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ABSTRACT

Analytical and experimental studies have been conducted in this research to

study the inelastic steel brace member behaviour under cyclic load.

In the analytical study, three types of steel brace model were reviewed. They

were the purely theoretical model, the phenomenological model, and the refined

physical theory model. Their advantages and disadvantages were also identified.

A 150 UC 30 was chosen as a representative universal column section. Three

150 UC 30 brace specimens were tested with slendemess ratios of 40,60, and 80. The

overall and inelastic behaviour of the specimens under cyclic load were studied.

The refined physical theory brace model from Ikeda was used to predict the axial

force versus axial displacement relationships of the test specimens. The analytical

results showed good agreement with the test results for relatively low axial displacement

amplitudes. The need to include the effect of tangent modulus history degradation and

strain hardening into the available model were emphasised for large axial displacement

amplitudes.
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CHAPTER 1

INTRODUCTION

Concentrically-braced steel frames are frequently used in order to increase the

strength and stiffness of a structure. Such frames generally rely on inelastic

deformations in the braces as the main source of earthquake energy dissipation. This

cyclic behaviour involves several complex physical phenomena, including yielding by

tensile loads, buckling by compressive loads, post-buckling deterioration of

compressive load capacity, and deterioration of maximum compressive loads after each

inelastic cycle.

1.1 OBJECTIVE AND SCOPE OF RESEARCH

To review the available analytical brace models and identify their advantages

and disadvantages.

To generate experimental data of axial force - axial displacement hysteresis

loops and other related data, i.e. axial force - lateral displacement hysteresis loops and

strain readings at some points along the specimen, of a representative universal column

section with varied slenderness ratios.

To compare the experimental data with the analytical data obtained from the

available model and suggest refinements to the model.

The analytical brace models reviewed are a purely theoretical model, a

phenomenological model, and a refined physical theory model. The purely theoretical

model is based on simplified theoretical formulations of material properties, member

geometries, and components of force equilibrium equations. The phenomenological

model is based on simplified hysteretic rules that only mimic observed axial force -

axial deformation relationships. The refined physical theory model combines both

aforementioned models, in the sense that it is based on adjusted theoretical

relationships for material properties and member geometries to better represent

experimental data but also uses the same theoretical formulations as the purely

theoretical model.

1



The test program included three specimens of 150 UC 30.0 grade 250 with

slenderness ratios of 40,60 and 80 and one stub column specimen. The specimens

were subjected to quasi- statically applied axial loads.

1.2 REVIEW OF PREVIOUS RESEARCH

1.2.1 Experimental studies

(i) Black, Wenger, Popov (1980)(1) tested 24 struts. The sections were nine

wide-flanges, four double-angles, one double-channel, two structural tees, five circular

tubes and three square tubes. Eighteen of these struts were designed to be pinned at

both ends, while six of them were pinned at one end and fixed at the other. A

common effective slenderness ratio of 80 was used for specimens within each

structural shape category allowing for a direct comparison of results due to variations

in structural shapes. Also, an effective slendemess ratio of 40, close to the range of

plastic action, and one of 120, close to the range of elastic buckling, were assigned to

both wide-flange and double-angle sections.

The authors examined the effects of loading patterns, end conditions, cross-

sectional shapes, and slenderness ratios on the hysteretic response of members. In

addition a method of calculating the inelastic cyclic buckling capacity was proposed.

The results of this experimental work showed that:

- The point of inflection of the buckled shapes in the inelastic range coincides

with the point of inflection ofthe buckled shape according to elastic prediction.

The buckled shape does not appear to be a function of slenderness ratio.

- The hysteretic performance of a member is somewhat influenced by its cross-

sectional shape. The major determining factors appear to be related to a

member's susceptibility toward lateral-torsional buckling, local buckling of

outstanding legs, and web buckling between stitches in built-up members.

- The most important parameter in determining the hysteretic behaviour is the

effective slenderness ratio. The stockier members generate fuller loops than the

more slender ones.
.
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- Two sources of the deterioration of cyclic buckling loads were identified: they

are the Bauschinger effect, exhibited by the steel subjected to inelastic load

reversals; and the effect due to the residual camber or bowing of a specimen.

(ii) Jain, Goel, and Hanson (1980)* tested seventeen tube sections with

effective slenderness ratios of 30 to 140 and eight angle sections with effective

slenderness ratios of 85 and 120. The tube specimens were made from 25-mIn x 25-

mm steel tubes cold rolled from 12 gauge (approximately 2.5-min) American Society

for Testing and Materials designation A-570 grade C steel. The angle specimen were

made from M1020 hot rolled single angle sections with sizes varied from 25 x 25 x

6 mm to 40 x 40 x 3 mIn.

The test objectives were to investigate the reduction in maximum compressive

strength and the increase in member length with the number of cycles. The effects of

mode of buckling, local buckling and cross-sectional shape on the hysteresis loops

were also investigated.

Comparisons between the hysteresis loops of tube specimens with different

modes of buckling and connection details showed that the mode of buckling and

connection details for tube sections did not have much influence on the hysteresis

loops for members of a given effective slenderness ratio.

It was considered that local buckling did not influence the hysteretic behaviour

of tube specimens, but for angle specimens, local buckling reduced the post-buckling

strength. Based on the different behaviour of the specimens after buckling it was

concluded that the hysteresis loops for tube, angle, and bar specimens of equal

effective slenderness ratio were different in their post buckling range.

1.2.2 Theoretical Brace Models

(i) Nilforoushan (1973)(3) based his fonnulation of the hysteresis model on

several simplifying assumptions. The assumptions were as follows:

- The material had a stress-strain relationship which was represented by an elasto

plastic approximation.

- The moment-curvature relationship was ideally elasto-plastic.

- Shear deformation was neglected.

I .9
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- The relative axial displacement, 6, between the ends of the steel bar bracing,

was made up of three components.

6= i +6ptog

Where:

6e was the displacement due to direct axial force;

6p was the displacement due to the plastic hinge rotation;

6g was the displacement due to geometric deformation.

The analytical solution of the differential equation of the deflection curve was

formulated in the form of elliptic integral of the first and second 1dnd.

He also offered an approximate solution for the hysteretic behaviour of axially

loaded members, which led to nearly the same results. The additional assumptions in

this procedure were as follows :

- The bar deflects laterally under the buckling load and sustains the buckling

load, until the hinge moment is reached at mid-length.

- The shape of the deflected curve of the bar is represented by a half sine wave

before hinge formation and the two halves of the bar are considered to rotate

as rigid bodies beyond the hinge formation.

- The relative displacement, 6, between the end of the bar is made up of two

components :

6- i +6p

Where : 6p was the displacement due to the lateral deflection.

(ii) Nonaka (1977)0) proposed an analytical model which included the plastic

axial deformation of the brace but limited it to small geometric effects. He solved the

beam-column equation directly, obtaining sine curves for beam segments under

compression and hyperbolic sine curves for beam segments under tension. The

resulting basic equations contained trigonometric functions for compressive axial

forces and hyperbolic functions for tensile forces.

1.2.3 Phenomenological Modelling

Based on their test results Jain, Goel, and Hanson (1980)(2) proposed a

hysteretic model that incorporated a reduction in maximum compressive strength and

an increase in the member length with the number of cycles.

1
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The authors recommended the AISC formula for maximum compressive load

to calculate the initial buckling load and 30/(Kl/r) times Py for second cycle buckling

load and 25/(Kl/r) times Py for the third and subsequent cycles.

It was also found that the residual elongation was directly proportional to the

maximum compressive displacement and inversely proportional to the effective

slenderness ratio of the member.

The authors noted that the compressive loads at displacements of 5Ay and

12Ay showed a slight reduction with the number of cycles and may be treated as a

constant.

The model proposed by Ikeda, Mahin and Dermitzakis (1984)(6) was based

on the data from an experimental program by Black, Wenger and Popov. The model

was based on a simplified hysteretic rule that only mimics the observed axial force -

axial displacement relationship. Several important phenomena that were incorporated

in the model were the deterioration of buckling loads, the post buckling deterioration

of brace capacity, and the plastic growth.

1.2.4 Refined Phvsical Theory Brace Models (Ikeda, Mahin (1984)(74

The refined physical theory model was developed to overcome some of the

limitations of the previous physical theory brace models.

The features of the refined physical theory model were as follows:

- The axial force-plastic hinge moment interaction curve was based on the

experimental interaction curve.

- The tangent modulus was used in place of the modulus of elasticity and

defined as a function of the axial force P and the load history.

- The plastic hinge rotation was defined as a function of the axial force P and

the load history to represent the gradual transition from the elastic shortening

zone to the plastic zone in compression and the degradation of the plastic hinge

rotation in the elastic elongation zone in tension.

.
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CHAPTER 2

MODELLING OF HYSTERESIS LOOP

2.1 GENERAL CHARACTERISTICS OF HYSTERESIS LOOP

For theoretical study, the relationship between the axial load and the axial

deformation of a brace was divided into several zones. This zone definition applies to

the axial load - axial deformation, the axial load - plastic hinge moment and the axial

load - plastic hinge rotation relationships, as shown in Figures 2.1(a), (b), and (c).

The first zone, O - A, is the elastic shortening zone in compression (ES 1). For

a perfectly straight, slender member, the axial force - axial deformation relationship

is linear. Due to imperfections, real columns show a small amount of non-linearity

right from the start.

The second zone, A - B, is the buckling zone (BU). Buckling can be

categorised into two behavioural modes : elastic buckling; and plastic buckling. In the

case where the member is not initially straight, elastic buckling takes place and the

axial compressive strength cannot reach the Euler buckling load. In the case where the

member is straight, elastic buckling takes place if the Euler buckling load is smaller

than the compressive yield load, and plastic buckling takes place if the opposite is

true. The zone is ended by the formation of plastic hinge.

The third zone, B - C, is the plastic zone in compression (Pl). This zone is

dominated by the inelastic bending of the brace due to the P -A moments induced by

the compressive load P. The magnitude of the load P must decrease with the

increasing magnitude of deformation because the P-A moment cannot exceed the

member's plastic moment capacity. This zone is characterized by the large plastic

rotation and plastic axial deformation at the hinge.

The fourth zone, C - D, is the elastic lengthening zone in compression (ELl).

The member enters this zone immediately after decreasing the compressive load and

the inelastically strained portion of the brace will again behave elastically. The slope

of this zone is smaller than that of the first zone due to the large permanent deflection

of the centre of the brace, which results in a curved member rather than a straight

member.

4--T
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The fifth zone, D - E, is the elastic lengthening zone in tension (EL2). This

zone represents a zone of continued elastic bending with the brace lengthening while

an increasing tensile load is applied. In the fourth and fifth zone, the elastic decrease

in the lateral deflection Ais caused by a decrease in the P-A moments induced by

the decrease in the compressive load and by the change in sign of the P - A moments

with the application of tensile load.

The sixth zone, E - F, is the plastic zone in tension (P2). Point E is the start

of yielding due to the P-A bending moments induced by tensile load. In this zone,

the plastic rotation at the hinge starts to decrease and the brace straightens since the

P -A moment is of opposite sign to the P-A moment induced by compressive load.

The tensile P-A moments reduce as the brace straightens and, therefore, the tensile

load required to sustain yielding must increase as the brace straightens.

The seventh zone, F - G, is the yielding zone (PY). Point F is the point at

which the brace is fully straightened. This zone is characterized by a nearly constant

tensile load P with an increasing elongation 6 for an elastic perfectly plastic material

or by an increasing tensile load P with an increasing elongation 6 for a strain

hardening material.

The eighth zone is the elastic shortening zone in tension (ES2). This zone is

characterized by a linear relationship between the decreasing tensile load P with

decreasing elongation 6.

2.2 PHENOMENOLOGICAL MODEL

m Ikeda. Mahin. Dermitzakis (1984)(61 This model incorporated the

following characteristics of inelastic buckling behaviour:

- Deterioration of buckling loads with cycling. This behaviour was associated

with the residual camber of the strut and hysteretic degradation of the tangent

moduli.

- Post buckling deterioration of the brace capacity.

- Plastic growth which was defined as a net elongation of braces which have

yielded by tensile loads during cyclic inelastic load reversals.

The features of the model proposed by the above authors were as follows:

8



- Division of axial force - axial displacement relationship into ten different zones

as shown in Figure 2.2.

- Shifting of control points by the amount of permanent deformation (equals to

the permanent deformation after the yield point).

- Translation of the tensile yield point by a factor times the inelastic shortening

during the current cycle.

The proposed model was defined with the following parameters (Fig. 2.3):

- Material properties. These parameters included the yield stress and modulus of

elasticity.

- Initial buckling loads. The initial buckling loads were evaluated by equation

1.5-1 of the AISC specifications as follows:

4 =Il-
(kL/r)2

242 ] ay A for lkLI r) < Cc (2.1)

 cr
·2· AE

CkL/r)2
for Cc < kLI r s 200 (2.2)

Cc = 4(22El Gy) (2.3)

In evaluating buckling loads other factors to be accounted for were excessive

initial camber and material non-linearities.

- Growth factor, growth limit, and hardening ratio. A growth limit was used to

define the maximum value of the axial elongation of a strut. It represented

tensile rupture of the brace. Hardening ratio was used to define the slope of the

tensile yielding portion of a brace's hysteresis loops.

- Post buckling parameters. The parameters PCRF, U34, U45, P45, and (5 were

used for two different purposes: (1) to define a linear approximation of the

strut's post buckling behaviour and (2) to define the deterioration of buckling

loads for subsequent cycles.

- Reversed post buckling parameters. The parameters U6, P6, U7, P7, U8, P8,

and C8 were used to define linear approximations of the reversed (reloading)

post-buckling stage of the cyclic inelastic behaviour (Zones 6,7,8, and 9).

9



Figure 2.4 shows the application of some of the parameters in modelling the

hysteresis loops. After the element deforms in tension beyond the yield point, a

permanent deformation occurs and all displacement control points shift by this amount.

Every time the element exits Zone 4, the peak compressive load capacity of the brace

(PCR) is reduced to the lowest reached in Zone 4, but it is not less than the final

buckling load (PCRF).

Limitations of the model. (1) In this model one of the two criteria for the

selection of parameters defining post buckling stage is as follows. The values of

experimental buckling load are plotted as a function of the minimum axial

displacement at each cycle minus the axial displacement at the start of the cycle. Then

the parameters are selected to best fit the experimental curve. But during the test it

was observed that the residual displacement depends on maximum tensile load

reached. The larger the residual lateral displacement of each cycle remaining at the

beginning of the compression phase, the smaller the subsequent buckling load. As

mentioned in their report this tendency was not included in the two criteria.

