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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand and
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement
seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis is on
structures in the eastern and central United States and lifelines throughout the country that are found
in zones of low, moderate, and high seismicity.

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus of
work for years six through ten. Element III, Demonstration Projects, have been planned to support
Applied Research projects, and will be either case studies or regional studies. Element IV,
Implementation, will result from activity in the four Applied Research projects, and from Demonstra
tion Projects.

ELEMENT I
BASIC RESEARCH

• Seismic hazard and
ground motion

• SoUs and geotechnic.l
engineering

• Structures and systems

• Risk and reliability

• Prot8c:tlve and inbtlligent
systems

• Soci.leland economic
studi..

ELEMENT II
APPLIED RESEARCH

• The Building Project

• The Nonstructural
Components Project

• The Lifelines Project

The Highway Project

ELEMENT III
DEMONSTRATION PROJECTS

Ca.. Studi..
• Active and hybrid control
• Hospital and alii proceulng

facllitl..
• Short and medium span bridges
• Water supply systems in

Memphis and San Francisco
Regi'Jnal Studies

• New York City
• Mississippi Valley
• San Francisco s.y Area

ELEMENT IV
IMPLEMENTATION

• ConfeNnceslWorkshops
• Educ.tlonlTrainlng courses
• Publlc.t1ons
• Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforcedconcrete buildings, steel semi-rigid frames, and
masonry wallsor infills. The research involves small-and medium-scale shake table testsand full-scale
component tests at several institutions. In a parallel effort, analytical models and computer programs
are being developed to aid in the prediction of the response of these buildings to various types of
ground motion.
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Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The structures and systems program constitutes one of the important areas of research in the
Building Project. Current tasks include the following:

I. Continued testing of lightly reinforced concrete external joints.
2. Continued development of analytical tools, such as system identification, idealiza~ion. and

computer programs.
3. Perform parametric studies ofbuilding response.
4. Retrofit of lightly reinforced concrete frames, flat plates and unreinforced masonry.
5. Enhancement of the IDARC (inelastic damage analysis of reinforced concrete) computer

program.
6. Research infilled frames, including the development of an experimental program, develop

ment ofanalytical models and response simulation.
7. Investigate the torsional response ofsymmetrical buildings.

One common type ofexisting structure investigated to a limited extent in the buildings area is steel
frames with semi-rigidconnections. In previous studies, analytical models have been developed. the
effects offloor slabs andmasonry infills have been studied, andparametric response analyses have
been performed This report summarizes work on the low-cycle fatigue behavior ofa common type
ofsemi-rigid connection, those made oftop and seat angles. Nineteen tests were performed using
various load histories and they showed that the hysteretic energy-life and rotation-life models are
applicablefor this type ofconnection. The analysis showedthat iftheplastic hinge rotations are kept
below 2%, the connections can sustain at least fifty cycles ofcomplete load reversals. The report
contains a valuable database on the cyclic behavior ofone type ofsemi-rigid connection.
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ABSTRACT

A specific type of semi-rigid top-and-seat angle connection was experimentally

evaluated for its low-cycle fatigue behavior under drift controlled cyclic tests. The

experimental program consisted of static, constant amplitude and variable amplitude tests.

Constant amplitude tests consisted of equi-amplitude fully reversed (R=-l) and one-sided

(R=O) tests. Variable amplitude tests included incremental-decremental and step tests to

investigate the effects of different displacement squences.

Strength and stiffness were found to be very sensitive to the nut and bolt orientation.

which do not appear to affect the fatigue life.

Fatigue life relationships were derived based on the constant amplitude test results. To

use these in variable amplitude investigations, the concept of an effective equi-amplitude

rotation is introduced as the characteristic measure of rotation history. It is shown that

effective rotation is independent of load path when compared to constant amplitude test

results. Hence, an energy based cumulative damage model is developed and expressed in

terms of energy-life and energy-rotation relationships. The proposed damage model is

employed in the fatigue ditffiage prediction analysis and compared with the classical

Miner's linear damage accumulation model coupled with the rainftow cycle counting

method. The proposed energy based damage model implicitly incorporates the memory

effects of the previous loading history and precludes the necessity of performing explicit

cycle counting. This model. is easily implemented into non linear time-history analyses

for seismic design and evaluation purposes.
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SECTION 1

INTRODUCTION

1.1 Background

Although the influence of semi-rigid cormection behavior on the overall response of steel

frames has long been recognized, the beam-to-column cormections are traditionally

considered to be either pinned or rigid. Pin-ended cormections are assumed to have no

resistance to moment and are consequently designed to transmit only shear and axial

forces. This assumption leads to: (i) large positive moment and deflections at the center of

beams under gravity loads, and (ii) columns having no rotational r:straint at their ends,

being subjected to only axial forces. Conversely, rigid cormections are assumed to ensure

full continuity between cormected members and are consequently required to have an

infinite rotational stiffness whic'" in tum leads to small beam deflections and large column

moments.

