 FORMATIIOX,*STEEL STRESS DISTRIBUTION 1*1

WRITE(b,Z041CSIGMAIJ,I),I-l,NNNNl
ZO~ FORMATII0X,10FlO.~1

IF(J.lT.JCl.ANO.AOlSP.GT.OISPlIGO TO 99
IFCJ.GE.JCl.AHO.J.LT.JCZ.ANO.ADISP.GT.OISP3)GO TO 99
IFCJ.GE.JCZ.ANO.J.lT.JC3.AND.ADISP.GT.OISP5)60 TO 99
IFCJ.GE.JC3.AHD.J.lT.JC~.AND.AOISP.GT.DISP7)GO TO 99
IFCJ.GE.JC~.AND.J.LE.JC5.ANO.ADISP.GT.OISP9)GO TO 99
GO TO 4

99 RETURN
END

SUBROUTINE CASER3CJ)
REAL KKl,KKl,KK3,KK4,KK5,KK6,Kl,KZ,K3,ll,lZ,l3,L
COMMON/BOND/SIGMAIZ5,lOOI,OlI10o),ATCRACK,Tl,"R,""NNH,Ll,LZ,L3,L,
SSPACE,PERI,A,AA,Ull,ULZ,FC,P,AOISP,DISPl,DISPZ,OISP3,DISP~,OISP',D

SISPb,DISP7,DISPB,AAOISPl,AADISP2,AADlSP3,AADISP4,AADISP5,AADlSP6,A
SAOISP1,AAOISPB,O,DISP9,OISPlO,AADISpq,ADISPlO,JC,JCl,JCZ,JC3,JC~,J

SC5,PCl,PCZ,PC3,PTl,PTZ,PT3
COHHON/lB/ATIZ5,1001,ASIZ5,100I,SHAXIIlOOI,SHAXZClOO),SMINIClOO),S

SHINZ(lOOI,KKl,KKZ,KK3,KK4,KK5,KKb,AAlPH,BBETA,TO,TC,SC,T"AX,S"AX,T
STMAX
COHHON/STRAIN/FY,El,EZ,EPSILOY,EPSISH,ASIGHACZ5,lOOI,EPSILOCZ',lOO

SI,SIGHAACIOOI,EPSllOAClOOI,SIGHATI100),EPSILOTI1001,E'SAClOO),8ETA
SCIOOl,ALPHClOO),OSIGlClOOI,DSIGZllOO),SIGMATlllOO),SIGMAT2ClOOJ,SI
SGMAT3ClOOI,SIGMAT4Il00),SlG"AT5ClOO)

DDll-0.Z5
DOlZ-O.l
OOl3-0.03
I-NNN
ATeJ,IJ-TO
ASCJ,II-AT(J,I)/KKl
GO TO 1

~ NNN-NNN+l
I-NNN
ATCJ,II-TO
ASCJ,II-ATlJ,Il/KKl
Ol(II-DOLl
IFlJ.lT.JC1.ANO.AOISP.GT.AADISP1)OlCII-DDLZ
If(J.GE.JCl.ANO.J.lT.JCZ.ANO.ADISP.GT.AADISP3)OLCI)-DDLZ
IFCJ.GE.JCZ.AND.J.LT.JC3.AND.AOISP.GT.AADISP5)OL(IJ-DOLZ
IFCJ.GE.JC3.AND.J.LT.JC~.AND.ADISP.GT.AADISP7IDLCII-DDLZ

IfCJ.GE.JC4.AND.J.lE.JC5.AND.AOISP.GT.AADISP910lCII-ODLZ
IFCOLCII.EQ.OOlZ.AHO.O.LE.0.75IDLCI)-ODL3
Tl-Tl+OLCII
IfCTL.GE.lIGO TO B
GO TO 1

10 CALL LOCAL(J,II



1 SIGMAIJ,II-ATIJ,ll.OLCII*PERI/A+SIGMACJ,I+ll
ASIGMAIJ,II-CSIGMACJ,II+SIGMAIJ,1+111/2.
CAll STEElIJ,I1
IFCI.EQ.1IGO TO 3
ASCJ,I-11-ASCJ,II+EPSIlOIJ,II.OLIII
1-1-1
GO TO 10

3 AOISP2-ASCJ,II+EPSIlOCJ,II*OlCII
13-100
ASIGMAIJ,I31-SIGHACJ,II
CAll STEElIJ,131
AOISP1-AOISP2+EPSIlOIJ,I31*Ul2
12 ..Q9
ASIG~ACJ,IZI-SIGHAIJ,II*A/AA

CAll STEElIJ,121
P-SIGMACJ,II·A
ADISP-A01SP1+UL1*EPSIlOCJ,I21
NNNN-NNN+1
WRITECb,200IP,AOISP

200 fORMATCbX,4H •••• ,.FORCE - .,FIO.bl
110X,*DlSPLACEMENT - .,F9.5/)

WR ITEl b, 20 11
201 FORMATllOX,.BONO STRESS DISTRIBUTION I.)

WRITElb,2021 IATIJ, IJ,I-l,NNN)
Z02 FORHATI10X,lOFIO.4)

WRITECb,Z031
203 FORHATC10X,.STEEl STRESS DISTRIBUTION •• )

WRITECb,204ICSIGHAIJ,I),I-1,NNNN)
204 FORMATCIOX,lOFIO.4)

IFCJ.lT.JC1.AND.ADISP.GT.DISPl)GO TO qQ
IFIJ.GE.JC1.ANO.J.lT.JCZ.AND.AOISP.GT.DISP3)GO TO 99
IFCJ.GE.JCZ.AND.J.LT.JC3.AND.ADISP.GT.DISP5)GO TO 99
IFCJ.GE.JC3.ANO.J.LT.JC4.AND.ADISP.GT.DISP7IGO TO qq
IFIJ.GE.JC4.ANO.J.lE.JC5.AND.ADISP.GT.DISPq)GO TO 99
GO TO 4

8 DlIII-DlIII+L-TL

99 RETURN
END

N
OIl
OIl

1'15
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SU8ROUTINE LCCALIJ,I)
REAL KK1,KKZ,KK3,KK~,KK5,KK6,K1,KZ,K3,Ll,LZ,L3,L

COMMON/lB/ATIZ5,lOOI,ASIZ5,lOOI,SMAXlI100),SI1AXZllOO),SI1INIIIOO),S
SMINZI1001,KK1,KKZ,KK3,KK4,KK5,KKb,AAlPH,8BETA,TO,TC,SC,TMAX,S"AX,T
H"AX
AAlPH--Q.15
KK~-3000.

TTI1AX-O.9.TI1AX
KK5-1 TTI1U-TCl/I SI1U-SC)
KKb-O. 'HKK3
JI-J-l
00 1 Il-1IJl
IFIATIIl,I).GT.TO.OR.ATIIl,II.lT.-TuIGO TO Z

1 CONTINUE
CAll LCASElIJ,I)
GO TO 99

Z IFIJ.LE.ZIGO TO 98
JZ-J1-1
00 3 lZ-1,JZ
IFIATIIZ,II.GT.TO.OR.ATIIZ,I).LT.-TO)GO TO ~

3 CONTINUE
98 IFIATIJl,I).GT.TOICALL LCASEZIJ,I)

IFIATIJl,II.LT.-TOICALL LCASEZIIJ,II
GO TO 99

• IFIATIJl,I).LT.O)5,6
5 00 7 13-1IJ2

IFIATII3,I).GT.TCIGO TO 8
7 CONTINUE

CALL LCASE4IJ,I)
GO TO 99

8 CAll LCASE3(J,II
GO TO 99

6 00 9 14-1, JZ
IFIATII~,I).lT.-TCIGO TO 10

9 CONTI'lUE
CALL LCASE.1IJ,I I

N

""o

Ir6



SUBROUTINE LCASEZIJ,II
REAL KKl,KK2,KK3,KK~,KK5,KKb,Kl,K2,K3,Ll,Ll,L3,l

COMMON/lB/ATI2S,lOOI,ASll5,lOOI,SMAXlIIOOI,SMAXZflOOI,SMINlIIOOJ,S
SMINZIIOOI,KKl,KKl,KK3,KK~,KK~,KKb,AALPH,BBETA,TO,TC,SC,TMAX,SMAX,T

STMAX
ASA-ASIJ-l,II-ll-AAlPHI+ATIJ-l,II/KK~

ASB-AALPH+ATIJ-l,II/KKl
IFIASIJ,II.GT.ASA.AND.ASIJ,II.LE.ASIJ-l,I)IATIJ,II-ATIJ-l,II-IASIJ

1-1,II-ASIJ,III+KK4
IFIA$IJ,II.GT.ASB.AND.ASIJ,II.LE.ASAIATIJ,II-AALPH+ATIJ-l,II
IFIASIJ,II.GT.-SC.AND.AS(J,II.lE.ASBIATIJ,II-ASIJ,II+KKl
IFIASIJ,II.GT.-SMAX.AND.ASIJ,II.LE.-SCIATIJ,II-IASIJ,II+SC)+KKl-TC
RETURN
END

SU8ROUTINE LCASEIIJ,II
REAL KKl,KKZ,KK3,KK~,KK5,KK6,Kl,K2,K3,Ll,l2,l3,l

COMMON/L8/ATIZ5,lOOI,AS(Z5,lOOI,SMAXlIIOOI,SMAXZ(lOO),SMIHlI1001,S
SMIN211001,KKl,KKZ,KK3,KK4,KKS,KKb,AAlPH,BBETA,TO,TC,SC,TMAX,SMAX,T
STMAX

IFIASIJ,II.GE.-SC.AHD.ASIJ,I).lE.SCIAT(J,I)-ASIJ,I)+KK1
IFIAS(J,II.GT.SC.AND.ASIJ,II.LE.SMAXIATIJ,II-IASIJ,II-SC)+KK2+TC
IFIASIJ,I).LT.-SC.AND.ASIJ,I).GE.-SMAXIATIJ,II-IASIJ,[)+SCI+KK2-TC
IFIASIJ,II.GT.SMAXIATIJ,II-TMAX-IASIJ,II-SMAXI+KK3
IFIASIJ,II.LT.-SMAXIATIJ,II--TMAX-IASIJ,II+SMAXI+KK3
RETURN
END



SUBROUTINE LCASE21lJ,II
REAL KKl,KK2,KK3,KK~,KK5,KKb,Kl,K2,K3,ll,l2,l3,l
COMMON/lB/ATI25,lOOI,ASIZ5,lOOI,SMAX1(lOO),SMAX2(lOOI,SMINl(lOOI,S