(2) Another feature of this model is the dependency of input parameters on

displacement history. The report mentions that the model relies on having applicable

experimental or analytical data for the type of strut analyzed and the history of loading

employed.

CIO Jain. Goel. and Hanson (1980)(2). The hysteretic model proposed by Jain,

Goel, and Hanson is shown in terms of normalized axial load - axial displacement

ordinates (P/Py - 8/© in Figure 2.5.

The coordinates of control points:

A = buckling point with the maximum compressive load given by the

Equations (2.1) to (2.3);

B = [-18/(kL/r) , -5]

C = [-12/(kL/r) , -12]

E=[l,(1+EL/ay) 1

E =1.75 f 0.556
1 C u/r ) + 0.0002 8 2 (2.4)

To locate point D, a line OD' is drawn from the origin at a slope of one-third times

the initial elastic slope Es that intersects the line CE at point D'. Intercept OD is taken

as 60/(kL/r) times the distance OD'.

4
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If the direction of axial displacement is reversed anywhere along CC', the

member retraces the same segment, if reversal occurs from the branch C'D, the

member unloads elastically along KL or L'K, and if reversal occurs from the branch

DE, the member unloads elastically along IJ. If reversal occurs before H, the member

follows segment JI or J'I otherwise it returns along J"D.

2.3 REFINED PHYSICAL THEORY BRACE MODEL (Ike(la, Mahin (1984)cm

The refined physical theory model was developed to overcome some of the

limitations of the previous physical theory brace models. Previous physical theory

brace models assumed elasto-perfectly plastic material properties for both the plastic

hinge and the beam segments. This assumption causes a kink in the transition between

elastic elongation zone and plastic zone under tensile loading while such kink has not

been observed in experimental data.

Previous models also assumed that the values of the modulus of elasticity did

not vary during cyclic buckling processes. Since test results showed the tangent

modulus or the secant modulus of elasticity provided better results than the initial

modulus of elasticity in evaluating buckling loads, the tangent modulus that varies with

axial load was used in this model.

The features of the refined physical theory model were as follows:

- The axial force-plastic hinge moment interaction curve was based on the

experimental interaction curve.

- The tangent modulus was used in place of the modulus of elasticity and

defined as a function of the axial force P and the load history.

- The plastic hinge rotation was defined as a function of the axial force P and

the load history to represent the gradual transition from the elastic shortening

zone to the plastic zone in compression and the degradation of plastic hinge

rotation in the elastic elongation zone in tension.

The axial displacement, 6, was made up of seven components,

6 = 60 + Sg + Sp + 6;,o + 84 + Sm + Smo (2.5)

r
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where:

i = elastic axial displacement;

6g = geometric shortening;

i = plastic hinge displacement;

6p = accumulated plastic hinge displacement;

Ay = tensile yield displacement;

Jm = residual displacement due to material nonlinearities;

6. = accumulated residual displacement.

L6e = - fp dp*A O E (P *)
(2.6)

6g = - hl(K)02L (2.7)

where:

Sm K+1
K

V P < O

hl(K) = {
16 cosKE
2 (2.8)

sinh K
+1

K

if P> 0
16 cosh215

2

Op r p d MU,") de
Jpo dp. dp*

ap. (2.9)

d Mip *) P pd2MCP *)
0)'p + f 0(p *) dp * (2.10)

dp* o J pO dp.2

Ory=A-(6+6 +6+6 +6 +6,1 (2.11)
g p po m moi ip=Py

Om = (ae + Og)|E,= E,+ - (Oe + 62 |Ef =E:- (2.12)

where:

Et. = value of tangent modulus of elasticity just after the load history reversal;

12



Et- =value of tangent modulus of elasticity just before the load history reversal.

The plastic hinge moment M was related to the plastic hinge rotation angle 0

by, ,

EI
M = go<)- 0 (2.13)

L

where:

E tan -K if P< 0

gOO = {
2 2 (2.14)

- - Ian[1 - ifp> 0
9 9

2
K

|P|L2
EI

(2.15)

2.3.1 Empirical formulas emploved in the model

Axial force - plastic hinge moment interaction relationship:

M = M.(P) (2.16)

M *(P) = M(P) ai i = t Or C (2.17)

m = 1 + bi P + cl P2,0 5 P 5 P12 (2.18)

m = a2 + b2 P + c2 P2, Pu £ P 5 1 (2.19)

a2+b2+Czcmsl,p=l (2.20)

where:

M* = function for empirical P-M interaction curve as a function of P;

at = magnification factor for the P-M interaction curve on the tension side;

Tv-
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04 = magnification factor for the P-M interaction curve on the compression

side;

m = normalized plastic hinge moment, M/Mp;

p = normalized axial force, P/Py.

Tangent modulus of elasticitv. Figure 2.6 illustrates the tangent modulus model.

Two pairs of linear idealization curves were used to describe the tangent modulus

model. Four parameters el, e2, e3, and A were needed for the curves. The tangent

modulus functions were as follows:

when the axial force decreases;

e

(2 - el)

(1-e4)
(e3 - e2)

(1+e4)

  (2 - el)(1 - e4)

  <(e3 - 02)
(1+e4)

e

e

4

4

+ e 21 if p ke

+ e 2 if p se

4

(2.21)

4

when the axial force increases;

+

e=

+

(e3 - eD

(1+e4)
(£2 -el)
(1-e4)

(£3 -eD
P+<-(1+e4)
P+{

(e2 - el)

(1-e4)

+ e 3 if p ke

+ e 3 if p se

4

(2.22)

4

Axial force plastic hinge rotation curve. To better represent the actual axial

force - plastic rotation curve, two observed empirical features were included in this

model, they were firstly a degradation of plastic hinge rotation in zone EL2 and

secondly a gradual transition from zone ES1 to Pl as shown in Figure 2.7.

In zone ELl, 8 was constant and equalled the value from the previous zone.

The gradual transition from zone ES1 to Pl was implemented with the addition of

transition zone EL2, where

02-(1-
CPI po

) 8 (2.23)

B is the ordinate of the point on the P/Py axis that defines zone EL2 with the zero

crossing point of zone ELl.
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2.3.2 Method for calculation from zone to zone

(1) Zone ES 1

6 - 60|f + 6glp + Opo + 6,y + 6mo (2.24)

6e was determined by Equation 2.6 and 6g by Equation 2.7.

(2) Buckling load

If 0 # 0, Por is the solution of the simultaneous Equations 2.13 and 2.16.

If 0 = 0, Pcr is the smaller value between yield load and Euler's buckling load.

(3) Zone BU (0 =0 and I Per 1 5 I P"I)

6 - (6£ + 6,) Ipp- + 6;,o + 60, + 6mo (2.25)

(4) Zone P 1

6=6£+Og+6 +6 +6 +6 +6 (2.26)
p po ty m mo

If -Py < P* < -Py P12

M*(P) = M(P) «i = MOP*) ai

MOP *) = +Mp { a2+b2('
- P.

py
)+C20

-P

Py

* 2

}

dMIP *)

dp*
= + MP {bz G

1

P
y

)+2£2(-
D*

P
y

1

P
y

)}

M

= - p {b. + 2 c. A-)} (2.27)
- P

y

d2-MOP *)

dp.2
+ 2c.

L
1 0.28)
pf

----

•r
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If -Py PI2 < P' < 0

MOP *)=+Mp {1 + bl (-
- P.

Py

P* 2

21-) }
P

y

dMOP *) =- p{b
M

dP. P y
1 + 2 Cl (-

-P*
) } (2.29)

dp*2
+ 2c.

1

MP
(2.30)

py2

(5) Zone P2

6 = 60 + Og + Op + Opo + 6:y + Om + Omo

If +Py P12 < P' < +py

M*(P) = M(P) oci = MU") 04

D* P* 2

MOP *) = - Mp { a2 + bz (9--) + c2 (9-) }
y y

dbilp")

dp*
-Mp {b2 C

1

P
y

)+2 c(
P.

p3

1

p3
)}

M

- p {b2 + 2 g C
Py

P*
)} (2.31)

dp*2
- 2c ME

(2.32)
1 ¥2
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If 0 < P* < +Py P12

D* p. 1 (2.33)

M(P *)=-Mp {1 + bl (---) + cl (-) 
P P
y y

d MU' *)
=-p{b

M

47* Py
1+2 Cl(

P.

P3
) } (2.34)

dp.2
-2c (2.35)

1 P4.

2.3.3 Integration procedure for plastic hinge axial displacement

In this research Simpson' s composite rule was used to calculate the integral in

Equation 2.10. Simpson's composite rule over n=2m sub-intervals of [a, b] can be

expressed without the error term as:

m-1 m

fabf(x) dr = f [f(a) + 2I f(x@ + 4I f(x*-1) + f(b)] (2.36)

j=1 j=1

where a = xo < xi < ··· < x2!n = b, h = (b-a)/2m, and xj = xo + jh for each j = 0,1, ...,

-

.

2m.
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CHAPTER 3

EXPERIMENTAL PROGRAMME

The objectives of the test were firstly to obtain the relationship between axial

force and axial displacement for the UC section and secondly to obtain the additional

supporting data from lateral deflection measurements and strain gauges readings to

better grasp the fundamental behaviour of the brace members.

3.1 TEST SET-UP

3.1.1 Testing equipment

The tests were done in the DARTEC 10 MN universal testing machine at

University of Canterbury. The pinned-pinned end conditions were provided by pins

between cleats and end clevises bolted to the specimen and DARTEC machine. The

specimen with fixed-fixed end conditions was directly bolted to the cross head and

actuator of the DARTEC machine.

3.1.2 Instrumentation

A potentiometer was used to monitor horizontal lateral displacement on a

macro level at the centre line of the specimen with pinned-pinned end conditions and

three potentiometers were used at the centre line, and top and bottom inflection points

of specimen with fixed-fixed end conditions. A potentiometer was mounted between

the end clevises for axial displacement measurement for the specimen with pinned-

pinned end conditions and between the end plates for the specimen with fixed-fixed

end conditions. The output signal from the axial displacement potentiometer was

directly transformed by a computer program in the data logger into an axial

displacement reading on the computer screen. This reading was used to control the test

manually by changing the direction of axial displacement after the designed maximum

axial displacement was reached.

, 1.r
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The specimens were gauged to provide data on a micro level of strain

distribution along their length. The strain gauges were concentrated at the locations of

the theoretical plastic hinges. Figures 3.1 to 3.3 show the distribution of strain gauges

and potentiometers along each specimen.

3.2 SPECIMEN

In this test only one type of UC section, i.e. 150 UC 30, was tested with

effective slenderness ratio of 40, 60 and 80. The criterion for the selection of this

section type was the selected type should represent the variety of commercially

available UC section types.

3.2.1 Specimen selection

Based on the above criterion, a statistical study o f geometric parameters o f UC

section was done. The geometric parameters for a UC section are depth, flange width,

flange thickness, and web thickness. The procedure was as follows:

1. Select one section type to represent the whole list.

2. Divide the geometric parameters of each section type with the corresponding

geometric parameters of the selected section type.

3. Find the standard deviation o f geometric parameter ratios for each section type

and normalized the standard deviation with the average value of parameter

ratios of that section type.

4. Calculate the average of the normalized standard deviations of the list.

5. Repeat step 1 to 4 for each section type in the list.

6. The selected section which gives minimum average normalized standard

deviation is the most representative section type, geometrically, for the list.

Table 3.1 shows the calculation from step 1 to 4 for 150 UC 30.0 as the

selected section type and Figure 3.4 shows the distribution of the corrected standard

deviations in the list. This procedure resulted in 200 UC 52.2 as shown in Figure 3.5

as the most representative section type for the list. The capacity of the available
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clevises restricted the choice to a smaller section and a 150 UC 30.0 was chosen as

a second best representative section type.

3.2.2. Initial crookedness

The initial crookedness was measured to determine direction of buckling and

to check whether the initial deflection complies with the tolerance of L/1000. The

results are shown in Figure 3.6 to Figure 3.8. The dimensions of cross section for each

specimen were also measured at the quarter points of the specimen.

All measured deflection values fell below the tolerance of L/1000.

3.2.3 Loading historv and test procedure

The designed loading history can be based on several criteria. It can be based

on random loading from an available earthquake record which is normally used in

dynamic testing. Another criterion is to develop a certain relationship between

parameters in a model. This type of loading history was used by Jain, Goel, and

Hanson as shown in Figure 3.9. It was designed to derive the coordinates of control

points in the proposed model (discussed in previous chapter) and a relationship

between residual strain as a function of maximum compressive displacement and

slenderness ratio.

Gugerli devised a loading history (Fig. 3.10) to provide information regarding

(a) hysteresis loops for cycling between the same deformation limits during different

sequences of the test, (b) maximum compressive forces throughout the test, and (c)

fracture of the specimen.

For this test the loading history is shown in Figure 3.11. In the first cycle the

specimens were tensioned to 0.5 A'y, where A*y denotes nominal axial yield

displacement corresponding to a nominal yield stress of 250 MPa. In the second to the

sixth cycle the amplitude of maximum and minimum displacement were increased

from A'y to 5 1*y by A'y. From the seventh cycle the amplitude was increased by 5

A*y in each new cycle up to 30 21*y or failure.

The test was controlled by displacement. After a maximum displacement was

reached the direction of displacement was reversed and this was followed by a
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decrease in axial force. Whereas after a minimum displacement, the reversal of

displacement direction did not change the axial force direction.