The appeal of semi-rigid connections is funher evident due to the brittle fraetnre problems

occuring in some fully-rigid cOJUlections in January 1994 Nonhridge earthquake.

Although these idealizations present many simplifications in the analysis and design of

frames, being the two extreme cases, they are far from reality for most cases. In any case,

the actual behavior of the cOJUlection will have a significant effect on the overall dynamic

as well as static behavior of the structure. The corresponding structural response may be

nonlinear. with both material and geometric nonlinearities. The need for including the

effects of connection flexibility in the analysis of building systems is particularly

important for use in limit state design methods and in evaluating the seismic risk for new

and existing structures.

Under normal service loads, AISC-ASD (1989) procedures assume elastic behavior of

various components. However. in the seismic design of structures, it becomes

uneconomical and hardly feasible to require that a structure remain elastic when subjected

to an earthquake. Therefore, in AISC-LRFD Seismic Provisions (1992), it is required th.u

the design forces resulting from earthquake motions be determined on the basis of energy

dissipation in the nonlinear range of response of both members and connections.
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Due to the lower yield strength of a semi-rigid connection, when subjc.cted to a moderate

earthquake. it will become inelastic more quickly than its fully rigid counterpart.

Therefore, consideration of ductile behavior is important. It is also important that the

study of cyclic energy dissipation be considered when repeated inelastic loads are of

concern. Moreover, under seismic ground shaking, the ability of the connection to absorb

cyclic energy will depend on its low-cycle fatigue capacity. Low-cycle fatigue capacity is

mainly dependent on three variables: the number of cycles of loading, the amplitude of

inelastic cycling and the connection geometry. This study constitutes an imponanc step

towards the assessment of the seismic vulnerability and damage potential of flexible

frames for one commonly used class of semi-rigid connecti<:n: the top-and-seat angle.

1.2 Objectives

Recently, the effects of connection flexibility on the behavior of building frames,

subjected to both static and dynamic :oadings, have be~n studied experimentally

~Azizinamini et.al. 1985, Harper et.al. 1990, Astaneh et.al. 1989, Chasten et.aI. 1989,

Dunai and Lu 1992, Huang and Morris 1992, Nader and Astaneh 1992). The need for such

infonnation arises from the fact that semi-rigid connection behavior is intrinsically

nonlinear. Hence. analytical predictions of frame behavior based on assumed non-linear

mathematical models can only be substantiated by experimentally obtained data. This

nonlinear behavior can be better understood by distinguishing the sources of possible

flexibility. Based on the available test data. these are:

I) Connection flexibility which consists of the deformation of its components (in the

present case "top-and-seat angles") and its fastener deformation (bolt elongation

due to prying)

2) Localized deformation of the cohunn (panel zone defonnation) and column flange

bending

3) Localized deformation of the beam, which has less significance than the previous

cases.

Tile basic objectives in this study were:

1) To determine the low-cycle fatigue characteristics of top-and-seat angle

1-2



connections by detennining a Drift-Cyclic relationship (similar to S-N in metals).

For this purpose, a fatigue-life model based on cyclic energy dissipation as well as

on relative connection rotation is developed for this specific type of connection.

2) To examine the sequence effects or local history effects on low-cycle fatigue

damage accumulation and accordingly model such behavior to enable prediction

of fatigue failure under random (seismic) loading.

3) To characterize monotonic and cyclic loading behavior, and

4) To determine whether the type of drift reversal (i.e. R=O or R=-l) affects the

fatigue-life.

From cyclic tests of various types of connections and frames, it has been observed that the

performance of such structures, under seismically induced load histories, may be limited

by low-cycle fatigue of the cOlmection elements. Consequently, the present study

constitutes an investigation of the potential applicability of cumulative damage models

based on energy dissipation as well as plastic connection rotation, for predicting the cyclic

response of structural connections.

Section 2 describes the experimental procedures adopted in the study, and Section 3

presents the experimental Force-Drift and Moment-Rotation plots for each of the tests.