SMIN21100I,KKl,KK2,KK3,KK4,KK5,KKb,AAlPH,8BETA,TO,TC,SC,TMAX,SMAX,T
STMAX

ASA_ASIJ-l,II-11-AAlPHI*ATIJ-l,II/KK4
ASB_AAlPH*ATIJ-l,II/KKl
IFIAS(J,II.GE.ASIJ-1,II.ANO.ASIJ,II.lT.ASAIATIJ,II-AT(J-1,Il-KK~*(

lASIJ-l,II-ASIJ,I I)
IFIASIJ,II.G~.ASA.ANO.AS(J,II.lT.ASBIATIJ,II-AALPH*AT(J-1,Il
IFIASIJ,II.GE.ASB.ANO.ASIJ,II.LT.SCIATIJ,I)-AS(J,II*KK1
IFIAS(J'II.GE.SC.AN~.ASIJ,II.LT.SMAXIAT(J,II-IAS(J'II-SCl*KKZ+TC
IFIASIJ,II.GE.SMAXIAT(J,II-TMAX-(ASIJ,I)-SMAXI*KK3
RETURN
END

SUBROUTINE LCASE3(J,I)
REAL KK1,KKZ,KK3,KK4,KK5,KK6,Kl,KZ,K3,ll,lZ,L3,L
COHHON/l8/ATI25,lOO),AS(Z5,lOOI,SMAXl(lOO),SHAXZllOOI,S"IN1(1001,S

SHINZI100I,KK1,KKZ,KK3,KK4,KK5,KKb,AALPH,BBET"TO,TC,SC,TMAX,SMAx,T
STMAX

IFIAS(J-Z,II.GE.SMAXlIIlll,Z
1 OSHAX-SMAXl(II-SHAXZII)

IF(OSMAX.GE.C.OlI3,4
3 BBETA-O.75

GO TO 5
4 BBETA-O.9-(SHAX1II)-SHAXZ(III*15.

GO TO 5
Z BBETA-O.9
5 ASA-ASIJ-l,I)-(l-AALPHI*AT(J-l,I)/KK~

ATB-AALPH.ATIJ-!,Il
ASB-ASIJ-l,II-ATIJ-l,II/KK~+O.b5.IASIJ-Z,II-AS(J-1,III

ATC-BBETA*ATIJ-Z,Il
ASC-AS(J-2,II-(ATIJ-2,II-ATCI/KK~

AK-IATC-ATB)/IASC-ASBI
IFIASIJ,II.GE.AS(J-l,II.ANO.AS(J,II.LT.ASAIAT(J,II-AT(J-l,Il-KK4·1

lASIJ-!,Il-ASIJ,III
IF(AS(J,II.GE.ASA.ANO.AS(J,II.LT.ASBIAT(J,II-AAlPH.AT(J-l,11
IF(AS(J,IJ.Gf.ASBJ,r(J,II-AK*IAS(J,II-ASBI+ATB
IF(AS(J,II.GT.SClb,99

6 TMZ-TC+(AS(J,I)-SCI.KK5
TM3-TTMAX-IASIJ,II-SHAXl·KKb
IF(AS(J,II.LE.SMAX.ANO.AT(J,Il.GT.THZIAT(J,I)-THZ
IF(AS(J,I).GT.SHAX.ANO.AT(J,II.GT.TH3IAT(J,II-TH3

99 RETURN
END



SUBROUTINE lCASE311J,I'
REAL KKl,KKZ,KK3,KK~,KK5,KK6,Kl,KZ,K3,ll,LZ,l],L

COM"ON/lB/ATIZ5,10C',ASIZ5,100',SMAXlI100',SMAXZllOO',S"I"11100',S
'"INZllOO"KKl,KKZ,KK3,KK4,KKS,KKb,AAL'H,BBETA,TC,TC,SC,T"AX,S"AX,T
STMAX

IFIASIJ-Z,J,.lE.SMINlII"l,Z
1 OSM[N-SMINIlI'-S~INZlI'

IFlOSMlN.lE.-0.OlI3,4
3 B8ETA-0.75

GO TO 5
4 88ETA-0.q+lS~IN11I'-SMINZlJII*15.

GO TO 5
2 88ETA-0.q
5 ASA_ASlJ-l,II-11-AAlPH,*ATIJ-I,I"KK4

ATB-AALPH*ATIJ-l,II
AS8_ASIJ-l,I,-ATlJ-l,II/KK4+0.bS*IASlJ-Z,I)-ASlJ-l,I)'
ATC-88ETA.ATIJ-Z,J)
ASC_ASlJ-Z,II-IATlJ-Z,II-ATC)/KK4
AK-IATC-ATB"IASC-ASB)
IFlASCJ,I).LE.ASlJ-l,I,.ANO.ASlJ,I).GT.ASA)ATlJ,II-ATlJ-l,I,-KK4.(

lASlJ-l,I)-ASlJ,I')
IFIASlJ,I).lE.ASA.AND.ASIJ,I).GT.AS8)ATIJ,I).AAlPH*ATfJ-l,l)
IFIASIJ,I,.le.ASB'ATIJ,I'-AK.IASIJ,[)-ASB,+ATB
IflASfJ,I).lT.-SC)6,Qq

6 TMZ--TC+lASIJ,II+SCI·KK5
TM3--TTMAX-IASlJ,I)+SMAX).KK6
IFfASfJ,I).Ge.-S"A~.AND.ATfJ,I).lT.T"Z)ATfJ,II-T"Z

IFIASlJ,II.lT.-SMAX.ANO.ATlJ,II.lT.TM3)ATCJ,I)-rM3
qq RETURN

END

SUBROUTINe lCASE4IJ,I)
REAL KKl,KKZ,KK3,KK4,KK5,KK6,Kl,KZ,K3,ll,LZ,l3,L
COMMON/lB/ATIZ5,100"AseZ5,100I,S"AXlI100"SMAxzelOO"S"I"lel00),S

SMINZelOO),KKl,KKZ,KK3,KK4,KK5,KK6,AAlPH,BBETA,TO,TC,SC,TMAX,SMAX,T
STMAX

88ETA-0.Q
ATA-AAlPH*ATIJ-l,J)
ASA-ASIJ-l,ll-ll-AAlPH)*ATIJ-l,II/KK4
AT8-ATA
AS8-ASfJ-l,I'-ATIJ-l,I)/KK4+0.65·IASeJ-Z,I'-AS(J-l,I)'
ATC-88ETA.ATCJ-Z,I'
ASC-ASfJ-Z,JI-fATIJ-2,I)-ATC)/KK4
AK-IATC-AT81/CASC-ASBI
ATOP-ATA
ASQP-ATOP/KKI
IFCASOP.GE.ASB,l,Z

1 IFCASIJ,I,.GE.ASIJ-l,I).ANO.AS(J,{).lT.ASAIATIJ,('-ATCJ-l,I,-KK4*(
lASIJ-l,I)-ASIJ,I"

IFIASIJ,I'.GE.ASA.AND.ASIJ,I,.LT.ASBIATIJ,I,-AALPH.ATCJ-l,I'
IFCASCJ,I).Gf.ASBIATlJ,I'-AK*(ASlJ,I,-AS81+AT8
IflASCJ,II.GT.SCI3,QQ

3 TMZ-TC+IA$eJ,II-SCI.KKZ
TM3-TMAX-eASlJ,II-SMAXI*KK3
IFlASlJ,II.Le.S"A~.ANO.ATlJ,I,.GT.TMZ'ATlJ,II-T"Z

IFlASeJ,I'.GT.SMAX.ANO.ATCJ,I'.GT.TM3IATlJ,I)-TM3
GO TO qQ

Z [F!ASCJ,I).GE.ASeJ-1,[).ANO.ASlJ,II.LT.A$AtATeJ,II-ATlJ-l,I'-K~4.(

lA51J-1,II-A$IJ,I'1
[FlASlJ,II.GE.ASA.AND.ASfJ,IJ.LT.AS8JATfJ,[,-AALPH*ATlJ-l,I'
IFeASlJ,I).GE.AS8,ATlJ,I'-AK·lASlJ,[I-AS8'+ATB
IFIAT(J,IJ.GT.ATCJ-Z,I'16,QQ

6 T"l-KKl*ASlJ,I)
TMZ-TC+lASfJ,II-SC)·KKZ
TM3-TMAX-IASIJ,I)-S"AXI·KK3
If(AS(J,II.LE.SC.ANO.ATlJ,I).GT.TMl)AT(J,I)-T"l
IFlASIJ,II.GT.SC.AND.ASlJ,I'.LE.SMAX.AND.ATlJ,I,.GT.T"Z'ATCJ,I)-T"



IFIASCJ,II.GT.S"AX.AND.ATCJ,II.GT.T"3IATIJ,II_T"3
qq RETURN

END

SUBROUTINE lCASE41IJ,II
REAL KKl,~KZ,KK3,KK4,KK5,KKb,Kl,Kz,K3,ll,lZ,l3,l

COMMON/lB/ATCZ5,lOOI,ASCZ5,lOOI,S"AXICIOOI,S"AXZIIOOI,SMINlIIOOI,S
S"INZIIOOI,KKl,KKZ,KK3,KK4,KK5,KK6,AALPH,SBETA,TC,TC,SC,TMAX,S"AX,T
STMAX

B8ETA-0.9
ATA-AAlPH.ATIJ-l,II
ASA-ASIJ-l,II-Cl-AAlPHI·ATIJ-1,II/KK4
ATS-AlA
ASB-ASCJ-l,II-ATCJ-l,I)/KK4+0.b5·CASCJ-z,II~ASIJ-l,II)

ATC-BBETA.ATIJ-Z,II
ASC-ASCJ-2,II-CATIJ-Z,II-ATCI/KK4
AK-IATC-ATBI/CASC-ASBI
ATOP-AU
Asop·nOP/KKl
IFIASOP.lT.A5811,Z

1 IfIASCJ,II.lE.ASCJ-l,I).AND.ASIJ,II.GT.ASAIATIJ,I)-ATIJ-l,I)-KK4.1
lASIJ-l,II-ASIJ,III

IfIASCJ,II.lE.ASA.AND.ASCJ,II.GT.ASBIATfJ,II-AAlPH.ATIJ-l,II
IFIASIJ,II.lE.ASBIATCJ,II-AK·IASIJ,II-ASBI+ATB
IFIASIJ,II.lT.-SCI3,QQ

