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ABSTRACT

Experimental results are presented from tests on six individual brace members subjected

to severe inelastic cyclic loading. The tubular brace specimens considered are one-sixth scale

models of braces of the type used for offshore platforms. Each brace specimen is alternatively

subjected to cycles of compressive inelastic buckling followed by tensile stretching. Examined

are the effects resulting from different end fixity conditions (pinned vs. fixed), and from

different diameter-to-wall thickness ratios (33 vs. 48). Also, the behaviors of heat treated

braces are compared to the behavior of braces made from tubing as received from the manufac

turer. The inelastic responses of the braces are presented and interpreted, including axial load

axial displacement hysteretic loops; axial load-midspan lateral deflection hysteretic loops; brace

deflected shapes; brace energy dissipation; and inelastic axial strains, curvatures and rotations in

plastic regions.

Special attention is directed to the deterioration of buckling load with inelastic cycling.

Design code buckling formulas are for columns or braces that have not been previously yielded

and have initial cambers within the code allowances. Cyclic inelastic loadings cause changes in

the mechanical material properties of the braces which subsequently reduces the buckling load.

A method of predicting the reduction in buckling load is presented. The changes in material

properties are identified for a "critical section" within the plastic hinge of a brace and the

reduced buckling loads under repeated cyclic loadings are calculated. The results are examined

with respect to design procedures prescribed by the American Institute of Steel Construction

and the American Petroleum Institute.
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CHAPTER 1

INTRODUCTION

The level of seismic forces that buildings located in regions of high seismic risk would be

required to resist, if designed on an elastic basis alone, would generally raise the cost of con

struction to nearly prohibitive levels. Fortunately, it is not necessary to design for these large

elastic forces, if ductile inelastic deformations can be permitted. Stresses beyond the elastic

limit will cause permanent deformations and localized damage, but a properly designed struc

ture will not collapse.

The concept of using braced frames in seismic-resistant design has received little attention

until very recently due to the belief that such framing is not sufficiently ductile to withstand

severe seismic disturbances. Consequently, the majority of large structural steel buildings in

seismically active regions are designed as moment-resisting frames. For buildings having wide

facades, such a structural system is economical and has been shown to be very satisfactory for

resisting lateral forces caused by earthquakes. However, in some instances moment-resisting

frames tend to be somewhat flexible, and although safe from collapse, during a severe earth

quake, can develop costly non-structural damage. Moreover, by using moment-resisting frames

alone, along a narrow width of a building, it may be very difficult, and economically impractical,

to develop the required stiffness and strength to resist the lateral forces. Recent experience has

shown that stiff buildings can behave well during major earthquakes [I]. For these reasons

increasing attention is being given to the possibility of employing a variety of bracing schemes

[2-8]. In these designs the braces can become subjected to severe cyclic axial loadings causing

the braces to sequentially buckle and stretch inelastically.

To supplement the scant data available on the behavior of braces subjected to cyclic ine

lastic loadings, an extensive experimental program is being carried out at the University of Cali

fornia, Berkeley. Some twenty-four hot rolled steel sections commonly used in the building

industry have already been tested [9]. All of these members conformed to the American Insti

tute of Steel Construction (AISC) requirements for compact sections [IO]. In order to



broaden the scope of these studies, tubular steel models representative of those employed in

offshore construction were also included in the investigation. This report presents the findings

from experimental tests on six tubular steel braces subjected to severe cyclic axial loadings.

Because of the stiffness and strength required to resist lateral forces due to the actions of

wind, waves and currents, offshore construction has traditionally employed braced frames as

standard design practice. Recent emphasis on seismic considerations in offshore construction

has brought attention to the inelastic cyclic behavior of these types of braced frames. Applica

ble offshore design criteria specify a strength design requirement based on an elastic approach,

and the levels, of seismic design forces considered are comparable to those used for onshore

structures. In addition, the 1977 and 1979 editions of the American Petroleum Institute (API)

Recommended Practice for Planning, Designing, and Constructing Fixed Offshore Platforms

each have stipulated ductility design requirements. The 1977 recommendations require

offshore braced frames to remain stable under rare and intense earthquake motions capable of

imposing displacements twice those of the strength design requirement. The 1979 recommen

dations require offshore platforms to be capable of absorbing at least four times the amount of

energy absorbed at the strength design requirement with the structure remaining stable. Very

little information is presently available regarding the inelastic cyclic behavior of tubular steel

braced frames, their ductility capabilities, and their ability to absorb energy.

The main element required to maintain the overall structural integrity of a braced frame

subjected to lateral forces is the brace. A typical load-deformation relationship of a brace sub

jected to a cycle of inelastic loading is schematically shown in Fig. 1.1. In stage A-B a plastic

hinge is formed in the brace while loading in compression. In stages C-F, the brace is com

pletely straightened by tensile stretching. Several simple macroscopic computer models hav~

been developed to account for this type of hysteretic behavior [2,3,5,12,13]. One such model,

implemented by Roeder and Popov [3], is illustrated in Fig. 1.2. The model approximates the

behavior of a brace by defining a sequence of linear segments. The stiffness of the model in

each segment must be selected on the basis of experimental results, or mathematical
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formulations. At this time, accurate mathematical or numerical procedures for determining the

form of the hysteretic loops are not fully developed. Consequently, experimental data are

necessary, not only to assess current design procedures, but to obtain data with which analytical

models can be developed and verified.

Unfortunately, only little experimental information is currently available regarding the

hysteretic behavior of tubular brace members. An experimental investigation of brace

members was carried out by Jain, Goel and Hanson at the University of Michigan in 1978 [81.

Small square tube (and angle) specimens were subjected to large cyclic static and dynamic dis

placements. Experimental investigations of tubular beam-column and brace members made

from small diameter pipe are in progress at the University of Wisconsin-Milwaukee under the

direction of D. R. Sherman. Preliminary results of this investigation are reported in Ref 14.

Objectives and Scope

In this report, experimental results from tests on six tubular braces subjected to cyclic ine

lastic loading are presented and evaluated. The objectives are to present the experimental data

in a form which can later be utilized in analytical studies, and to interpret the experimental

observations.

The brace specimens are one-sixth scale models of bracing members used in offshore

structures. The dimensions of the test specimens were based on a representative X-braced

offshore platform designed according to wave and earthquake criteria applicable to Southern

California [15]. The response of specimens designed as semi-compact tubular braces, with a

diameter-to-thickness (D/t) ratio of 48, are compared to the response of specimens considered

fully compact with a diameter-to-thickness ratio of 33 [11]. The effects resulting from different

end fixity conditions are examined. Also, the behavior of heat treated braces is compared to

the behavior of braces made from tubing as received from the manufacturer. Experimental data

presented and interpreted for the brace specimens include: axial force vs. axial displacement

hysteretic loops; axial force vs. midspan lateral deflection hysteretic loops; brace deflected
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shapes; brace energy dissipation; inelastic axial strains; and inelastic curvatures and rotations

within plastic hinges. The deterioration of buckling load capacity with cycles of loading is

accorded special attention and a method of predicting such deterioration is developed. The

results of the research reported herein are examined with respect to design procedures

prescribed by the AISCand API for axially loaded members.

4



CHAPTER 2

EXPERIMENTAL PROGRAM

The bracing member specimens were one-sixth scale models of braces· found in a

representative Southern California offshore platform (Fig. 2.1 a). At this scale the cross braces

were represented by 4-inch 002 mm) diameter steel tubing. Specimens of two dimensions

were fabricated: a first group with a diameter-to-thickness ratio of 33 and a second group with a

ratio of 48. The first group simulated fully compact A36 steel members able to maintain their

capacity through large inelastic deformations [I 1], whereas the second group modeled A36 steel

members capable of developing their full plastic load capacity without being able to withstand

large inelastic deformations.

To assess the effect of end restraint on brace behavior, two bounds on the possible end

conditions were considered: both ends pinned and both ends fixed. The ends of the first four

specimens were pinned and those of the remaining two specimens were fixed. The actual end

restraint of braces in a braced frame would depend on a variety of factors -- such as frame

configuration and loading, connection detailing, member slenderness and initial camber, joint

flexibility, and inelastic behavior of adjacent members -- and would ordinarily fall in the range

of restraint between the two bounds.

The pinned-end struts (Struts 1-4) were 74-3/8 in. 0.89 m) long, the distance between

the center of the intersection of the cross braces and the face of the jacket leg (Fig. 2.1 b) The

specimen length, from pin to pin, included heavy end support clevises that contained roller

bearings and attachment plates (Fig. 2.2). The effect of the heavy end sections on the buckling

load of the struts was calculated to be less than 3%. The fixed-end specimens (Struts 5 and 6)

were 70-114 in. 0.78 m) long between points of fixity, the distance between the face of the

jacket leg and a point within the thick-walled insert of the cross joint (Fig. 2.1b). The effective

slenderness ratios, kL/r, were 54 and 25 for the pinned-end and fixed-end specimens, respec

tively.
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The test specimens were made of AISI 1020 mild steel tubing. (AISI 1020 is a mild steel

similar in carbon content and properties to A36.) Because of the drawing process used in its

manufacture, the material properties of this tubing in the as-received condition are considerably

different from the A36 steel welded pipe used in full scale construction. To achieve properties

in the test specimens closer to those encountered in full scale braces and to assess the effect of

material properties on test specimen behavior, four of the tubes used in the test specimens

were annealed by heating to 1600 0 F (870 0 C) and oven-cooling to 1000 0 F (538 0 C).

Full scale construction pipe will have initial residual stresses that differ from the annealed test

tubing; however, the effect of these initial residual stresses on cyclic inelastic buckling should

not be significant after the first inelastic cycle. Two specimens were not annealed in order that

the effect of the as received material properties on the structural response could be assessed.

The geometric properties, end restraint condition, heat treatment, and initial horizontal

and vertical cambers of individual specimens are summarized in Table 2.1.

Experimental Setup

The experimental apparatus used for the tests on the strut specimens is illustrated in Figs.

2.3 through 2.6. One end of the strut was either pinned or rigidly connected to a stiff braced

steel foot frame attached to a concrete reaction block. The other end of the strut was attached

to a double-acting hydraulic jack that was pin-connected to another concrete reaction block.

For the pinned-end specimens, the jack and specimen were connected by a head pin assembly

which was restrained horizontally by a single side arm. For the fixed-end specimens, the strut

was rigidly bolted to a head unit that was restrained against rotation and translation normal to

the axis of the specimen by means of two parallel side arms. Bolts in slotted holes were used to

restrain translation or rotation of the head unit in the vertical plane (Fig. 2.5a). Photogram

metric records verified to within .0016 rad. that in the fixed-end condition, the specimens

achieved full fixity.
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The initial cambers present in the tubular specimens were carefully measured, and the

specimens were oriented so that initial buckling would be expected to occur in a horizontal

plane. The small frictional forces present in the test setup were measured so that they could be

accounted for when the data were reduced. The friction forces were found to be 0.4 kips 0.78

kN) and 0.8 kips 0.56 kN) for the pinned and fixed test setups, respectively.

Instrumentation

Linear variable differential transformers (LVDT's) were used to measure axial displace

ment and linear potentiometers were used to measure midspan horizontal lateral displacement

of the strut specimens (Fig. 2.2 and 2.7). Linear potentiometers were also used to measure

midspan vertical lateral displacement of the fixed-end specimens where a component of buck

ling could occur in the vertical plane. The axial load on the specimens was measured by a load

cell attached to the loading ram.