Section 4 characterizes the monotonic behavior of the specimens, and Section 5 develops

connection rotation and energy based low-cycle fatigue relationships for constant

amplitude tests. In Section 6, a damage model is advanced for this semi-rigid connection

and applied to the variable amplitude fatigue tests. Finally, conclusions are drawn in

Section 7.

l·3



SECTION 2

THE EXPERIMENTAL SYSTEM AND PROCEDURES

2.1 Introduction

The experimental program consisted of testing nineteen sets of top-and-seat angle

connections subjected to cyclic loading with different controlled amplitude displacements.

Only one monotonic test was conducted to generate the static moment-rotation

relationship and to detennine maximum connection rotation that can be reached. This

section describes the experimental setup and procedures adopted in this study.

The test setup which consisted of a reaction frame, a hydraulic actuator and part of a frame

system which was tested, is firstly described. Next connection cleats (L6x4x3/8-6 1/2') are

described, together with the entire geometry of the connection.

Detennination of connection rotation is explained within the description of

instrumentation and data acquisition system which had total of five channels. Each test

was extended to complete fracture failure. After the termination of a test, another set of

specimens was mounted in place and the system was zero-calibrated prior to the next test.

Several coupon tests were conducted to investigate the material characteristics of the test

specimens. Finally, these test results are summarized.

2.2 Test Setup

Complete details of the test setup are given in Figures 2-1 and 2-2.

The test setup consisted of a reaction frame supporting an actuator with a ±12" (610 mm),

stroke and 55 kips (245 kN) force capacity. The reaction frame was fixed to the strong

floor as shown in Figure 2-1a. The coluom section (W8x31) was seated on the strong floor

at two points, 8 ft. apmt (Figure 2-2). The beam section (W8x21) was mounted on the

colunm flange at the center (i.e. 4 ft. apart from the support points), then connected to the

actuator 51" (1.295 m) above the column flange. In this experimental study, since only in

plane response of top-and-seat angle connections was of concern, the experiments were

conducted not on the whole structure but on a structural subassarnblage. This

subassamblage represents a typical exterior beam colulIUl connection in a steel frame as
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shown in Figure 2-1b. This figure also shows the deflected shape of a simple frame system

under lateral forces with the specimen substructure located between points of inflection.

A Vnistrut reference frame bolted to the column ends was used for the drift measurement

and also provided the external control for the hydraulic actuator (Figure 2-1 a).

2.3 Test Specimen Assembly

The specimens consisted of W8x21 beam section, W8x31 column section and L6x4x3/8-6

1/2" connection cleats. All of the sections were of ASlM A36 steel. Details of the test

specimens are given in Figure 2-3a.

Connections contained top-and-seat angles bolted to the beam and column flanges. The

bolt holes in the angles were of standard 13/16" (20.64 cm) diameter which includes 1/16"

(2 nun) erection tolerance for 3/4" (19 nun) diameter bolts. Those on beam and column

sections were 15/16" (24 nun) diameter.

Each angle contained one row of bolts with 3 1/2" (89 nun) center-to-center bolt gage on

the leg attached to the column flange and 1 1/2" (38.10 nun) edge distance. Two rows of

bolts had 2 1/2" (64 rom) center-to-center bolt gage with 2 3/8" (60 nun) bolt spacing and

2" (51 mm) edge distance, on the leg attached to the beam flange.

A325-SC high strength bolts, 3/4" diameter were used together with A325 flat hardened

washers under both the head and nut of the bolt, consistent with typical installation

procedures involving calibrated wrenches. For the first two tests (2% and 4% drift) load

indicator washers were also used under the nut along with flat hardened washers. It was

observed in these tests that proper bolt tensioning required tightening torques of

approximately 450 ft-Ibs (610.0 Nm). Therefore, in the rest of the testing program, only

A325 hardened flat washers were used with installation torques of 450 ft-lbs. This was

considered to apply proper bolt tensioning, as no slip was observed to occur in any of the

tests. Clean mill scale (surface class A) existed on all faying surfaces.

Excessive local bending of the top flange of the column was prevented by using two-I"

thick steel plates under the column flange at the connection, as shown in Figure 2-3b.

