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1.1 General 

Chapter 1 

INTRODUCTION 

Quantitative information on the stress-strain relation of 

reinforcing steel under strain reversals is essential for the analysis 

of reinforced concrete elements subjected to earthquake effects. In 

spite of recent investigations on this subject (2,4), there is a lack 

of information on the properties of reinforcing steel subjected to large 

strain reversals. References 2 and 4 provide data on steel coupon tests 

where a maximum strain increment of 0.01 was realized between reversals. 

Moreover the coupons wer,e mainly cycled in tension, the compressive strains 

attained during the tests were less than 0.005. 

The purpose of this report is to document the tests on the 

stress-strain behavior of reinforcing steel under large strain reversals, 

carried out at the Structural Research Laboratory of the University of 

Illinois in Urbana. Steel coupons, machined from #6 and #9 nominal size 

structural steel bars were subjected to strain programs representing the 

steel history of a reinforced concrete column subjected to earthquake 

excitation. Compressive strains of 0.06 and strain differences of 0.09 

between loading reversals were reached in these tests. Two studies on 

the analytical representation of the measured stress-strain relationships 

are presen ted fo 1,1 ow; n g the tes t res u 1 ts . 
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1.2 Scope 

This report contains the results of nine steel coupon tests and 

two analytical models to represent the measured stress-strain relation­

ships. 

Six of the nine coupon specimens were machined from the same 

#9 standard size deformed bar. Strain increments of 0.09 between load 

reversals and a maximum compressive strain of 0.06 were obtained during 

the testing of these coupons. 

The remaining three coupon specimens were machined from three 

different #6 standard size deformed bars, taken from the same batch of 

bars delivered from the mill. Strain increments of 0.03 and a maximum 

compressive strain of 0.015 was reached during the testing of these 

specimens 0 

The major variables in the testing program were the entire 

previous strain history and the virgin properties of the material. 

The objects of the study were specifically as follows: 

(a) To investigate the stress-strain behavior of structural grade 

reinforcing steel under load reversals resulting in large strain incre­

ments representing the actual steel strain histories in prototype 

reinforced concrete elements under earthquake loading. 

(b) To develop an analytical model to represent the measured stress­

strain relationships. 
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Chapter 2 

TESTS 

The dimensions of the machined #9 and #6 bar coupons are given 

in Fig. 1. The dimensions of the coupons were arrived through a pre­

liminary test program. Coupon sizes were varied until the proportions 

which accomodated a 0.5 in. extensometer and enabled the largest strain 

increment between load reversals without buckling was determined. 

2.2 Loading Systems 

The #9 bar coupons were tested with a 600-kip capacity servo­

controlled hydraulic testing machine. The #6 bar coupons were tested in 

a smaller frame equipped with a servo-controlled hydraulic ram of 20-kip 

capacity. Both machines can be operated through a control module that 

is part of a closed servo loop, commanding either the stroke or the load. 

The stroke sensitivity of the machines was 1 x 10-4 inches. The load 

sensitivities were 0.1% of the load at full capacity. 

* The specimens were tested with lIaline-a-matic" grips. These 

grips with spherical end blocks were aligned at the start of a test by 

applying a small tensile load to the coupon. They were then locked in 

this configuration, minimizing the possibility of eccentric loading 

during the compression cycles of the tests. 

* Trademark of MIS Systems Corporation, Minneapolis, Minnesota. 
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2.3 Instrumentation and Test Procedure 

The instrumentation of the test specimens varied in the tests. 

The first four #9 bar coupons were equipped with four strain gages and a 

0.5 in. electronic extensometer as shown in Figure 1. The strain readings 

from the strain gages and the extensometer during the larg~ compression 

cycles of the first four tests indicated that the test setup was free 

of objectionable bending effects. A comparison of the extensometer versus 

average strain of the strain gages during the last compression cycle of 

test coupon 1 is given in Fig. 2. The remaining two #9 bar coupons and the 

three #6 bar coupons were equipped with two 0.5 in. electronic extensometers 

at ~pposite faces. This enabled a check of the uniaxial strain condition 

throughout the tests. The maximum strain difference between the extenso­

meter recordings in the tests was less than 10%. 

The test schedules were programmed in terms of strain histories 

to represent the steel strain records obtained during 

loading tests of reinforced concrete columns at the Structural Research 

Laboratory of the University of Illinois (1). After the strain history 

for a coupon was determined this history was applied by operating the 

testing machine in stroke control. Connecting an extensometer on the 

coupon to the plotter of the control module, the stroke was applied to 

produce the designated strain history, controlling through the plot. 

The stroke was applied with a uniform speed during a loading cycle. 

The only loading discontinuity occurred during the switch of the stroke 

direction betwee~ loading cycles. 
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The strain readings of the strain gages and extensometers were 

recorded by a PI 8 channel tape recorder on magnetic tape, at a speed of 

3.75 ips and in the form of continuous voltage signals. Prior to each 

test, calibration voltage signals were recorded on the tape to later 

digitize the analog signals. 