Photogrammetric instrumentation was used to determine the deflected shape of the struts.

Aluminum foil targets were evenly spaced longitudinally along the centerline of the members,

and the camera was stationed on an overhead crane approximately twenty feet above the speci

men. Glass plate film was used; pictures were taken at predetermined points in the loading

cycles. The plates were read on an X-Y comparator and the actual and normalized deflected

shapes were plotted by a CDC 6400 Cal Comp Plotter.

SR-4 strain gages were placed at strategic locations along each member. Strain gages were

concentrated where plastic hinges were expected to form. Reduced strain gage data provided

strain histories at specified points, cross-section curvature histories, and plastic hinge rotations.

Data from the load cell, LVDT's, linear potentiometers, and strain gages were recorded

on a Data General Nova Computer high speed data acquisition system. During the tests load

and displacement response parameters were also monitored on X-Y recorders and visual obser

vation records of local buckling phenomena and tearing were kept. (Fig. 2.8).
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Loading Procedure

All specimens were subjected to quasi-static cycles of reversing axial displacement. These

cycles generally included compressive inelastic buckling followed by tensile stretching. The

prescribed displacement sequence was designed to represent ductility levels expected in braces

within the Southern California example structure subjected to severe seismic loading [I2]. The

same displacement history was designed for the early cycles of all six test struts. The history

prescribed for the first seven loading cycles was as follows. Axial displacement was uniformly

incremented 0.07 in. per cycle during cycles I through 5. On reaching ± 0.35 in. during the

fifth cycle, the imposed displacement was held constant until cycle 7. The loading for subse

quent cycles varied depending on the behavior of the individual struts.

The displacement pattern applied to each strut is illustrated in Figs. 2.9 through 2.14.

Struts 3 and 4, fabricated from the unannealed tubing, were unable to follow the prescribed dis

placement history. Both fractured during the tensile phase of cycle 3. These struts were

repaired and testing resumed with the tensile displacements limited to prevent fracture.

Load points within a cycle have been identified by a letter code system as illustrated for a

typical hysteretic loop in Fig. 2.l5a and from a loading schematic in Fig. 2.15b. This system of

identification is used throughout the report.

Material Properties

The material properties influence the brace behavior through the fundamental characteris

tics of yield point stress level, stress-strain curve shape, and elongation capacity. Differences in

yield points, if the yield points are in fact discernible, can, in part, be accounted for by normal

izing brace response parameters. This normalization is accomplished by dividing load (or dis

placement) levels in each strut by its respective yield load (or yield displacement). Neverthe

less, a similar yield point for the model and full scale brace is desirable in order to retain the

correct relationship between brace displacement ductility and frame displacements of the exam

ple structure. Also, to model inelastic behavior correctly it is important to have similar stress-
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strain curve shape and elongation capacities.

Two material types were used to fabricate the specimens: annealed and unannealed (as

received) steel tubing. The effect of annealing is clearly indicated in the tensile stress-strain

curves plotted in Figs. 2.16 through 2.18 for coupons taken from each type of material. The

stress-strain curve for the annealed material is elastic-plastic, similar to that for A36 steel. The

average yield strength of the annealed material as measured from the coupon tests was 35 ksi

(242 MPa). Ultimate strengths of approximately 52 ksi (359 MPa) were typically obtained at

strains of about 14% and fractures occurred at strains of about 28%.

The yield strength of the unannealed material, based on a 0.2% strain offset, was consid

erably higher; equal to 92 ksi (635 MPa) for the tubing with an 0.083 in. (2.1 mm) wall thick

ness, and 74 ksi (511 MPa) for the tubing with an 0.120 in. (3.0 mm) wall thickness. No dis

cernible yield point and no plastic plateau appear in the unannealed material stress-strain

curves. The unannealed material coupons fractured at strains of less than 8%.

Material tests were also performed on full cross-sections of pipe. The tests were of two

types: compression stub test (Figs. 2.19 and 2.20) and cyclic tests (Figs. 2.21 and 2.22).

Stress-strain curves from compression stub tests were generally used for predicting first buck

ling loads of struts. The cyclic tests were used to quantify the extent of the Bauschinger effect

that results from inelastic yield and strain reversals. In all the material tests the unannealed

material behaved differently for specimens with 0.083 in. (2.1 mm) wall thickness and 0.120 in.

(3.0 mm) wall thickness, whereas there was no apparent wall thickness effect for the annealed

material. The average yield stress of the annealed material from the full cross-section material

tests was 31 ksi (214 MPa).

A summary of the initial yield stresses for the six test struts is presented in Table 2.2.

The initial yield stress for the unannealed struts is based on a 0.2% strain offset from the

coupon tests. The reported initial yield stress for the annealed struts is based on the first dis

cernible yield plateau, as averaged from the cyclic and compression stub tests. In general, the

coupon tests showed 4-5 ksi (31 MPa) higher yield stresses than the full section cyclic and
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compression stub tests. The yield stresses observed in the test struts (reported in Chapter 3)

agree with the stresses observed in the cyclic and compression stub tests. The higher stresses

observed in the coupon tests could be a result of cutting out and machining the coupon speci

mens.

Based on the initial yield stress, initial axial yield loads (Py) and yield displacements (I)y)

were computed and are also listed in Table 2.2. These computed yield loads and yield displace

ments are used to normalize the brace hysteretic plots and energy dissipation data presented in

the following chapter.
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CHAPTER 3

OVERALL BEHAVIOR OF STRUT SPECIMENS UNDER CYCLIC LOADING

The test struts were subjected to cyclic inelastic axial displacements. The principal param

eters monitored during the tests have been plotted in the form of hysteretic loops. These plots

are not only a valuable means of viewing the overall response history of the tested struts, but

they also lay the ground work for additional data reduction and subsequent development of

information related to deterioration of buckling loads, energy dissipation, and plastic hinge for

mation. Details of inelastic behavior within plastic hinge regions are discussed in Chapter 4.

Hysteretic Behavior

The axial load vs. axial displacement curves for the six strut specimens are shown in Figs.

3.1 through 3.14; the lateral deflections that correspond to the early loading cycles are shown in

Figs. 3.15 through 3.20. Maximum compressive and tensile loads attained in each cycle of

loading are reported in Table 3.1; maximum compressive and tensile displacements are reported

in Table 3.2.

Strut 1 was subjected to a preliminary compressive pulse when the load control system

was activated. Residual strains ranging from 0.006 in.lin. in compression to 0.004 in.lin. in

tension were recorded following the pulse. The initial camber of the strut, 0.12 in. (3.0 mm),

increased to 0.25 in. (6.4 mm) as a result of this preliminary loading. Thus, Strut 1 started

cycle 1 with previous inelastic straining and an initial camber larger than the other struts. As a

result, the cycle 1 buckling load attained was 25% lower than that predicted by AISC formulae

[to]. (The factor of safety has been removed from the AISI formulae for all AISC buckling

predictions made in this report.)

The buckling load of Strut 1 decreased significantly in each loading cycle subsequent to

cycle 1 (Fig. 3.1). The post-buckling compressive load of the strut decreased rapidly with

increasing displacement during each cycle. The axial stiffness for tension loading deteriorated

significantly with each cycle. Full tensile load is attained when all fibers within a cross-section
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have yielded in tension. The greater the compressive displacement within a given cycle, the

greater are the resulting strains within the plastic hinge due to inelastic rotation. After unload

ing in compression, a residual inelastic rotation remains in the strut. When the .direction of

loading is reversed and the strut is loaded in tension, the tensile displacement required to

develop full tensile yielding depends on the prior compressive displacement and on the magni

tude of the residual inelastic rotation. While the full tensile capacity of Strut I was developed

during the first six cycles, the capacity was achieved at tensile displacements approximately

equal to the preceding compressive displacement applied.

Local buckling was observed at the middle of Strut I during cycle 3. Local buckles tended

to straighten out under tensile load, but reformed when compressive load was again applied.

Tears developed in the steel during cycle 5 owing to the large local strain reversals associated

with this behavior. Both strength and stiffness rapidly deteriorated during subsequent cycles

(Fig. 3.2).

The hysteretic curves for Strut 2 during cycles 1 through 5 (Fig. 3.3) are generally similar

to those for Strut 1. Since the diameter-to-thickness ratio of Strut 2 was smaller and the cross

sectional area 44% greater, the tensile and compressive load capacities of Strut 2 were greater.

A slight ovaling of the cross-section at the midspan of Strut 2 occurred during the fourth cycle.

Local buckling developed in this region during the fifth cycle and tearing of the steel initiated

during the tension portion of cycle 8 (Fig. 3.4). As a consequence of the smaller diameter-to

thickness ratio of Strut 2, local buckling was delayed and the strength of Strut 2 deteriorated

less than the strength of Strut 1 during later cycles.

The axial load vs. midspan lateral deflection curves for Struts 1 and 2 are given in Figs

3.15 and 3.16. These indicate that the initial camber in the two pinned-end specimens existing

prior to cycle 1 was nearly eliminated by tension yielding during the first cycle of loading.

Strut 3 was identical to Strut 1, except that the former was not annealed. Because the

yield strength of the material in the unannealed tube was very high, this specimen did not

buckle in cycle 1 (Fig. 3.5). First buckling of Strut 3 occurred in cycle 2, and the maximum
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compressive load then achieved was only 85% of the buckling load predicted by the AISC and

API recommended formulas [10, Ill. Failure to attain the compressive capacity predicted by

the code is attributed to the rounded stress-strain curve of the unannealed material (Figs. 2.17

and 2.20). Strut 3 fractured during the tensile phase of cycle 3. The fracture occurred in the

heat-affected zone in the tubing adjacent to the weld. The strut was repaired and tested again

with tensile displacements limited to avoid re-fracture. Hysteretic loops for the post fracture

testing (cycles 4-8) are shifted so that compression loading of cycle 4 corresponds with elastic

tensile unloading of cycle 3. Compression displacements after cycle 4 differ from the prescribed

displacement loading history by the amount of the shift. Local buckling occurred at the mid

length during cycle 4. Tearing occurred in the region of local buckling during the sixth loading

cycle even though tensile forces were limited after the third cycle. The strength and stiffness of

the specimen decreased substantially after local buckling was initiated (Fig. 3.6).

The geometric properties and end conditions of Strut 4 were identical to those of Strut 2,

but the former differed from Strut 2 in that it was unannealed. Although this strut was fabri

cated from a heavier tube than was Strut 3, the compressive force attained was not as high. It

can be observed from the compression stub tests (Fig. 2.20) that the 0.120 in. (3.0mm) wall

thickness material has a notably rounded stress-strain curve and this would contribute to lower

ing the buckling load of Strut 4. In addition, the imposed displacement during cycle 2 did not

suffice to develop the full buckling capacity of Strut 4; whereas the buckling load for cycle 3

was decreased due to the Bauschinger effect resulting from tension yielding during cycle 2 (Fig.

3.7). Similar to Strut 3, Strut 4 fractured during the tensile phase of cycle 3. Again, the strut

was repaired and testing resumed with cycle 4 at limited tensile displacements. No local buck

ling was observed during testing of Strut 4. The hysteretic loops Jor cycle 5 through 10 were

remarkably stable because no local buckling occurred (Fig. 3.8).

The ductility ratio, as defined here, is the ratio of the maximum applied axial displace

ment to the elastic displacement at initiation of tensile yielding of the gross section. The ductil

ity ratios for the unannealed test specimens were only 38% and 45% of those for the annealed
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specimens. Thus, the inelastic deformations of the unannealed specimens were less severe.