3.2.4. Connection details

All the specimens were connected with fillet welds to end plates of 50 mm

thickness. The specimen end plates were bolted to plates and cleats for specimens with

pinned-pinned end conditions and directly to the actuator and head of Dartec machine

for fixed-fixed end conditions. Ten M24 and eight 1" high strength bolts were used

at each end for specimen with pinned-pinned end conditions and fixed-fixed end

conditions respectively as shown in Figure 3.12. All the M24 bolts were pretensioned

to minimize the effects of bolt deformation in the specimen response.
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Table 3.1 Geometric comparison of available UC column sections with respect to 150 UC 30.0

SECTION did' bf/bf' tf/tf' tw/tw' avg s s/avg

310 UC 158 2.083 2.033 2.660 2.379 2.288 0.2518 0.1100

137 2.045 2.020 2.309 2.091 2.116 0.1141 0.0539

118 2.000 2.007 1.989 1.803 1.950 0.0849 0.0436

96.8 1.962 1.993 1.638 1.500 1.773 0.2103 0.1186

250 UC 89.5 1.656 1.673 1.840 1.591 1.690 0.0920 0.0545

72.9 1.618 1.660 1.511 1.303 1.523 0.1381 0.0907

200 UC 59.5 1.338 1.340 1.511 1.409 1.399 0.0704 0.0503

52.2 1.312 1.333 1.330 1.212 1.297 0.0496 0.0382

46.2 1.293 1.327 1.170 1.106 1.224 0.0896 0.0732

150 UC 37.2 1.032 1.007 1.223 1.227 1.122 0.1035 0.0922

30.0 1.000 1.000 1.000 1.000 1.000 0.0000 0.0000

23.4 0.968 0.993 0.723 0.924 0.902 0.1062 0.1177

110 UC 14.8 0.618 0.647 0.745 0.758 0.692 0.0604 0.0873

Notes : d == overall depth;

bf = flange width;

tf = flange thickness;
,

= corresponding parameter of 150 UC 30.0;

avg = average value of parameter ratios;

s = standard deviation.

.
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(b) Specimen #2 - 150 UC 30
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Figure 3.11 Imposed displacements for the specimens in this report
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CHAPTER4

EXPERIMENTAL RESULTS

4.1 GENERAL

The first specimen tested was specimen 2. In this first test an electronic digital

counter was used to measure the lateral displacement at the centre line. The lateral

displacement measurement by the digital counter proved to be not stable, because it can

only read the absolute change in distance. This means that if somehow the specimen

vibrates, the digital counter will keep accumulating the distance travelled in the

vibration. Every time the lateral displacement reverses its direction, the digital counter

has to be restarted. For this reason the lateral displacement data for specimen 2 was not

used to produce the axial force versus plastic hinge moment interaction curve in the

following section. For the other two specimens a 500 min-travel linear potentiometer

was used and the axial force versus plastic hinge moment curves were produced.

The feed-back from the stroke displacement reading of the Dartec machine was

used for controlling the test for the first three cycles. The rest of the test was controlled

by the reading of a 300 mm-travel linear potentiometer for axial displacement

measurement, because stroke displacement reading was not sensitive for small

displacements.

4.2 MATERIAL PROPERTIES

4.2.1 Monotonic test

The objective of this test was to determine the values of tangent modulus, yield

stress, hardening ratio, and value of strain at fracture. Four coupons were extracted from

the wide flange specimen, two from the web on each side of the section strong axis and

two from the diametrically opposed flange as shown in Figure 4.1. An extensometer
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having a gauge length of 51 mm was attached to the necked portion of the coupon. The

coupon was then inserted into a 1000 kN capacity Avery testing machine and pulled to

failure. The force and displacement data were recorded on a data logger. The values of

tangent modulus and hardening ratio could not be measured, because the extensometer

did not perform as expected. The summary oftest results is shown in Table 4.1.

4.2.2 Stub Column Cyclic Test

The object of this test was to generate cyclic stress versus strain data for the full

section. The length of the stub column was 500 mm which was within the range

specified in Technical Memorandum No.3 of Structural Stability Research Council.

Two frames were placed about the mid-height of the stub column to give a 250 min

gauge length. Two potentiometers were mounted in opposite positions on these frames

as shown in Figure 4.2. The average of the readings taken was used to determine the

strains during testing.

The generated stress - strain data were used to produce the tangent modulus

histories. The stress - strain relationship was also reproduced analytically by a computer

program "STEEL TEST" developed by L.L.Dodd and J.Restrepo, because the scans

taken during the test were not enough to produce smooth tangent modulus histories.

There was a good agreement between the measured and calculated stress versus strain

relationships as shown in Figure 4.3. Figure 4.4 compares the tangent modulus history

produced from the experimental stress versus strain data to the one from the analytical

data.

The yield stress observed in this stub-column test was 325 MPa, while the

average of the monotonic coupon tests was 315 MPa.

4.3 OVERALL BEHAVIOUR OF BRACE SPECIMEN UNDER CYCLIC

LOADING

4.3.1 Deflected shape and lateral displacement

The overall curvature of the specimens followed the initial crookedness and this

direction of curvature remained unchanged in later cycles.
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Figure 4.5a shows the deflected shape of specimen 3 under maximum

compressive axial displacement of 15.3 mIn in cycle 6. This figure shows the segments

between either end and the central plastic hinge were almost straight. Figure 4.5b shows

that even after reaching tensile yield load at axial displacement of 30.0 mm in the next

cycle there was still some residual lateral displacement and curvature in the specimen.

The deflected shape for specimen 1 and 2 under the maximum compressive axial

displacement was a sinusoidal curve from cycle to cycle until the occurrence of local

buckling.

4.3.2 Yield lines

The thin white plaster paint on the specimen gave visual infonnation on the

spread of the yield lines and also whether they are compressive or tensile yield lines.

The former were associated with cracks perpendicular to member axis while a diagonal

yield lines was typical for tensile yield lines as shown in Figure 4.6. Generally the first

yield lines started to appear from the bottom end and then spread to the top of the

specimen. During later cycles into the plastic deformation phase, the yield lines were

concentrated in the plastic hinge regions. Yield lines near the central hinge did not

appear dramatically, because most of the scale, around the centre of each specimen, was

removed for strain gauge installation.

4.3.3 Hysteresis loops

Figure 4.7 shows the hysteresis loops for specimens 1 to 3 with slenderness

value of 40, 60 and 80. The smaller slendemess produced fuller loops and the more

slender member generated slim or pinched loops as expected. This can be explained by

the fact that, for a given cross section, smaller slenderness produces smaller lateral

displacement, for the same axial load level. This means that the axial force should be

higher to reach the plastic moment capacity in the member with smaller slenderness for

a given level of lateral displacement. This higher axial load explains the fuller loops of

member with smaller slenderness value. The sizes of the hysteresis loops in compression

are not directly proportional to their slenderness ratios because the axial displacement
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values for a given level of lateral displacement are not the same for different slenderness

ratios.

4.3.4 Maximum and minimum axial loads

Table 4.2 and figure 4.1(b) shows the maximum and minimum axial load in each

cycle. For the specimens with slenderness ratios of 60 and 80, the buckling loads in later

cycles were significantly smaller than in the first cycle, with the largest decrease

occurring from the first to the second cycle. For the specimen with a slenderness ratio of

40, the buckling loads decreased more uniformly from cycle to cycle until failure.

4.3.5 Maximum and minimum axial displacements

Table 4.3 shows the imposed maximum and minimum axial displacement values

in each cycle. These were plotted previouisly in figure 3.11. The maximum and

minimum ductilities have also been calculated from these displacements and the

displacement at ductility one, using the experimental yield stress. The maximum and

minimum axial ductilities during each cycle are plotted in figure 4.1(c).

4.3.6 Hinge moment versus axial force

Axial force versus hinge moment curves for the plastic hinge position give

important information about the extent of plastic deformation at the hinge. They also

give an indication of the extent of strain hardening or softening.

The axial force versus axial displacement hysteresis loops showed strain

hardening in specimen 1 and this was also evident in the axial force versus plastic hinge

moment curves as the outward translation of yield surfaces as shown in Figure 4.8. The

axial force versus plastic hinge moment curves for specimen 3 are given in Figure 4.9.

Specimen 3 did not experience as much strain hardening as specimen 1 because local

buckling occurred relatively earlier. After local buckling, for reloading in tension, part

of work done by the axial force has to be allocated to straighten the local buckle first,

before it straightens the whole brace length.
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Strain softening can be identified in specimen 3 as the decrease of plastic hinge

moment capacity in compression after the occurrence of local buckling. Whereas

specimen 1 showed an increase in plastic hinge moment capacity in compression at low

axial load level.

4.4 INELASTIC BEHAVIOUR OF BRACE SPECIMEN UNDER CYCLIC

LOADING

4.4.1 General shape of cyclic strain curves

The shape of the strain history curve can be differentiated according to the

position of the section with respect to the plastic hinge i.e. inside or outside the plastic

hinge region. In the plastic hinge region the strain history for the compression side

shows an approximately sinusoidal curve in tensile and compressive strain where

maximum and minimum values were reached at the same time as maximum and

minimum axial displacement respectively. After a few cycles the strain history in the

tension side showed residual tensile strain that increased from cycle to cycle with the

increase in axial displacement excursion. On the tension side the maximum strain was

reached at minimum axial displacement, while the minimum strain was reached after the

elastic compressive deformation diminished in-the tension range. Figure 4.10 shows the

strain history of specimen 1 and 3 at the centre.

Outside the plastic hinge region the strain history showed the same pattern on

the compression and tension side. The strain history showed residual strain that

increases from cycle to cycle with a larger residual strain in tension side.

4.4.2 Curvature in plastic hinge regions

Figures 4.11 to 4.14 show curvature distribution at maximum compressive

displacement (load condition C) and zero load after tension (load condition H) for

specimen 1 and 3. Points C and H are shown in Figure 2.la. Curvature at a cross section

was calculated from the strain readings by dividing the difference of two strain gauge

readings by the distance between the gauges.

-.12--v <- ., ·
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The following points can be summarized from the curvature plots for specimen 1

and 3:

1. The positions of inflection point at quarter points from each end of the fixed-

fixed end condition specimen were confirmed.

2. Beyond the first buckling load the maximum curvature of each cycle increases

with increasing axial deformation amplitude. The difference in the values of the

slendemess ratio did not cause any significant changes in the maximum

curvature for the same level of axial deformation amplitude.

3. The residual curvature at zero load after tension was larger for the specimen

with the smaller slenderness ratio.

The maximum curvatures in specimens 1 and 3 are not significantly different, so

specimen 3 with the smaller slendemess ratio will have a smaller contribution from

geometric axial displacement. The'total axial displacements for both specimen 1 and 3

are similar. This means that more plastic defonnation must occur in specimen 3 to

compensate for the smaller geometric axial displacements. The larger plastic

deformation in specimen 3 means that the plastic hinge region spreads further across and

along the specimen.

4.4.3 Local buckling

Local buckling started to appear in cycle 12 with maximum compressive load of

230.4 kN for specimen 1, in cycle 8 with maximum compressive load of 504.9 kN for

specimen 2, and in cycle 7 with maximum compressive load of 764.6 kN for specimen 3

as shown in Figures 4.15 to 4.17. This test result suggests that an increase in slendemess

ratio delays local buckling because specimens with larger slenderness ratio have smaller

axial loads. The local buckle, which formed first on the concave side of the plastic hinge

region, grew during member contraction. Buckles on the convex side formed later in the

loading history. The buckle on the concave flange had almost disappeared during tensile

loading near yielding.
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Table 4.1. Tensile coupon test results

lA lB 2A 2B

Fy (lei) 61.5 61.3 46.2 45.6

Frn (kN) 90.0 91.0 65.6 66.0

Le (min) 51 51 51 51

4 (mm) 76 77 73.5 72

b (mm) 20.13 20.21 20.22 20.24

d (mm) 9.86 9.89 7.02 7.09

bu (mm) 12.90 12.80 13.52 13.68

du (mm) 4.60 4.64 2.90 3.04

Ry Cdpa) 310 306 325 318

Rm (MPa) 453 455 462 460

A (96) 49 51 44 41

Notes: Fy is the yield force
Fm is the maximum force

Le is the extensometer gauge length
Luis the final gauge length

b is the width of the test piece

d is the thickness of the test piece

bu is the final width of the test piece
du is the final thickness of the test piece
Ry is the yield stress
Rm is the tensile strength
A is the percentage elongation after fracture

Table 4.2 Maximum and minimum axial load values (kN)

Cycle Specimen #1 Specimen #2 Specimen #3

0000000

1 -289.9 454.1 -276.7 111.8 -517.7 482.1

2 -720.2 848.5 -546.7 289.2 -926.5 832.1

3 -1266.9 1249.5 -1090.5 735.6 -1204.2 1258.2

4 -1164.4 1250.5 -841.7 1275.6 -1067.3 1265.9

5 -525.5 1232.2 -646.0 1289.1 -950.7 1278.5

6 -418.4 1167.6 -565.0 1333.4 -827.2 1270.8

7 -442.5 1228.3 -504.9 1392.2 -764.6 1279.4

8 -407.8 1327.6 -528.4 1451.0 -676.8 1299.7

9 -398.2 1389.3 1500.2 -619.0 1329.6

10 -404.0 1277.5 -572.7 1366.2

11 -388.6 1478.0 1151.1

12 -230.4 1054.8

13 -203.4 886.0

49



Table 4.3 Maximum and minimum axial displacements (mIn)

Cycle Specimen #1 Specimen #2 Specimen #3

0000000

1 -1.549 1.475 -0.575 0.225 -1.623 1.328

2 -3.097 3.097 -1.188 0.575 -3.173 2.804

3 -6.047 6.047 -2.588 1.613 -6.198 5.902

4 -9.07 9.07 -2.725 6.425 -9.149 8.927

5 -12.02 12.02 -10.285 12.53 -12.17 11.88

6 -15.04 15.04 -14.376 27.20 -15.27 14.98

7 -30.01 30.08 -20.134 38.01 -30.25 30.03

8 -45.42 45.35 -25.885 48.54 -45.38 45.67

9 -60.61 60.39 -31.802 61.35 -60.43 60.20

10 -75.66 75.58 -75.55 75.33

11 -90.55 90.55 fracture 80.72

12 -87.16 90.63

13 -0.074 90.70

530.00
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Figure 4.1 (a) Tensile test coupon
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Figure 4.3 Experimental and calculated stress - strain relationship
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(a) Experimental tangent modulus history of stub column specimen
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(a) Overall view at maximum compression of cycle 12 (b) Local buckling at centre hinge

Figure 4.15 Local buckling of specimen 1



3

41 4

er

.1

(a) Overall view at maximum compression of cycle 8 (b) Local buckling at centre hinge i

Figure 4.16 Local blickling of specimen 2
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Figure 4.16 Local buckling of specimen 2

4

EL

C



(a) Overall view at maximum compression of cycle 7 (b) Local buckling at bottom hinge in cycle 7

Figure 4.17 Local buckling of specimen 3
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(c) Local buckling at centre bingo in cycle 7 (d) Local buckling at top hinge in cycle 7

Figure 4.17 Local buckling of specimen 3
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(e) Overall view at maximum compression of cycle 8 (f) Local buckling at centre hinge in cycle 8

Figure 4.17 Local buckling of specimen 3
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CHAPTER 5

DISCUSSION

5.1 INTRODUCTION

This chapter discusses the data preparation for the Ikeda refined physical theory

brace model and compares the analytical results with the experimental results. The

analytical model was implemented in a spreadsheet program. There are several

advantages in developing the analytical model in a spreadsheet program as a

preliminary stage, before it is written in a programming language. It allows the

execution of the calculation in a step by step fashion without worrying about the

automation of the procedure and it helps the analyst to become familiar with the

analytical model.