A schematic representation of the test setup is given in Fig. 3. 

2.4 Data Processing and Test Results 

The analog continuous voltage signals of the electronic strain 

measuring equipment was digitized to an average of 10000 record points 

for each channel, each strain gage, extensometer and load cell corresponding 

to a channel. The digitized data was then calibrated to convert into 

load and strain quantities and transferred to a magnetic tape for processing 

in the IBM 360/75 system. During the analysis of digitized data, the 

number of data points for each channel was reduced to an average of 1000 

points for each test. This reduction decreased the processing and analysis 

costs without sacrificing the necessary continuity of the measurements. 

The results of the nine coupon tests are presented in Fig. 4-12. 
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Chapter 3 

ANALYTICAL REPRESENTATION OF THE 

MEASURED STRESS-STRAIN RELATIONSHIPS 

Two different models were used to represent the observed response 

characteristics of the bars tested under cyclic loading. They are described 

in the following two sections. 

3.1 The Ramberg-Osgood Model 

A Ramberg-Osgood function (3) having the following form was used 

to describe the stress-strain relationship for each half-cycle between 

two stress-reversals as shown in Fig. 13. 

E -

( 1 ) 

where E and 0 denote the strain and the stress, and E· and 0· are the 
1 1 

initial values of the strain and stress at the beginning of the half 

cycle. The terms co' 0
0 

and a are the three parameters of the Ramberg­

Osgood function. 

An iterative process of least squares curve fitting technique 

was applied to determine the three parameters for each half cycle of the 

test data in the following manner: two of the parameters were assumed for 

the half cycle. The third parameter was calculated to make the square of 

the error a minimum for all the data points of the half cycle. The two 

assumed parameter? were then changed by a small increment. The procedure 
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was repeated for a reasonable number of increments and the analyzed 

variable resulting in the minimum square of the error was selected. The 

complete procedure was carried out for all three variables separately. 

The results of this analysis indicated that the ratio 00/EO 

can be taken as the modulus of elasticity of steel, 29,000,000 psi. The 

number of parameters were thus reduced to two. 

The iterative least-square analysis was repeated for 00 fixing 

the ratio of 00/EO by 29,000,000 psi. A plot of the results of this 

analysis versus the sum of the maximum stresses obtained in tension and 

compression during the test prior to the half cycle under consideration 

is shown in Fig. 14. This plot indicated linear correlations between 

the sum of the maximum stresses and 00' depending on the sign of the 

stress at the initial point for the half cycle under consideration. 

With this information an investigation of the test data and 

certain trial values for a resulted in the following rule to obtain this 

parameter: A stress of ~ 110,000 psi is obtained for 9% strain increment 

for the half cycle, the sign of the stress being the same as the sign 

of the stress axis at the end of the half cycle. 

The Ramberg-Osgood model, obtained by the results of the #9 

bar coupon tests was then generalized in terms of the yield stress of the 

coupons. The rules to determine the model are summari'zed in the 

following: 

1 . 

2. 

° = E E 

° = ° y 

for E < E 
Y 

for Ey < E < 4.2447 Ey 
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3. for 4.2447 Ey < E 

before the first reversal, where 

4. 
a - a1 ex. 

(a ) 
o 

for subsequent half cycles, where 

for half cycles starting from compression, 

for half cycles starting from tension, 

where 

a = 110,000 psi for E = .09 - El' 

a = -110,000 psi for E = -.09 - El' 

a = stress (psi), 

E = strain, 

ay = yield stress of the bar (psi), 

Ey = yield strain of the bar, 

amax= maximum tensile stress reached prior to the half cycle 

under consideration (psi), 

amin= maximum compressive stress reached prior to the half cycle 

under consideration (psi). 
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The comparisons of the IIRamberg-Osgood" model with the nine coupon tests 

are presented in Fig. 15-23. 

3.2 The Linear Model 

Common linear models like the elasto-plastic strain hardening 

model that represents the stress-strain relation for steel assume that 

the initial boundary curves into tension or compression regions are the 

envelopes for stress in reversed loadings. The actual behavior is 

different in the sense that there is no fixed envelope or strain hardening 

slope. These two quantities depend on the plastic strain attained before 

,the loading reversal occurs. This characteristic is demonstrated in 

Fig. 24. A simple linear representation of the stress-strain behavior 

is suggested in the following. 

The initial stress-strain relation is elasto-plastic with a 

strain hardening slope of 1,125,000 psi, up to a stress of + 110,000 psi 

in tension or compression. 