Moreover, tensile forces in Struts 3 and 4 were limited to avoid fracture at the welds. Because

of the reduced inelastic tensile stretching, the lateral displacement and inelastic rotation at the

midspan were less severe for the unannealed specimens. Local buckling of these struts was

delayed because of the lesser inelastic straining and therefore the deterioration of strength

differed from that of the annealed specimens.

Strut 5 was similar to Strut 1 except that its ends were fixed. The maximum compressive

load carried by this specimen, which occurred during load cycle 3, was within 2% of the value

predicted using the AISC formulas (Fig. 3.9). The deterioration of the buckling load and the

loss of energy dissipation capacities during subsequent loading cycles (Figs. 3.10 and 3.11) was

not as severe as exhibited by Strut 1. Local buckling was observed during cycle 5, first at the

foot and then at the midspan of the specimen. With additional cycling, the center hinge

deteriorated more quickly than that at the foot and eventually tore open in tension.

A pictorial history of the local buckling phenomenon is presented in Figs. 3.21 through

3.25 for Strut 5 as an example of the general local buckling behavior exhibited by all of the

struts. The overall buckled strut, depicted in Fig. 3.21, shows concentrations of rotations at the

locally buckled regions. Figures 3.22 through 3.25 show the evolution of local buckling,

straightening after tension, and eventual tearing in tension for the center and foot sections.

The maximum compressive load developed by the other fixed-end specimen, Strut 6, was

within 1% of the value predicted using the AISC formulas. When this compressive load was

reached during cycle 3, noticeable lateral buckling occurred, accompanied by a sudden loss of

about 5 kips (22.4 kN) (Fig. 3.12). Thereafter, the strength of the specimen deteriorated little

during cycles 4 through 10. During cycle 10, the specimen buckled locally at three locations:

first at the midspan, then at the head end, and finally at the foot. Continued loading through

cycle 16 resulted in deterioration of the compressive strength (Figs. 3.13 and 3.14).

The hysteretic curves for the fixed-end specimens differ considerably from those obtained

for the pinned-end specimens. The difference can be primarily attributed to the lower
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slenderness ratio [8]. Both fixed-end specimens show larger enclosed areas and better energy

dissipation characteristics for the hysteretic curves as compared to those of the pinned-end

specimens. Post-buckling strength of the fixed-end specimens deteriorated less and the initial

stiffness for loading in tension were significantly higher.

The axial load vs. midspan lateral deflection curves for Struts 5 and 6 are given in Figs.

3.19 and 3.20. These midspan lateral deflections were about one-fifth of the values correspond

ing to pinned-end specimens (Figs. 3.15 and 3.16) with the same axial displacement. These

smaller lateral deflections, and, hence, smaller plastic hinge rotations, helped delay local buck

ling and maintain the strength of the fixed-end specimens during inelastic cycling. The

reported midspan lateral deflection for the fixed-end struts are displacement in the horizontal

plane. A vertical component of midspan lateral deflection also existed which measured approxi

mately 25% and 15% of the horizontal components for Struts 5 and 6, respectively. The magni

tude of vectorial sum of both components is approximated 3% and 1% higher than the magni

tude of the horizontal component alone for Struts 5 and 6, respectively.

Normalized Load vs. Axial Displacement

To clarify the differences in behavior of the six specimens the load vs. axial displacement

plots for cycles 1 through 5 have been normalized by dividing the load and displacement, by Py

and By, respectively. These plots, shown in Figs. 3.26-3.28 emphasize the lower displacement

ductility levels of the loading histories for the unannealed struts. The unannealed struts exhi

bited brittle behavior and could not sustain cycling at large tensile ductility levels. The reduced

compressive ductility levels for the unannealed struts are a consequence of the higher yield dis

placements (By) The applied compressive displacements were approximately equal for all struts.
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Deterioration of Buckling Loads

The difference in cyclic performance between struts is in part exemplified by the

deterioration of buckling loads. The cyclic buckling loads have been listed in Table 3.1 and are

graphically presented in normalized form in Fig. 3.29. This figure illustrates the superior per

formance of the fixed-end struts over the pinned-end struts. Moreover, for each of three strut

pairs with D/t of 48 and 33, (pinned annealed, pinned unannealed, fixed annealed), the figure

shows that the struts with D/t=33 clearly outperformed the struts with D/t=48 in percentage

retainment of their original buckling load.

Deflected Shapes

The deflected shapes obtained from the photogrammetric data for the six struts are plotted

in Figs. 3.30 through 3.37. The deflections are deviations from the initial position at the begin

ning of a test. The lateral deflections have been exaggerated to emphasize the shape.

The buckled shape of Strut I during cycles I and 2 (Fig. 3.30a and b) was sinusoidal.

During the compression stage of cycle 3, curvature concentrated within the center plastic region

(Fig. 3.30c). The deflected shape that remained after unloading in compression is shown in

Fig. 3.30d. The residual curvature that remained in the center region and the reverse curvature

adjacent thereto that developed while the specimen was loaded in tension is illustrated by Fig.

3.30e. During cycles 4, 5, and 6, the buckled shape of Strut I deteriorated due to local buck

ling and residual curvature (Figs. 3.30f, g, h).

It was stated earlier that initial cambers were essentially removed by yielding in tension.

The small negative deflections seen in Fig. 3.3la for Strut 2, cycle 2, at load point A are due to

the removal of initial camber eccentricities by yielding in tension during the first loading cycle.

Although the deflected shape of Strut 2 during cycle 2 at load point C (Fig. 3.31 b) is

asymmetric, it gradually became symmetrical during cycles 3 and 4 (Figs. 3.31d and e). Resi

dual curvature and deflection were evident by cycle 5 at point A (Fig. 3.310. The deflected

shape of the specimen gradually became irregular during cycles 5 through 8 (Figs.3.3lg and h).
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The deflected shapes of the unannealed struts (Figs. 3.32 and 3.33) did not show a discer

nible central plastic region in the early cycles. The deflected shape of Strut 3 was sinusoidal

until local buckling began (cycle 4), subsequently the curvature concentrated in the central

region (Fig. 3.33). The sinusoidal deflected shape of Strut 4 (Fig. 3.32) was remarkably regu

lar throughout the test since no local buckling occurred.

The deflected shapes for the fixed-end Struts 5 and 6 are presented in Fig. 3.34 and 3.35.

Strut 5 had a asymmetric buckled shape (Fig. 3.34) with maximum deflections occurring off

center, closer to the foot end. Consequently, less inelastic rotations resulted at the head plastic

hinge and thus, this hinge did not develop local buckling. Strut 6 illustrates a classic fixed-fixed

buckled shape (Fig. 3.35). There was little deterioration in the shape through the first nine

cycles, since local buckling did not occur until cycle 10. For both fixed-end struts plastic rota

tions can be noted at the ends of the members. These are plastic rotations occurring within the

member tubing. As mentioned previously, full fixity of the end plates was verified through

photogrammetric techniques.

The deflected shapes of individual specimens are compared in Fig. 3.36. The comparison

illustrates the following points:

a) For the same cycle and axial displacement, the deflected shape of the pinned-end,

thinner strut (D/t=48) shows a more irregular shape and greater concentrations of

plastic rotations than that of the thicker strut (D/t=33) (Fig. 3.36a).

b) The lateral deflection of the pinned-end specimen, Strut 2, was considerably greater

than that of the corresponding fixed-end specimen, Strut 6, at the same axial dis

placement (Fig. 3.36b).

c) For the same cycle and compressive axial displacement, the lateral displacements of

the unannealed specimen, Strut 4, was 30% of that for the similar annealed speci

men, Strut 2 {Fig. 3.36c).This is due to the lesser tensile stretching in the unan

nealed specimens.
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d) The difference between the tensile stretching of the annealed and unannealed struts

can be accounted for by considering the total travel of compressive axial displace

ment from load point A to load point C. When plotted for equal amounts of total

compressive travel, the lateral deflections are approximately the same for both speci

mens (Fig. 3.36d).

Further comparisons for deterioration in deflected shape are illustrated in Fig. 3.37. To

facilitate comparisons of changes in shape, the lateral displacements have been normalized by

the maximum lateral displacement in each cycle. The normalized deflected shapes for four of

the struts, plotted for cycles 3 and 6, emphasize the change in shape that occurred during those

three cycles of loading.

Energy Dissipation

Energy dissipation is an important response parameter for inelastic cyclic loading. The

energy dissipated during all loading cycles was measured for each of the six test struts from

their axial load vs. axial displacement plots; these values are listed in Table 3.3. The energy

dissipated during each loading cycle Ei was normalized by dividing it by the energy dissipation

of a nonbuckling, rigid-perfectly plastic element, RPi, with the same yield load (Py) and cycled

through the same displacements (See Fig. 3.38 insert). For purposes of this discussion, Ej/RPi'

is defined to be the energy dissipation efficiency of a test strut. Displacements and yield loads

as parameters are thus de-emphasized, which facilitates comparisons of energy dissipation

between struts with different displacement histories or yield loads. Moreover, the energy dissi

pation of the rigid-perfectly plastic element represents the hypothetical maximum value for a

strut subjected to the same axial displacements. Thus, energy dissipation efficiencies are a

means of quantifying the deterioration of the capacity of a strut to dissipate energy with cycles.

The energy dissipation efficiency in each cycle (E/RPi) for the six test struts are listed in Table

3.3 as well as plotted in Fig. 3.38.
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To facilitate comparisons of the energy dissipations, the cumulative sum of cycle dissipa

tion efficiencies vs. cycle number are plotted in Fig. 3.39. Since the energy dissipation

efficiency of a rigid-perfectly plastic strut is equal to unity in each cycle, the cumulative dissipa

tion efficiency is equal to the cycle number. In this way, the ordinate divided by the abscissa of

Fig. 3.39 represents the energy dissipation efficiency of the test struts cumulative over all

preceding cycles. The energy dissipation of the rigid-perfectly plastic element represents 100%

efficiency. The cumulative cycle dissipation efficiencies of an ideal elastic-perfectly plastic non

buckling element were also calculated and plotted in Fig. 3.39.

The elastic-perfectly plastic element is useful for comparison. However, observe that dur

ing early cycles of loading the test struts can dissipate more energy than the ideal elastic

perfectly plastic element. For instance, prior to reaching the axial yield load the ideal elastic

perfectly plastic nonbuckling element dissipates no energy. On the other hand, the test struts

may dissipate energy because of some inelastic material response or buckling.

The responses of the test struts with respect to efficiency of energy dissipation can be

grouped into three strut pairs with O/t of 48 and 33: pinned-unannealed, pinned-annealed,

and fixed-annealed (Fig.3.39). The response of each pair of specimens is similar until the later

loading cycles, at which time the specimens with a 0/t=48 prove less efficient. The cumula

tive efficiency (ordinate divided by abscissa) of Struts 3 and 4 (pinned-unannealed specimens)

were the poorest, less than 22%. The cumulative efficiency of Struts 1 and 2 (pinned annealed

specimens) in cycle 3 was approximately 47% and 49%, respectively, and decreased to 31 % and

36% by cycle 7. The cumulative efficiency of Struts 5 and 6 (fixed-end specimens) was 37%

and 41% during cycle 3 and increased to 47% by cycle 7. The cumulative efficiency of the ideal

elastic-plastic element was 53% in cycle 3 and 70% in cycle 7.