5.2 INPUT DATA FOR ANALYSIS

5.2.1 Axial force - plastic hinee moment relationship

Table 5.1 summarizes the formulas for the fully theoretical plastic interaction

curve. The formulas were derived on the assumption of linear distribution of plastic

strains and rigid-perfectly plastic material properties. By equating these theoretical

formulas in Table 5.1 with the empirical ones in Section 2.3.1, the coefficients of the

empirical axial force - plastic hinge moment interaction curve can be obtained as

follows:

a
2 =1-(

AW

2A

2

b2=(
A Aw

2 Af

4

J
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C
AW

2A

2

) (5.1)

a =0 bl = 0 (5.2)1

To better represent the experimental P-M interaction curves, the theoretical

interaction curves were adjusted by the coefficients 04 = 04 = 1.3 as shown in

table 5.2.

5.2.2 Hvsteretic behaviour of the taneent modulus of elasticitv

The parameters el, e2, e35 and A determine the slope of the hysteresis loops.

Larger values relate to fuller loops, while smaller values relate to pinched ones. For

a slender specimen the tension side of the plastic hinge experiences a larger cumulative

tensile strain because of the relatively lower level of axial buckling load in

compression. This larger cumulative tensile strain is one of the reasons for the more

severe deterioration of the tangent modulus of elasticity in a slender member that

causes the pinched hysteresis curves in the tension range.

The values of these parameters is shown in Table 5.2.

5.2.3 Axial force plastic hinize rotation curve

In zone EL2, 8 decreases following the straight line, where this line is defined

by the zero crossing point of zone ELl and the point having the coordinate (0,0). B

is used as the empirical parameter, to incorporate the degradation of 8 in zone EL2 for

axial force - plastic hinge rotation curve.

An additional parameter is introduced in this report following the observation,

that the specimen was not perfectly straight, even under yield load. This additional

parameter is the minimum plastic hinge rotation after buckling. This parameter is a

function of several variables, such as the maximum hinge rotation angle reached in

previous cycles and the maximum axial displacement applied. In this report it is taken

as a constant, with the consequence that the buckling load is constant, after the

corresponding cycle at which this parameter is started to be applied, every time the

axial load reaches the yield load.

.
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5.2.4 Effect of boundarv condition

Two types of boundary condition, pinned-pinned and fixed-fixed, were used

in these test. There are three plastic hinges which are at both ends and at the centre

of the specimen for fixed-fixed boundary condition. The plastic hinge at the ends is

half as effective as the plastic hinge at the centre in contributing to total axial

displacement because of the restraint from the end plates. Half of the actual specimen

length was used in the spreadsheet calculations and the resulting axial displacement

was multiplied by a factor of two to give the total displacement.

5.3 COMPARISON OF ANALYTICAL RESULTS WITH EXPERIMENTAL

RESULTS

The calculation of analytical results was based on Ikeda's refined physical

theory brace model. Table 5.3 shows the analytical results of specimen 3. Table 5.4

shows the numerical integration for one of plastic hinge axial displacements in

Table 5.3.

5.3.1 Axial force - axial displacement curves

Figures 5.1 to 5.3 compare the analytical axial force versus axial displacement

curves with the experimental curves for specimen 1 to 3 with slendemess ratios of 80,

60, and 40 respectively.

The following points can be summarized from the comparison:

1. The analytical P-6 curves have sharper and larger peaks than the experimental

curves in tension during later cycles with large axial displacement values. This

was caused by the fact that the model did not take into account the effect of

strain hardening.

2. The buckling loads of the analytical curves are larger than the experimental

curves. In the model the buckling load is a function of the tangent modulus

and the residual plastic hinge rotation angle. The buckling load in the model

will be the same after the brace experiences yield load because the tangent
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modulus history is unchanged with cycling and the residual plastic hinge

rotation angle is also the same every time the axial load reaches the yield load.

In reality the tangent modulus history deteriorates with cycling and the residual

plastic hinge rotation angle changes with the history of the axial displacement

applied. The Ikeda model does not take into account this reduction in tangent

modulus.

5.3.2 Axial force - plastic hinge moment curves

Figures 5.4 and 5.5 compare the analytical and experimental axial force versus

plastic hinge moment interaction curves for specimen 1 and 3, and Figure 5.8 shows

the analytical interaction curve for specimen 2.

The following points can be summarized from the comparison:

1. The experimental curves show strain hardening in the later cycles in the form

of outward translation of the curve, as shown in the comparison of the analytical

and experimental axial force versus plastic hinge moment curves (see

Figures 5.4 and 5.5).

This means that the axial load level at the start of zone P2 in Figure 2.1(d),

which is the cross point between the elastic and fully plastic axial force versus

moment interaction curve, is higher in the experiment compared to the model.

This in turn causes the earlier formation of point E, shown in Figure 2.1(a), in

the model compared to the experiment.

2. For specimen 1 the slope of experimental yield surfaces in tension is higher than

the model which means for the same range of axial load the plastic hinge

deformation is smaller than the model. This partly explains the softer analytical

hysteresis loops.

3. Figure 5.5(b) shows the effect of local buckling under compressive loads

for specimen 3. Each cycle has a loop which has moved closer to the

origin of the graph. The experimental loops moved further from the loop

for the analytical model which did not allow for local buckling.

4

84



5.3.3 Axial force - plastic hinge rotation curves

Figures 5.6 and 5.7 compare the analytical and experimental axial force versus

plastic hinge rotation curves for specimen 1 and 3, and Figure 5.9 shows the analytical

curves for specimen 2.

The comparison shows the tendency of the maximum plastic hinge rotations in

the model to become larger in each cycle than the test results. This partly relates to

the deterioration of the tangent modulus history with cycling in the experiment. The

geometric axial deformation should be larger to achieve the same total axial

deformation to compensate for the smaller contribution from the elastic axial

displacement.

5.3.4 Buckling loads and maximum tensile loads

Figure 5.10 compares analytical buckling loads with experimental ones. There

are two assumptions that cause the larger values of buckling loads in the model, they

are:

1. The specimen is perfectly straight every time the axial load reaches yield load.

2. The tangent modulus history is constant with cyclic loading.

To better represent the experimental results, in the modelling of specimen 3 a

minimum plastic hinge rotation angle of 0.0275 is used. This value is chosen to give

the same third buckling load of specimen 3 in the model as in the test.

Figure 5.11 compares analytical maximum tensile loads with experimental ones.

The analytical maximum tensile loads are smaller than the experimental loads as

expected because of the occurrence of strain hardening in the test.

.
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Table 5.1 Theoretical axial force versus moment interaction curves

Sections Interaction Curve Limits

bl> 1

bl< -AA*

42
f m = 1--p

e 3

e 4 4

3 3

im=l

Hi:  d: pA -.4 „
1 m = 1-,

[ 2Af

MP

3

Ka yAe

j U> A

Aje

At
A

= Cross-sectional area of flangcs r = pl P;
= Cross-sectional area of web m = 44/Alr

Table 5.2 Empirical parameters for specimen 1,2, and 3

Empirical parameters

1.2 pl2 0.6188 2 0.896 el

at 1.3 bl 0 b2 0.862 e2

ac 1.3 cl 0 c2 -1.791 e3

*(ep) min
0.02755 e4

' For specimen 1 and 2, (0p)min is zero.

0

0

0

iu

%0

M
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Table 5.3 Spreadsheet calculation of Ikeda refined physical theory brace model of specimen 3

Strut 3: 150 UC 30.0

kL = 1528 mm (alpha)t= 1.3 fy = 315 MPa 1 = 5580000 mm4 A= 0.005 dellaO = 0 mm

e = 76.19 mm (alpha)c= 1.3 E = 200 GPa deltal = 0 mm

kL/r = 40 A= 3945 mm2 Af = 1474 mm2 alpha = 0.5729407

B= 1.2 pl2 = 0.6188 bl = 0 Cl = 0 (theta)prnin= 0.02755

a2 = 0.896 b2 = 0.862 c2 = -1,791 Sl = -0.75 Cl = 09

el = 0.15 e2 = 0.9 e3 = 1.2 e4 = 0 s2 = -0.3 c2 = 0.9

PY= 1242.675 kN Mp = 35375.78 kNmm (LPy)/(AE) = 2.4066 mm s3 = 0.3 c3 = 0.9

s4 = 0.75 c4 = 0.9

P P = PIPY kappa e Et M ML/El coth theta hl (kappa) (delta)e (della)g (delta)ty (delta)p (delta)m (della)po (delta)mo della (delta)t

(kN) (GPa) (kN mm) (kappa/2) (radian) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

0 0.00000 0.00000 1.00000 200.000 0 0.000000 NA 0.000000 0.12500 0.0000 0.0000 0.7380 0.0000 0.0000 0.0000 0.0000 0 7380 1.4760

-350 -0.28165 1.03108 0.68876 137.752 0 0.000000 NA 0.000000 0.15127 -0.6778 0.0000 0.7380 0.0000 0.0000 0.0000 0.0000 0.0602 0.1204

-700 -0.56330 1.75123 0.47752 95.505 0 0.000000 NA 0.000000 0.23791 -13556 0.0000 0.7380 0.0000 0.0000 0+0000 0.0000 -0.6176 -1.2353

-0.64377 2.00299 0.41717 83.434 0 0.000000 NA 0 000000 0.31261 -1.5493 00000 0.7380 0.0000 0.0000 00000 0.0000 -08113 - 1.6226

-1000 -0,80472 2.65648 0.29646 59.293 0 O.Q00000 NA 04000000 1.27355 -1.9366 0.0000 0.7380 0.0000 0,0000 0.0000 0.0000 -1.1986 -2.3973

- 124268 -1.00000 416322 0.15000 29.999 0 0.000000 NA 0.000000 0.20792 -2.4066 00000 0.7380 0.0000 0.0000 0.0000 0 0000 -16686 -3.3372

-1242.68 -1.00000 1.47191 1.20000 240.000 0 0.000000 NA 0.000000 019068 -2.3078 0.0000 0.7380 -0.0988 -16686 -3.3372

-1150 -0.92542 1.42934 1.17763 235,525 -8781 -0.010210 NA 0.016464 0.18544 -2.1568 -0.0768 0.7380 -15588 0.0000 O.OCKX) -0 0988 -3.1533 -6.3065

-800 -0.64377 1.23737 1.09313 218.626 -5790 -0.007252 0.016464 0 16610 -1.5595 -00688 0.7380 0.0000 0.0000 -1.5588 -0.0988 -2 5480 -5.0960

-500 -0.40236 1.01234 1.02071 204.141 -3444 -0.004620 0.016464 0.15015 -1.0096 -0.0622 0 7380 0.0000 0.0000 -1.5588 -0.0988 -19915 -3 9829

-250 -0.20118 0.73798 0.96035 192.071 -1648 -0.002349 0.016464 013735 -0.5207 -0.0569 0.7380 0 0000 0.0000 -1.5588 -0.0988 -14972 -2.9945

0 0.00000 0 00000 0.90000 180 000 0 0.000000 0.016464 0.12500 00000 -00518 0,7380 0.0000 0.0000 -15588 -0.0988 -0.9714 -19429

0.08047 0.49916 0.83965 167.929 575 0000937 4.089552 0.015360 0.12000 0.2227 -0 0433 0.7380 0.0000 0.0000 -1.5588 -0.0988 -0.7402 -1.4804

0.24141 0.93434 0.71894 143.788 1406 0 002678 2.294048 0.013152 010894 0.7208 -0.0288 0.7380 0.0000 0.0000 -1.5588 -0.0988 -0.2277 -0.4554

0.48283 1.52765 053788 107.576 1899 0.004835 1 554423 0.009840 0.08927 1.6518 -0.0132 0.7380 00000 0.0000 -15588 -0.0988 0.7189 14378

0.72424 2.29715 0.35682 71363 1597 0,006127 1.223568 0006527 0 06523 2 9687 -0.0042 0 7380 0.0000 0.0000 -15588 -0.0988 2.0448 4.0896

1100 0.88519 3.12198 0.23611 47.222 1065 0.006173 1.092203 0.004319 0.04677 4 2937 -0,0013 07380 0.0000 0.0000 -1.5588 -0.0988 33727 6.7454

1207 0.97129 3.83684 0 17153 34.306 722 0.005766 1.044074 0.003138 0.03637 5.3190 -0.0005 0 7380 0.0000 0.0000 -1.5588 -0.0988 4 3988 8.7976

1207 0.97129 3.83684 0.17153 34,306 722 0.005766 1.044074 0.003138 0 03637 53190 -0.0005 0 7380 0.0000 0.0000 -15588 -0.0988 4 3988 87976

1207 5.3190 -0.0005 0.7380 0.0000 0.0000 -15588 -0 0988 4.3988 8.7976

1207 0.97129 3.83684 0.17153 34.306 722 0.005766 1.044074 0.003138 003637 -0 0005

1207 0.97129 145586 119139 238.278 1236 0.001420 1.608244 0.003138 0.09172 -0.0014

1207 0.97129 1.45586 1.19139 238.278 1236 0.001420 1.608244 0.003138 0.09172 2.2500 -0.0014 0.7380 0.0000 3.0698 -15588 -0.0988 4 3988 87976

1000 0.80472 1.35385 114141 228.283 1044 0.001252 1.696308 0.003138 0.09521 1.9063 -00014 0,7380 0.0000 00000 -15588 2.9710 4.0550 8.1100
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P p = pipy kappa e Et M ML/El coth theta ht(kappa) (delta)e (delta)g (delta)ty (delta)p (della)m (delta)po (delta)mo d el ta (delta)t

(kN) (GPa) (kN mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)(kappa/2) (radian)