At any reversal, if any plastic strain is obtained for the half 

cycle before the reversal occurs, the boundary line after the reversal 

shifts further into tension or compression by the stress increment 

corresponding to the plastic strain increment obtained before the 

reversal. The slope of this new boundary line is less than the previous 
±. 110,000 - 0i 

boundary line and is given by ko + 110,000 _ on ' where ko is the slope 

of the previous boundary line, on is the stress measured from the strain 

axis to the intersection of the unloading line and the previous boundary 

line and 0i is la'rger than on by the shift in the boundary linee 



11 

These rules are demonstrated in Fig. 25. Ifa plastic strain 

increment is not obtained before the reversal, the previous boundary 

line does not change. 

The nine coupon tests are compared with this model in Fig. 26-34. 
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Chapter 4 

CONCLUSIONS 

On the basis of the test results and the analyses carried out, 

the following conclusions can be made: 

1. The stress-strain relation of reinforcing steel is dependent upon the 

entire previous loading history and the virgin properties of the material. 

2. The energy absorption characteristics of reinforcing steel is con­

servatively expressed by the linear, elasto-plastic models. 

3. An accurate RambergpOsgood representation of the stress-strain 

relation is possible. However the accuracy of this representation depends 

upon the definition of the three Ramberg-Osgood parameters which are 

related to the virgin properties of the material. The Ramberg-Osgood 

model proved not to be as successful with virgin properties different 

from the ones it was based on. Therefore the use of such a complicated 

model may not be warranted unless detailed test data are available for a 

particular bar. 

4. A linear representation of the stress-strain response is satisfactory 

for applications where detailed information on the stress-strain character­

istics of the bar is not availablea 



13 

LIST OF REFERENCES 

1. Karlsson, B. I., H. Aoyama and M. A. Sozen, IISpirally Reinforced 
Concrete Columns Subjected to Loading Reversals Simulating Earthquake 
Effects,". paper submitted for presentation at the Fifth World 
Conference on Earthquake Engineering, Rome, Italy, 1973. 

2. Kent, D. C., IIInelastic Behavior of Reinforced Concrete Members with 
Cyclic Loading, II thesis presented to the University of Canterbury, 
at Christchurch, New Zealand, in partial fulfillment of the require­
ments for the degree of Doctor of Phi 1 osophy, 1969. 

3. Ramberg, W. and W. R. Osgood, IIDescription of Stress-Strain Curves 
by Three Parameters,1I National Advisory Committee on Aeronautics, 
TN 902, 1943. 

4. Singh, A., K. H. Gerstle and L. G. Tulin, liThe Behavior of Rein­
forcing Steel Under Reversed Loadings,1I Journal ASTM, Materials 
Research and Standards, Vol. 5, No.1, January, 1965. 



r-­
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

0.7 11 

111 

L __ 

l.a #9 Bar Coupon 

r 

1.c Instrumentation 

14 

0.5 11 

0.5 11 

1 .5 11 

0.5 11 

0.5 11 

Electronic 
Extensometer 

Strain Gage 

1.b #6 Bar Coupon 

Electronic 
Extensometer 

, 2" 

0.25 11 

0.25 11 

l.d Instrumentation of Coupons 5-9 
Fig. 1 Dimensions and Instrumentation of Test Coupons 



15 

Tension 

0.015 

0.01 

0.005 

-0.015 -0.01 -0.005 Tension 

0.005 0.01 0.015 

-0.005 

-0.01 

-0.015 

Extensometer Read~ng,Strain 

Fig. 2 Comparison of Extensometer against Strain Gage, 
Last Compression Cycle, Test 1 



Loading Frame 

Tape Recorder 
I 

EBEB. aI iii -!.-- ,nor; man I .=#= 1 ___ 1 Plotter 

o 10 O- m 

() 00 
Control Module 

10 0 0 

o 10 10 

Fig. 3 Schematic Representation of the Test Setup 

~--.. ~----. - --- -- - -



17 

0 
)g 
0 

0 
::3' 
0 

0 

0 
(T') 
0 

0 

0 
C\J o 
0 

02 

~cr 
oa: 

0 o 
0 

0 
1 

o 
(T') 

o 

I-
en 

~-------+--------+--------+ ________ +-______ ~ ________ ~ ______ ~~-------+o 
0'01 S'L O'S S'~ 0'0 S'C- 0'5- S'L- 0'01- 1 

( hO 1 Xl (I Sdl SS381S 

£:: 
0 
c.. 
:::::s 
0 
u 
s-
ctS 

co 
m 
=h:: 

r>-

.f-,) 
Vl 
Q) 

t-

oc:::t 

0") 
01'"'" 

lL.. 