The best energy dissipation of all test specimens was shown by Strut 6. The superior per

formance of this strut is attributable to its fixed-ends and its lower O/t ratio. After nine cycles

of loading, the dissipation efficiency of Strut 6 was 65% of the efficiency of the ideal eJastic

plastic element.
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The quantification of the efficiency of a brace element in dissipating energy allows com

parisons on the effectiveness of a braced frame to dissipate energy. As illustrated in Fig.3.38, a

properly detailed brace can absorb a significant amount of energy, although generally not as

efficiently as an ideal elastic-perfectly plastic element. A properly detailed beam in a moment

resisting frame can at best be expected to behave as an elastic-perfectly plastic element. How

ever, considering a braced frame and a moment resisting frame of similar geometry, and

designed for similar lateral loads, the braced frame will have the advantage of dissipating energy

at considerably lower values of frame lateral displacements.
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CHAPTER 4

INELASTIC BEHAVIOR AT PLASTIC HINGES - ANNEALED STRUTS

For general structural design and analysis purposes, the overall behavior of the struts

described in Chapter 3 is of primary importance. Many of the aspects of this overall behavior

can be explained through study of the plastic hinge regions. In this chapter, data reduced from

the SR-4 strain gage readings will be examined and interpreted in an effort to gain insight into

variations in strain histories and local buckling phenomena.

Plots of several example strain gage readings are included in Appendix A (Figs. A.l

through A.22). Strain gage data have been reduced in a variety of ways in order to emphasize

certain aspects of response. The strains at a cross-section, for example, are reduced to cen

troidal axial strains, cross sectional curvatures and subsequently to rotations over a length. All

data reduced from strain gage readings are reported only up to the point where local buckling is

detected. After local buckling has occurred, the strain gage readings near the section of local

buckling can neither be related to the centroidal axial strains nor to the cross-sectional curva

tures. A knowledge of the inelastic strain history is important, because the material properties

of a strut and the development of local buckles are affected by the history of inelastic straining.

Local buckling is an extremely complex phenomenon. Data from tests on six strut speci

mens hardly suffices as the basis from which the local buckling problem can be conclusively

resolved. In this report, parameters thought to be of importance in the evolution of local buck

ling are analyzed. The underlying purpose is to present empirical data by which local buckling

can be estimated and, if possible, can later be incorporated into an analytical model of brace

behavior.
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Basic Considerations of Brace Inelastic Buckling

The inelastic buckling of a strut results in the development of plastic hinges; that is,

regions where inelastic curvatures occur. The number of plastic hinges that will form in a given

strut is determined by the number of hinges required to form the collapse mechanism for that

strut. Thus, one plastic hinge forms in a pinned-end strut and three such hinges in a fixed-end

strut (Fig. 4.1). For purposes of these discussions, the center plastic hinge will be assumed to

consist of two equivalent plastic regions which extend from the section at which the inelastic

curvature is greatest to the sections where inelastic curvatures vanish. Using this definition, a

pinned-end strut may be said to have two equivalent plastic regions at the center (Fig. 4.1 a). At

the ends of a fixed-end strut, plastic regions are defined to extend from the specimen end plates

to those sections where inelastic curvatures have reduced to zero, and as for a pinned-end strut,

two more plastic regions can be identified at the center. On this basis a fixed-end strut may be

said to have four equivalent plastic regions (Fig. 4.1 b).

The static relationships between the axial force P, the fully plastic moment capacity Mp ,

and the midspan lateral deflection a for the ideal pinned-end and fixed-end struts are given in

Fig. 4.1. The plastic moment capacity Mp varies with the axial force P as given by the interac

tion curves shown in Fig. 4.2.

The superior axial load vs. axial displacement performance of the fixed-end struts com

pared to the pinned-end struts, noted in Chapter 3, can be explained with the aid of Figs. 4.1

and 4.2. According to the static equilibrium relationships, the PIMp ratio of a fixed-end strut is

double the PIMp ratio of a pinned-end strut, at equal midspan lateral deflections. For the same

size members with equal lateral displacement, the axial load capacity for a fixed-end strut is

larger than the axial load which can be carried by the pinned-end strut, but it is less than twice

as large because of the axial load-moment interaction (Fig. 4.2). The larger axial loads in the

fixed-end strut will cause an increase in the amount of compressive centroidal axial straining.

Increased compressive axial straining will result in a shorter centroidal axis length. If equal

compressive axial displacements are applied to both types of struts, the shorter centroidal axis
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length of the fixed-end strut will result in lesser magnitudes of midspan lateral deflection for

this strut. Also, the reverse direction of curvature from the points of inflection to the ends of

the fixed-end strut, compared to the center portion of the strut (Fig. 4.1), will contribute to

lesser magnitudes of midspan lateral deflection. Consequently, the lesser midspan lateral

deflections that result when equal axial displacements are applied will further increase the axial

load capacity of the fixed-end strut relative to the pinned-end struct according to the static rela

tionship. In agreement with these considerations, the experimentally observed midspan lateral

deflections of the fixed-end struts (reported in Chapter 3) were approximately one-fifth of the

magnitudes corresponding to pinned-end struts with the same axial displacements. Moreover,

the load carried by the fixed-end struts was larger as evidenced by the shape of the hysteretic

loops.

Curvature in Plastic Hinge Regions

Curvatures at a cross-section were calculated from the strain gage readings, by dividing

the difference of two strain gage readings by the distance between the gages. Plots of curva

tures at a section are included in Appendix A, Figs. A.23 through A.59.

Strain readings were observed to differ up to 0.002 inlin. from an assumption of linear

strains within a cross-section. The variations from linear straining were investigated and attri

buted to local bending within the wall of the tube. The variations due to local bending should

not exist at the mid-thickness of the tube wall. For the gross behavior of a cross-section the

assumption of plane sections remaining plane appears to be valid.

The strain gages were externally mounted on the tubes (Fig. 2.2). It was found that for

curvatures computed from two diametrically opposed strain gages the variations due to local

bending would cancel. Centroidal axial strains computed from two strain gages could include

variations up to 0.002 in.lin. due to local bending effects. For centroidal axial strains computed

from four strain gages the variations due to local bending would cancel.
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Once a strut buckled, lateral buckling in subsequent cycles always occurred in the same

direction. Curvatures as reported in this discussion are established as positive for the directions

that result when a strut is in the primary buckled deflected shape. The lengtbs of plastic

regions for each cycle are measured as the regions where positive inelastic curvatures develop at

maximum compressive displacement. Curvatures for Strut 1 within the center plastic regions

are plotted in Figs. 4.3 and 4.4 at the load points that correspond to maximum compressive and

maximum tensile displacements, respectively. (For definition of load points see Fig. 2.l5a).

Similar plots for Strut 2 are shown in Figs. 4.5 and 4.6. Note, that these two struts differed

only in their wall thickness. The plastic hinge in Strut 1 extended beyond the strain-gaged

region and permitted data reduction for only one of the center plastic regions. The center of

the plastic hinge was chosen as the section with maximum curvature during cycle 1. The

reported data for Strut 2 are based on an average of both center plastic regions.

The following points can be summarized from the curvature plots for Struts 1 and 2:

1) Local buckling occurred at or adjacent to sections of maximum curvature.

2) Plastic hinges in Strut 2 (D/t=33) were approximately 36% shorter than those for

Strut 1 (D/t=48).

3) The magnitude of curvature within individual cycles was larger for Strut 2 than for

Strut 1.

4) Maximum curvatures at the onset of local buckling were 61% smaller for Strut 1

than for Strut 2.

5) The residual curvatures at maximum tensile displacement were larger for Strut 2

than for Strut 1.

Curvatures for Strut 5 are plotted in Figs. 4.7 and 4.8 for the foot plastic hinge region.

Similar plots for Strut 6 are shown in Figs. 4.9 and 4.10. Curvatures at load points for max

imum compressive and tensile displacements are plotted for each cycle up to the load point of

local buckling. Foot hinge curvature results for Struts 5 and 6 can be summarized as follows:
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1) Increased inelastic rotations are realized through a growth of plastic hinge length

rather than from greater curvature magnitudes.

2) Strut 6 (0/t=33) sustained maximum curvature excursions three times greater than

did Strut 5 (0/t=48) prior to local buckling.

3) For the first three loading cycles, Strut 5 did not buckle laterally, but did yield axi

ally. Curvatures recorded for these cycles were apparently caused by adjusting to a

difference in angle between the strut and the end plate. No such curvatures were

observed in Strut 6.

For ideal symmetrically buckled struts with constant plastic moment capacity M p , the

moment gradient of a fixed-end strut is double that of a pinned-end strut of the same length.

The higher moment gradient should result in shorter plastic hinges for the idealized fixed-end

strut. However, the length of the plastic hinges of the test fixed-end struts were as long as the

plastic hinges of the pinned-end struts. (Tables 4.1 through 4.4). This can be attributed to

axial load-moment interaction. The higher axial loads in the fixed-end struts cause a reduction

in the plastic moment Mp capacity. A reduction in plastic moment will cause a reduction in the

moment gradient. Thus, a fixed-end strut could have equal or even smaller moment gradients

than a similar pinned-end strut. The length of the plastic hinge that will develop in either strut

will depend both on the moment gradient and the moment difference between the fully plastic

and first yield interaction curves (Fig. 4.2).

Detailed strain data were obtained only at the foot hinges for Struts 5 and 6. For ideal

symmetrically buckled fixed-end struts, the head and both center plastic regions should have

the same distribution of curvature as the foot plastic region. The test specimen were, of

course, not perfectly uniform and symmetric; initial imperfections, asymmetric buckling, slight

differences in end restraints, and welding effects contribute to differences in the distribution of

curvature. Although the distribution of curvature at the head, foot, and both center regions are

not precisely the same, the general characteristics of the different plastic regions should be simi

lar.
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Inelastic Rotations

Plastic hinge rotations were estimated from cross-section curvatures. The inelastic rota

tions were obtained by integrating the cross-section curvatures (Fig. 4.3 through 4.10) over the

lengths of the plastic regions. Rotations for maximum displacement load points C and E are

listed in Tables 4.1 through 4.4. Rotations calculated at load points C and E include small elas

tic rotations on the order of 0.003 rad./in. (0.118 rad/m.) as well as the inelastic rotations. The

magnitude of the elastic rotations is less than the accuracy of calculations (±0.005 rad.), thus

the inelastic rotations were taken equal to the total rotation.

The relation between inelastic rotation and maximum curvature is important in estimating

curvature when only rotation is known. The magnitude of rotation for maximum displacement

load points have been plotted against the maximum curvature within the plastic hinge (Fig.

4.1 1). Data from maximum tension and maximum compression load points have been

included in the same figure. While an accurate empirical relation cannot be developed from

these data, the plots serve to represent the rotation-curvature relation qualitatively.

The inelastic rotation excursion during a loading cycle is the difference between inelastic

rotations at load points C and E. Cumulative inelastic rotation is the sum of the absolute value

of the inelastic rotation excursions for both compressive and tensile loadings. The cumulative

rotation is a measure of the total flexural deformations at the plastic hinge. Cumulative inelas

tic rotations are also listed in Tables 4.1 and 4.4. Significance of these calculations may be sum

marized as follows:

1) Larger cumulative inelastic rotations occurred prior to local buckling for the plastic

regions of struts with a D/t=33 than for those of struts with a D/t=48.