750 0,60354 1 20475 108106 216212 804 0001018 1.856192 0.003138 0.10026 1.4705 ·0.0015 0.7380 00000 0.0000 -1.5588 2.9710 3.6191 7.2383

500 0.40236 101234 1.02071 204 141 553 0000742 2 141534 0,003138 0,10653 1.0096 -0 0016 0.7380 0.0000 0.0000 -1.5588 2.9710 3.1582 6.3164

250 0.20118 0.73798 0.96035 192.071 287 0.000409 2.831989 0.003138 0.11452 0 5207 -00017 0.7380 0.0000 0.0000 -1.5588 2 9710 2.6691 5.3383

0 0.00000 0.00000 0.90000 180.000 0 0.000000 NA 0.003138 0.12500 0 0000 -0 0019 0.7380 00000 0.0000 -1.5588 2.9710 2.1483 4.2966

-250 -0 20118 0 83558 0 74912 149 823 -318 ·0.000582 NA 0,003138 0.14123 -0.5888 -0.0021 0.7380 00000 0.0000 -1.5588 2.9710 1.5592 3.1185

-500 -0 40236 1 32234 0.59823 119.646 -705 -0.001614 NA 0.003138 0.17387 -1.3105 -0.0026 0 7380 00000 0.0000 -1.5588 2.9710 0 8370 16741

-750 -0.60354 1 87283 0.44735 89.469 -1305 -0.003993 NA 0.003138 0 26863 -2 2431 -0 0040 0 7380 0.0000 0.0000 -1.5588 2.9710 -0.0970 -0.1940

-1080.2 -0.86925 3 01832 0.24806 49 612 -13902 -0.076734 NA 0.003138 17.14347 -4 1353 -0.2579 0 7380 0.0000 0.0000 -1.5588 2 9710 -2 2430 -44860

-1080 2 -0 86925 3.01832 0 24806 49.612 -14797 -0081675 NA 0.003340 17.14347 -4.1353 -0.2922 0.7380 00000 00000 -1.5588 2.9710 -2 2773 -4.5546

-1080.2 -0 86925 1.39530 1.16078 232 155 -14797 -0.017454 NA 0.029845 0.18152 -20412 0.2470 -2.0941

- 10802 -0.86925 3 01832 0 24806 49.612 -14797 -0.081675 NA 0.003340 17.14347 -0.2922

-1080.2 -0 86925 1.39530 1,16078 232 155 -14797 -0017454 NA 0.029845 0.18152 -0.2470

960 -077253 133214 1 13176 226 352 -23955 -0 028980 NA 0 055363 017484 -1 8381 -0 8189 0.7380 -19403 0.0000 -1.5588 0.8318 -4.5863 -9.1727

700 -0.56330 1.17045 106899 213.798 -16763 -0021470 NA 0 055363 0.16072 -13804 -0.7527 0.7380 0.0000 00000 -3.4992 0.8318 -4.0625 -8.1249

-500 -0.40236 1,01234 1.02071 204.141 -11581 -0015534 NA 0.055363 0.15015 -1.0096 -0.7032 0 7380 0.0000 0.0000 -3.4992 0.8318 -3.6422 -7.2845

.300 -0.24141 0.80339 0.97242 194 485 -6709 -0.009447 NA 0 055363 0.13987 -0,6209 -0 6551 0,7380 0.0000 00000 -3.4992 0.8318 -3.2053 -6.4107

-200 -0 16094 066426 0.94828 189.657 -4392 -0.006342 NA 0 055363 0,13484 -0 4192 -0 6315 0.7380 0.0000 00000 -3.4992 08318 -2.9801 -5.9602

0 0,00000 0.00000 0 90000 180.000 0 0.000000 NA 0 055363 012500 00000 -0.5854 0 7380 00000 00000 -3.4992 08318 -2 5148 -5.0296

0.16094 0 73275 0.77929 155 859 3507 0006161 2 850489 0047938 0 11465 0 4621 ·0 4026 0 7380 00000 00000 -3 4992 0.8318 -1.8699 -3 7398

0.32189 112724 0 65859 131.717 5609 0,011660 1 958261 0.040512 0.10283 1.0021 -0.2579 0.7380 0.0000 0.0000 -3.4992 0.8318 -1.1851 -2.3703

0 48283 1.52765 0.53788 107.576 6387 0.016259 1 554423 0.033087 008927 1 6518 -01493 0.7380 0.0000 00000 -3.4992 0.8318 -0.4269 -0.8539

0.64377 2 00299 0.41717 83 434 6408 0.021031 1 311954 0027550 007376 2 4672 -0 0855 0.7380 00000 00000 -3 4992 0.8318 0.4523 0.9046

0 80472 2.65648 0 29646 59 293 6884 0 031793 1 150989 0027550 0 05620 3 5633 -0 0652 0.7380 0.0000 00000 -3 4992 0.8318 1 5687 31374

1242675 1 00000 4 16317 015000 30000 0 0 000000 1 031608 0.027550 0.()3288 5 /494 -0 0381 0 7380 00000 00000 -3.4992 0 8318 3.7819 7.5638

1248246 5 7494 -0 0381 2 8956 00000 00000 -3 4992 0.8318 5 9395 11 8790

1242675 100000 4 16317 0.15000 30000 0 0 000000 1.031608 0027550 0 03288 ·0.0381

1242675 1 00000 147190 1.20000 240.000 0 0 000000 1.595677 0027550 009117 -0.1057

1248 246 100000 1 47190 1.20000 2404000 0 0 000000 1 595677 0.027550 0,09117 2 3078 -0.1057 2 8956 0.0000 3 5092 -3.4992 0.8318 5.9395 11.8790

0.80472 1 35385 1.14141 228.283 0 0000000 1 696308 0027550 0.09521 1 9063 -0.1104 2.8956 00000 0.0000 -3.4992 4.3410 5.5333 110666

0.64377 1 23737 109313 218.626 0 0 000000 1 817481 0.027550 0.09916 1 5595 -01150 2.8956 0.0000 0.0000 .3.4992 4.3410 5.1820 10.3640

0 48283 1 09607 1 04485 208.970 0 0 000000 2 003816 0.027550 0.10385 1 1971 -0 1204 2 8956 00000 00000 -3.4992 4.3410 48142 9.6283

0 32189 0.91636 0.99657 199.313 0 0 000000 2 333169 0.027550 010948 08176 ·0.1270 2 8956 00000 0.0000 -3 4992 4.3410 4.4281 8.8562

0 16094 066426 0 94828 189657 0 0 000000 31207/9 0 02/550 0 11638 04192 -01350 2 8956 00000 0.0000 -3 4992 4.3410 4.0217 8.0434

0 00000 0.00000 0.90000 180000 0 0 000000 NA 0027550 0 12500 00000 -01450 2 8956 0.0000 00000 -3 4992 4 3410 3 5925 7.1850
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P p = plpy kappa e Et M ML/El coth theta hl (kappai (delta)e (delta)g (delta)ty (delta)p (delta)m (delta)po (delta)mo delta (delta)t

(kN) (Gpa) (kN mm) (kappa/2) (radian) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mrn) (mm)

-0.16094 0.73275 0.77929 155.859 -2204 -0.003873 NA 0.027550 0.13716 -0,4621 -0.1591 2.8956 O.OCKX) 0.0000 -3.4992 4.3410 3.1163 6 2326

-0.40236 1.32234 0.59823 119.646 -6192 -0.014171 NA 0.027550 0.17387 -1.3105 -0.2016 2 8956 0.0000 0.0000 -34992 4.3410 2 2253 4 4506

-0.64377 2.00299 0.41717 83.434 -13136 -0.043113 NA 0,027550 0.31261 -2 4672 -0.3626 2 8956 0.0000 0.0000 -34992 4.3410 0.9077 18153

-0.77092 2.49559 0.32181 64.362 -24139 -0.102702 NA 0.027550 0.76998 -3.3000 -0.8930 2.8956 0.0000 0.0000 -3 4992 4.3410 -0.4555 -0.9111

-958 -0.77092 2.49559 0.32181 64 362 -24094 -0.102510 NA 0.027499 0.76998 -3.3000 -0.8897 2.8956 0.0000 00000 -3.4992 4.3410 -0 4522 -0.9044

-958 -0.77092 1.33104 1.13128 226 255 -24094 -0.029161 NA 0.055819 0.17473 -18347 -0.8319 -14653

-958 -0.77092 2.49559 0.32181 64.362 -24094 -0.102510 NA 0.027499 0.76998 -0.8897

958 -0.77092 1.33104 1.13128 226.255 -24094 -0.029161 NA 0.055819 0.17473 -0.8319

-925 -0.74436 1.31254 112331 224.662 -26335 -0.032099 NA 0.063509 0.17292 -1.7780 -1.0657 2.8956 -0.5221 0.0000 -3.4992 2 8179 -1.1514 -2.3028

-870 -0.70010 1.28051 1.11003 222.006 -29814 -0.036774 NA 0.077103 0.16990 -1 6826 -1.5433 2.8956 -13816 0.0000 -3.4992 2.8179 -2.3932 -4 7864

-635 -0.51099 1.12306 1.05330 210.660 -35376 -0.045985 NA 0130177 0.15725 -1.2618 -4.0718 2 8956 -2.9222 0.0000 -3 4992 28179 -6.0415 -12 0830

310 -0.24946 0.81565 0.97484 194.968 -16331 -0.022937 0,130177 0.14038 -06408 -3.6349 2 8956 0.0000 0.0000 -6.4214 2.8179 -4.9836 -9 9672

0 0.00000 0.00000 0 90000 180.000 0 0.000000 0130177 0.12500 0.0000 -3.2367 2 8956 0.0000 0.0000 -6.4214 2.8179 -3 9446 -7 8892

0.16094 0.73275 0.77929 155 859 6231 0.010947 2.850489 0.112718 0.11465 0.4621 -2.2259 2.8956 0.0000 0.0000 -6.4214 2.8179 -24717 -4 9433

400 0.32189 1.12724 0.65859 131.717 9374 0.019488 1.958261 0.095258 0.10283 1.0021 -1.4258 2 8956 0.0000 0.0000 -6.4214 28179 -1.1315 -2 2631

600 0.48283 1.52765 0.53788 107.576 9700 0.024692 1.554423 0.077799 0.08927 1.6518 -0.8256 2.8956 0.0000 0.0000 -6.4214 2.8179 0,1182 0.2365

800 0.64377 2.00299 0.41717 83.434 7627 0.025031 1.311954 0.060340 0.07376 2.4672 -0.4103 2.8956 0.0000 0.0000 -6.4214 2.8179 1.3490 2.6980

1000 0.80472 2.65648 0.29646 59.293 3831 0.017692 1.150989 0.042881 0.05620 3 5633 -0.1579 2.8956 0.0000 0.0000 -6.4214 2.8179 2.6975 5.3949

1242.675 1.00000 4.16317 0.15000 30.000 0 0.000000 1,031608 0.027550 0.03288 5,7494 -0.0381 2 8956 0.0000 0.0000 -6.4214 2.8179 5.0034 10.0067

1242.675 1.00000 4.16317 0.15000 30.000 0 0.000000 1.031608 0.027550 0.03288 5.7494 -0.0381 2 8956 O.Moo 0.0000 -6 4214 2.8179 5.0034 10.0067

1242.675 5.7494 -0.0381 5,3807 0.0000 0.0000 -6.4214 28179 7.4885 14.9770

1242.675 1.00000 4.16317 0,15000 30.000 0 0.000000 1.031608 0.027550 0.03288 -0.0381

1242.675 1.00000 1.47190 120CKX) 240.000 0 0.000000 1.595677 0.027550 0.09117 -0.1057

1249091 1.00000 1.47190 120000 240.000 0 0.000000 1.595677 0.027550 0.09117 2.3078 -0.1057 5 3807 0.0000 3.5092 -6.4214 2.8179 7.4885 14.9770

1000 0.80472 1.35385 1.14141 228.283 0 0.000000 1.696308 0.027550 0.09521 1.9063 -0.1104 5 3807 0.0000 00000 -6.4214 6.3271 7.0823 14.1646

800 0.64377 1.23737 1.09313 218.626 0 0.000000 1.817481 0.027550 0.09916 1.5595 -0.1150 5 3807 0.0000 00000 -6.4214 6.3271 6.7310 13.4620

600 0.48283 1.09607 1.04485 208.970 0 0.000000 2.003816 0.027550 0.10385 1.1971 -0.1204 5.3807 0.0000 0,0000 -6.4214 6.3271 6.3632 12.7263

400 0.32189 0.91636 0.99657 199.313 0 0.000000 2.333169 0.027550 0.10948 0.8176 -0.1270 5.3807 0.0000 0,0000 -6 4214 6.3271 5.9771 11.9542

200 0.16094 0.66426 0.94828 189.657 0 0.000000 3.120779 0.027550 0.11638 0.4192 -0.1350 5.3807 0.0000 0.0000 -6.4214 6.3271 5.5707 111414

0 0.00000 0.00000 0.90000 180.000 0 0.000000 NA 0.027550 0.12500 0.0000 -0.1450 5.3807 0.0000 0.0000 -6.4214 6 3271 51415 10.2830

-0.16094 0.73275 0.77929 155.859 -2204 -0 003873 NA 0 027550 0.13716 ·0.4621 -0,1591 5.3807 0.0000 00000 -6.4214 6 3271 4.6653 9 3306

-0.40236 132234 0.59823 119.646 -6192 -0.014171 NA 0.027550 0.17387 -13105 -0.2016 5.3807 0.0000 0.0000 -6.4214 6.3271 37743 7.5486

-0.64377 2.00299 0.41717 83.434 -13136 -0.043113 NA 0.027550 0,31261 -2.4672 -0.3626 5.3807 0.0000 0.0000 -6.4214 6 3271 2.4567 4,9133

68



P p = P/Py kappa e Et M ML/El coth theta hl (kappa) (delta)e (delta)g (delta)ty (delta)p (delta)m (delta)po (delta)mo delta (delta)t

(kN) (GPa) (kN mm) (kappa/2) (radian) (mm) (mm) (mm) (mm) (mm) (mm) (mrn) (mm) (mm)

-958 -0.77092 2.49559 0.32181 64.362 -24139 -0.102702 NA 0.027550 0.76998 -3.3000 -0.8930 5.3807 0.0000 0.0000 -6.4214 6.3271 1.0935 2.1869

-958 -0.77092 2.49559 0.32181 64.362 -24094 -0.102510 NA 0.027499 0.76998 -33000 -08897 5.3807 0.0000 0.0000 -6.4214 6.3271 1.0968 2 1936