18 

i 
I 

0 

~ 
0 

0 
g 
0 

0 
(T) 
0 

0 

0 

~ 
0 

02 

~cr 
00:: 

o 
en 
o 

t-
(J) 

~I -------+I-------+I------~,~-------+_------~~~~~~~----~------+, d 
0'01 S'L O'S S'c 0'0 S'c- O'S- S'L- O'Ot-' 

( h01Xl (ISdl SS381S' 

s:: 
0 
0.. 
d 
0 
u 
s... 
res 

00 

0"1 
=h::: 

N 

oj..) 
II) 
(JJ 
I-

U") 

en .,.... 
I.J... 



19 

0 

~ 
0 

0 
g 
0 

0 
('f') 0 
0 

0 
N 0 
0 

0 
0 
0 

gz 
0 ........ 
00: 
ICC 

o 
Ln 
o 

I-
if) 

~------~------~~------~--------4--------4--------~------~~-------+0 
o'Ot S'L a's S'G 0'0 S'C- 0'5- S'L- 0'01- 1 

hO 1 Xl l I Sdl SS381S 

s::: 
0 
c.. 
::::I 
0 

U 

~ 
I't$ 

t:Cl 

0) 
~ 

M 

-+-J 
(/) 

Q) ..... 
W 

C'> 
01""'" 

I.L.. 

. I 



20 

0 

lB 
0 

0 
g 
0 

~ 
0 

0 

0 

!?5 
0 

0 

S 
0 

8:z 
0 ...... 

oa: 
10::: 

0 

S 
d 

I 

o 
If) 
o 

I-
CJ") 

~ ______ ~ ____ ~+-______ ~ __ ~ __ ~ ______ ~ ______ -+ ______ -4 ______ -+d 
0'01 S'L O'S S'c 0'0 S'C- 0'5- S"L- 0'01-

1 

l hOlXJ lI5dJ 553815 

s::: 
0 
c.. 
:;, 
0 
u 
S-
etS 

eel 

0'\ 
~ .. 
'l:T 

..j..) 
U') 
QJ 
I-

" 
0 

C') 
01"'" 

u.. 



21 

o ,.... 
o 
o 

o 
::!' 
o 

~------~-------4--------+--------+------~~------~-------4--------+o 
0'01 S'L O'S S'C! 0'0 S'c- O'S- S'L- O'ot-

I 

l hO 1 Xl (r 5dl 553815 

s:: 
o 
c.. 
:::s 
o 

u 

Of""" 

L.I.. 

.1 



O'Oi S'L O'S S'c 0'0 
( hOlXJ (JSdJ 

22 

S'c­
SS:3t11S 

0'5- 5'L-

0 

~ 
0 

0 
t-o 
a· 

a 
~ 
0 

0 
In 
0 

0 

a 
g 
0 

a 
tTl 
a 
0 

a 
E5 
a 

a2: 

~cr 
ace 

t-
en 

a 
a 
0 

0 , 

a 
0 
0 , 

a 
C\J 
0 

0'01-' 

!:: 
0 
C. 
::s 
0 
u 
s... 
to 

c::c 
0') 
~ 

\.0 

+-> 
(,/) 

OJ 
I-

0') 

C') .,... 
L.I... 



O'Ot S'L D'S S'C! 0'0 
l 1l0tXl lrSdl 

23 

S'C!­
SS3t11S 

O'S- S'L-

0 

~ 
0 

0 

~ 
0 

0 
g 
0 

0 
tI") 
0 

0 

oZ 
'\J ....... 

~a:: 
00: 

~ 

0 

0 
e 

0 

8 
0 

I 

0 

0 
d 

I 

0 
N 
0 

O'Ot-9 

£:: 
0 
c.. 
::s 
0 
u 
S-

"' CO 

c.o 
* 
....... 
.p.) 

Vi 
W ...... 

0 ...... 

C') ..... 
I..L.. 



I I 
o'Ot S'L O'S S'c 0'0 

l hOlXJ lISd) 

24 

5'2-
SS3t:!lS 

0'5-
I 

S'L-

0 

~ 
0 

0 

~ 
0 

0 
g s::: 
0 0 

c.. 
:::s 
0 
u 

0 
('I") S-o 
0 ftS 

c:c 
u:> 
=h:: 

oz ... 2j-.cr: 00 
ocr:: 

t- ....., 
en (/) 

QJ 

0 
l-

e 
0 ..-

..-

8 
C') 

or-
o u.. 
9 

0 

e 
0 

I 

0 
"'\J 
0 

10 
o'ot- I 



25 

0 
:g 
.:) 

0 
IJJ 
0 

0 

0 
g 
0 c 

0 
c.. 
::s 
0 

0 u 
(T') 

0 s... 0 ftS 
a:::I 

\..0 
02: ~ 

~-' .cr: oce 0'1 
I-
(f") +-' 

(Il 

W 
0 I-
0 
0 

N ,.... 
:::J C') :::J 
0 .,... 
0 I..L. 