2) Almost twice as much (190%) inelastic rotation was accumulated at the foot region

of fixed-end Strut 6 (D/t=33) than at the center region of pinned-end Strut 2

(D/t=33) before local buckling occurred.
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3) At the foot region of fixed-end Strut 5 (D/t=48) the accumulated inelastic rotation

was 0.55 times that which occurred at the center hinge of pinned-end Strut 1

(D/t=48). This is an opposite trend to that in Struts 6 and 2, although in both

fixed-end struts local buckling occurs at a later cycle.

In summary, the cumulative inelastic rotations alone do not show a direct relation to the

occurrence of local buckling. One must conclude that other factors, such as curvatures and

strains, could be important parameters affecting the development of local buckling. These

parameters will be quantitatively examined in the following section.

Cumulative Curvature arud Centroidal Axial Strain

Cumulative inelastic curvature is defined as the sum of the absolute value of inelastic cur

vature excursions for both compressive and tensile loading. Cumulative inelastic centroidal

axial strain is defined in an analogous manner.

Centroidal axial strain and cross sectional curvature completely define the strain distribu

tion at a cross-section if it is assumed that plane sections remain plane. Accordingly, cumula

tive inelastic centroidal axial strain and cumulative inelastic curvature are a measure of the ine

lastic history for the entire cross-section. The material properties of the strut are affected by

inelastic straining and the inelastic strain history is important in the development of local buck

les.

Inelastic curvature excursions and inelastic centroidal axial strain excursions have been

summed from the initial load points up to the first occurrence of local buckling. Cumulative

inelastic curvatures within plastic hinges are plotted in Figs. 4.12 to 4.15. The cumulative ine

lastic centroidal axial strains along the lengths of the struts are plotted in Figs. 4.16 to 4.19.

The following observations can be made from these figures:
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1) The axial strain along the struts was highly nonuniform; almost all inelastic axial

strain occurred in the plastic hinge regions.

2) In Struts 1 and 2 the section of maximum cumulative curvature at the center hinges

occurred near the centerline of the strut for all cycles, but varied Slightly in its loca

tion for different cycles. In Struts 5 and 6 for all cycles the cumulative curvature at

the foot hinges occurred at a section nearest to the end plate.

3) The section of maximum cumulative axial strain occurred at the same section as the

maximum cumulative curvature for 96% of the load points plotted.

4) Local buckling occurred at the section where cumulative curvature was the max

imum at some time during the loading history.

5) Inelastic curvatures can occur in early cycles near the end plates to accommodate

any slight initial difference in angle between the strut and the end plate. Such ine

lastic curvature may also induce axial straining of the strut centroidal axis near the

end plates. During early loading cycles, such curvatures and axial strains were noted

in Strut 5.

The similar pattern in the cumulative axial strain and curvature graphs can be explained

from considerations of static equilibrium. The greater the inelastic curvature, the smaller is the

available effective area for resisting applied axial load. Since the axial load is equal along the

strut length, at the sections where the curvature is highest a greater axial strain must take place.

Hence, the cumulative axial strain gives an indication of the extent of inelastic curvature that

has occurred at a section. The relationship between axial load capacity and moment capacity at

a cross-section was noted previously in the section on basic considerations.

Occurrence of Local Buckling

API Recommendations state that braces with a diameter-to-wall thickness ratio of less

than 1300/F, are fully compact sections capable of developing their full plastic capacity through

large inelastic deformations [11]. Struts 2 and 6, with a D/t ratio of 33, are compact section
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under this definition, but during severe cyclic loading developed local buckling and lost capa

city. Criteria based on monotonic loading are not sufficient to preclude such local buckling of

braces under severe cyclic loading. According to API Recommendations, Struts 1 and 5, with a

O/t ratio of 48 should be capable of developing their full plastic load capacity, but only through

limited plastic rotations. These struts with a O/t of 48 did buckle locally before the similar

struts with O/t of 33. All of the annealed struts were able to develop their full plastic load

capacity prior to local buckling.

A summary of several parameters measured at the first occurrence of local buckling is

presented in Table 4.5. Cumulative inelastic curvature, axial strain, and compressive fiber

strain are reported for the four annealed struts at the section of local buckling. The location of

the compressive fiber is taken as the point where local buckling developed; the strain history for

this fiber is more severe than for any other fiber in the cross-section. Cumulative inelastic

strain and curvature are important parameters of strain history, but do not completely define it.

The magnitude of inelastic curvature excursions is also important. The maximum curvature

excursion is included in the table. The physical ramifications of this parameter imply that a

strut will respond differently to a few large cycles than it will to many small cycles, even if the

total cumulative inelastic deformation is the same. Also included in Table 4.5 are the strut

loads at the onset of local buckling and the cumulative energy dissipation. Conclusions which

can be reached from this table of strut parameters measured at the onset of local buckling are

as follows:

1) The struts with O/t of 48 buckled locally at approximately half the cumulative ine

lastic axial strain and compressive fiber strain compared to the struts with a O/t of

33.

2) Larger maximum curvature excursions result in lesser cumulative inelastic strains at

local buckling.
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3) The fixed-end Struts 5 and 6 accumulated 112% and 170% more axial strain, respec

tively, than the corresponding pinned-end Struts 1 and 2.

4) The fixed-end Struts 5 and 6 dissipated 206% and 293% more energy, respectively,

than the corresponding pinned-end Struts 1 and 2. That the fixed-end struts dissi

pate more energy than the pinned-end struts could be expected from the fact that

they have 4 equivalent plastic regions versus 2 such plastic regions for the pinned

end struts. When only one-half of the total energy dissipation for the fixed-end

struts is considered, Struts 5 and 6 still dissipated 53% and 96% more energy than

the corresponding pinned-end Struts 1 and 2.

5) Struts 2 and 6 with O/t ratios of 33 dissipated 215% and 304% more energy, respec

tively, than the corresponding Struts 1 and 5 with O/t ratios of 48. Higher energy

dissipations are to be expected because of the higher yield loads. If the energy dissi

pations are divided by the yield load, thus removing yield load as a parameter, Struts

2 and 6 (0/t=33) still dissipated 119% and 183% more energy than Struts 1 and 5

(0/t=48).

From the information in the table it can be concluded that cumulative strain, cumulative

curvature, maximum curvature excursions, and energy dissipation are important in local buck

ling. These parameters could be used to estimate the onset of local buckling in braces of simi

lar cross-sections. However, not enough cases have been tested to adequately develop an

empirical relationship between local buckling and the parameters examined.

Once local buckling does occur, the deterioration of the brace capacity is controlled by the

local buckled region. Inelastic rotations after local buckling cause further deterioration in the

strength of the locally buckled section thereby reducing the strut capacity. Cumulative inelastic

rotations after local buckling were calculated from photogrammetric data. An empirical rela

tionship between compressive capacity and cumulative inelastic rotation for pinned-end struts is

indicated in Fig. 4.20. Such empirical relations can be used to model the strut capacities after

local buckling. The cumulative brace energy dissipations (Table 3.3) could also serve as a
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similar empirical parameter for local buckling. An analytical method of predicting compressive

cyclic capacity of struts before the onset of local buckling is presented in the next chapter.
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CHAPTER 5

PREDICTION OF BUCKLING LOADS - ANNEALED STRUTS

It was observed in the experiments that the buckling load capacity of a column

deteriorates with each successive inelastic load cycle. While design code formulas prediet the

first buckling loads of columns, an alternative formulation is required to predict the reduced

buckling loads of columns or braces which have experienced previous inelastic straining.

The basic theory for predicting the first inelastic buckling loads of a column may be

credited to Engesser who first proposed a solution to this problem in 1889 [17]. Current design

code formulas employing similar methods have been verified by numerous experiments and can

be used with confidence to compute the initial buckling load of a column or brace. It must be

recognized, however, that the code formulas are for columns which have not been previously

yielded and with initial camber within the code allowances. A structure subjected to severe

earthquake, wind, or wave loadings, may develop yielding or buckling in the braces and

columns. The capacities of such structures could significantly reduce during and following such

loadings.

A large residual camber, resulting from a previous buckling excursion, is one reason to

expect a reduced buckling capacity in a subsequent buckling cycle. Not as apparent, but equally

important, is the fact that previous inelastic straining of a member will alter the mechanical pro

perties of the material thereby causing a reduction in the compressive load carrying capacity. A

column that has experienced only tensile yielding or a buckled column that has been re

straightened by tensile yielding will exhibit a reduced buckling load capacity as a result of these

changes. The extent of the changes depends on the inelastic strain history to which the column

has been subjected. The changes in the material stress-strain relationship due to previous ine

lastic strains and strain reversals, commonly referred to as the Bauschinger effect, must be

accounted for in calculating the cyclic buckling capacity of columns. Development of cyclic

constitutive material property models for predicting changes in the material properties is a sub

ject of current active research I161.
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The prediction of buckling loads specified by the AISC has its theoretical basis in the

tangent modulus concept. According to this approach [l7] a column of homogeneous material

exhibiting nonlinear stress-strain properties will experience bifurcation of the equilibrium state

when the average axial stress, P/ A, is equal to:

p rr 2 E,
er('l = A = (kL/r)2 (S.l)

Where E" the tangent modulus, is the slope der/ de of the stress-strain curve at the stress er ('I'

In the elastic range of material behavior this equation results in the Euler column load.

The AISC provisions for columns are given by two formulas [lO].

F = 12 rr
2
E . f /or kL r ~ C"

a 23 (kL/r)2'
(S.2a)

where

[
1 _ (kL/ r )2]F'

2C} J

Fa = -------''-------=-------:-
1 + ~ (kL/r) _1 (kL/r)3 '
3 8 C" 8 C}

for kL/r < Cc (S,2b)

d
[
l + ~ (kL/r)

an 3 8 C
c

1 (kL / r ) 3]. . bl f f8 3' IS a vana e sa ety actor.
C"

The first formula (Eq. S.2a) for columns with large slenderness ratios, is applicable in the

elastic range of material behavior; the other (Eq. S.2b), is a parabolic approximation for a solu-

tion based on a variable tangent modulus. This second formula is applicable to stockier

columns and is suitable for residual stress distributions and material stress-strain relationships

typical of steel column sections used in the building industry. When the residual stress distri-

bution or the material stress-strain properties differ from those assumed in AISC formulas, it is

more accurate to determine the true stress-strain properties and to use the tangent modulus
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formula for predicting buckling loads. The stress-strain properties should realistically account

for the residual stresses. For a previously buckled or yielded column both the material proper

ties and the residual stress distribution differ from those assumed in the AISC formula. It will

be shown in the following section that a generalized tangent modulus approach can be

developed which will account for the degradation of compressive load capacity due to changes

in material properties of inelastically cycled columns, if a proper representation of the material

stress-strain relation is made.

A Generalized Tangent Modulus Procedure

The tangent modulus method assumes that the material of a column under consideration

is homogeneous. This assumption is not strictly true for an inelastically cycled column because

the inelastic strain history varies both within a cross-section and along the length of the

member and thus the material properties also vary. However, a critical section within the plas

tic hinge of the column can be chosen that has material properties which may be assumed to

control the buckling load. The deteriorating load capacity of a column can be reasonably well

estimated if the changing material properties that correspond to the critical section are taken

into account.