3 T"Z--TC+CASCJ,II+SC).KKZ
T"3--TKAX-IASCJ,1)+SKAXI·KKJ
IfCASIJ,II.GE.-SKAX.AND.ATIJ,II.lT.TKZIATIJ,I)-T"Z
IFIASIJ,II.lT.-S"AX.AND.ATCJ,II.lT.TM3)ATCJ,II-TM3
GO TO Qq

Z IFCASIJ,II.lE.ASIJ-l,I).AND.ASIJ,II.GT.ASAIATIJ,I)-ATIJ-l,I)-KK4 t l
lASIJ-l,II-ASIJ,III

IFCASIJ,II.lE.ASA.AND.ASIJ,II.GT.ASBIATIJ,II.AAlPH.ATIJ-l,II
IFCASIJ,II.lE.ASBIATIJ,II-AK·IASIJ,II-ASBI+ATB
IFIATIJ,II.lT.ATIJ-Z,II16,Q9

6 T"l-KKl.ASIJ,II
TMZ--TC+IASIJ,II+SCI·KKZ
TM3--TMAX-IASIJ,II+S"AXI·KK3
IFIASIJ,II.GE.-SC.AND.ATIJ,II.lT.T"lIATCJ,II·TKl
IFIASIJ,II.lT.-SC.AND.ASIJ,II.GE.-S"AX.AND.ATIJ,I).lT.T"ZIATIJ,II·

....
IQ
IQ



IFIAseJ,II.LT.-SMAX.ANO.ATIJ,I).LT.TM)IATIJ,II-TH3
qq RETURN

END

SUBROUTINE STEELCJ,I)
COMMON/STRAIN/FY,EI,EZ,EPSILOY,EPSISH,ASIGMACZ5,IOO),EPSILOI25,lOO

SI,SIGMAAIIOO),EPSIlOAIIOO),SIGHATCIOO),EPSILOTCIOO),EPSAelOO),BETA
SllOO),ALPHIIOOI,DSIGlIIOOI,DSIGZIIOO),SIGMATICI00),SIG"ATZCIOO),SI
SGMAT31100),SIGMAT4(lOO),SIGMAT5CIOO) .
J1-J-l
00 1 1l-1,Jl
IFIASIGHAlll,I).GT.FY.OR.ASIGMAIIl,I).lT.-FYIGO TO 2

1 CONTINUE
CALL SCASEllJ.I1
GO TO qq

Z 00 10 IZ-l,Jl
IFeASIGMAeI2,I).EQ.SIGMAAII))GO TO 3

10 CONTINUE
3 JJ1- 12

JJ-J-JJl
IFeJJ.EQ.l)CALL SCASE2CJ,I)
IFCJJ.EQ.ZICAlL SCASE3IJ,I)
IFIJJ.EQ.3ICALL SCASE4IJ,I)
IFIJJ.EQ.4ICALl SCASE5CJ,I)
IFIJJ.EQ.5lCALL SCASEblJ,I)
IFIJJ.EQ.b)CALL SCASE7IJ,11

9<:, RETURN
END

2. () f



COMMON/STRAIN/FY,El,EZ,EPSIlOY,EPSISH,ASIGMAIZ5,lOOI,EPSIlOIZ5,lOO
\1,SIGMAA(lOOI.EPSIlOlIIOOI,SlGKATIIOOI,EPSIlOTIIOOI,EPSAIIOOI,8ETA
SIIOOI,ALPHIIOOI,DSIGIIIOOI,DSIGZIIOOI,SIGMATIIIOOI,SIGKATZIIOOI,SI
SGMAT311001,SIGMAT411001,SIGMAT511001

SSS-IAASIGMA-FY+SIGMAAIII-ASIGMAIJZ-l,III/IZ ••FY)
SS-ABSISSSI
ES-BETAIII·ISSS-ALPHIII·ISS··b.11
EPRDZ-EPSILOIJZ-l,II+EPSAIII-EPSIlOAIII+Z.·EPSllOy·eS
RETUPN
END

FUNCTION EPR03IJ3,I,AASIGMAI
COMMOH/STRAIN/FY,El,EZ,EPSIlOY,EPSISH,ASIGMAIZ5,lOOI,EPSILOIZ5,lOO

SI,SIGMAAIIOOI,EPSIlOAIIOOI,SIGMATIIOOI,EPSIlOTIIOOI,EPSAIIOOI,8ETA
SIIOOI,ALPHIIOOI,DSIGIIIOOI,DSIGZIIOOI,SIGMATIIIOOI,SIGMATZIIOOI,SI
SGMAT311001,SIGMAT4(lOOI,SIGMAT5(lOOI

SSSM-ISIGMAAIII+ASIGMAIJ3-1,11-AASIGMA-FYI/IZ.·FYI
SSM-ABSISSSMI
ESM-BETAIII*ISSSM-ALPHIII*(SSM*·b.11
EPRD3-EPSIlOAIII+EPSIlOIJ3-1,II-EPSAIII-ESM·EPSIlOY*Z.
RETURN
END



COMMON/STRAIN/FY,El,EZ,EPSILOY,EPSlSH,ASIGMAIZ5,lOO),ePSILOlZ5,lOO
S',SIGM1AllOO',EPSlL011100),SIGM1TllOO),EPSILOTllOO),ePSAllOO),8ETA
SllOO),ALPHllOO),DSIGlllOO),DSIGZllOO),SIGMATlllOO),SIGMAT2(100),SI
$GMAT31l00),SIGMAT~llOO),SIGMAT51100'

SIGMAS--FY
3 SSS-ISIGMAS-FY)/lZ.·FY)

SS-ABSlSSS)
ESl-BETAll).ISSS-ALPH(I).(SS ••6.»
ES-eSl·EPSILOY.Z.+EPS1(I)
EESI-lEI6-ES)
EEESl-18SIEESl)
IFlEEeSl.lE.O.OOOl)l,Z

Z SIGMAS-SIGMAS+O.Ol
GO TO 3

1 TSIGMA-SIGMAS
RETURN
END

SUBROUTINE SCASEIlJ,I)
COMMON/STPAIN/FY,El,E2,EPSILOY,EPSISH,ASIGMAIZ5,lOO),EPSllOI25,lOO

S),SIGMAAIIOOI,EPSIlOAIIOO',SIGMATllOOI,EPSILOTllOO),E'SAllOO),8ETA
SllOO),AlPHllOO),DSIGlllOO),DSIGZllOO),SIGMATl(lOO),SIGMAT2(100),SI
$G"lT3(100),SIG"AT41100),SIG"AT5(100)

IFlASIGMAIJ,II.GE.-fY.AND.ASIGM1lJ,I).lE.FY)EPSILOIJ,I)-ASIGMAlJ,1
l)/EI

IFlASIGMAIJ,I).GT.FY)EPSILO(J,I)-(ASIG"A(J,11-fYI/E2+EPSISH
IFlASIG~AIJ,I).lT.-FY)EPSIlOIJ,I)-IAS[GMAlJ,I'+FY)/EZ-EPSISH

RETURN
END

wo
~



COMMON/STRAIN/FY,El,EZ,EPSILOY,EPSISH,ASIGHAIZ5,lOOl,EPSILOIZ5,100
Sl,SIGHAAIIOOl,EPSILOAIIOOl,SIGHAT(lOO),EPSILOTIIOO),EPSA(lOO),BETA
SII00),ALPHIIOOl,DSIGIIIOOl,DSIGZIIOO),SIGHATll100),SIGHATZlIOOl,SI
SGHAT)ll00),SIGHAT41100),SIGHAT51100)

EPSAtII-EPSIlOAlll-ISIGHAAIII-FYl/El
EPPHAX-EPSAII)-FY/El
EPMAX-ABSIEPPHAX)
EP-EPI'1AX/O.07
AlPHtI)-3.1·EPHAX/O.016
IFIAlPHfIl.GE.3.1lAlPHlll-3.1
BfTAIIl-l.+0.R.EP-0.3·IEP··3.l
IFIBETAI[).GE.l.5)BETAI[)-1.5
EO-EPROZIJ,I,O.)
E16-EO-0.016
EFFY-EPROZIJ,I,-FY)
IFIEFFY.GE.EI6l1,Z

1 SIGHATU)--FY
EPSIlOHIl-EFFY
GO TO 3

2 SIGHATIIl-TSIGHAII,Elb)
EPSIlOTlIl-EI6

3 IF(AS[GHAIJ,[l.GE.FYlEPS[lOIJ,[l-EPSIlOAlll-lSIGHAAlIl-ASIGHA(J,I)
1) IE 1

IF(ASIGHAlJ,ll.GE.SIGHATI[l.AHO.ASIGHAlJ,I).lT.FY)EPSILOlJ,I)-EPRO
lZlJ,[,ASIGHAfJ,I)l

[FIASIGHAIJ,Il.LT.SIGHATt[))EPSIlOfJ,Il-lASIGHAlJ,Il-SIG"ATI[»/EZ
l+EPSIlOH I l

RETURN
END

SUBROUTINE SCASE3lJ,I)
COMHON/STRAIN/FY,El,EZ,fPSILOY,EPSISH,ASIGHAlZ5,100J,EPSJlOIZS,lOO

Sl,SIGI'1AAll00),EPSIlOAllOO),SIGHAT(100),E'SllOTtlOOl,E'SA(100),8ETA
SI1001,ALPHII001,OSIGIII001,DSIGZIIOOI,SIGHATlIIOOI,SI6HAT2(100),SI
SGI'1AT311001,SIGHAT~(100),SIGHAT511001

DSIG1(1)-SIGHAAlII-FY
DSIGZIII-FY-SIGHATII)
SIGI'1ATT-ASIGI'1A(J-I,II+OSIGIIIl
SIGHATllll-ASIGHAfJ-l,[l+OSIG1(II+OSIGZ(IJ
IFIASIGHAIJ-l,Il.GE.SIGHAT(I))5,6

, IFIASIGI'1AIJ,I).GE.ASIGHAIJ-l,Il.AND.ASIGHAIJ,I).LT.SIGHATTIEPSILOl
IJ,I)-EPSIlO(J-I,II-(ASIGHAlJ-I,Il-ASIGHAfJ,III/El