958 -0.77092 1.33104 1.13128 226.255 -24094 -0.029161 NA 0.055819 0.17473 -18347 -0.8319 -1 4653

-958 -0.77092 2.49559 0.32181 64.362 -24094 -0.102510 NA 0.027499 0.76998 -0.8897

-958 -0.77092 1.33104 1.13128 226.255 -24094 -0.029161 NA 0.055819 0.17473 -0.8319

925 -0.74436 1.31254 1.12331 224.662 -26335 -0.032099 NA 0.063509 0.17292 -1.7780 -1.0657 5.3807 -0.5221 0.0000 -6.4214 4.8040 0.3976 0.7952

-870 -0.70010 1.28051 1.11003 222.006 -29814 -0.036774 NA 0.077103 0.16990 -16826 -1.5433 5.3807 -1.3816 0.0000 -6.4214 4.8040 -0.8442 -16884

-625 -0.50295 1.11546 1.05088 210.177 -35376 -0.046090 NA 0.132479 0.15672 -1.2433 -4.2029 5.3807 -2.9222 0.0000 -6.4214 4.8040 -4.6051 -9.2103

-475 -0.38224 0.98964 1.01467 202.934 -35376 -0 047735 NA 0.178784 0.14885 -0.9620 -7.2701 5.3807 -2.9222 0.0000 -6 4214 4.8040 -7.3910 -14 7820

-255 -0.20520 0.74486 0.96156 192.312 -18268 -0.026012 0 178784 0.13760 -0.5308 -6.7204 5.3807 0.0000 0.0000 -9.3436 4.8040 -6,4100 -12.8200

0 0.00000 0.00000 0.90000 180.000 0 0.000000 0.178784 0.12500 0.0000 -6.1051 5.3807 0.0000 0.0000 -9.3436 4.8040 -5.2640 -10.5279

200 0.16094 0.73275 0.77929 155.859 9309 0.016356 2.850489 0.154806 0.11465 0.4621 -4.1984 5.3807 00000 0.0000 -9.3436 4.8040 -2.8952 -5.7904

400 0.32189 1.12724 0.65859 131.717 14298 0.029725 1.958261 0.130827 0.10283 1.0021 -2.6893 5.3807 0.0000 0.0000 -9.3436 4.8040 -0.8461 -1.6921

600 0.48283 1.52765 0.53788 107.576 15308 0.038967 1.554423 0.106849 0.08927 1.6518 -1.5573 5.3807 0.0000 0.0000 -9.3436 4.8040 0.9355 1.8711

800 0.64377 2.00299 0.41717 83.434 12867 0.042230 1.311954 0.082870 007376 2.4672 -0.7740 5.3807 0.0000 0.0000 -9.3436 4.8040 2.5344 5.0688

1000 0.80472 2.65648 0.29646 59.293 7831 0.036169 1.150989 0.058892 0.05620 3.5633 -0.2979 5.3807 0.0000 0.0000 -9.3436 4.8040 4.1065 82131

1242.675 1.00000 4.16317 0.15000 30.000 497 0.004535 1.031608 0.029797 0.03288 5.7494 -0.0446 5.3807 0.0000 0.0000 -9.3436 4.8040 6.5459 13.0918

1242.675 1.00000 4.16317 0.15000 30.000 0 0.000000 1.031608 0.027550 0.03288 5 7494 -0.0381 5.3807 0.0000 0.0000 -9.3436 4.8040 6 5524 13.1047

1264.521 5.7494 -0.0381 13.8424 0.0000 0.0(KX) -9.3436 4.8040 15.0140 30.0280

1242.675 1.00000 4.16317 0.15000 30.000 0 0.000000 1.031608 0.027550 0.03288 -0.0381

1242.675 1.00000 1.47190 1.20000 240.000 0 0.000000 1.595677 0.027550 0.09117 -0.1057

1264.521 1.00000 1.47190 1.20000 240.000 0 0.000000 1.595677 0.027550 0.09117 2 3078 -0.1057 138424 0.0000 3.5092 -9.3436 4.8040 15.0140 30.0280

1000 0.80472 1.35385 1.14141 228.283 0 0.000000 1.696308 0.027550 0.09521 1.9063 -0.1104 13.8424 0.0000 0.0000 -9.3436 8.3132 14 6078 29.2156

0.64377 1.23737 1.09313 218.626 0 0.000000 1.817481 0.027550 0.09916 1.5595 -0.1150 13.8424 0.0000 0.0000 -9.3436 8.3132 14.2565 28.5130

0.48283 1.09607 1.04485 208.970 0 0.000000 2.003816 0.027550 0.10385 1.1971 -0.1204 13.8424 0.0000 0.0000 -9.3436 8.3132 13.8887 27.7773

0.32189 0.91636 0.99657 199.313 0 0.000000 2.333169 0.027550 0.10948 0.8176 -0.1270 13.8424 0.0000 0.0000 -9.3436 8 3132 13.5026 27.0052

0.16094 0.66426 0.94828 189.657 0 0.000000 3.120779 0.027550 0.11638 0.4192 -0.1350 13.8424 00000 0.0000 -9.3436 8.3132 13.0962 26.1924

0.00000 0.00000 0.90000 180.000 0 0.000000 NA 0.027550 0.12500 0.0000 -0.1450 13.8424 0.0000 0.0000 -9.3436 8.3132 12.6670 25.3340

-250 -0.20118 0.83558 0.74912 149.823 -2796 -0.005110 NA 0.027550 014123 -0.5888 -0.1638 13.8424 0.0000 0.0000 -9.3436 8.3132 12.0593 24 1187

-500 -0.40236 1.32234 0.59823 119.646 -6192 -0.014171 NA 0.027550 0.17387 -1.3105 -0.2016 13.8424 0.0000 0.0000 -9.3436 8.3132 112998 22.5996

-750 -0.60354 1.87283 0.44735 89.469 -11455 -0.035059 NA 0.027550 0.26863 -2 2431 -0.3115 13.8424 0.0000 0.0000 -9 3436 8.3132 10.2573 205145

-958 -0.77092 2.49559 0.32181 64.362 -24139 -0.102702 NA 0.027550 0.76998 -3.3000 -0.8930 13 8424 0.0000 0.0000 -9 3436 8.3132 8.6190 17.2379

06



P p = P/Py kappa e Et M ML/El coth theta hl (kappa) (delta)e (della)g (d ella)ty (delta)p (delta)m (delta)po (delta)mo delta (delta)t
(kN) (GPa) (kN mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)(kappa/2) (radian)

-958 -0.77092 249559 0.32181 64.362 -24094 -0.102510 NA 0.027499 0.76998 -3.3000 -0.8897 13.8424 0.0000 0.0000 -9.3436 8.3132 8.6223 17.2446

-958 -0.77092 1.33104 1.13128 226.255 -24094 -0.029161 NA 0.055819 0.17473 -1.8347 -0.8319 -14653

958 -0.77092 2.49559 0.32181 64.362 -24094 -0.102510 NA 0.027499 0.76998 -0.8897

-958 -0.77092 1.33104 1.13128 226.255 -24094 -0.029161 NA 0.055819 0.17473 -0.8319

-769 -061883 1.21733 1.08565 217.130 -35373 -0.044612 NA 0.105166 0.16442 -1.5044 -2.7786 13 8424 -2 9222 0.0000 -9.3436 6.7901 4.0836 8.1671

-600 -0.48283 1.09607 1.04485 208.970 -35376 -0.046357 NA 0.138574 0.15540 -1.1971 -4.5597 13.8424 -2.9222 0.0000 -9.3436 6.7901 2.6097 5.2195

-400 -0.32189 0.91636 0.99657 199.313 -35376 -0.048603 NA 0.215085 0.14498 -0.8176 -10.2481 13 8424 -2.9222 0.0000 -9.3436 6.7901 -2.6991 -5.3981

-267 -0.21486 0.76104 0.96446 192.892 -35376 -0.050221 NA 0.329938 0.13820 -0.5549 -22 9882 13.8424 -2.9222 0.0000 -9 3436 6.7901 -15.1764 -30.3529

-225 -0.18106 0,70232 0.95432 190.864 -29584 -0.042445 0.329938 0.13609 -0.4701 -22.6368 13.8424 0.0000 0.0000 -12.2658 6.7901 -14.7403 -29.4806

-175 -0.14083 0.62334 0.94225 188.450 -22799 -0.033130 0.329938 0.13359 -0.3680 -22.2213 13.8424 0.0000 0.0000 -12.2658 6.7901 -14.2227 -28.4455

-125 -0.10059 0.53023 0.93018 186.035 -16134 -0.023749 0.329938 0.13111 -0.2646 -21.8090 13.8424 0.0000 0.0000 -122658 6.7901 -13.7070 -27.4139

-50 -0 04024 0.33866 0.91207 182.414 -6363 -0.009552 0 329938 0.12743 -0.1069 -21.1964 13.8424 0.0000 0.0000 -12.2658 6.7901 -12.9367 -25.8734

0 0.00000 0.00000 0.90000 180.000 0 0.000000 0.329938 0.125- 0.0000 -20.7920 13.8424 0.0000 0,0000 -12.2658 6.7901 -12.4254 -24.8509

200 0.16094 0.73275 0.77929 155.859 18884 0.033178 2.850489 0.285687 0.11465 0.4621 -14.2986 13 8424 0.0000 0.0000 -12.2658 6.7901 -5.4699 -10.9397

400 0.32189 1.12724 0.65859 131.717 29611 0.061560 1.958261 0.241436 0.10283 1.0021 -9.1589 13.8424 0.0000 0.0000 -12.2658 6.7901 0.2099 0.4197

600 0.48283 1.52765 0.53788 107.576 32747 0.083357 1.554423 0.197185 0.08927 1.6518 -5.3038 13.8424 0.0000 0.0000 -12.2658 6.7901 4.7145 9.4291

800 0.64377 2.00299 0.41717 83.434 29163 0.095713 1.311954 0.152934 0.07376 2.4672 -26359 13.8424 0.0000 0.0000 -12.2658 6.7901 8.1979 16.3959

1000 0.80472 2.65648 0.29646 59.293 20273 0.093627 1.150989 0.108683 0.05620 3 5633 -1.0144 13.8424 0.0000 0.0000 -12.2658 6.7901 10.9155 21.8309

1043.8 0.83996 2.84377 0.27003 54.006 17830 0.090407 1.123606 0.098992 0.05211 3.8630 -0.7803 13 8424 0.0000 0.0000 -12.2658 6.7901 11.4492 22.8985

1043.8 0.83996 2.84377 0.27003 54.006 17731 0.089906 1.123606 0.098596 0.05211 3.8630 -0.7741 13.8424 0.0000 0.0000 -12.2658 6.7901 11.4555 22.9109

1143 0.91979 3.37320 0.21016 42.032 9408 0.061291 1.070993 0.066470 0.04261 4.6673 -0.2877 13.8424 2.6988 0.0000 -122658 6.7901 15.4451 30.8902

1242.675 1.00000 4.16317 0,15000 30.000 0 0.000000 1.031608 0.027550 0.03288 5.7494 -0.0381 13.8424 6.3812 0.0000 -12.2658 6.7901 20.4591 40.9182

1272.071 5 7494 -0.0381 16.2183 6.3812 O.Moo -12.2658 6.7901 22.8350 45.6700

1242.675 1.00000 4.16317 0.15000 30.000 0 0.000000 1.031608 0.027550 0.03288 -0.0381

1242.675 1.00000 1.47190 1.20000 240.000 0 0.000000 1.595677 0.027550 0.09117 -0.1057

1272.071 1.00000 1.47190 1.20000 240.000 0 0.000000 1.595677 0.027550 0.09117 2.3078 -0.1057 162183 63812 3.5092 -12.2658 6.7901 22.8350 45.6700

1000 0.80472 1.35385 1.14141 228.283 0 0.000000 1.696308 0.027550 0.09521 1.9063 -0.1104 16.2183 0.0000 O.OCKX) -5.8846 10.2993 22.4288 44.8576

800 0.64377 1.23737 1.09313 218.626 0 0.000000 1.817481 0.027550 0,09916 1.5595 -0.1150 16.2183 0.0000 0.0000 -5.8846 10.2993 22.0775 44.1550

600 0.48283 1.09607 1.04485 208.970 0 0.000000 2.003816 0.027550 0.10385 1.1971 -0.1204 16.2183 0.0000 0.0000 -5.8846 10.2993 21.7097 43.4193

400 0.32189 0.91636 0.99657 199.313 0 0.000000 2.333169 0.027550 0.10948 0.8176 -0.1270 16.2183 0.0000 0.0000 -5.8846 10.2993 21.3236 42.6472

200 0.16094 0.66426 0.94828 189.657 0 0.000000 3.120779 0.027550 0.11638 0.4192 -0.1350 162183 0.0000 0.0000 -5.8846 10.2993 20.9172 41.8344

0 0.00000 0,00000 0.90000 180.000 0 0.000000 NA 0.027550 0.12500 0.0000 -0.1450 16.2183 0.0000 0.0000 -5.8846 10.2993 20.4880 40.9760

-2CK) -0.16094 0.73275 0.77929 155.859 -2204 -0.003873 NA 0.027550 0.13716 -0.4621 -0.1591 16.2183 0.0000 0.0000 -5.8846 10.2993 20.0118 40.0236

-500 -0.40236 1.32234 0.59823 119.646 -6192 -0.014171 NA 0.027550 0.17387 -1.3105 -0.2016 16.2183 0.0000 0.0000 -5.8846 10.2993 19.1208 38.2416

I6



p = pipy kappa e Et M MUEl coth meta hl (kappa) (delta)e (delta)g (delta)ty (dena)p (delta)m (detta)po (delta)rno delta (della)1
(GPa) (kN mm) (kappa/2) (radian) (rnm) (mm) (mrn) (mm) (mm) (mm) (mm) (mm) (mm)

-0.64377 2.00299 0.41717 83.434 -13136 -0.043113 NA 0.027550 0.31261 -2.4672 -0.3626 16.2183 O.Moo 0.0000 -5.8846 10.2993 17.8032 35.6063

-0.77092 2.49559 0.32181 64.362 -24139 -0.102702 NA 0.027550 0.76998 -3.3000 -0.8930 16.2183 0.0000 0.0000 -5.8846 10.2993 16.4400 32.8799