These changes in material properties are related to the Bauschinger effect. The Bausch

inger effect is an indication of the fact that the stress-strain curve becomes more rounded after

inelastic strain reversals (Fig. 2.2l). Within the rounded region, the tangent modulus of the

material at a given stress level is smaller when compared to that of the virgin material stress

strain curve. Since the critical buckling stress is, according to Eq. 5.1, directly proportional to

the tangent modulus (holding all other parameters constant), it too will decrease. Typically, the

more severe the inelastic straining to which a material has been subjected, the more rounded

the stress-strain curve will become, and a column of this material will buckle at lower axial

loads.
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Once buckling occurs, the material properties of the plastic hinge would be expected to

control the buckling load since these sections experience the most severe strain histories.

Thus, the critical section would lie within the plastic hinge region. The critical section is

chosen as the one with the most severe centroidal axial strain history. A close relationship

between centroidal axial strain and cross-section curvature has been noted previously in Chapter

4.

Once the critical cross-section has been identified the most representative strain history

within the cross-section must be chosen. To do this it will be assumed that the amount of

Bauschinger effect that results in the material is related to the cumulative sum of the inelastic

strains. Consider, for example, the critical cross-section of Strut 2 (strain gages 9, 10, 11, and

12 - Figs. A.6 and A. 7). During the first four cycles gage 10 located at the extreme tensile fiber

accumulates 0.026 in./in. inelastic strain, and the extreme compressive fiber at gage 12 accumu

lates 0.112 in./in. inelastic strain. This strain pattern is similar to that for the plastic hinge

regions of the other struts tested -- that is, the compressive fibers experienced a more severe

strain history than the tensile fibers. Therefore, within the same member cross-section the

stress-strain curve for the compressive fiber would be more rounded than that for the tensile

fiber, and the compressive fiber would exhibit smal1er tangent moduli at equal stresses. The

centroidal fibers underwent an intermediate level of inelastic straining, 0.041 in./in. (average of

strain for gages 9 and 11).

Since the tangent modulus method considers only a single material relationship, the strain

history of the centroidal fiber (centroidal axial strain) is chosen to represent the material

behavior for the strut. The centroidal axial strain history represents an average of the material

properties for the critical cross-section. Moreover, for the purpose of applying the tangent

modulus theory of buckling, it is assumed in this treatment that the material properties at the

centroid of the critical section apply for the entire column.

The material properties used to determine the tangent modulus E, have been determined

from experimentally obtained stress-strain curves. The stress-strain curves from compression
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tests on pipe stubs were used to predict the first buckling load of virgin struts. Stress-strain

curves from cyclic tests on short lengths of pipes were used to predict material properties and

buckling loads once the struts have undergone inelastic straining. Alternatively, the material

properties could be obtained by analytical means, if a comprehensive cyclic material constitutive

law with sufficient accuracy in predicting the first derivative is available.

Prediction of First Buckling Load

In Table 5.1, the first buckling loads as calculated by the tangent modulus method and by

AISC formulae are listed, along with the buckling loads observed during testing. The AISC

predicted loads do not include the customary safety factor, and Fr = 31 ksi was used as

obtained from the material tests on pipe stubs.

The tangent modulus predictions of the first buckling loads for the struts with no previous

inelastic straining are based on stress-strain curves from the compression tests of pipe stubs

(Fig. 2.19). These curves exhibit classic elastic-perfectly plastic behavior. This was also true

for the coupon tests (Fig. 2.16), and the first loading of the cyclic test (Fig. 2.2l)

As noted in Chapter 3, strut 1 experienced inelastic straining prior to cycle 1. The buck

ling load predicted for Strut 1 using the tangent modulus method (Table S.l) is based on the

stress-strain relationships for material with previous inelastic straining. The AISC formula,

which does not account for the effects of previous inelastic straining, predicted a higher load.

The method employed to estimate the reduction in buckling capacity because of changes in

material properties due to inelastic straining is discussed below.

Deterioration of Buckling Loads

As noted earlier, when inelastic strain reversals occur, a change in the stress-strain rela

tionship of the material results. Therefore, the first step in predicting the deterioration of buck·

ling loads under cyclic loading is to devise a means of determining the material properties as a

function of inelastic strain history.
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A cyclic test on a short pipe specimen of annealed material provides the characteristic

stress-strain curves for inelasticity cycled material. However, since the strain history of each

individual strut was different from that of the cyclic material test, strut strain histories must

somehow be related to the cyclic material test. This was done by matching the amount of

cumulative inelastic straining.

The basic cyclic material test (Figs. 2.21 and 5. I) can be best utilized when considered as

three separate curves. The portion of the cyclic test identified in these figures as curve 1 is a

stress-strain curve for previously unyielded (virgin) material. Note, that the compression test

curve (Fig. 2.19) and the cyclic test curve 1 are essentially the same. Cyclic test curve 2 is a

stress-strain curve for a material which had a previous inelastic tensile strain excursion of

0.0056 in.lin.. Cyclic test curve 3 is a stress-strain curve for a material which had an inelastic

tensile strain excursion of 0.0056 in./in. and an inelastic compressive strain excursion of

0.0104in.lin. resulting in a previous cumulative inelastic strain of 0.0160 in.lin .. Each succes

sive curve corresponds to an increased cumulative inelastic strain (CIS) as well as to an increase

in the magnitude of strain excursion. In the experiments the struts were loaded such that the

maximum inelastic strain excursion in each successive cycle also increased. The increasing

magnitudes of strain excursions tend to accentuate the Bauschinger effect in each successive

cycle of either the strut loading, or material test.

The compression and cyclic test stress-strain relations for three different values of previ

ous cumulative inelastic strain are used to develop data for predicting cyclic buckling loads of

the struts. For this purpose, tangent moduli for the three available stress-strain curves are

determined and plotted versus the corresponding stresses (Fig. 5.2), and Eq. 5.1 is rearranged

to yield the critical slenderness ratio in terms of the corresponding stress and tangent modulus:

(5.3)

Using Eq. 5.3 and Fig.5.2 the column curves shown in Fig. 5.3 have been constructed. From

these curves three different values of critical stress, each corresponding to a different value of
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cumulative inelastic strain, can be obtained for a given slenderness ratio kLir. In Figs. 5.4a and

5.4b the variation of the critical stress as predicted by the tangent modulus method is plotted

versus the cumulative inelastic strain for column slenderness ratios of 25 and 54, respectively.

The experimentally observed critical stresses for the struts with the same slenderness ratios are

also plotted in these figures.

Critical stresses for the struts for any given cycle of loading prior to local buckling are

estimated by entering Fig. 5.4 with the total inelastic strain accumulated during preceding

cycles. The predicted buckling loads are given in Table 5.2. The curves in Fig. 5.4 clearly show

that the critical stresses decrease with increasing cumulative inelastic strain. For the annealed

struts (Struts 1,2,5, and 6), the experimentally observed critical stresses are in reasonably good

agreement with the predicted values.

The experimental results clearly demonstrate that the compressive load capacity of struts

deteriorates with inelastic cycling. The conventional AISC formulas by which column buckling

loads are predicted do not account for this deterioration under inelastic cycling and therefore

should not be used to predict column response for such conditions. The cyclic buckling load of

struts determined using the generalized tangent modulus method were in good agreement with

experimental values. (Table 5.2).

Observations on predicting the buckling loads of struts subjected to inelastic cycling as

described in this report can be summarized as follows:

1) Accurate information on the material properties under inelastic cyclic loading is

essential.

2) The procedure described does not apply after local buckling occurs.

3) The tangent modulus concept assumes the material properties of the column are

homogeneous. The strain history used for determining the material properties is

taken from the section within the plastic hinge region that has undergone the most

severe straining.
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4) The inelastic strain history that best represents the average material properties of the

critical cross-section is that of the centroidal fiber.

5) Inelastic axial strain is related to inelastic curvature at a section.

6) Inelastic axial strain varies considerably along the length of a column. The average

axial strain (total deformation divided by a total column length) is not sufficient to

define the material properties of the critical section.

The generalized tangent modulus procedure described above provides an estimate in the

reduction of the buckling capacity of a column due to changes in the material properties. The

buckling capacity of a column will also reduce due to a large residual camber. If there is a

significant residual camber after load applications a reduction in the buckling capacity for

camber must also be applied. The loading sequence of the experimental struts was such that

the residual cambers were relatively small in the early cycles. In each cycle, compressive loads

were followed by tension yielding excursions of sufficient magnitude to re-straighten the

member. The axial load vs. midspan lateral deflection plots are given in Figs. 3.15, 3.16, 3.19

and 3.20 for the annealed struts.

For cycles in which buckling load predictions were made, Struts 1 and 6 actually had less

residual camber in later cycles than they did prior to cycle 1. Struts 2 and 5 had maximum resi

dual cambers of 0.20 in. (5 mm) and 0.05 in. (l mm), respectively, for cycles in which buck

ling predictions were made. These residual cambers were considered small and a camber reduc

tion factor to the estimated buckling load was not applied. A method for estimating the reduc

tion factor for residual camber is given in Ref. 9.

The generalized tangent modulus procedure for estimating reductions in the buckling

capacity of columns due to changes in material properties is applicable up to the point of local

buckling. Since local buckling is a major concern in thin-walled pipes, the predictions of cyclic

buckling loads for the test struts had this limitation.
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CHAPTER 6

INELASTIC BEHAVIOR OF THE UNANNEALED STRUTS

The inelastic behavior of the unannealed struts is sufficiently different from that of the

annealed ones to be treated separately. The mechanical properties of the unannealed material

significantly differed from those for the annealed material as is evident from the coupon tests

(Fig. 2.18). These material properties also differ significantly from those found in members

used in the building and offshore industries. Therefore, the behavior of these unannealed

struts is of limited interest and a detailed study of their inelastic behavior was not pursued.

Characteristics of the Material Properties

The Drawn-aver-Mandril process utilized in manufacturing the pipes used in the experi

ments imparts a high degree of work hardening into the steel. Some of the struts 0, 2, 5, and

6) were annealed to relieve this work hardening so that their material properties more closely

represent those of full scale structural members used in construction. The as received struts (3

and 4) were tested to evaluate the necessity of annealing the test specimens to be representa

tive of the behavior of large pipes. The structural inelastic responses of the unannealed struts

were found to be significantly different from those of the annealed struts (Figs. 3.26 and 3.27).

Using a 0.2% offset strain, the coupon tests of the unannealed material indicate (J'y was 92

ksi (635 MPa) for the 0.083 in. (2.1 mm) wall thickness, and 74 ksi (511 MPa) for the 0.0120

in. (3.0 mm) wall thickness. These are 197% and 139% higher than the yield strengths of the

annealed material.

Stress-strain curves for unannealed material coupons, cyclic stub specimens, and compres

sion stub tests are shown in Figs. 6.1 and 6.2. Because of the high degree of work hardening

already existing in the steel, the stress-strain curves differ with each pipe sample, type of test

employed and the direction of loading. For example, at a strain of 0.006 in.lin. on the thinner

walled pipe (Fig. 6.1) stresses from different tests range from 71 ksi (490 MPa) to 94 ksi (649

MPa). Therefore, a large scatter exists in the material stress-strain curves, both in stress and in
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tangent modulus Et at any given strain level.

Prediction of Buckling Loads

As discussed in the previous chapter, estimations of the deterioration oT buckling loads

under cyclic loading depends on the ability to determine changes in material properties. For the

unannealed struts the increase in inelastic strain due to the applied cyclic strains is a small per

centage of the inelastic strain already induced by the manufacturing process. Nevertheless, the

generalized tangent modulus procedure was applied to the unannealed struts, and the results are

presented in Table 6.1.