IFIASIGHA(J,I).GE.SIGKATT.AHO.ASIGKAIJ,[l.lT.SIGHAAI[ttEPSILOIJ,I)
l-EPRO)IJ,I,ASIGMAIJ,Ilt

IFIASIGI'1AIJ,I).GE.SIGHAAIII'EPSILOfJ,I'-EPSILOAlI'-lSIGHA11[I-ASIG
VIA IJ, I' )fEZ

GO TO 99
6 IFllSIGI'1AIJ,Il.GE.ASIGHA(J-l,It.AND.ASIGKAIJ,I).LT.SIGKATTtEPSIlO(
lJ,lJ-EPSllOIJ-l,lt-IASIGKAIJ-l,[l-ASIGKAIJ,Ill/El

[FIASIGMAIJ,Il.GE.SIGH1TT.ANO.ASIGHA(J,[I.lT.SIGHATlll)IEPSILO(J,I
1)-EPR03IJ,I,ASIGKAIJ,Ilt

[FlASIGMAIJ,I).GE.SIGKATIII)IEPSIlO(J,II-EPSILOA(It-($IG"AAII)-151
IGH1IJ,I))/E2

99 RETURN
END

....o
'"



SUBROUTINE SCASE4IJ,I)
CDMMDN/STPAIN/fY,El,EZ,EPSILOY,EPSISH,ASIGMACZ5,100I,EPSILOIZ5,lOO

SI,SIGMAAIIOOI,EPSILDAIIOOI,SIGMATIIOOI,EPSllOTIIOO),EPSAIIOOI,8ET4
SIIOOI,ALPHIIOOI,OSIGIIIOO),OSIGZIIOOI,SIGMATIIIOO),SIG"ATZII00),51
SGMAT311001,SIGMAT4(100),SIGMAT511001

SIGMATT-ASIGMAIJ-1,II-D5IGlIII
SIGMATZII)-ASIGMAIJ-l,I)-OSIGlII)-DSIGZII)
IFIASIGMAIJ-Z,I).GE.SIGHATIIII1,Z

1 IFIASIGMAIJ,I).LE.ASIGMAIJ-l,I).AND.ASIGMAIJ,I).GT.SIGMATTIEPSILOC
IJ,II-EPSILOIJ-l,II-CASIGMAIJ-l,[I-ASIGMAIJ,III/El

IfIASIGMAIJ,I).LE.SIGMATT.AND.ASIGMAIJ,II.GT.ASIGHAIJ-Z,I»EPSll01
IJ,II-EPROZIJ,I,ASIGHAIJ,III

IFIASIGHAIJ,II.LE.ASIGMAIJ-Z,II.AND.ASIGMAIJ,II.GT.SIGMATIIIIEPSIL
10IJ,II-EPROZIJ-Z,I,ASIGHAIJ,III

IFIASIGMAIJ,II.LE.SIGMATIIIIEPSILOIJ,II-EPSILOTIII+(ASIGHA(J,I)-SI
IGMATIIII/EZ

GO TO qq
2IFIASIGHAIJ-1,I).GE.SIGHATlII)13,4
3 IFCASIGMAIJ,II.LE.ASIGMACJ-l,II.ANO.ASIGMAIJ,I).GT.SIGHATTIEPSILOI
IJ,II-EPSILOIJ-l,II-IASIGMAIJ-l,II-ASIGHAIJ,III/El

IFIASIGMAIJ,I).LE.SIGMATT.ANO.ASIGMAIJ,Il.GT.SIGMAT211I)EPSILOIJ,l
ll-EPROZIJ,I,ASIGHAIJ,III

IFIASIGHAIJ,II.LE.SIGMATZIIIIEPSILOIJ,I)-EPSILOTCII+(ASIGHACJ,II-S
lIGHATClll/EZ

GO TO qq
4 IfIASIGMAIJ,I).lE.ASIGHACJ-l,II.AND.ASIGHACJ,II.GT.SIGHATTIEPSILOI
IJ,II-EPSIlOCJ-l,I)-IASIGHAIJ-l,II-ASIGMAIJ,III/El

IfIASIGMAIJ,I).LE.SIGMATT.AND.ASIGMAIJ,II.GT.ASIGMACJ-Z,IIIEPSILOI
IJ,II-EPROZCJ,I,ASIGHACJ,III

IFIASIGMAIJ,II.LE.ASIGHACJ-Z,IIIEPSILOIJ,II-EPSIlOTIII+IASIGMAIJ,1
II-SIGMATIIII/E2

qq RETURN
END

SUBROUTINE SCASE5CJ,II
COHMON/STRAIN/FY,El,E2,EPSILOY,EPSISH,ASIGMAIZ5,lOOI,EPSILOIZ5,lOO

SI,5IGMAACI001,EP5ILOAIIOOI,SIGMATIIOOI,EPSILOTIIOOI,EPSAIIOOI,BETA
SIIOOI,ALPHIIOOI,OSIGICI001,DSIGZIIOOI,SIGMATICIOOI,SI6"ATZCIOOI,5I
SGHAT3(100),SlG"AT~tl001,SIGKAT511001

SIGMATT-ASIGMAIJ-l,II+DSIGlIII
SIGMAT3II)-ASIGMAIJ-l,II+DSIGlIII+DSIGZIII
IF(ASIG~A(J-3,II.GE.SIGHAT(I)ll,Z

1 IFIASIG"AIJ-l,II.GE.ASIGMAIJ-Z,IIIGO TO 3
IFIASIGMAIJ-1,II.LT.ASIGMAIJ-3,II.AND.ASIGMAIJ-1,II.GE.SI6"ATIII)6

10 TO 4
IFCASI6HAIJ-l,II.LT.SIGHATIIIIGO TO 5

3 If1ASIGMAIJ,II.GE.ASIGMACJ-l,II.ANO.ASIG"A(J,II.lT.SIGHATT'EPSIlOC
IJ,II-EPSIlOIJ-l,II-IASIGMAIJ-l,II-ASIGMACJ,III/El

IfIASIGMAIJ,IJ.GE.SIGMATT.AND.ASIGKA(J,Il.LT.ASIGM4(J-Z,lllepSIlO(
IJ,II-EPR03CJ,I,ASIGHAIJ,III

IfCASIGHACJ,II.GE.ASIGMAIJ-Z,II.ANO.ASIGMA(J,I).lT.SIGMAACIIIE'SIl
10(J,11-EPR03(J-Z,I,ASIGMACJ,III

IFCASIGMACJ,II.GE.SIGHAAIIIIEPSILOCJ,II-EPSILOACI)+CASIGHACJ,II-SI
IGMAAIIII/EZ

GO TO qq
4 IFCA51GMAIJ,II.GE.ASIGHAIJ-I,II.ANO.ASIGMAIJ,II.LT.SIGMATTJEPSILOC

IJ,II-EPSIlOIJ-l,II-(ASIG"AtJ-l,II-ASIGHAIJ,III/El
IFCASIGMA(J,II.GE.SIGMATT.AND.ASIGMAIJ,II.LT.SIGMAA(I)'EPSIlOIJ,II

l-EPR03IJ,I,ASIG"AIJ,l')
IFIASIG"AIJ,II.GE.SIGMAAIIJIEPSILO(J,II-EPSILOAIII+IASIGMAIJ,II-SI

IG"AA(III/EZ
GO TO qq

5 IFCASIG"AIJ,II.GE.ASIGHAIJ-l,II.ANO.ASIGHACJ,II.LT.SIGMATTIE,SILOe
IJ,II-EPSILOIJ-l,II-CASIGMACJ-I,II-ASIGMAIJ,II"El

IfCASIGHAIJ,II.GE.SIGMATT.AND.ASIGMAIJ,II.LT.SIGMAT3eII)EPSIlOeJ,I
ll-EPR03CJ,I,ASIGMACJ,111

IFIASIGMAIJ,II.GE.SIGMAT3IIIIEPSILOIJ,I)-EPSILOAtI)+CASIGMACJ,II-$
lIGMAAIIll/EZ

GO TO 99
Z IFCASIG"AIJ-Z,II.GE.SIGMATIClllo,7



If(ASlG~A(J-l,II.LT.SIG~ATZllIIGO TO q
8 lflASIGMAlJ,II.GE.ASIGMAIJ-l,II.ANO.ASIGMAlJ,II.lT.SIGHATTIEPSIlOl

lJ,II-EPS1LOIJ-l,II-IASIGMAIJ-l,II-ASIGMAlJ,III/El
IFIASIGMAIJ,II.GE.SIGMATT.AND.ASIGMAIJ,II.LT.ASIGHAIJ-Z,IIIEPSILOI

lJ,II-EPR03IJ,I,ASIGMAIJ,III
IFIASIGMAlJ,II.GE.ASIGHAIJ-Z,IIIEPSILOIJ,II-EPSILOAlll+IASIGHllJ,1

11-SIGMAAlIII/EZ
GO TO qq

q IFlASIGHllJ,II.GE.lSIGHAIJ-l,II.ANO.ASIGHAlJ,II.LT.SIGHATTIEPSILOl
IJ,II-EPSILOlJ-l,II-IASIGMAIJ-l,II-ASIGMAIJ,III/El
IfIASIG"AlJ,II.GE.S[G"ATT.AHD.ASIG~AlJ,II.lT.SIGHAT311IIEPSIlOIJ,1

IJ-EPR03IJ,I,ASIGHAlJ,111
IFlASIGMAlJ,II.GE.SIGHAT3(IIJEPSIlOIJ,lJ-EPSIlOAIII+IASIGMAlJ,II-!