-0.77092 2.49559 0.32181 64.362 -24094 -0.102510 NA 0.027499 0.76998 -3.3000 -0.8897 16.2183 0.0000 0.0000 -5.8846 10.2993 16.4433 32.8866

-0.77092 1.33104 1.13128 220.255 -24094 -0.029161 NA 0.055819 0.17473 -1.8347 -0.8319 -1.4653

0.77092 2.49559 0.32181 64.362 -24094 -0.102510 NA 0.027499 0.76998 -0.8897

0.77092 1.33104 1.13128 226.255 -24094 -0.029161 NA 0.055819 0.17473 -0.8319

-0.74436 1.31254 1.12331 224.662 -26335 -0.032099 NA 0.063509 0.17292 -1.7780 -1.0657 16.2183 -0.5221 0.0000 -5.8846 8.7762 15.7441 31.4882

-0.70010 1.28051 1.11003 222.006 -29814 -0.036774 NA 0.077103 0.16990 -1.6826 -1.5433 16.2183 -1.3816 0.0000 -5.8846 8.7762 14.5023 29.0046

-0.51099 1.12306 1.05330 210.660 -35376 -0.045985 NA 0.130177 0.15725 -1.2618 -4.0718 16.2183 -2.9222 0.0000 -5.8846 8.7762 10.8540 21.7080

-0.40075 1.01055 1.02022 204.045 -35376 -0.047475 NA 0.169856 0.15005 -1.0058 -6.6149 16.2183 -2.9222 0.0000 -5.8846 8.7762 8.5669 17.1338

·0.20601 0.74622 0.96180 192.360 -35376 -0.050359 NA 0.344801 0.13765 -0.5328 -25.0052 16.2183 -2.9222 0.0000 -5.8846 8.7762 -9.3504 -18.7008

-0.16577 0.67363 0.94973 189.946 -35376 -0.050999 NA 0.432418 0.13514 -0.4315 -38.6110 16.2183 -29222 0.0000 -5.8846 8.7762 -22.8549 -45.7097

-0.08289 0.48269 0.92487 184.973 -17352 -0.025688 0.432418 0.13003 -02186 -37.1510 16.2183 0.0000 0.0000 -8.8068 8.7762 -21.1820 -42.3641

0.00000 0.00000 0.90000 180.000 0 0.000000 0.432418 0.12500 0.0000 -35.7141 16.2183 0.0000 0.0000 -8.8068 8.7762 -19.5265 -39.0531

0.08047 0.49916 0.83965 167.929 14067 0.022939 4.089552 0.403420 0.12000 0.2227 -29.8406 16.2183 0.0000 0.0000 -8.8068 8.7762 -13.4302 -26.8605

0.12071 0.62264 0.80947 161.894 20063 0.033935 3.315241 0.388921 0.11737 0.3402 -27.1270 16.2183 0.0000 0.0000 -8.8068 8.7762 -10.5992 -21.1984

0.16094 0.73275 0.77929 155.859 25376 0.044584 2.850489 0.374422 0.11465 0.4621 -24.5604 16.2183 0.000C 0.0000 -8.8068 8.7762 -7.9107 -15.8214

0.20118 0.83558 0.74912 149.823 30015 0.054860 2.531223 0.359923 0.11185 0.5888 -22.1393 16.2183 0.0000 0.0000 -8.8068 8.7762 -5.3628 -10.7257

0.22130 0.88532 0.73403 146.805 32085 0.059849 2.404725 0.352674 0.11041 0.6541 -20.9828 16.2183 0.0000 0.0000 -8.8068 8.7762 -4.1410 -8.2821

0.25703 0.97203 0.70723 141.446 35357 0.068450 2.217066 0.339799 0.10779 0.7734 -19.0168 16.2183 0.0000 0.0000 -8.8068 8.7762 -2.0558 -4.1116

0.25703 0.97203 0.70723 141.446 35376 0.068486 2.217066 0.339967 0.10779 0.7734 -19.0357 16.2183 0.0040 0.0000 -8.8068 8.7762 -2.0706 -4.1413

0.70010 2.20333 0.37492 74.985 29814 0.108878 1.248289 0.150918 0.06784 2.8099 -2.3609 16.2183 1.7585 0.0000 -8.8068 8.7762 18.3951 36.7901

0.78057 2.53991 0.31457 62.914 23251 0.101200 1.171254 0.120884 0.05896 3.3731 -1.3165 16.2183 3.7292 0.0000 -8.8068 8.7762 21.9734 43.9467

0.86105 2.96744 0.25422 50.843 15634 0.084201 1.108448 0.090454 0.04963 4.0566 -0.6205 16.2183 6.0484 O.Moo -8.8068 8.7762 25.6721 51.3442

0.94554 3.58898 0.19084 38.169 6502 0.046644 1.056823 0.055020 0.03950 4.9766 -0.1827 16.2183 9.1355 0.0000 -8.8068 8.7762 30.1171 60.2342

4.9766 -0.1827 16.2183 9.1355 0.0000 -8.8068 8 7762 30.1171 60.2342

0.94554 3.58898 0.19084 38.169 6502 0.046644 1.056823 0.055020 0.03950 -0.1827

0.94554 1.44111 1.18366 236.732 10562 0.012218 1.620084 0.055020 0.09223 -0.4266

0.94554 1.44111 1.18366 236.732 10562 0.012218 1.620084 0.055020 0.09223 2.1978 -0.4266 16.2183 9.1355 3.0227 -8.8068 8.7762 30.1171 60.2342

0.80472 1.35385 1.14141 228.283 9139 0.010962 1.696308 0.055020 0.09521 1.9063 -0.4404 16.2183 0.0000 0.0000 0.3287 11.7989 29.8117 59.6235

0.64377 1.23737 1.09313 218.626 7466 0.009351 1.817481 0.055020 0.09916 1.5595 -0.4587 16.2183 0.0000 0.0000 0.3287 11.7989 29.4467 58.8935

0.48283 1.09607 1.04485 208.970 5733 0.007513 2.003816 0.055020 0.10385 1.1971 -0.4804 16.2183 0.0000 0.0000 0.3287 11.7989 29.0627 58.1253

0.32189 0.91636 0.99657 199.313 3926 0.005394 2.333169 0.055020 0.10948 0.8176 -0.5064 16.2183 0.0000 0.0000 0.3287 11.7989 28.6571 57.3141

0.16094 0.66426 0.94828 189.657 2025 0.002924 3.120779 0.055020 0.11638 0.4192 -0.5383 16.2183 0.0000 0.0000 0.3287 11.7989 28.2268 564535
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P p = P/Py kappa e Et M ML/El coth theta hl (kappa) (delta)e (delta)g (delta) ty (delta)p (delta)m (delta)po (delta)mo delta (delta)t

(kN) (GPa) (kN mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)(kappa/2) (radian)

0 0.00000 0.00000 0.90000 180.000 0 0.000000 NA 0.055020 0.12500 0.0000 -0,5782 16.2183 0.0000 0.0000 0.3287 11.7989 27.7677 55.5354

-200 -0.16094 0.73275 0.77929 155.859 -4402 -0.007735 NA 0.055020 0.13716 -0.4621 -0.6344 162183 0.0000 0.0000 0.3287 11.7989 27.2494 54.4987

-500 -0.40236 1.32234 0.59823 119.646 -12365 -0.028301 NA 0.055020 0.17387 -1.3105 -0.8042 16.2183 0.0000 0.0000 0.3287 11.7989 26.2311 52.4622

-800 -0.64377 2.00299 0.41717 83.434 -26234 -0.086100 NA 0.055020 0.31261 -2.4672 -1.4460 16.2183 0.0000 0.0000 0.3287 11.7989 24.4326 48.8653

-853 -0.68642 2.15245 0.38518 77.037 -30890 -0.109802 NA 0.055020 0.38510 -2.7232 -1.7813 16.2183 0.0000 0.0000 0.3287 11.7989 23.8414 47.6827

-853 -0.68642 2.15245 0.38518 77.037 -30825 -0.109571 NA 0.054904 0.38510 -2.7232 -1 7738 16.2183 0.0000 0.0000 0.3287 11.7989 23.8488 47.6977

853 -0.68642 1.27029 1.10593 221.185 -30825 -0.038162 NA 0.081523 0.16898 -1 6529 -1.7160 -1.0703

853 -0.68642 2.15245 0.38518 77.037 -30825 -0.109571 NA 0.054904 0.38510 -1.7738

-853 -0.68642 1.27029 1.10593 221185 -30825 -0.038162 NA 0081523 0.16898 -1.7160

-760 -0.61158 1.21140 1,08348 216.695 -35376 -0.044704 NA 0106572 0.16394 -14884 -2.8450 16.2183 -1.2778 0.0000 0.3287 10.6707 21.6065 43.2131

-640 -0.51502 1.12683 1.05451 210.901 -35376 -0.045932 NA 0.129053 0.15752 -1.2709 -4.0086 16.2183 -1,2778 0.0000 0.3287 10.6707 20.6604 41.3208

527 -0.42409 1.03601 1.02723 205.445 -35376 -0.047152 NA 0.159719 0.15156 -1.0607 -5.9078 16.2183 -1.2778 0.0000 0 3287 10.6707 18.9714 37.9428

-410 -0.32993 0.92663 0.99898 199.796 -35376 -0.048485 NA 0.209472 0.14549 -0.8370 -9.7547 16.2183 -1.2778 00000 0.3287 10.6707 15.3482 30.6964

-290 -0.23337 0.79086 0.97001 194.002 -35376 -0.049933 NA 0.302513 0.13937 -0.6009 -19.4879 16.2183 -1.2778 0.0000 0.3287 10.6707 5.8510 11.7021

-171 -0.13761 0.61649 0.94128 188.256 -35376 -0.051457 NA 0.524298 0.13339 -0.3598 -56.0293 162183 -1.2778 0.0000 0.3287 10.6707 -30.4491 -60.8983

-171

85 -0.06840 0.43953 0.92052 184.104 -17303 -0.025737 0.524298 0.12914 -0.1808 -54.2444 162183 0.0000 0.0000 -0 9491 10.6707 -28.4854 -56.9707

0 O.OCKX)0 0.00000 0,90000 180.000 0 0.000000 0.524298 0.12500 0.0000 -52.5037 16.2183 0.0000 0.0000 -0.9491 10.6707 -26.5638 -53.1275

-26.5638 -53.1275

236.1 0.18999 0.80751 0.75750 151.501 35411 0.064005 2.609902 0.441287 0.11264 0.5531 -33.5153 16.2183 0.0000 0.0000 -0.9491 10.6707 -7.0223 -14.0446

236.1 0.18999 0.80751 0.75750 151.501 35376 0.063941 2.609902 0.440871 0.11264 0.5531 -33.4521 16 2183 0.0000 0.0000 -0.9491 10.6707 -6.9591 -13.9182

460 0.37017 1.24350 0.62237 124.475 35376 0.077824 1810465 0.254166 0.09896 1.1836 -9.7678 16.2183 0.0000 0.0000 -0.9491 10.6707 17.3557 34.7114

680 0.54721 1.70462 0.48960 97.919 35376 0,098930 1.444515 0195219 0.08331 1.9536 -4 8515 16.2183 0.0000 0.0000 -0.9491 10.6707 23.0420 460840

910 0.73229 2.32967 0.35078 70.156 27315 0106617 1.215645 0.138818 0.06434 3.0234 -1.8946 16.2183 2.5144 0.0000 -0.9491 10.6707 29.5831 59.1662

1130 0,90933 3.29305 0.21800 43.601 10558 0.066307 1.077146 0.070928 0.04387 4.5497 -0.3372 16.2183 7.7012 0.0000 -0.9491 10.6707 37.8536 75.7071

75.7071

1130 4.5497 -0.3372 16.2183 7.7012 0.0000 -0.9491 10.6707 37.8536 75.7071

1130 0.90933 3.29305 0.21800 43.601 10558 0.066307 1.077146 0.070928 0.04387 -0.3372

1130 0.90933 1.41977 1.17280 234.560 16106 0.018802 1.637719 0.070928 0.09296 -0.7146

1131

1130 0.90933 1.41977 1.17280 234 560 16106 0.018802 1.637719 0 070928 0.09296 2.1239 -0.7146 16.2183 7.7012 2.8032 -0.9491 10.6707 37.8536 75.7071

1000 0.80472 1.35385 1.14141 228.283 14431 0.017310 1.696308 0.070928 0.09521 1.9063 -0.7319 16.2183 0.0000 0.0000 6.7521 13.4739 37.6187 75.2373

800 0.64377 1.23737 1.09313 218.626 11789 0.014766 1.817481 0.070928 0.09916 1.5595 -0.7623 16.2183 0.0000 0.0000 6.7521 13.4739 37.2416 74.4831

600 0.48283 1.09607 1.04485 208.970 9053 0.011864 2.003816 0.070928 0.10385 1.1971 -0 7983 16.2183 0.0000 0.0000 6.7521 13.4739 36.8431 73.6863

400 032189 0.91636 0.99657 199.313 6200 0.008518 2.333169 0.070928 0.10948 0.8176 -0.8416 16.2183 0.0000 0.0000 6.7521 13.4739 36.4203 72.8406

200 0.16094 0.66426 0.94828 189.657 3197 0.004616 3.120779 0.070928 0.11638 0.4192 -0.8946 16.2183 O.Moo O.Moo 67521 13.4739 35.9689 71.9377

0 0.00000 0.00000 0.90000 180.000 0 0000000 NA 0.070928 0.12500 0.0000 -0.9609 162183 0.0000 0.0000 6.7521 13.4739 35.4834 70.9668
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P = PIPY kappa e Et M MUEI com theta hl (kappa) (delta)e (detta)g (delta)ty (delta)p (delta)m (delta)po (delta)mo delta (delta)t
(GPa) (kN mm) (kappa/2) (radian) (rrlm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

-0.20118 0.83558 0.74912 149.823 -7197 -0.013155 NA 0.070928 0.14123 -0.5888 -1.0856 16.2183 0.0000 0.0000 6.7521 13.4739 34.7699 69.5397

-0.40236 1.32234 0.59823 119.646 -15941 -0.036483 NA 0.070928 0.17387 -1.3105 -1.3365 16.2183 0.0000 0.0000 6.7521 13.4739 33.7972 67.5944

-0.60354 187283 0.44735 89.469 -29491 -0.090261 NA 0.070928 0.26863 -2.2431 -2.0650 16 2183 0.0000 0.0000 6.7521 13.4739 32.1362 64.2723