Tangent modulus predictions of the first buckling loads are given in Table 6.1a along with

the actual buckling loads and the buckling loads given by the AISC formulae. (Note, first buck

ling of Struts 3 and 4 occurs in cycle 2.) The AISC load predictions are based on the yield

stresses determined by the 0.2% offset strain method for the coupon test results. The first

buckling loads for Struts 3 and 4 were 15% and 35%, respectively, below those given by the

AISC formulae.

As can be seen from Figs. 6.1 and 6.2, compression tests on the unannealed pipe show a

more rounded stress-strain curve and lower stress levels for a greater strain compared to the

coupon tensile tests. The tangent modulus method using the compression stub test stress-strain

curves predicts the first cycle buckling loads for Struts 3 and 4 to within 4% and 3% respec

tively, of the actual values. The full cross-section compression tests include residual stress

effects present in the unannealed material.

Estimates of buckling loads in later cycles are based on the material stress-strain curves

obtained from the unannealed cyclic stub tests. Column curves for predicting the critical

stresses, Figs. 6.3 and 6.4, were prepared in the same way as for the annealed struts. These

curves were used to predict cyclic buckling loads for Struts 3 and 4. For example, the amount

of cumulative inelastic strain for the cyclic stub test curve 3 was matched with a similar amount

of cumulative inelastic strain for a cycle of the strut tests (Table 6.1 b). The loads predicted
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using the corresponding tangent modulus were not in agreement with the actual loads. For

Strut 4 the buckling load for cycle 5 predicted using the cyclic material test results was higher

than the predicted load for cycle 2 using the compression test. The reason is the higher yield

stresses of the cyclic test. Note that all three curves of the cyclic stub test for the thick walled

material show yielding at significantly higher stress levels than the compression stub test (Fig.

6.2). Also, cyclic curve 3 for tension loading shows yielding at higher stress levels than cyclic

curve 2 for compression loading. Thus, the scatter in the material stress-strain curves due to

different sample of pipe and directions of loading are greater than the changes in the material

properties resulting from the cyclic loading.

To properly apply the generalized tangent modulus procedure as presented in Chapter 5,

to the unannealed struts, a considerably more comprehensive cyclic material test program would

be required. Since it appears that the unannealed struts do not realistically represent actual

tubular members used in practice, such a further evaluation is not warranted.
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CHAPTER 7

CONCLUSIONS

The struts discussed in this report are grouped into three different pairs: pinned-end

annealed, pinned-end unannealed, and fixed-end annealed. Each pair consists of one strut with

a D/t of 48 and one with a D/t of 33. Based on the reported experimental results and their

evaluation, several important conclusions can be reached. These can be summarized as follows:

1) For all three pairs, the struts with D/t of 33 clearly out performed the ones with D/t

of 48 in percentage retainment of their original buckling load.

2) Local buckling of thin walled pipes greatly contributes to their deterioration. The

onset of local buckling is followed by a rapid deterioration in the overall structural

response of a strut with continued cyclic loadings. For all three pairs, local buckling

occurred later in the struts with D/t of 33 than in the struts with D/t of 48. Hence,

in the design of tubular structures for seismically active regions, bracing members

with the lower D/t ratio are preferable for avoiding local failures under repeated

cyclic loadings.

3) Cyclic inelastic load applications can cause local buckling and loss of capacity of

tubular members that, under API recommendations, are considered to be adequate

for maintaining their capacity through substantial concentrated inelastic deformation

(D/t::::;; 1300/Fy)' Hence, API criteria, based on monotonic loading, do not neces

sarily preclude local buckling of tubular braces under severe cyclic loading.

4) Brace end conditions have a significant effect on the overall structural response of

strut members subjected to cyclic loadings. The responses of fixed-end pair of

braces showed less pinched hysteretic loops, slower deterioration of buckling capa

city, delayed onset of local buckling and improved efficiency in energy dissipation

compared to those of the pinned-end braces. The superior performance of the

fixed-end struts is attributed to their lower kUr ratio.
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5) In simulating the behavior of real braces using reduced-scale models, the steel tubes

must be annealed before testing. In small tubes the steel in the as-received condi

tion may be highly work-hardened, and the stress-strain curves for such a material

bear little resemblance to the A36 steel used in the field. By annealing the speci

mens, the typical mechanical behavior for mild steel is restored. Although residual

stresses associated with manufacture of large diameter welded tubing are not

present, the annealed tubing are more realistic than the as received material. The

pair of braces tested in the as-received condition proved to be too brittle to sustain

cyclic loading at large inelastic ductility levels, and failed in the welded regions. The

difference in the mechanical material properties of the unannealed pair caused a

significant difference in their overall structural response. Normalized axial loads and

axial displacements obtained by dividing the loads and displacements by the yield

loads and the yield displacements, respectively, are not sufficient to account for the

observed difference in cyclic response caused by the difference in material proper

ties.

6) Cyclic inelastic loading causes changes in the mechanical properties of the material

in a strut which tend to reduce the strut's buckling load. If the changes in the

material properties can be adequately assessed, the reduction in the buckling load

can be estimated using the generalized tangent modulus procedure described in

Chapter 5. If the cyclic load applications result in increased residual brace cambers,

a camber reduction factor must also be applied [9].

Recommendations for Future Research

As previously stated, local buckling is a major concern for the thin-walled tubular braces

typical of those employed in braced steel structures. Local buckling can be expected in

members subjected to the large axial deformations which may be encountered during an excep

tionally severe earthquake. The phenomenon of local buckling has not been isolated in this
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investigation, nor studied in sufficient detail to accurately estimate its onset and effect on subse

quent deterioration in brace capacity. Full size local buckling tests of tubular sections under

cyclic load application accompanied by analytical studies are suggested for investigating this

problem.

Realistic analytical models of brace elements are essential for accurate prediction of the

response of braced steel structures subjected to severe earthquake ground motions. Several

analytical models have previously been employed to represent the inelastic cyclic behavior of

bracing members [3, 5, 13, 151. In the light of new experimental data, these analytical models

should be re-examined and, if necessary, improved to better represent cyclic brace behavior.

Since the hysteretic response of a brace element is strongly dependent on the kL/r ratio, an

analytical model should account for this fact in a realistic manner. The reduction in buckling

load with cyclic load applications should be included in such a model.
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OJ

Wall Initial Camber

Strut End Heat Thickness
Dlt kL in. (rom)

Conditions Treatment in. (rrnn) r
Horizontal Vertical

(1) (2) (3) (4) (5) (6) (7) (8)

1 Pinned Annealed 0.083 (2.1) 48 54 0.25 (6.4) 0.00 (0.0)

2 Pinned Annealed 0.120 (3.1) 33 54 0.06 (1.5) 0.03 (0.8)

3 Pinned As Received 0.083 (2.1) 48 54 o. 00 (0. 0) 0.00 (0.0)

4 Pinned As Received 0.120 (3.1) 33 54 0.03 (0.8) 0.00 (0.0)

5 Fixed Annealed 0.083 (2.1) 48 25 0.13 (3.3) 0.00 (0.0)

6 Fixed Annealed 0.120 (3.1) 33 25 0.18 (4.6) 0.03 (0.8)
-

Table 2.1 Characteristics of 4~in. (102-rrnn) Diameter Strut Specimens



a
y

Average Nominal LengthStrut Cross-Section P <5From of Tubing y y
Material Area

Test
(ksi) (in2) (in) (kips) (in)

1 31 1.02 55.38 31.6 0.058

2 31 1.46 55.38 45.3 0.058

3 92 1.02 55.38 93.8 0.173

4 74 1.46 55.38 108.0 0.139

5 31 1.02 70.25 31.6 0.074

6 31 1.46 70.25 45.3 0.074

Table 2.2 Strut Yield Loads Predicted
From Material Test

(1 kip = 4.45 kN; 1 in. = 25.4 mm;
1 ksi = 6.9 MFa)
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lJ1
o

CYCLE

Tal.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 (kips)

r-l * 19.5tp 23.0 21.5 16.2 13.8 10.8 4.1
+-J Camp. Max.
;::l ±0.5
H
+-J P 28.0 30.3 30.0 30.1 29.8 17.0 2.8
tf.l Ten. Max.
N * 23.5tp 43.7· 40.0 31. 3 27.5 22.0 16.8 14.0 6.0
+-J Como. Max
;::l ±0.5
H
+-J P 44.7 44.0 44.0 43.1 '43.0 38.6 33.0 19.0 6.0
tf.l Ten. Max.
C"'l * 44.8tp 51.0 60.4 46.9 24.0 19.2 13.7 6.6
+-J Camp. Max.
;::l ±0.5
H
+-J P 49.5 82.9 86.5 59.7 60.1 24.5 4.5 0.0
tf.l Ten. Max.
~ *P 40.7 57.5 54.5 55.7 41.9 38.9 37.6 . 38.4 38.4 39.0
+-J Camp. Max.;::l ±0.5H
+-J P 56.1 97.2 99.7 84.6 89.4 89.0 98.5 101.6 102.5 102.8
tf.l Ten. Max.
Lf') * 28.0t 12.0 i .9.8+-J

P 28.0 31.5 32.5 32.0 23.0 20.0 17.5 16.0 14.0 7.0Camp. Max.;::l ±1.0H 1+-J P 31.2 32.5 33.0 32.5 132.0 32.0 30.0 29.5 26.5 23.0 17.0 13.0 10.2tf.l Ten. Max.

'" 1(
35.0t

+-J
p 28.0 42.0 44.5 40.0 38.5 37.5 37.0 36.5 35.5 34.5 i 30.5 28.0 27.0

;::l Camp. Max. ±1.0H
+-J P 35.0 44.0 44.5 44.0 44.0 44.0 42.5 42.5 43.5 43.0 43.0 42.0 41.0 41.8tf.l Ten. Max.