IIGHAAIIII/EZ
GO TO 99

1 IflASIGMAlJ-l,II.GE.ASIGMAlJ-3,IIIGO TO 10
IFlASIGMAlJ-l,II.lT.ASIGMAIJ-3,IIIGO TO 9

10 IflASIGHAIJ,II.GE.ASIGHAIJ-l,II.AND.ASIGHAIJ,I).LT.SIGHATT)EPSIlOI
lJ,II-EPSIlOIJ-l,II-lASIGHAlJ-l,II-ASIGMAlJ,III/El

IFlASIGMAlJ,I).GE.SIGHATT.AND.ASIGHAIJ,I).lT.ASIGHAIJ-Z,I)IEPSILOI
1J,II-EPR031J,I,ASIGMAlJ,III
IFlASIGMACJ,II.GE.lSIGHAlJ-Z,II.AND.ASIGHllJ,II.LT.SIGHATICIII~PSI

llOIJ,II-EPR031J-Z,I,ASIGHAlJ,III
IFlASIGMAlJ,II.GE.SIGHATlIIIIEPSILOlJ,II-EPSILOAlII+lASIGHAlJ,IJ-S·

lIGHAAlIJl/EZ
99 RETURN

END

SUBROUTINE SClSEblJ,II
COMMON/STRAIN/FV,El,EZ,EPSllOV,EPSISH,ASIGMAIZ5,100I,ePSILOI25,lOO

SI,SIGHAACIOOI,EPSllOAIIOOI,SIGHATI100I,EPSIlOTI1001,E'5All001,BETA
SllOOI,ALPHllOOI,DSIGlI1001,DSIGZllOOI,SIGMAT111001,SI'"AT211001,5I
SGMAT311001,SIGHAT411001,SIGMAT511001

SIGHATT-ASIGHAlJ-l,II-OSIGlIIJ
SIGHAT4IIJ-AS1GMAlJ-l,II-DSIGllll-OSIG21I1
IFlASIGMAlJ-4,II.6E.SIGHATlIlll,Z

1 IFlASIGMAIJ-Z,II.GE.ASIGMAIJ-4,IIIGO TO 3
IFlASIGMAIJ-Z,II.lT.ASIGMAIJ-4,II.AND.ASIGMAIJ-2,II.GE.SIGHAT(I))G

10 TO 4
IFlASIGMA(J-Z,ll.LT.SIGMATIIIIGO TO 5

3 IF(ASIGMAlJ-l,II.GE.ASIGMAlJ-3,Illb,7
6 IFlASIGMACJ,II.lE.ASIGHAIJ-l,II.AND.ASIGMAIJ,II.GT.SlGMATT)EPSILO(

IJ,II-EPSIlO(J-l,II-lASIGHAIJ-l,II-ASIGMlIJ,III/El
IFlASIGMAIJ,II.lE.SIGMATT.AND.ASIGMAIJ,I).GT.ASIGMAIJ-~,I)IEPSILO(

IJ,II-EPROZ(J,I,ASIGMAIJ,III
IFlASIGMAIJ,II.LE.ASIGHAIJ-4,II.AND.ASIGHAlJ,II.GT.SIGMlTlIllEPSll

lOIJ,II-EPR02CJ-4,I,ASIGHACJ,III
IFIASIGMAIJ,II.lE.SIGMATIIIIEPSILOIJ,II-EPSIlOT(II+IASIGMAlJ,II-SI

IGMATlIll/EZ
GO TO 99

7 IFlASIGMAlJ,II.LE.ASIGHAIJ-l,II.ANO.ASIG"AIJ,II.GT.SJGHATTIEPSILOI
IJ,IJ-EPSILOlJ-l,II-CASIGHAIJ-l,ll-ASIGMAIJ,III/El

IFlASIGHAlJ,II.LE.SIGMATT.AND.ASIGMAIJ,11.GT.AS1GHA(J-Z,IIIEPSILOI
IJ,I)-ePR021J,I,ASIGMAIJ,II)
IFlASIGHAlJ,II.LE.ASIGHAlJ-Z,II.AND.ASIGHAIJ,II.GT.ASIGMA(J-~,IIIE

IPSILOlJ,II-EPROZlJ-Z,I,ASIGMAIJ,III
IFlASIGMAlJ,II.lE.ASIGMAIJ-4,II.AND.ASIGHAIJ,II.GT.SIG"ATlIIIEPSll

lOIJ,II-EPR021J-4,I,ASIGHAIJ,lJI
IFIASIGMA(J,II.LE.SIGMATIIIJEPSILOlJ,II-EPSIlOTCI)+lASIGMAlJ,II-SI

IGMATlIll/EZ
GO TO 99

~ IFlASIGMAlJ,II.lE.ASIGMAIJ-l,II.ANO.ASIGHAIJ,II.GT.SIGMATTIEPSILOI
IJ,IlaEPSIlOIJ-l,II-IASIGHAIJ-l,II-ASIGMAIJ,lII/El

IFlASIGMAIJ,II.lE.S1GHATT.ANO.ASIGMAIJ,II.GT.AS1GHACJ-Z,ll'EPSIlOl



IFIASIGMAIJ,II.LE.ASIG~AIJ-Z,IJ.AND.ASIG~AIJ,II.GT.SIGHATIIJJE'SIL

10IJ,II-EPR02IJ-4,I,ASIGMAIJ,IJI
IFIASIGMAIJ,IJ.LE.SIGMATIIIJEPSILOIJ,IJ-EPSILOTIIJ+IASIGMAIJ,II-SI

IGMATllll/E2
GO TO qq

5 IFIASIGMAlJ-l,II.GE.SIGMAT3IIIJ8,Q
8 IFIASIGMAIJ,II.LE.ASIG~AIJ-l,II.ANO.ASIGMAIJ,II.GT.SIGMATTJEPSILOI

IJ,I)-EPSIlOIJ-l,IJ-IASIGMAIJ-l,II-ASIGMAIJ,IJI/El
IfIASIGMAIJ,II.LE.SIGMATT.AND.ASIG~AIJ,IJ.GT.SIG~AT411IIEPSIlOlJ,I

ll-EPR02IJ,I,ASIGMAIJ,III
IFIASIGHAIJ,II.LE.SIGHAT41IJJEPSILOIJ,IJ-EPSILOTIII+IASIGHAIJ,IJ-S

lIGMATIIll/E2
GO TO qq

q IflASIG~AlJ,II.LE.ASIG~AIJ-l,II.ANO.ASIGMAIJ,II.GT.SIGHATTJEPSllOI

IJ,II-EPSILOIJ-l,ll-lASIGMAIJ-l,II-ASIGMAIJ,III/El
IfIASIGMAIJ,II.LE.SIGMATT.AND.ASIGHAIJ,II.GT.ASIGHAIJ-2,IIIEPSILQI

IJ,II-EPR02IJ,I,ASIGMAIJ,Ill
IFIASIG~AIJ,II.lE.ASIG~AIJ-Z,IIIEPSIlOIJ,IJ-EPSIlOTIIJ+IASIGHAlJ,I

11-SIGMATIIII/EZ
GO TO QQ

Z IFlASIG~AIJ-3,IJ.GE.SIG"ATII11110,ll

10 IFIASIGHAIJ-Z,II.GE.SIGHATZIIlllZ,13
12 IFIASIGHAIJ-l,II.GE.ASIGHAIJ-3,II)14,15
14 IFIASIGMAIJ,II.lE.ASIG"AIJ-l,II.AND.ASIG~AlJ,II.GT.SIGHATTIEPSIlOI