2.4 Instrumentation and Data Acquisition

The layout of the instrumentation in the joint region is shown in Figure 2-4. A total of six
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channels of displacement data were taken; two longitudinally mounted potentiometers

(PIVS, P2VN) were used at the cormection to measure displacement related to the

cormection rotation. Two other potentiometers (P3HS, P4HN) were transverse to the beam

at the cormection for an alternate measurement of the connection rotation. Determination

of relative cormection rotation OJ' using PI VS, P2VN and P3HS, P4HN is shown on

Figure 2-5.

A sonic displacement transducer (HDSP) was used in order to provide drift control to the

actuator. The sixth channel measured the displacement in the actuator. The applied force

was measured by a load cell in the actuator. Thus, a total of seven channels were used for

data recording purposes. Data produced by the transducers was recorded by an analog

digital (ND) convener (Data Translation model DT2801A) mounted in a 486-33 MHz

Personal Computer.

A back-up Force vs. Displacement graph was also plotted on an analog XY ploner for

each test.

2.S Test Specimens and Procedure
"

Nineteen identical pairs of L6x4x3/8x6~ specimens, all of which were cut from the

same stock piece of A36 steel, were tested under various conditions. A sununary of test

specimens and test parameters is given in Table 2-1. Thirteen specimens were tested under

equi-amplitude displacement blocks varying the maximum drift each time. Two tests

(RO_IO, RO_ll) were conducted at R=O (one-sided test) for equi-amplitudes of 2% (0 to

+4%) and 4% (0 to +8%) drift. Finally eleven specimens were tested at R=-l for

±O.6, ±O.8, ±1.5, ±2, ±2.5, ±3, ±4, ±5, ±6, ±7, ±8 % drift (complete reversals). Two of the

tests, Rl_12 and RI_13, were conducted in order to clarify the transition from low-cycle

fatigue to high-cycle fatigue on fatigue plots.

One of the specimens (V_16) was subjected to low-to-high equi-amplitude (±2% and then

±4 % drift) displacement blocks. Two of the specimens were tested under high-to-Iow

equi-amplitude displacement blocks, one of which was first subjected to ±4 % and then

±2 % drift (V_17), and the second 4%-3%-2% drift blocks (V_18). Two other variable

amplitude tests (V_14, V_IS) were conducted by cycling sinusoidally, starting with 4%

drift (or 0%), and then decreasing (or increasing) the drift value at the beginning of each

cycle. In each of the tests, an initial drift of 4% (or 0%) was decreased (or increased) to
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Table 2-1 Specimen Testing Parameters

Specimen Id. Cycling Type R Ratio
Specimen Cyc. Freq.
Drift a(%) (Hz.)

M_19 Monotonic - ±I2 b 0.01

RI_OS Constant -1 ±1.5 0.25

RI_OI " -1 ±2 0.05

RL07 " -1 ±2.5 0.1

Rl_04 " -1 ±3 0.1

RL02 .. -1 ±4 0.05

Rl_03 .. -1 ±5 0.1

Rl_05 .. -1 ±6 0.1

Rl_09 " -1 ±7 0.1

Rl_06 " -I ±8 0.01

RO_IO .. 0 +4c 0.1

RO_ll " 0 +Sd 0.1

Rl 12 " -I ±O.6 I-

Rl 13 " -I ±0.8 0.5-

V_14 Variable - Ot04 0.1

V_IS " - 4toO 0.1

V_16 " - 2 and 4 0.1

V_I7 " . 4and2 0.1

V_I8 " - 4 and 3 and 2 0.1

a. Nominal drift based on moment arm of 51".
b. Drift reached at the mODotonic failure.
c. Total of 4% drift from the upright position.
d. Total of 8% drift from the upright position.
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0% (or 4%) within 20 cycles with a cycling frequency of 0.1 Hz.

Typical displacement histories are shown in Figure 2-6. All of the cyclic tests were

extended to the point of complete fracture of one of the angles.

The following steps were performed for each test after failure of the specimen:

I) From the end of the previous test the beam was brought back to the upright

vertical position,

2) The previously failed set of angles was replaced with a new set,

3) Bolts were tightened as explained above (see Section 2.3),

4) Potentiometers used at the connection were zero-calibrated,

5) Parameters controlling drift, test speed, sampling rate etc. for a specific test were

specified to the computer software which in tum controlled the actuator. However,

for the ±U.8 % and ±0.6 % drift tests, due to the large amount of estimated number

of cycles to the failure (-5,000 and 15,000 cycles respectively), not all cycles were

recorded. Instead, two consecutive cycles were recorded at every 250, 200, 100 or

50th cycle, depending on the stage of the test.