I 

0 

5 
ci 

I 

0 
(\J 

0 

d 
0'01 S'L O'S S'c 0'0 S'G- 0'5- S'L- 0'0[- I 

l "OlXJ lfSdJ SS3tllS 



B 

o. 
1 

a (Stress) 

E· 
1 

A 

E (Strain) . 

Fig. 13 Initial Stress and Strain for the Half Cycle A-B 

N 
0'\ 



(V) 

0 
r-. 

.,.... 
Vl 
0.. 

bO 

o 
U) 

o 
lO 

0 
q-

0 
(V) 

C> 
N 
r-

o 

g I ~ 

100 

I 

110 

l 

o Cycle Starts from Compressi9n 
o Cycle Starts from Tension 

° = 47628 + .51723 (omax - 0min) o 

---y----

o 

= 46410 + .47989 (omax - 0min) 

o 

~I 

120 130 140 150 160 170 180 190 

(0 - 0 • ) max mln (psi 103) 

Fig. 14 P"lot of 0 'against (0 - 0 . ) o max mln· 

o 

200 210 

N 
"'-J 



28 

I 
\ 
\ 
\ 4-> 0 
\ Vl 0 Ln 

0 
I CIJ I 0 
\ I- 0::: ,...... 
I CIJ 
\ "'0 
I 0 
i 0 ::E: 
\ g 

0 
L 0 I 
\ 0::: 

~\ ..c:: \\ 4-> 
~~ 0 or-

II 8 3: 

~\ 0 s::: 
~~ 0 

\ Vl 
or-

\) 0 s... 
~ C\J ttS 0 c.. \ 0 

'II" == 
~ 0 
~ U 
~ \ 
~ \ 02 s::: \ \ ~cr ~ \ 0 

~ ~ \ ocr: c.. \\ ~ \ 
\" ~ \ I- :::s 
\\ \ 

(f') 0 
\~ U 
'\, 0 

\ 0 S-
o ttS 
0 c:t::l 

I 

m 
==I:i:: 

,...... 

4-> 
Vl 
Q) 

-----. l-

i.!') ,...... 

0 
t::n 

CT'1 or-
O 

0 
I.J.. 

0'01 S'L O'S S'c 0'0 S'c- O'S- S'L- 0'01- 1 

l hOlX) (ISdJ SS381S 



-----

---...... _----

o'ot 5'1. D'S S'c 0'0 
l h01Xl lISdl 

29 

+-> 
c.n 0 
CIJ 8 
I- 0::: 

----------------

-------------

5',­
SS3tllS 

0'5- S'L-

0 
If) 
0 

0 

0 
g 
0 

0 
(T') 
0 

c::i 

0 
C\J 
0 

0 

oZ 

C!cc 
o a:: 

I-
(J) 

01F"' 

3: 

s:: 
o 
c.n 

01F"' 

s... 
C'C 
c.. 
E 
o 
u 

N 

+-> 
c.n 
CIJ 
I-



\ 
\ 
\ 
\ 
\ 
\ 
I 
\ 
\ 

30 

-+--> 
(/) 0 
Q) I 

'I- 0::: 

0 
)g 

To 

0 
:::r 
0 

0 

0 
('I") 
0 

0 

0 
C\I 
0 

o 

0 

o 
0 

§z 
0_ 

00:: 
'0: 

o 
If) 

o 

f-
en 

~--------+---------~--------~---------r---------+--------~----------~--------+o 
0'01 S'L O'S S'c 0'0 S'c- O'S- S'L- 0'01-' 

l hOlXJ lISdJ SS3tUS 

,.... 
Q) 

'"0 
0 
:E 

<::> 
I 

0::: 

.J:: 
-+--> 
or-
~ 

s::: 
0 
(/) 

or-
s... 
ttS 
c.. 
E 
0 
u 

s:: 
0 
c.. 
::::5 
0 

U 

s... 
n::s 

a::l 

~ 
=I:t:: 

M 

-+--> 
(/) 

Q) 
l-

f'.., 

0) 
or-
I.L. 



31 

0 
I !B 
I To \ 
i 
I 
I , .f..l 0 

\ Vl 0 g 
Q) B 0 f- 0:::: ...... ---------------- Q) 

I ""0 
0 

I 0 :::E: 
gJ 

0 

I 0 I. 
0:::: 

I, oJ::: 
.f..l 

0 01""" 

~ 3: 
0 

-------- s:::: 
0 
Vl 

01""" 

0 S-
o I'C 

0 c.. 
E 
0 
u 

------ gz 
S::::' 0_ ---- 00: 0 

I a:: c.. 
I- :::s 
if) 0 

U 
0 

S-o C'tS d w I 

'" ~ 
-......;;;;;: 

'" <c:::t' 

.f..l 
Vl 
Q) 
f-

cc 

. 
C') 

0 
'F" 

:::1' 1..1.. -------- c: 