IJ,II-EPSILOlJ-l,ll-1ASIG~AIJ-1,IJ-ASIGMAIJ,IJI/E1

IfIASIG~AlJ,II.LE.SIGMATT.ANO.ASIGMAlJ,II.GT.SIGMAT41IJJEPSILOIJ,I

11-EPROZlJ,I,ASIGHAIJ,IJI
IFIASIGHAIJ,II.LE.SIGMAT4IIIIEPSILOIJ,II-EPSILOTIII+IASIGHAlJ,II-S

lIGMATIIll/EZ
GO TO 9q

15 IfIASIGMAIJ,II.LE.ASIGMAIJ-l,II.AND.ASIGHAlJ,IJ.GT.SIGMATTIEPSILOI
IJ,IJ-EPSIlOIJ-l,ll-lASIGMAIJ-I,IJ-ASIGMAIJ,III/EI

IFIASIGHAIJ, II.LE.SIGMATT.ANO.ASIGMAlJ,IJ.GT.ASIGHAIJ-Z,IIJEPSILOI
IJ,ll-EPR021J,I,ASIGMAlJ,IIJ

IFlASIGMAlJ,Il.LE.ASIGMAIJ-2,II.AND.ASIGMAIJ,II.GT.SIGMATZIIIIEPSI

lLOIJ,II-EPR02IJ-2,I,ASIGMAIJ,III
IFIASIGMAIJ,Il.lE.SIGMATZIIIIEPSllOIJ,II-EPSllOTIII+IASIGMAlJ,Il-$

lIG"ATlIlI/E2
GO TO QQ

13 IFIASIGMAIJ-l,II.GE.SIGMAT3IIIIZO,21
20 IFIASIGMAIJ,II.lE.ASIGMAIJ-I,II.ANO.ASIGMAIJ,II.GT.SIG~ATTIEPSIlOl

IJ,II-EPSIlOIJ-l,II-IASIGHAIJ-l,Il-lSIGMAlJ,IllfEl
IFIASIGMAIJ,II.LE.SIGMATT.AND.ASIGMAIJ,II.GT.SIG~AT411IlEPSILOlJ,I

ll-EPR02IJ,I,ASIGMAIJ,III
IFIASIGMAIJ,I).LE.SIGMAT4111IEPSILOIJ,II-fPSILOTIIl+IASIGMAIJ,11-S

lIG~ATIIII/E2

GO TO 9Q
21 IFIASIGMAIJ,II.LE.ASIGMAIJ-l,IJ.ANO.ASIGMAIJ,I).GT.SIGMATTJEPSILOI

IJ,Il-EPSILOIJ-l,II-IASIGMlIJ-l,II-ASIG~AIJ,IJI/El

IFIASIGMAIJ,Il.lE.SIGMATT.AND.ASIGMAIJ,II.GT.ASIGMAIJ-2,IllEPSILOI
IJ,II-EPR021J,I,ASIGMAIJ,III

IfIASIGMAIJ,Il.lE.ASIGMAIJ-2,IllEPSILOIJ,IleEPSILOTlII+IASIGMAIJ,r
11-SIGMATlIll/E2

GO TO 99
11 IFIASIGMAIJ-Z,II.GE.ASIGMAIJ-4,IIIlb,17
Ib IFlASIGMAIJ-1,II.LE.ASIGMAIJ-3,{IIGO TO 2Z

IFIASIGMAIJ-1,II.GT.ASIGHAIJ-3.II.ANO.ASIGMAIJ-1,IJ.lE.SIGMAT11III
IGO TO Z3

IFlASIGMAIJ-l,Il.GT.SIGMATlIIIIGO TO 2~

22 IFlASIGMAIJ,II.LE.ASIGMAIJ-l,II.ANO.ASIGMAIJ,II.GT.SIGMATTIEPSILOI
IJ,II-EPSILOIJ-I,II-lASIGMAIJ-I,II-ASIGMAIJ,III/EI

IFIASIGMAIJ,Il.LE.SIGMATT.ANO.ASIGMAIJ,Il.GT.ASIGMAtJ-Z,I)JEPSILOl
IJ,II-EPR02IJ,I,ASIGMAIJ,III

IFIASIGMAIJ,II.lE.ASIGHAIJ-2,II.ANO.ASIGMAIJ,II.GT.ASIGMAlJ-4,IIJE
IPSILOIJ,II-EPR02IJ-Z,I,ASIGMAlJ,III

IFllSIGMAIJ,ll.LE.ASIGMAIJ-4,IIIEPSllOIJ,II-EPSILOTIII+IASIGMlIJ,I
11-SIGMATlIJJ/E2

GO TO qQ
23 IFIASIGMlIJ,[I.LE.ASIGMAIJ-l,II.ANO.ASIGMlIJ,II.GT.SIGMATTIEPSIlOl

IJ,[I-EPSIlOIJ-l,II-lASIGMAIJ-I,II-ASIGMAIJ,III/El
IFIASIGMAIJ,II.LE.SIGMATT.ANO.ASIGMAIJ,II.GT.ASIGMAIJ-4,IIIEPSILO(



IJ,II·EPROZIJ,I,ASIG~AIJ,111

IF(ASIG~AIJ,ll.LE.ASIG~AIJ-~,IIIEPSIlO(J,Il.EPSILOTlll+IASIGMAIJ,1

II-SIG~ATIIII/E2

GO TO 9q
Z~ IfIASIG~AIJ,II.LE.ASIGMAIJ-I,II.AND.ASIGMAIJ,II.GT.SIG~ATTIEPSIlOe

IJ,II-EPSIlOIJ-l,II-IASIG~AIJ-I,II-ASIG"AIJ,I)I/EI

IFIASIG~AIJ,II.lE.SIGMATT.AND.ASIG~AIJ,II.GT.S[GMAT~IIlIEPSIlOIJ,1

II-EPROZIJ,I,ASIGMAIJ,Ill
IFIASIGMAIJ,II.lE.SIGMAT~IIlIEPSIlOIJ,ll-EPSIlOTIII+IASIG~AIJ,ll-S

lIG~ATIIII/E2

GO TO 99
11 IFIASIG~AIJ-1,II.GE.SIG~AT3IIII18,19

18 IFIASJG~AIJ,II.lE.ASIGMAIJ-I,II.AND.ASIG"AIJ,II.GT.SIGMATTIEPSllOC

IJ,II-EPSIlOIJ-l,II-IASIGMAIJ-I,II-ASIGMAIJ,III/fl
[FIASJG"AIJ,JI.lE.SJGMATT.AND.ASIG~AIJ,II.GT.SIG"AT~IIIIEPSIlOIJ,1

ll-EPROZIJ,I,ASIGMAIJ,III
IFIASIGMAIJ,II.lE.SIGMAT~(IIIEPSIlOIJ,II-EPSIlOTIII+IASIGMAIJ,Il-S

lIGMATIIII/E2
GO TO qq

19 IFIASIGMAIJ,II.lE.ASIGMAIJ-l,II.ANO.ASIGMAIJ,II.GT.SIGMATTlEPSIlOI
IJ,II-EPSIlOIJ-l,II-IASIGMAIJ-l,II-ASIGMAIJ,III/EI

IFIASIGMAIJ,II.lE.SIGMATT.ANO.ASIGMAIJ,I,.GT.ASIGMAIJ-Z,IIIEPSIlOe
IJ,Il-EPROZIJ,I,ASIGMAIJ,III
IFIASIGMAIJ,II.lE.ASIGMAIJ-2,IlIEPSIlOIJ,II-EPSIlOTIII+eASIGMAIJ,I

ll-S1G~ATIIll/E2

99 RETURN
END

SUBROUTINE SCASE7IJ,Il
COM~ON/STRAIN/FY,EI,EZ,EPSIlOy,EPSISH,ASIGMAI25,lOOI,EPSIlOIZ5,lOO

SI,SIGMAAIIOOI,EPSIlOAII001,SIGMATIIOOI,EPSIlOTIIOOI,EPSAelOOl,BETA
SI1001,AlPHIIOOl,OSIGlllOOI,OSIGZI1001,SIGMATII1001,SIGMATZII001,SI
SGMAT311001,SIGMAT~II001,SIGMAT511001

SIGMATT-ASIGMAIJ-I,II+OSIGlIIl
SIGMAT5IIl-ASIGMAIJ-1,II+OSIGlIIl+OSIGZIII
IFIASIGMAIJ-5,Il.GE.SIGMATlllI1,l

1 IFIASIGMAIJ-3,II.GE.ASIGMAIJ-5,IIIGO TO 3
IFIASIGMAIJ-3,II.lT.ASIGMAIJ-5,II.AND.ASIGMAIJ-3,Il.GE.SIGMATIIIIG

10 TO ~

IfIASIGMAIJ-3,Il.lT.SIGMATI1IlGO TO 5
3 IFIASIGMAIJ-Z,II.GE.ASIGMAIJ-4,Illb,7
b IFIASIGMAIJ-l,Il.GE.ASIGMAIJ-5,IIIGO TO 8

IFIASIGMAIJ-1,II.lT.ASIGMAIJ-5,II.ANO.ASIGMAIJ-1,II.GE.SIGMATIIllG
10 TO q

IFIASIGMAIJ-l,II.lT.SIGMATIIllGO TO 10
a IFIASIGMAIJ,II.GE.ASIGMAIJ-l,II.ANO.ASIGMAIJ,II.lT.SIGMATTlEPSIlOI

IJ,Il-EPSIlOIJ-l,II-IASIGMAIJ-l,Il-ASIGMAIJ,III/El
IFIASIGMAIJ,II.GE.SIGMATT.AHO.ASIGMAIJ,II.LT.ASIGMA(J-2,lllEPSIlOI

IJ,Il-EPR03IJ,I,ASIGMAIJ,III
IFIASIGMAIJ,II.GE.ASIGMAIJ-2,Il.ANO.ASIGMAIJ,II.lT.SIGMAAllllEPSIL

lOIJ,Il-EPR03IJ-~,I,ASIGMAIJ,Ill

IFIASIGMAIJ,II.GE.SIGMAAIIIIEPSIlOIJ,!J-EPSIlOAIIJ+IASIGMAIJ,11-51
IG"AA(Ill/EZ

GO TO 99
9 IFIASIG"AIJ,II.GE.ASIGMAIJ-I,II.ANO.ASIGMAIJ,II.lT.SIGMATTJEPSIlOI

IJ,Il-EPSIlOIJ-l,ll-IASIGMAIJ-l,II-ASIGMAIJ,III/El
IFIASIGMA(J,II.GE.SIGMATT.ANO.ASIGMAIJ,IJ.lT.SIGMAAIIJlEPSILOIJ,ll
1·EPR03IJ-~,I,ASIGMAIJ,Ill

IFIASIGMAIJ,II.GE.SIGMAAIIllEPSIlOIJ,Il-EPSIlOAIIJ+IASIGMAeJ,ll-SI
IGMAAIIll/EZ

GO TO 9q
10 IFIASIGMAIJ,Il.GE.ASIGMAIJ-I,II.AHD.ASIG"AIJ,Il.lT.SIGMATTlEPSIlOI

IJ,Il_EPSllOIJ-l,II-IASIGMAIJ-I,II-ASlGMAIJ,III/El
IFIASIGMAIJ,II.GE.SIGMATT.ANO.ASIGMAIJ,II.lT.SIGMAT511lJEPSILOIJ,I



ll-EPR03IJ,I,ASIGMAIJ,111
IFIASIGMAIJ,II.GE.SIGMAT5(I))EPSILOIJ,I)-EPSILOA(I)+IASIG~A(J,[J-S

lI6MAAII))/E2
GO TO Qq

7 IFIAS1GMAIJ-l,1).GE.ASIGMAIJ-),{))GO TO 11
1FIASIGMAIJ-1,1).LT.ASIGMAIJ-3,I).4ND.ASlGHAIJ-I,tJ.GE.ASIGMAIJ-5,

lI))GO TO 12
1FIAS1GMAIJ-I,I).LT.ASIGHAIJ-5,I).ANO.ASIGMAIJ-I,I).GE.S1GMAT(I))G

10 TO 13
IF(ASIGMAIJ-I,I).LT.S1GMATIII)GD TO 1~

11 IF(AS1GMAIJ,II.GE.AS1GMAlJ-l,II.ANO.ASIGMAlJ,II.LT.S1GMATT)EPSILO(
IJ,IJ-EPSIlOIJ-I,lJ-IASIGMAIJ-I,II-ASIGMAIJ,I))/El

IFIASIGMAIJ,II.GE.SIGMATT.AND.ASIGMAIJ,II.lT.ASIGMA(J-Z,I))EPSILO(
IJ,I)-EPR03(J,I,ASIGMAIJ,II)
IFIASIGMAIJ,II.GE.ASIGMAIJ-2,11.A~O.ASIGMAIJ,II.LT.ASIGMAlJ-4,IllE

IPSIlOIJ,II-EPR03IJ-2,I,ASIGMAIJ,I)1
IFIASIGMAIJ,I).GE.ASIGMA(J-~,II.AND.ASIGMAIJ,I).LT.SIGMAAII)IEPSIl

lOIJ,IJ-EPR03IJ-4,I,ASIGMAIJ,111
IFIASIGMAIJ,II.GE.SIGMAAII))EPSILOIJ,1)-EPSILOAI1)+IASIGMAlJ,1I-SI

lGMAAlI)J/E2
GO TO qq

12 IF(ASIGMAlJ,IJ.GE.ASIGMAIJ-l,II.ANO.ASlGMAIJ,I).lT.SIGMATT)EPSItO(
IJ,I)-EPSILO(J-l,I)-(ASIGMAIJ-l,I)-ASIGMA(J,1II/EI
IfIASIGHAIJ,I'.GE.SIGMATT.AND.ASIGMAIJ,I,.LT.ASIGMA(J-~,II)EPS1lO(

IJ,I)-E~R03(J,I,ASIGMAIJ,III

IF(ASIGMAIJ,I).GE.ASIGMA(J-4,I).ANO.AS1GMAIJ,II.LT.SIGMAA(II)EPSIl
10IJ,II-EPR03IJ-~,I,ASIGMA(J,I))