-0.64377 2.00299 0.41717 83434 -33818 -0.110993 NA 0.070928 0.31261 -2.4672 -2.4030 16.2183 O.OCKX) 0.0000 6.7521 13.4739 31.5740 63.1480

-0.64377 2.00299 0.41717 83.434 -33781 -0.110872 NA 0070850 0.31261 -2.4672 -2.3978 16.2183 0.0000 0.0000 6.7521 13.4739 31.5792 63.1585

-0.64377 1.23737 1.09313 218.626 -33781 -0.042312 NA 0096064 0.16610 -1.5595 -2 3421

-0.64377 2.00299 0.41717 83.434 -33781 -0.110872 NA 0070850 0.31261 -2 3978

-0.64377 1.23737 1.09313 218.626 -33781 -0.042312 NA 0.096064 0.16610 -2.3421

-0.40236 1.01234 1.02071 204.141 -35376 -0.047453 NA 0.169119 0.15015 -1.0096 -6.5621 16.2183 -0.4673 0.0000 6.7521 12.5105 27.4418 54.8837

-0.24141 0.80339 0.97242 194.485 -35376 -0.049809 NA 0.291905 0.13987 -0.6209 -18.2111 16.2183 -0.4673 0.0000 6.7521 12.5105 16.1816 32.3633

-0.16094 0.66426 0.94828 189.657 -35376 -0.051077 NA 0.445881 0.13484 -0.4192 -40.9618 16.2183 -0.4673 0.0000 6.7521 12.5105 -6.3674 -12.7348

-0.12127 0.58026 0.93638 187.276 -35376 -0.051726 NA 0.597171 0.13239 -03179 -72.1376 16.2183 -04673 0.0000 6.7521 12.5105 -37.4419 -74.8838

-0.06035 0.42846 0.85473 170.947 -17376 -0.027833 0.597171 0.12893 -0.1656 -70.2559 16.2183 0.0000 0.0000 6.2848 12.5105 -35.4079 -70.8159

0.00000 0.00000 0.90000 180.000 0 0.000000 0.597171 0.12500 0.0000 -68.1131 16.2183 0.0000 0.0000 6.2848 12.5105 -33.0995 -66.1991

0.15853 0.72639 0.78110 156.221 35387 0.062029 2.873354 0.518280 0.11482 0.4546 -47.1268 16.2183 0.0000 0.0000 6.2848 12.5105 -11.6586 -23.3171

0.15853 0.65951 0.94756 189.512 35376 0.051116 3.141685 0.514552 0.11650 0.4131 -47.1297 16.2183 0.0000 0.0000 6.2848 12.5105 -11.7031 -23.4062

0.32189 1.12724 0.65859 131.717 35376 0.073545 1.958261 0.283078 0.10283 1.0021 -12.5907 16.2183 0.0000 0.0000 6.2848 12.5105 23.4250 46.8499

0.48283 1.52765 0.53788 107.576 35376 0.090050 1.554423 0.210805 0.08927 1.6518 -6.0619 16.2183 0.0000 0.0000 6.2848 12.5105 30.6035 61.2070

0.64377 2.00299 0.41717 83.434 33781 0.110872 1.311954 0.172792 0.07376 2.4672 -3.3649 16.2183 0.5195 0.0000 6.2848 12.5105 34.6354 69.2709

0.68401 2.14362 0.38699 77.399 31000 0.109678 1.265594 0.157058 0.06955 2.7082 -2.6216 16.2183 1 3944 0.0000 6.2848 12.5105 36.4945 72.9891

0.78057 2.53991 0.31457 62.914 23251 0.101200 1.171254 0.120884 0.05896 3.3731 -1.3165 16.2183 3.7292 0.0000 6.2848 12.5105 40.7993 81.5987

33731 -1.3165 16.2183 3.7292 0.0000 6.2848 12.5105 40.7993 81.5987

0.78057 2.53991 0.31457 62.914 23251 0.101200 1.171254 0.120884 0.05896 -1.3165

0.78057 2.53991 0.31457 62.914 23251 0.101200 1.171254 0.120884 0.05896 -1.3165

0.78057 2.53991 0.31457 62.914 23251 0.101200 1.171254 0.120884 0.05896 3.3731 -1.3165 16.2183 3.7292 0.0000 6.2848 12.5105 40.7993 81.5987

0.72424 1.29817 1.11727 223.455 28231 0.034596 1.751145 0.120884 0.09710 1.7348 -2.1682 16.2183 0.0000 0.0000 10.0140 12.5105 38.3093 76.6186

0.64377 1.23737 1.09313 218.626 25366 0.031772 1.817481 0.120884 0.09916 1.5595 -2.2142 16.2183 0.0000 0.0000 10.0140 12.5105 38.0881 761763

0 48283 1.09607 1.04485 208.970 19480 0.025527 2.003816 0.120884 0.10385 1.1971 -2.3188 16.2183 0.0000 0.0000 10.0140 12.5105 37.6211 75.2422

0.32189 0.91636 0.99657 199.313 13341 0018329 2.333169 0.120884 0.10948 0.8176 -2.4446 16.2183 0.0000 0.0000 10.0140 12.5105 37.1157 74.2314

0.16094 0.66426 0.94828 189,657 6880 0.009933 3.120779 0.120884 0.11638 0.4192 -2 5987 16.2183 0.0000 0.0000 10.0140 12.5105 36.5633 73.1266

0.00000 0.00000 0.90000 180.000 0 0.000000 NA 0.120884 0.12500 0.0000 -2.7911 16.2183 0.0000 0.0000 10.0140 12.5105 35.9517 71.9CK33
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Table 5.4 Numerical integration for plastic hinge axial displacement

P* P = P*/Py kappa e Et M g(kappa) theta theta f(P*)

(kN) (GPa) (kN mm) dM(P*)/P*

-1080.2 -0.8693 1.3953 1.1608 232 14797 1.7099 0.02984 -2.4626 -0.003145 -0.003145

-1074.2 -0.8644 1.3923 1.1593 232 15291 1.7189 0.03104 -2.5417 -0.003271 -0.013084

-1068.2 -0.8596 1.3893 1.1579 232 15782 1.7279 0.03225 -2.6199 -0.003398 -0.006796

-1062.2 -0.8547 1.3862 1.1564 231 16268 1.7371 0.03346 -2.6972 -0.003526 -0.014103

-1056.2 -0.8499 1.3832 1.1550 231 16751 1.7464 0.03468 -2.7736 -0.003654 -0.007309

-1050.2 -0.8451 1.3801 1.1535 231 17229 1.7557 0.03591 -2.8491 -0.003784 -0.015135

-1044.1 -0.8402 1.3770 1.1521 230 17704 1.7652 0.03714 -2.9236 -0.003914 -0.007828

-1038.1 -0.8354 1.3739 1.1506 230 18176 1.7748 0.03839 -2.9972 -0.004045 -0.016180

-1032.1 -0.8306 1.3708 1.1492 230 18643 1.7845 0.03964 -3.0699 -0.004177 -0.008354

-1026.1 -0.8257 1.3676 1.1477 230 19107 1.7943 0.04090 -3.1416 -0.004310 -0.017239

-1020.1 -0.8209 1.3645 1.1463 229 19566 1.8043 0.04217 -3.2124 -0.004444 -0.008887

-1014.1 -0.8161 1.3613 1.1448 229 20022 1.8143 0.04345 -3.2823 -0.004578 -0.018313

-1008.1 -0.8112 1.3581 1.1434 229 20474 1.8245 0.04473 -3.3512 -0.004714 -0.009428

-1002.1 -0.8064 1.3550 1.1419 228 20923 1.8348 0.04603 -3.4191 -0.004850 -0.019402

-996.1 -0.8015 1.3517 1.1405 228 21367 1.8452 0.04733 -3.4860 -0.004988 -0.009976

-990.1 -0.7967 1.3485 1.1390 228 21808 1.8557 0.04865 -3.5520 -0.005126 -0.020505

-984.0 -0.7919 1.3453 1.1376 228 22245 1.8664 0.04997 -3.6170 -0.005266 -0.010532

-978.0 -0.7870 1.3420 1.1361 227 22678 1.8772 0.05130 -3.6810 -0.005406 -0.021625

-972.0 -0.7822 1.3387 1.1347 227 23107 1.8881 0.05265 -3.7440 -0.005548 -0.011096

-966.0 -0.7774 1.3354 1.1332 227 23533 1.8992 0.05400 -3.8060 -0.005690 -0.022762

-960.0 -0.7725 1.3321 1.1318 226 23955 1.9104 0.05536 -3.8670 -0.005834 -0.005834

int f(P*) = -0.535955

(delta)p = -1.940318
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CHAPTER 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 SUMMARY

Chapter 1 reviews previous researches that are grouped into experimental and

analytical studies. From the experimental study, the general characteristics of the

hysteretic responses of tube and angle specimen were identified, and also general

parameters of the hysteretic responses of wide-flange, built-up, circular tube and square

tube specimens. The development of the analytical study through the stages of the

purely theoretical model, the phenomenological model, and the refined physical theory

brace model was also reviewed.

The features and procedures of the phenomenological model and the refined

physical theory brace model were reviewed in Chapter 2. For the refined physical theory

brace model (the Ikeda model), the basic equations and empirical formulas used were

described. In addition, the method of calculation from zone to zone was introduced.

Chapter 3 describes the experimental programme including the test set-up,

instrumentation, loading history and specimen selection. For specimen selection a

statistical study based on geometric parameters of the specimen cross section was used.

Chapter 4 discusses the test results for material properties, overall behaviour of

the UC specimen and the inelastic behaviour under cyclic loading.

Chapter 5 describes the data preparation for the Ikeda model and compares the

analytical results with the experimental results. An additional parameter, i.e. the

minimum plastic hinge rotation, was introduced for specimen 3 to better represent the

decrease of buckling load even after yielding

6.2 CONCLUSIONS

The conclusions from this study were drawn from the observed and measured

test results and the comparison of analytical with experimental results.

The main conclusions from the test results are as follows:

1. The conclusion from previous tests that stockier members generate fuller loops

than the more slender ones is confirmed.
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2. In slender members the occurrence of local buckling was delayed compared to

the stockier ones.

3. The effect of fixed - fixed end conditions can be taken into account by the

effective member length and effective lateral displacement that are half the

actual values.

4. The residual plastic hinge rotation and the residual lateral displacement did not

disappear even after applying the yield load in tension.

The following conclusions were drawn from the comparison of analytical with

experimental results:

1. The refined physical theory brace model from Ikeda can best represent hysteresis

loops of brace member for several reasons. It includes the effect of tangent

modulus variation with load and load reversal, and the degradation of plastic

hinge rotations in Zone EL2 but the model does not allow for the degradation of

tangent modulus over a number of inelastic cycles.

2. The model simulates the hysteresis loops of braces better in range of small axial

displacements but when the axial displacement was increased to cause

substantial plastic elongation in tension and compression, the model was unable

to include the effects of strain hardening and local buckling.

6.3 RECOMMENDATION FOR FUTURE RESEARCH

To improve the available analytical model, it is necessary to have a model of

cyclic stress - strain relationship which is simple enough to be differentiated to give the

tangent modulus value.

It is also necessary to identify the parameters for local buckling and fracture of

brace member and to model these phenomena for the analytical model.

The analytical model could be improved by allowing for strain hardening or

strain softening. This model needs to be included in a dynamic inelastic frame anaysis

program.

Accurate cyclic stress-strain relationships giving the tangent modulus variation

with stress are required for the variety of steel sections currently in use.
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APPENDIX A

POINT HINGE MODEL

The refined physical theory brace model(7) was based on point hinge

model4,5,11) of the brace member as shown in Figure Al. In the point hinge model

plastic deformation is assumed to be concentrated in the plastic hinge whereas

outside the plastic hinge the member is always elastic (with the exception at tensile

yield condition).

The refined physical theory model combines this basic model with adjusted

theoretical relationships for material properties and member geometries to better

represent the experimental data.

The differential equation for the lateral defiection & of an elastic beam-

column segment without lateral load is given by

P

EI
*ii = 0 (Al)

The general solution of this fourth order differential equation is

i (x) = q1 sinh (Kx) + t cosh (Kr) (A2)

where qi and qi are constants and

Kz = PIEI (A3)

The boundary conditions are

S (0) = 0 or & (L) = 0; (A4a,b)

1 (L/2) = A or X '(L/2 - 0) = 0/2 (A5a,b)

After imposing the boundary conditions (Ma) and (A5b), the expression for the

deflected shape of the left brace segment becomes

S(x) = 0 sinh (Kr)

2 Kcosh(·K2L)
(A6)

---

- len·.72 - I.
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The relationship between the plastic hinge moment and the plastic hinge rotation can

be derived from the equilibrium of the half bar.

M = -P -ACLIZ) = -p sinh(KLI23 0
Kcosh CKL/2) 2

= -EL (KL)2 tanh (KL/2) 1

where K

2

EI 0=-  tanh (K/2) -L CAD

(A8)2 = |P|L2
El

Deflection A in the transverse direction reduces the relative displacement 6 by

the amount

Og = - 12 { di (X)} 2 dr

f L/2 f 8 cosh ®c) 1
jo 12 cosh (KL/2) 1

sinh K
+1

K 82 L (A9)

16 cosh2(142)

The plastic hinge moment from equation (A7) is substituted for the rotation

angle in (A9) to avoid numerical difficulty at P = Per (K = T). This substitution gives

an alternate expression for geometric shortening,

8g.

sinh K
+1

(ML'
4 12 sinh 2 (142) l EI,

 2L (*10)
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When the axial force is compressive, P is negative, and the above hyperbolic

functions have to be replaced by its corresponding trigonometric functions.

Due to the presence of axial force, plastic deformation occurs in axial direction

as well as in bending in the plastic hinge. Their relationship is provided by the flow

rule associated with the yield condition. In geometric terms, the flow rule states that

when the state of stress is represented by a point on the yield surface, the plastic flow

vector is in the direction of the outward normal to the yield surface at the

corresponding stress point. This is shown in Figure A2. It follows that

d£ = - #M
d0 (lp

(All)

rdM
ldp

d0 (A12)idsp Z

dM de
Op l -5- -dp dp

0 (A13)
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Figure A 1 Point hinge model (11)
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Figure A2 Flow rule associated with yield surface
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