0 
Lf) 
0 

0 
O'Ot S'L 0'5 s'e 0'0 S'C- 0'5- S'L- 0'01- I 

l h01XJ lISdJ SS3tl1S 



\ 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

\ 
\ 

'\ 
\ 

32 

e 
l"-e 
0 

0 s ...., 0 
(J'J 0 
QJ I 

....... ~ 
0 

~ 
0 

0 
g 
0 

0 
('I") 
0 

0 

o 
~ 

I 

C-l 

~I--------~------~~f~------~---------T---------+I---------+I---------+I---------+~ 
O'O~ S'L D'S 5', 0'0 S'G- 0'5- S'L- O'Ot- 1 

l h01Xl lISdJ' SS381S 

-QJ 
"'0 
0 

:::E: 

0 
I 

c:::: 
.c 
+=> 
or-
3: 
s::: 
0 
(J'J 

or-
s.... 
~ 
C-
E 
0 
u 



o 
o 

II) 

r-

o 
II) 

~II) 

::r N 

o 
x 

~~I ' ~~' :I 
I 
I 

en 
en 
WII) 

a:::f'i 
I- , 
en 

o 
II) 
I 

II) 

r­
I 

I 
I 
I 
I 
I 
I 
I 
/ 
I 
I , 
/ 
f 

'/' / 

I ... ,'-
/ // 

f --------/ 
I ,.,// 
I,,"" 

'/ 
'I 

/ 
/ 

/ 

/ 

iI ---j,'fj-; ---L-'f J f ," 

/ 
/ 

/ ,-
// 

/ 
/ 

I 
/ 

/ 

Test 
---- R-O 

/ 
/ 

h 
I. 

/­
/ 

I " 

~ 

---------, /~ 
I ..... / 
I ... ,,' 

----..... l\/ 

{/ 
~ 

? 

°i i ~ / L ~ . ~---
g ,.,----'? I I I I I I i I I 
'- .060.050 _7JJ"{}tro'" -J};{J'jo -0,,020 -0.010 -0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 

STRRIN 

Fig. 20 Test 6, #9 Bar Coupon, Comparison with R-O Model 

w 
w 



a 
a 

11) 

r-

a 
11) 

,-.11) 

::r'" 
o 

~ 

~~I 
~C) 

(f) 
(f) 
WI1) 
CI: N 
1--1 
(f) 

a 
IJ) 

1 

IJ) 

r: 
1 

a 

-------...---
__ -------r-­

..... ...----

Test 
- -- - R-O 

11 I I I I I I I I 
-0.020 -0.010 -0.000 0.010 0.020 . 0.030 0.040 0.050 0.060 

STRRTN 

Fig. 21 Test 7, #6 Bar Coupon, Comparison with R-O Model 

w 
.,J::. 



35 

§ 
0 ..-

cu 
""0 

0 0 
I 

~ 
:E 

0:::: 

0 0 

I I 
0:::: 

I ..c 
-I-> 

I' 0 g 011""" 

~ 

I 
ci 

s::: 
0 
CJ'l 

011""" 

~ 
S-
ttS 

.::J c.. 
E 
0 
u 

oZ s::: 2j>-.cr: 0 
ocr::: c.. 

I- :::;, 
(j"') 0 

U 

0 S-o ttS 
ci c::r:::I 

\.0 
~ 

0 
0 
0 co 
ci , ..f...) 

CJ'l 
CU .-

0 

0 
0 N , N 

0') 

0 011""" 

"\I I..L. 
0 

0 
0'0\ S'L O'S S'c. 0'0 S'C- 0'5- S'L- 0'01-' 

l h01Xl lISdJ SS3t11S 



Cl 

Cl 

II) 

r 

Cl 

II) 

,-.11) 

:::r('\J 

o 

~ 

~ ~ t II, ~ i' 'I f " i I I I e:: o II I II I II I 

(f) 
(f) 
lJ.J1I) a: . 
t-~ 
(f) 

a 
II) 

I 

II) 

r­
I 

° 

Test 
R-O 

11 I I I I I I I I 
-0.020 -0.010 -0. DUO 0.010 0.020 0.030 U.040 0.050 O.06U 

STRRIN 

Fig. 23 Test 9, #6 Bar Coupon, Comparison with R-O Model 

w 
en 



\ 

37 

\.~---------------r-----------, 

\.........-..._---::::~.,---- - - -- - - \ 
\ 
\ 
\ 
\ 

\ 
\ 
\ 
\ 

.>, 
S­
ro 
"'0 
s:: 
";:5 
o 
cO 

VI 
VI 
OJ 
So­
~ 
cJ") 

4-
o 
OJ 
tj"'l 

~ 
.s:::. 
u 

\ L-~ ______ ~ __________ ~\ \\ 

\ \ \ 
\ \ \ 
\ \ \ 

\ \ 
\ 



............ 