IF(ASIGMAIJ,II.GE.SIGHAAIII)EPSILOIJ,II-EPSILOAI1)+(AS1GMAIJ,I)-SI
IGMAAlI))/E2

GO TO qq
13 IFlASIGMA(J,I).GE.ASIG"AIJ-I,I).AND.ASIGMAIJ,I).lT.SIGMATT)EPSILOC

IJ,II-EPSILO(J-l,I)-IASIGMA(J-l,II-ASIGMAIJ,I))/EI
IFIASIGHAIJ,I).GE.SIGMATT.AND.ASIGMAIJ,I).LT.SIGMAAI1))EPS1lOIJ,It

l-EPR03(J,I,ASIGMAIJ,II)
IFCASIG"AIJ,1I.GE.SIGMAACI)tEPSILO(J,I)-EPSJLOACIt+IAS1GMAIJ,I)-SI

IGMAAlIt"E2

l~ IFlAS1GMAIJ,1I.GE.AS1GMAlJ-l,I).ANO.AS1GMAIJ,1).LT.SIGMATT)EPSILO(
IJ,II-EPSIlOIJ-l,II-IASIGMAIJ-l,II-ASlGMAIJ,III/El

1FlASIGMAIJ,1I.GE.SIGMATT.AND.AS1GMAlJ,1I.lT.SIGMAT5(1t)EPSILO(J,I
ll-EPR03IJ,1,AS1GMA(J,1)1

1FIASIGMAIJ,I).GE.SIGMAT5I1I)EPSILOIJ,II-EPS1LOAIII+IASIGHAIJ,II-S
l1GMAAlll)/E2

GO TO qq
4 IFIAS1GMAIJ-I,1I.GE.AS1GMAIJ-3,II)GO TO IS

IFIASIGMAIJ-1,1).LT.ASIGMA(J-3,I).ANO.ASIG"AIJ~I,II.GE.SIGMATlll)G

10 TO Ib
IFIASIGMAIJ-l,1).LT.SIGMATII))GO TO 17

15 IFIASIGMAIJ,l).GE.AS1GMACJ-I,I).ANO.ASIG"A(J,I).lT.SIGMATT)EPSILO(
IJ,II-EPSIlO(J-l,II-IASIGMA(J-l,It-AS1GMA(J,Itl/El

1flAS1GMAIJ,ll.GE.SIGMATT.AND.ASIGMAIJ,I).lT.ASIGMA(J-Z,I))EPSILO(
IJ,II-EPR03IJ,I,ASIGMAIJ,1))

1F(ASIGMAlJ,1).GE.AS1GMAIJ-2,I).AND.ASIGMAIJ,I).lT.SIGMAAIIltEPSll
10IJ,I)-EPR03IJ-2,I,ASIGMAIJ,I)J

1FlASIGMAIJ,1I.GE.SIGMAAI1I)EPSll0IJ,1I.EPSILOA(I)+(ASIGMAIJ,I)-SI
IGMAA(I)I/E2

GO TO qq
Ib IFIASIGMAIJ,1).GE.ASIGMAIJ-l,1I.ANO.ASIGMAIJ,1I.LT.S1GMATT)EPSILO(

IJ,1)aEPS1LOIJ-l,1I-IASIGMA(J-l,1I-ASIGMAIJ,lt)/El
IFIASIGMAeJ,1).GE.SIGMATT.ANO.ASIGMAIJ,II.LT.SIGMAA(I))EPS1LO(J,I)

l-EPR03IJ,1,ASIGMAIJ,1I)
IFIASIGMAIJ,II.GE.SIGMAAll))EPSIlOIJ,1)-EPSIlOAIII+IASIGMAlJ,I)-SI

IGHAA(I))/EZ
GO TO qq

17 1FIAS1GMAlJ,1).GE.AS1GMAIJ-l,II.AND.ASIGMA(J,It.lT.S1GMATT)EPSILO(
IJ,I)aEPSIlOIJ-l,I'-IASIGMAeJ-l,II-AS1GMAIJ,1tt/El

IFIAS1GMAIJ,II.GE.SIGMATT.AND.ASIGMAlJ,I).LT.SIGMAT5CII)EPSll0(J,1
1)-EPR03IJ,I,AS1GMACJ,III

IFIASIGMAIJ,II.GE.SIGMAT5(IIIEPSIlOIJ,I' aepSILOAII)+(ASIG"A(J,II-$
l1GMAAIIII/E2

GO TO qq
5 IFIAS1GMA(J-Z,1I.GE.SIGMAT3ClII18,lq

18 IFIASIGMAIJ-I,I).GE.SIGMAT~IIIIZO,21



IJ,II-EPSIlOIJ-l,II-IASIGMAIJ-l,II-ASIGMAIJ,III/El
IfIASIGMAIJ,II.GE.SIGMATT.1HO.ASIGMAIJ,II.lT.lSIGMlIJ-2,IlIEPSILOl

IJ,II-EPR03IJ,I,ASIGHAIJ,III
IFIASIGMAIJ,II.GE.ASIGMAIJ-Z,IIIEPSIlOIJ.I!-EPSIlOlIII+IASIGMAlJ,I

11-SIGMAAIIII/EZ
GO TO qQ

21 IFIASIGMAIJ,II.GE.ASIGMAIJ-l,II.ANO.ASIGI'IAIJ,II.lT.SIGI'IATTIEPSIlOI
IJ,II-EPSIlOIJ-l,(I-IASIGMAIJ-l,(I-ASIGMAIJ,(II/EI

IFIASIGMAIJ,II.GE.SIGMATT.AHO.ASIGMAIJ,11.LT.SlGMAT511IIEPSILOIJ,I
II-EPR03IJ,I,ASIGMAIJ,III

IFIASIGI'IAIJ,II.GE.SIGMAT5IIIIEPSIlOIJ,II-EPSIlQAI(I+IASIGMAIJ,II-S
lIGl'lAAI I I I/EZ

GO TO Qq
19 IFIASIGMAIJ-l,Il.GE.ASIGI'IAIJ-3,IIIZZ,23
2Z IFIASIGMAIJ,ll.GE.ASIGMAIJ-l,II.ANO.ASIG~AIJ,II.lT.SIGHATTlEPSILOI

IJ,II-EPSIlOIJ-l,II-IASIGMAIJ-l,II-ASIGMAIJ,III'El
IFIASIGMAIJ,II.GE.SIGI'IATT.ANO.ASIGMAIJ,II.lT.ASIGMAIJ-2,IlIEPSllOI

IJ,II-EPR03IJ,I,ASIGMAIJ,IlI
IFIASIGI'IAIJ,II.GE.ASIGHAIJ-Z,II.ANO.ASIGMAIJ,ll.LT.SIGHAT31IIIEP$[

llOIJ,II-EPR03IJ-2,I,ASIGMAIJ,Ill
IFIASIGMAIJ,Il.GE.SIGMAT3111IEPSIlOIJ,II-EPSIlOAIII+IASIGMAIJ,Il-S

lIGI'IAAI I I IIE2
GO TO qq

23 IFIASIGMAIJ,Il.GE.ASIGHAIJ-l,Il.AND.ASIGHAI~,II.lT.SIGHATTlEPSIlOI

IJ,II-EPSIlOIJ-l,II-IASIGI'IAIJ-l,II-ASIGMAIJ,III/EI
IFIASIGI'IAIJ,Il.GE.SIGMATT.AND.ASIGHAIJ,Il.lT.SIGMAT511IIEPSILOIJ,[

ll-EPR031J,I,ASIGMAIJ,Ill
IFIASIGMAIJ,Il.GE.SIGMAT51IIIEPSllOIJ,II-EPSllOAIIl+IASIGMAIJ,II-S

lIGI'IAAII IIlEZ
GO TO QQ

Z IFlASIGMAlJ-~,II.GE.SIGHATlII1124,25

24IFIASIGMAIJ-3,II.GE.SIGI'IAT2IIIIZb,27
26IFIASIGMAIJ-Z,[I.GE.ASIGMAIJ-4,IlIZ8,ZQ
Z81FIASIGMAIJ-l,II.GE.SIGHAT4IIlI30,31
30 IFIASIGMAIJ,Il.GE.ASIGMAIJ-l.II.ANO.ASIGMAIJ.Il.lT.SlGHATT)EPSllOl

IJ,I'aEPSIlOIJ-l,II-IASIGMAIJ-l,I)-ASIGMAIJ,Ill'El
IFIASIGMAIJ,II.GE.SIGMATT.ANO.ASIGMAIJ,II.lT.ASIGMAIJ_2,IIIEPSILOI

IJ,II-EPR031J,I,ASIGMAIJ.Il)
IFIASIGMAIJ,II.GE.ASIGMAIJ-Z,IIIEPSIlOIJ,II_EPSIlOAII)+IASIGHAIJ,I

11-SIGMAAIIII/EZ
GO TO QQ

31 IFIASIG~AIJ,I).GE.ASIGMA(J-l,Il.ANO.ASIGMAIJ,Il.lT.SIGMATTIEPSIlOI
IJ,Il-F.PSIlOIJ-I,II-IASIGHAIJ-I,II-ASIGMAIJ,IlI/El

IFIASIGMAIJ,II.GE.SIGMATT.ANO.ASIGMAIJ,I).lT.SIGMAT5II)IEPSIlOIJ,l
ll-EPR03IJ,I,ASIGHAIJ,Ill

IF(ASIGMAIJ,II.GE.SIGMAT511)lEPSIlOIJ,II-EPSIlOAIIl+IASIGMAIJ,I)-$
lIGMAAIIJIIEZ

GO TO GlQ
ZQ IFIASIGMAIJ-l,Il.GE.ASIGMAIJ-3,IIIGO TO 32

IFIASIGMAIJ-l,II.lT.ASIGMAIJ-3,Il.ANO.ASIGMAIJ-1,II.GE.SI6"ATZ(I)1
lGO TO 33

IFIASIGMAIJ-I,l).L T.SIGMAT2(I1 IGO TO H
32 IF(ASIGMAIJ,IJ.GE.ASIGMAIJ-l,ll.ANO.ASIGMAIJ,II.lT.SIGHATTIEPSIlO(

IJ,II-EPSIlOIJ-l,II-lASIGMAIJ-l,I'-ASIGMAIJ,I)I/EI
[FIASIGMAIJ.!I.GE.SIGMATT.ANO.ASIGMAIJ,I).LT.ASIGHAIJ-Z,IJlEPSIlOI

IJ,II-EPR03IJ,I,ASIGMAIJ,III
IFIASIGMAIJ,IJ.GE.ASIGMAIJ-Z,Il.AND.ASIGMAIJ,Il.lT.ASIG"AIJ-4,II)E

IPSIlOIJ,I)-EPR03IJ-Z,I,ASIGMAIJ,Ill
IFIASIGMAIJ,Il.GE.ASIGMAIJ-4,IlIEFSIlOIJ,II_EPSIlOAII)+IASIGHAIJ,[

ll-SIGMUIIII/EZ
GO TO 9Q

33 IFIASIGMAIJ,II.GE.ASIGHAIJ-l.[l.ANO.ASIGMAIJ,ll.LT.SIGMATTIEPSllOI
IJ,II-EPSIlOIJ-l,ll-IASIGMAIJ-l,II-ASIGI'IAIJ,lll/El