*Cycle in which noticeable lateral buckling first occurred

tCycle in which local buckling first occurred

Table 3.1 Maximum Compressive and Tensile
Loads in Each Cycle

(1 kip = 4.45 kN)
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CYCLE

1 2 3 4 5 6 7 8 9 10 11 12 13 14 TOL.
(in. )

.-I
0 -.212 -.367 -.369

.f-l Camp. Max -.072 -.142 -.282 -.356 -.367
;::l
H

0.f-l .076 .141 .210 .279 .346 .358 .359 .348
til Ten. Max
N

cS -.073 -.140 -.216 -.282 -.357 -.358 -.363 -.360 -.350.f-l Camp. Max
;::l
H

cS .3451.f-l .074 .141 .209 .278 .350 .344 .341 .343
til Ten. Max
C""l

0
.f-l Camp. Max -.075 -.138 -.194 -.225 -.303 -.307 -.310 -.309
;::l
H

0 .082 1 I.f-l .072 .142 .170 .080 .067 .061 - itil Ten. Max
-j

0 -.0701-.145 -.200 -.285 -.354 -.351 -.351 -.351 -.351 i-.351 i.f-l Camp. Max
;::l
H

0 .14- .164 .052 .112 .138 i.f-l .070 .065 .061 .100 .125
til Ten. Max I I

Lr'l , ! ,
0 -.068 -.144 -.218 -.284 -.358 -.354 -.356 -.403 -.454 -.500/-.553 -.668 -.703

.f-l Camp. Max
;::l
H

0 .062 .140 .210 .277 .347 .343 .346 .344 .343 .345 .346 .346.f-l .347
til Ten. Max
\0

0 -.065 -.143 -.213 -.286 -.358 -.367 -.416 -.473 -.527 -.578 -.627 -.674 -.680
.f-l Camp. Max -.362
;::l
H

.394 .472 .576.f-l 0 .069 .142 .214 .282 .342 .338 .330 .330 .338 .372 .426
til Ten. Max

Table 3.2 Maximum Compressive and Tensile
Displacements in Each Cycle

(1 in. = 2.54 cm)



lJl
N

CYCLES 1 2 3 4 5 6 7 8 9 10 11 12 13 14

E. 2.97 7.47 10.66 9.82 10.46 7.09 2.87
~

Strut 1 RP. 6.95 14.50 23.19 31.92 40.67 44.05 44.94 E. =. energy absorbed i.n
~

~ cycle i (kip-inch)
Ei/RPi 0.43 0.52 0.46 0.31 0.26 0.16 0.06

E. 4.00 11.95 15.36 17.89 17.32 14.00 11.67 9.06 4.84 RPi =. energy absorbed in
~

20.74 33.66
ideal rigid-plastic

Strut 2 RP. 9.97 45.75 58.52 62.02 62.38 61.97 61. 38 element (kip-inch)
~

E/RPi 0.40 0.58 0.46 0.39 0.30 0.23 0.19 0.15 0.08

Ei 0.56 9.18 15.00 12.59 8.45 7.29 3.21

Strut 3 RPi
20.82 39.21 54.31 54.59 64.53 63.88 66.13

Ei/RPi
0.03 0.23 0.28 0.23 0.13 0.11 0.05

E. 0.98 7.15 13.19 18.15 19.10 18.41 21.28 23.98 25.16
~

Strut 4 RP i 22.68 46.44 60.05 67.72 79.27 77 .87 82.30 83.59 88.02
,

Ei/RP i 0.04 0.15 0.22 0.27 0.24 0.24 0.26 0.29 0.29

E. 1.00 6.37 13.53 20.66 23.05 17.67 16.00 16.81 17.57 15.56 13.59 12.07 9.40
~

Strut 5 RP. 6.26 13.52 22.69 30.87 39.72 41.87 41.87 44.94 48.13 51.00 54.42 i61. 68 63.61
1

Ei/RP i ' 0.16 0.47 0.60 0.67 0.58 0.42 0.38 0.37 0.37 0.31 i 0.150.25 ! 0.20
I

Ei 0.82 9.30 15.24 24.22 32.33 33.59 32.87 34.92 38.59 39.36 44.18 43.07 43.51 46.47

Strut 6 RP
i

9.01 19.39 31.26 43.94 56.31 59.34 59.16 63.28 68.81 75.56 82.94 90.01 97.85 105.14

E./RP . 0.09 0.48 0.49 0.55 0.57 0.57 0.56 0.55 0.56 0.52 0.53 0.48 0.44 0.44
~ 1-

Table 3.3 Energy Absorption Per Cycle (1 kip-in =. 0.113 kN-m)



lJ1
W

Load
Length of Inelastic Rotation Cum. Inelastic Max. Compo

Points
Plastic Region in Plastic Region Rotation in Plastic Region Load

±0.5 in (±12.7 mm) ±0.005 radian radians kips (kN)

lC 10.25 (260.3) 0.017 0.017 23.0 (102.3)

lE -0.006 0.040

2C 12.50 (317.5) 0.045 0.091 21.5 (95.7)

2E -0.005 0.141

3LB 13.00 (330.2) 0.057 0.203 19.5 (86.8)

Table 4.1 Plastic Region Inelastic Rotations - Strut 1



U1
>!'>

Load Length of
*

Inelastic Rotation Cum. Inelastic Max. Compo

Points
Plastic Region in Plastic Region Rotation in Plastic Region Load

iO.5 in (i12.7 mm) iO.005 radian radians kips (kN)

3C 8.25 (209.5) 0.060 0.060 31.5 (140.2)

3E 0.007 0.113

4C 8.75 (222.2) 0.093 0.199 27.5 (122.4)

4E 0.016 0.276

5LB 8.12 (206.2) 0.061 0.321 23.5 (104.6)

* t length of center plastic hinge.

Table ~.2 Plastic Region Inelastic Rotations ~ Strut 2



\Jl
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Load
Length of Inelastic Rotation Cum. Inelastic Max. Compo

Points
Plastic Region in Plastic Region Rotation in Plastic Region Load

±0.5 in. (±12.7 rom) radians radians kips (kN)

1C 4 (101. 6) -0.0029 0.0029 28.0 (124.6)

IE -0.0087 0.0087

2C 6 (152.4) -0.0055 0.0119 31.5 (140.2)

2E -0.0165 0.0229

3C 10 (254.0) -0.0046 0.0348 32.5 (144.6)

3E -0.0145 0.0447

4C 10 (254.0) 0.0131 0.0723 32.0 (142.4)

4E -0.0135 0.0989

5LB 10 (254.0) -0.0014 0.1110 28.0 (124.6)

Table 4.3 Foot Plastic Region Inelastic Rotations - Strut 5



lJ1
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Load Length of Inelastic Rotation Cum. Inelastic Max. Compo

Points
Plastic Region in Plastic Region Rotation in Plastic Region Load

±0.5 in. (±12.7 rom) radians radians kips (kN)

2E 0 0

3C 4 (101.6) 0.0135 0.0135 49.5 (220.3)

3E -0.0077 0.0347

4C 6 (152.4) 0.0217 0.0642 40.0 (178.0)

4E -0.0075 0.0935

5C 10 (254.0) 0.0372 0.1382 38.5 (171. 3)

5E 0.0005 0.1750

6C 10 (254.0) 0.0427 0.2172 37.5 (166.9)

6E -0.0042 0.2642

7C 10 (254.0) 0.0432 0.3117 37.0 (164.6)

7E -0.0037 0.3587

8C 10 (254.0) 0.0467 0.4092 36.5 (162.4)

8E 0.0005 0.4555

9C 10 (254.0) 0.0527 0.5077 35.5 (158.0)

9E I 0.0012 0.5592 I
I

10LB 10 (254.0) I 0.0580 0.6160 35.0 (155.7)

Table 4.4 Foot Plastic Region Inelastic Rotations - Strut 6



STRUT 1 STRUT 2 STRUT 5 STRUT 6

(D/t = 48) (D/t = 33) (D!t = 48) (D/t = 33)

Cycle at
3 5 5 10Local Buckling

Load at
Local Buckling 12.2 17.8 28.0 30.6

(kips)

Cumulative Inelastic
Curvature 0.021 0.048 0.019 0.091

(radians/in. )

Cumulative Inelastic
Axial Strain 0.034 0.057 0.072 0.154

(in. /in.)

Cumulative Inelastic !Compressive Fiber 0.069 0.148 0.116 0.347
Strain (in. /in.)

Maximum Curvature
Excursion 0.007 0.014 0.004 0.009

(radians/in.)

Cumulative Inelaastic
Rotation 0.203 0.321 0.111 0.616
(radians)

Cumulative Energy
Dissipated 21.1 66.5 64.6* 261. 2 *

(kip-in. ) (32.3) (130.6)

Magnitude of
Curvature at L.B. 0.007 0.015 0.000 0.010

(radians/in.)

Magnitude of
Compressive Fiber -0.021 -0.039 -0.003 -0.038
Strain at L.B.

(in. /in.)

* 12 total strut energy.

Table 4.5 Summary of Rotations, Curvatures
Strains, and Energy Dissipation at
First Occurrence of Local Buckling

(1 kip = 4.45 kN, 1 in. = 25.4 mm)
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Buckling Load
Buckling Load by

AISC Formulas
Strut by Tangent (Without Factor of First Buckling

No. Hodulus Safety) Load from Test
Method
(kips) (kips) (kips)

1 24.3 29.2 23

2 45.3 41. 7 43.7

5 31.6 31.1 31.5

6 45.3 44.5 44.5

Note: Tolerances of predicted loads are ±O.5 k due to curve plotting
accuracy limits.

Table 5.1 Predictions of First
Buckling Loads-Annealed Struts

(1 kip = 4.45 kN)
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Cumulative Predicted ActualInelastic Buckling BucklingCentroidal
Strain* Load Load

(in/in) (kips) (kips)

CYI .00407 24.3 23.0

CY 2 .01017 20.0 21.5

Strut CY 3 .01815 19.4 19.51

CY 4 .03115 Beyond Local
16.2Buckling

CY 5 .03979 Beyond Local 13.8Buckling

CY 1 0 45.3 43.7

CY 2 .0002 43.8 40.0

Strut CY 3 .01470 28.2 31.32

CY 4 .03070 26.0 27.5

CY 5 .04885 Beyond Local 23.5Buckling

CYI 0 31.6 Elastic Cycle;
No Buckling

CY 2 - 0 31.6 31.5

Strut GY 3 - 0 31.6 32.55

CY 4 .00010 31.6 32.0

CY 5 .01591 27.9 28.0

CY 1 0 45.3 Elastic Cycle;
No Buckling

CY 2 0 45.3 42.0

Strut CY 3 .00020 45.3 44.5
6

CY 4 .00119 43.1 40.0
I !

CY 5 .01062 40.0 38.5

*Based on center hinge

Table 5.2 Predicted Buckling Loads for Annealed Struts (lkip = 4.45 kN)
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Strut Tangent AISC Formulae Actual First

No. Modulus (Without Factor Buckling Load
Method of Safety) in Test

(kips) (kips) (kips)

3 57.8 70.8 60.4

I
4 59.5 88.0 57.5

(A) First Buckling Load

Cumulative
Cycle of Cumulative Predicted

Inelastic Strut Test Inelastic Buckling Actual

Strain in With Centroida1 Load Buckling

Cyclic
Similar Strain From Load in

Cumulative Preceding Cyclic Noted
Material Strain Strut Test Material Cycle

Test History Cycle Noted Test

(in/in) (in/in) (kips) (kips)

Strut 3 .017 4
th .013 52.3 44.8

Strut 4 .020 5
th .017 65.1 55.7

(B) Buckling Load in Later Cycle

Table 6.1 Predicted Buckling Loads for Unannealed Struts

(1 kip = 4.45 kN)
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Fig. 1.2 Linearized Model of Post-Buckling Brace Behavior [3]
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Fig. 2.4 Fixed-Fixed Experimental Setup
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a) Head Unit

b) Specimen Connection to Foot Frame

Fig. 2.5 Fixed-Fixed Experimental Setup
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a) Load Control Equipment

b) Clevis Used for Pin Connection

Fig. 2.6 Experimental Equipment
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a) LVDT Used for Measuring Axial Displacement

b) Specimen with Strain Gages and LVDT

Fig. 2.7 Instrumentation
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a) Data Feedback -- Continuous Recording on X-Y Plotters

b) Recording Visual Observations

Fig. 2.8 Data Recording
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Fig. 3.21 View of Overall Buckled Strut
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a) Orip,inal Local Buckle

b) Strai"htening After Tension

Fig. 3.22 Local Buckling at Selected Load Points for
Strut 5 - Center Hinge
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a) Severe Local Buckle
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b) Tearing in Tension

Fig. 3.23 Local Buckling at Selected Load Points for
Strut 5 - Center Hinge
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a) Severe Tearing in Tension

b) Post-Tearing Buckle

Fig. 3.24 Local Buckling at Selected Load Points for
Strut 5 - Center Hinge
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a) Severe Local Buckle

b) Tensile Tearing

Fig. 3.25 Local Buckling at Foot Hinge - Strut 5
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