0y 

Plastic Strain 

~I 
.... -..--

--"---~~I 

Stress 
110 t OOO psi 

k 0 .!.- -;;;;;---
..-- 1 --k ,--1 

-110,000 psi 

I P1astic Stress 
Increment (op) 

Strain 

on 

I °i 
0p 

-110,000 - 0i 
k1 = kO 

-110,000 - on 

Fig. 25 linear Stress-Strain Model 

w 
00 



39 

0 

~ 
r-
0) 

s- o -0 

cd 
0 :::: ....., 0) 

en £:: 
0) 0,.,.. 0 

s-

I- .....l 
ro 

g 0) 
£:: 

\ 

0 

--------

,,.,.. 

----

:.....J 

.s:::. 
0 

....., 
~ 

,,.,.. 
0 

:;: 

s:: 
0 
en . ..-

0 s-
~ fO 

0 % 
0 
U 

---- oZ 
.,.. 

~Ci 
s::: 
0 

o a:. 0.. 
I- ::> 
(J"J 0 

U 
0 
0 s-o 
c:i 

to 
I co 

0"1 

* 
~ \ 

\ 
\ 

r-
...., 

\ 
\ 

en 
Q) 

I-
----~----

\ ...0 

'c...-=---=--=--=-=======-=.= C'J . 
t:n 

0 
,,.,.. 

co u... 
0 
0 

0'01. S'L O·S S'l 0"0 
. S"G- O'S- S"L- 0"0\-

, 

l hO lX} ll5cl) 553815 



40 

\ 

\ 
\ 
\ 

S- o 

\ 

ctS ~ IF""" 

4=> CIJ 0 cu 
(/') C 

"'C 

(!) ...... 0 

l- .....I 
:E: 
S-

\ 
\ 
\ 
\ 
\ 

0 

\ \ 

2) Cd 

'\ 

0 
OJ 
C 

--------

...... 

'\ 

----
.....I 

\ 

---\ 

\\ 

0 
..s:: 

\ 8 
~ 

~ 

\ 

...... 
0 3: 

\ 

\ 

" 

\ 
c 

\ 

0 
II) 

\ 
0 

...... 

\ ~ 
S-

o Cd 
0. 

8 
u 

oZ ........ 
~a: c 
oCC 0 

t- o. 
(Jj ::5 

0 
---- U 

S-
Cd 
co 
~ 

* 
'" C'J 

~ 

\ 
II) 

\ 
<lJ 
l-

\ 

----
\ 

--------j r-
C'Y 

e 

t:n 
0 
(f'l 

...... 
0 u.. 
d 

0'0\ S'L o·s S'2o 0'0 S'c- 0'5- S'L- 0'0\-1 

l h0 1X) lISd) SS3t!lS 



41 

I 
I 
I 

§ 
c::i , 

I 
I 
I 
\ 
I 

s-

\ 

ttS 
0 

\ 

~ aJ 
g 

l,.-

til s= c::i 
,..... 

\ 
---------------------

aJ .,... aJ 

\ 

l- .-1 
'"0 

\ 

-----------"'\ 
0 

\ \ 

:E 

\ 

\ a s-

\ 

\ c::i 
ttS 

\ 

\ 
~ 

\ 

\ 
.,... 

~ 

\ 
-l 

\ ~ 
.c;. 

\ 
....., 

\ 0 
.,... 
3: 
c 
0 ------

0 
til 

0 
.,... 
s-

0 ed 

~ 
0 

§~ 
u 

'" 
9~ s= 

I- 0 
tJ1 c.. 

::::I 
0 
u 
s-

-------- ed 
co 
0"1 

* 
'" ("I") 

+-> 
til 
QJ 
l-

~ 

\~ 
co 
N . 
Ol 

\ .,... 
\.._--- IJ-

0 
U"I 
I:) 

0 

0'0\ S'L O'S S'c 0'0 S'c- O'S~ 
S'L- 0'0\-1 

ho tX1 tISdJ SS3t11S 



\ 
\ 
\ 
\ 
\ 
\ 

-------------

---

1.--------

42 

--------------

---

------------

"""\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

o 
g 
o 

o 
8 
o 

o 
o 
o 

o 
:::I' 
o 

o 
V) 
o 

~------~------~------_4--------~------~------~------_4------__+0 
O'Ot S'L D'S S'C 0'0 S'C- 0'5- S'L- 0'01-1 

l hO 1 XJ l r SdJ SS3t11S 

or-
...J 

..£:: 
.f..) 
or-
3 
s::: 
o 
V') 

or-
S­
«tS 
c.. 
E o 
u 

s::: 
o 
c.. 
::::s 
o 
u 

er-
lI... 



43 

0 

b 
0 \ 

S- O 

~ ~ 
+-> <1,) 
V') !:: 

0 
<1,) .,-

t-....J 
r-

\ 
\ 0 

~ 
<1,) 

l 
"'C 

0 0 

\ 
:E 
S-

\ 
~ 

0 
<1,) 

g c: .,-
0 ....J 

..s:: 
+-> ..... 