IFIASIGMAIJ,Il.GE.SIGMATT.AND.ASIGHAIJ,II.lT.ASIGMAIJ-4,IIIEPSILO(
IJ,Il-EPR03IJ,I,ASIGMAIJ,II)
IFIASIGHAIJ.Il.GE.ASIGMAIJ-4,Il)EPSILOIJ,Il-EPSllOAI11+IASIGMAIJ,I

ll-SIGMUCI I) tEZ
GO TO GlQ

34 IFIASIGMAIJ,II.GE.ASIGHAIJ-l.ll.ANO.ASIGHAIJ,ll.LT.SIGHATTIEPSIlOI
lJ,II-EPSILO(J-l,Il-IASIGMAIJ-l,I)-ASIGMAIJ,III/El

IFIASIGMAIJ,II.GE.SIGMATT.ANO.ASIGMAIJ,II.lT.SIGMAT5(1IIEPSIlO(J,l



IFIASIGMAIJ,I).GE.SIGMAT5IIIIEPSILOIJ,IleEPSIlOAIII+IASIG~AlJ,II-S

lIGMAAIIll/EZ
GO TO 99

27 IfIASIGMAIJ-2,II.GE.SIGMAT3II»35,30
35 IFIASIGMAIJ-l,II.GE.SIGMAT4111137,34
37 IFIASIGMAIJ,II.GE.ASIGMAIJ-l,II.ANO.ASIGMAIJ,I).lT.SIGMATTIEPSIlOC

IJ,I)-EPSIlOIJ-l,II-IASIGMAIJ-l,II-ASIGMAIJ,III/El
IFIASIGMAIJ,II.GE.SIGMATT.ANO.ASlGMAIJ,II.lT.ASIGMAIJ-Z,II)EPSIlOI

IJ,IleEPR03IJ,I,ASIGMAIJ,III
IFIASIGMAIJ,II.GE.ASIGMAIJ-Z,II)EPSIlOIJ,II-EPSIlOAIII+IASIGMACJ,I

II-S1GMAAIIII/E2
GO TO 99

3b IFCASIGHAIJ-I,I).GE.ASIGMAIJ-3,I»)39,34
39 IfIASIGHAIJ,II.GE.ASIGMAIJ-l,II.AND.ASIGHAIJ,II.LT.SIGMATTlEPSILOC

IJ,1IeEPSIlOIJ-1,1)-IASlGMAIJ-I,I)-ASIGHAIJ,l)1El
IFIASIGHAIJ,II.GE.SIGMATT.ANO.ASIGMAIJ,II.LT.ASIG~AIJ-Z,II)EPSILOC

IJ,Il-EPR031J,I,ASIGMAIJ,III
IFIASIGMAIJ,II.GE.ASIGHAIJ-Z,II.ANO.ASIGMAIJ,II.LT.SIG~AT3IIIIEPSI

lLOIJ,Il-EPR031J-2,1,ASIGMAIJ,III
IFCASIGHAlJ,II.GE.SIGHAT3IIIIEPSIlOIJ,IleEPSILOAII)+IASIGMAIJ,II-S

lIGMAAIIll/EZ
GO TO 99

25 IFIASIG~AIJ-3,II.GE.ASIGHAIJ-5,11141,42

41 IFIASIGHAIJ-2,II.lE.ASIGMAIJ-4,IIIGO TO 43
IfIASIGMAIJ-2,II.GT.ASIGMAIJ-4,II.ANO.ASIGMAIJ-Z,I).lE.SIGHATIIIll

IGO TO 44
IFIASIG~AIJ-Z,I).GT.SIGHATlIIIIGO TO 45

43 IFCASIGHAIJ-1,I).GE.ASIGHAIJ-3,I»GO TO 40
IfIASIGHAIJ-l,Il.lT.ASIGMAIJ-3.II.ANO.ASIGMAIJ-1,II.GE.ASIGMAIJ-5,

lIl)GO TO 41
IFlASIGHAIJ-1,II.lT.ASIGMAIJ-5,IIIGO TO 34

4b IFlASIGMAIJ,II.GE.ASIGHAIJ-I,II.AND.ASIGMAIJ,I).lT.SIGHATTlEPSIlOl
IJ,IleEPSIlOIJ-l.II-IASIGMAIJ-l,II-ASIGMAIJ,III/El
IFIASIGHAIJ,II.GE.SlGMATT.AND.ASIG~AIJ,I).lT.ASIG~AIJ-Z,I)IEPSIlOI

IJ,I)aEPRQ3IJ,I,ASIGMAIJ,III

IFIASIG~AIJ,II.GE.ASIGMA(J-Z.I).AND.ASIG~AIJ.II.lT.ASIGMAIJ-4,Il)E

IPSIlOIJ,II-EPR03IJ-Z,I,ASIGKAIJ.I))
IFIASIGKAIJ,II.GE.ASIGKA(J-4,II.ANO.ASIGMAIJ,II.lT.SIGMATIIII)EPSI

llOIJ,IlaEPR031J-4,I,ASIG~AIJ,I)1
IFIASIG~AIJ,I).GE.SIG~ATl(IIIEPSILOIJ.I)eEPSILOA{I)+IASIGKAIJ.I)-S

lIGMAAIIII/E2
GO TO 99

47 IFIASIG~AIJ.II.GE.ASIG~AIJ-I,II.ANO.ASIGKAIJ,II.lT.SIGMATTIEPSIlOI
IJ,I)_EPSIlOIJ-l,II-IASIGKAIJ-l,II-ASIGKAIJ,III/El
IFIASIGMAIJ,II.GE.SIGMATT.ANO.ASIG~AIJ,ll.lT.ASIGHAIJ-4,Il)EPSIlOI

IJ,II-EPR03IJ.I,ASIGMAIJ,111
IFIASIGMA(J,Il.Ge.ASIGMAIJ-4,II.ANO.ASlGKAIJ,II.lT.SIGKAT11IIlEPSI

llOIJ,II-EPR03(J-4,I,ASIGMAIJ.III
If(ASIGMA(J,II.GE.SIGHATIII)IEPSIlOIJ.llaepSIlOAIII+IASIGMAIJ,II-S

lIGMAAIIll/EZ
GO TO 99

44 IF(ASIGMAIJ-1,11.GE.ASIGMAIJ-5,II149,34
49 IFIASIGMA(J,Il.GE.ASIGMAIJ-l,II.ANO.ASIGKAIJ,II.lT.SIGKATTIEPSILOI

IJ,I)aEPSIlOIJ-l,I)-IASIGHAIJ-l,II-ASIGMAIJ,III/El
IFIASIGMAIJ.II.GE.SIGHATT.ANO.ASIGMA(J,ll.lT.ASIGKAIJ-Z,l))EPSllOl

IJ,Il-EPR03IJ,I,ASIGMAIJ,III
IFIASIGMAIJ,II.GE.ASIGMAIJ-Z,II.ANO.ASlGKAIJ,I).lT.SIGKATlllllEPSI

llOIJ,I)-EPR03IJ-4,I,ASIGMAlJ,Ill
IfIASIGMAIJ,ll.GE.SIGMATIII)IEPSIlOIJ,I)aEPSIlOAIII+CASIGMAIJ,II-S

lIGMAA(Ill/eZ
GO TO 99

45 IFIASIGMA{J-I.II.GE.SIGMAT~III)30.34

42IFIASIGMAIJ-2,II.GE.SIGHAT3111153,54
53 IFIASIGMAIJ-1,I).GE.SIGMAT411)30,34
~4 IFIASIGMAIJ-1,II.GE.ASIG~AIJ-3,II)39,34

99 RETURN
END

W
N
o

~II



2.3152 -1. 7208 95.5121 -53.8638 14.2285 -9.9385 16.1 2.4

0.72 21. 47 0.6875 2.53 320.1562 25.11698 4. 0.17962

0.05031 0.32371 0.243 2.51941 0.00787 3.30193 0.03902 0.82

3.49 1.17 1. 27 1. 27 60. 4100. 29600. ?l5.

0.006 0.03 0.03 0.03 -60. -50. -SO. SO.

SO. SO. 0.05 -0.025 0.098 -0.043 0.098

40 5 4 7 13 19 25 31 13
VJ
N
N

I
til
til

~ ~til
<Ill

'":z; '".... :z;

:a ....
Co>

0 l>l
~

~
Co> :z;.... .....
~ ~u u

>< ~ .x:.... 0
~ ~ ~

ffi ~... til
Po. U p..

~
.... .....
~ =
~

til

Po. ~....
~ j

=
::!
:z;

::> ....

~ ~
til



ICD.OOO

-- 11I.000I-

-100.000

-l20.~b.OOO..a.L.lo.u..U_III~.OlIJ~""""''''_LllO~.OlIJ~''''''''IoI.I.LJO~..a..\.''''''l'''O •.LlOllJu.&.'''''''''''IIIu.L.OlJI)'''''''''''''''''''».u.I.ocD..a.L.l'''''''.....404J.OOOL..t,.,...............5D.a.A.OIII
STRAIN (X10-3)

FIG. C-2 C(»{PARISOH OP RAMBKRG-OSGOOD EQUATION AND EXPERIMENTAL RESULT FOR

SPECIMEN R-D4 (29)

IIII.om_------~--------------------_

-i 1II.CXX1-
O!E-------1h~__,f_--_I_---_liJl.I_----------__1

1-11I.000

-ICD.om

-l20.~IE..OOO""""IoU-"'_l"'OLt.OIlO~"""'UoLO~""""""""'lO~ •.I:::'OIlO~"""'~20~.""=OOO~.u.A.~!o~.OlJI)~-"""""40"".""cm........w.Ao~5D~'OOO~ ..........~fIO~.ocD
STRAIN IXIO- 3)

FtG. C-l COMPARISON OF RAMBERG-OSGOOD EQUAnOH AND EXPElUHElfrAL RESULT FOt

SPECIMEN R-03 (29)



120.000

100.000

11I.000

11I.000

40.000

.-- 20.000
~

0
fA
IUe: -20.000
lQ

-40.000

-eo.000

-eo.OOO

-100.000

FIG. C-3

SPECIMEN R-06 (29)

? ..,:,,:,
cI:.- ~ J