6) The test was performed by applying a cyclic drift-control load until one of the

angles was completely fractured.

7) During the test, significant events such as cycle at which the initial surface crack

was observed, were noted, video-recorded and photographed.

2.6 Material Tests

A total of eight coupon tests were conducted to establish the material properties of the

angles. The tests were conducted in accordance with the ASTM-E8, "Standard Methods of

Tension Testing of Metallic Materials"(l992), The gage length for the autographic

recording of the stress-strain curves and for the ultimate elongation measurement was 2"

(51 mm) Coupons were taken from an unused portion of the same piece of steel from

which the top and seat angle specimens were taken. Complete details for the coupon

specirner.s are given in Figure 2-7.
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Due to possible anisotropy of the rolled steel in the longitudinal and transverse directions,

four of the eight specimens were taken perpendicular to the rolling direction, and the other

four along the rolling direction. Specimens were tested under two different strain rates and

each test was duplicated. A summary of the coupon tests is given in Table 2-II. The

average stress-strain curve for the two direction is plotted in Figure 2-7.

According to these coupon tests, the yield strength varied between 38.5 ksi (265 MFa) and

48.0 ksi (331 MPa), while ultimate strength varied between 63.5 ksi (438 MPa) and 68.0

ksi (469 MPa). It can be observed from Figure 2-7 and Table 2-D that some directional

dependence is apparent. Young's modulus as well as strain hardening modulus is larger for

the longitudinal coupon specimens (i.e. specimens that were taken along the rolling

direction.). However, as can be concluded from Table 2-II, strain rate did not have a

significant effect on the stress-strain propenies of the specimens. Specimen elongation at

strain hardening is almost the same for each test. The yield strength came out to be larger

for longitudinal specimens.

80.0

longitudinal Spec.

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

T
6" 2"

1
~ 1'f4-

-- Transverse Spec.

.~,.'... __ ..-.....

20.0

40.0

60.0

0.0 ~_~_-~----~

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Strain (inlin)

Figure 2·7 Coupon Test Results
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Table 2·ll Mechanical Properties of Test Specimens8

Coupon Loading
Strain Yield Ultimate Es Esh

€su
Rateb Strength Strength Esh (in!Id. Direction

% (ksi) (ksi)
(ksi) (ksi) (infm)

in)

en Trans.c 20 41.65 64.16 29,200 420.7 0.0203 0.121

CT2 " 80 42.13 63.47 32,900 489.8 0.0226 0.129

CT3 " 20 38.45 65.07 30,100 432.4 0.0215 0.127

CT4 " 80 43.20 66.13 32,000 419.8 0.0190 0.143

CL5 Longit.d 20 45.39 65.60 44,500 549.9 0.0190 0.132

CL6 " 80 48.00 66.13 39,700 519.6 0.0203 0.125

CL7 " 20 45.76 68.00 43.800 503.2 0.0199 0.129

CL8 " 80 44.16 66.67 42.900 592.6 0.0225 0.132

a. To coovert ksi to MPa multiply by 6.89495.
b. Defined as the % capacity oCtile tensile test machine.
c. Loading perpendicular to the rolling direction of the specimen.
d. Loading along the lolling direction.
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SECTION 3

EXPERIMENTAL RESULTS

3.1 Introduction

In this section, experimental observations 3Ild results are pre~ented in both graphical and

tabular fonn. A summary of te~tmg parameters is given in Section 2, Table 2-1.

One monotonic test was conducted. A total of thirteen specimens were tested under

constant amplitude cyclic loading. Specimens RO_lO and RO_ll were subjected to half

stress reversals (R=O). The rest of the specimens were cycled through complete stress

reversals (R=-l). Five further specimens were tested under variable amplitude

displacement histories.

Specific test results are summarized in Tables 3-1 to 3-m. Moment-Rotation, Force-Drift

hysteretic plots are given in the figures together with the following discussion.

3.2 General Observations

In all of the tests, the same kind of failure mode was observed. The first fine surface cracks

occurred on the leg of one of the angles attached to the beam flange, near the toe of the

fillet. A hinge line also formed at the same location on the leg attached to the column

flange. Especially for the higher drift tests (>5%), another hinge line was observed passing

through the bolt holes on the leg of the angle on the column flange. as shown on Figure 3

2. This is not a straight line through the angle width; it also forms half circles around the

washers together with radial cracks under the washers. Plastic defonnation was also

observed in "dishing" of the washers seated on the leg on the column flange (Figure 3-2).