0 
C"I 

3: 
0 

0 s:: 
0 
V') ..... 
S-
~ 

~ 
0 
U 

"" 
!:: 
0 ---------=---.......... -~-~.--
c.. 
::5 
0 
U 

S-
ro 
CO 

0"\ 

* 
L{) 

+-> 
V') 
<1,) 

t-
----

O 
M . 
en ..... 
u.. 

o g 

~------~------~------~------~------~----~~----~~----~d 0'01 S'L 0'5 S'G 0'0 S'G- 0'5- S'L- 0'01-' 
l hO \ Xl ll5d) 553'815 



44 

------------------ --------~ \ 
\ 
\ 

~ ............ =-=-=--::::::.=-=-:..:::-:.:::-:.::-:.::...-:.:-::..:-=-=-=-::.-==-.::-.::-.:-.t ------------., 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
~ 

\ 
--~---~----~-~-=-~--------~----~------~ 

rlr-........ -...---............... --=::.:-=-:...::-=-:..:-::.;-=.::-:..:-==-:.:-~:.:-==-'-- - - -===--~--- --"\ 

\ 
\ 
\ -, \ 

\ \ 
\ \ 
~ \ 

==~~----~----~----=-----~~~--~\~ 
\ 

--~ 
\ 

S-
n:s 
Q) 
t: 

0"" 

\ 

....I 

\ 
\ 

\ 
1 , 

0 
co 
0 

0 

0 

E 
0 

0 

8 
0 

0 

~ 
0 

0 g. 
0 

0 

8 
0 

\ 
\---~-~-------=-~-==-=-=-~====~====~==~=-

\ 
\ 
\ 

. \ 

O'Ol S'L 

\ 
\ 
\ 
\ 
'\ 

. o·s 

\..-------
S'c­

SS3tjlS 
0'5-

...-

0'0\-1 

Q) 
"'0 
o 
:E 
S-
n:s 
QJ 
c 

0"" 
....I 

.s::. ....., 
0"" 
~ 

c 
o 
«.n 

0"" 
S-
n:s 
Q.. 

8 
u 



a 
a .... 

IJ) 

r 

o 
IJ) 

r-IJ) 

::r(\l 

o ...... 
~ 
,-

~0L-~ci ~f It1 

U1 
U1 
WUl 
a:C'i 
t- I 
tn 

a 
Ul 

I 

Ul 

r­
I 

----
Test 
Linear 

~L- I ~ I I I I I ~ 
-0.0'0 -0.0,0 -0.000 0.010 0.020 0.030 0.000 0.050 0.060 

S1QqlN 

Fig. 32 Test 7. '6 Bar Coupon, Comparison with linear Model 

.,J:::o 
01 



46 

S-
ct:S 

+-l <l) 

C/'l £:: 
<l) "I""" 

l- ...J 0 

\ 

\ 

~ .-

\ 
0 <l) 

"'0 

\ 
0 
::: 

\ ~ 
S-
ct:S 

0 
<l) 
£:: 

0,-
...J 

--------- .s::. 
0 e +J 

0,-
0 :3 

s::: 
0 
C/'l 

0 0,-
E s-
o ct:S 

0. 
E 
0 
u 

oz. 
~-

A 

.0: £:: 
oC:C 0 

r- 0-
<f"l ::s 

0 
U 

0 

0 S-
O ro 

CO 

r..o 
'*' § ... 

c5 CO 
I 

+-l 
C/'l 

---- Q) 

0 l-
E 
c5 

I M 
M 

. 
0 

en 
N 0,-
0 u.... 
0 

I 

o'ot S'L O'S S'c. 0'0 S'G- 0'5- S'L- o'ot-

l hO tXl USd) SS3'dlS 



47 

0 

~ 
0 r-

Q) 
"'0 
0 

§ ::=: 
0 >-n:s 

Q) 
s:: 

'f"" 
-1 

>-n:s 
4-l Q) 

VI s:: 

0 

Q)'f"" 

e .s::: 

.--1 

0 4-l 
'f"" 
3: 
s:: 

\\ 

0 
"1'l 

0 
0 

VI 

0 'f"" 
>-
rtS 

% 
~~ 

0 
w 

.ct 
00: 

l- s:: 
Cf) 0 

0-
::s 

---- 0 0 
(5 w 
0 s... 

I'd 
O:l 

§ \.0 
~ 

d 
I 

0"1 

~ 
0 VI 

0 Q) 

c:i .-
1 

~ 
('f) 

0 
N 
0 0'> 

0'01. 
s't. a's S'c 0'0 S'c-- o's- S'L-

O'Ol_9 
'f"" 

l n0 1X) lISd) SS3tLl.S 

u.. 