Photographs of typical defonnation and fatigue crack patterns and failure modes observed

in the cOIUlection angles are shown in Figures 3-3 to 3-5.

Panel zone deformation in the joint region was observed to be significant. especially for

the higher drift tests as discussed in the next section. No observable slip occured between

the cOIUlection elements.

3.3 Monotonic Test Results

One monotonic test was conducted. Details of the specimen and connection propenies are

3-1



Yield Lines

Figure 3-1 Failure Mode

Figure 3-2 Yield Line (Cracks) at Failure

3-2



Figure 3-3 Initial Surface Cracks
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as shown in Figure 2-3. The purposes of this test were to analyze the failure mode and to

investigate the ultimate moment capacity of this specific type of top-and-seat angle

connection. Force-Drift and M-9j graphs are plotted in Figure 3-6.

The ultimate load obtained from the monotonic test was 14.7 kips (65.0 kN) which

corresponds to 750 kip-in (84.2 kN-m) connection moment. The connection rotation 9j ,

corresponding to the ultimate moment was 0.1 rad. The initial connection stiffness which

is determined from M-9j plot (Figure 3-6) is 122,500 kip-in/rad (13.750 kN-m/rad).

3.4 Constant, Equi-Amplitude (R=-l) Cyclic: Test Results

A series of equi-amplitude cyclic tests were conducted in order to investigate the low

cycle fatigue behavior and to establish a relation between low-cycle fatigue life and

energy dissipated as well as connection rotation for this specific type of connection.

Eleven specimens were tested under constant amplitude cyclic loading with complete

stress reversals (R=-l). Testing parameters for the specimens are reported in Table 2-1, and

test specimens and procedures are described in Section 2. A summary of test results is

given in Table 3-1. The table includes actuator displacement. testing frequency. percent

fatigue life and corresponding moment and connection rotation ranges as well as single

and cumulative hysteresis loop areas.

The displacement amplitudes were chosen such that enough data points can be plotted in

the low-cycle range on both Rotation vs. Life and Energy vs. Life graphs. in order to

establish accurate fatigue life relationships.

M-9j and Force-Drift graphs are plotted in Figures 3-7 to 3-13. Hysteretic energy vs.

Cycle Number plots are also given for various specimens in Figure 3-14a. It can be

observed from Table 3-1 that hysteretic energy was almost constant after a few cycles,

until the initial fatigue crack occurred. There also appears to be a general trend toward

increasing total hysteretic energy accumulation at the longer fatigue lives corresponding

to the smaller per-cycle loop areas. The cycle at which the incipient failure occurred (Nf )

was defined in two ways; by visual inspection and as the point at which the "Hysteretic

energy vs. Cycle Number" graph drops sharply as shown in Figure 3-14b.

Each specimen was tested to complete fracture failure (NIf cycles) and had similar failure

modes as described in Section 3.2. However. for lower drift tests (RI_12. RI_13). the

3-6



V
J

I -.
.I

T
ab

le
3·

1
C

on
st

an
t

A
m

p
li

tu
d

e
T

es
t

R
es

ul
ts

a

R
an

ge
o

f
A

re
a

o
f

C
um

ul
at

iv
e

%
R

an
ge

o
f

S
in

gl
e

A
re

a
o

f
S

pe
c.

A
ct

ua
to

r
N

om
in

al
F

re
q.

C
y

c.
#

%
M

om
en

t
C

on
ne

ct
io

n
H

ys
te

re
si

s
H

ys
te

re
si

s
R

em
ar

ks
Id

.
D

is
pl

.
(i

n
.)

D
ri

ft
(H

z
.)

F
at

ig
ue

L
if

e
(k

ip
-i

n)
R

ot
at

io
n,

9j
L

oo
pb

L
oo

ps
c

(r
ad

)
(k

ip
-i

n)
(k

ip
-i

n)

R
C

0
6

±
4

.0
8

8
0.

01
1

57
16

16
0.

13
65

11
9.

8
11

9.
8

F
ir

st
cr

ac
k

1.
75

10
0

H
2O

0.
14

53
86

.1
20

6.
0

R
l_

0
9

±
3.

57
7

0.
1

I
31

15
08

0.
11

83
96

.8
96

.8
F

ir
st

cr
ac

k
2

62
13

34
0.

12
29

82
.4

17
9.

2
C

om
pl

et
e

3
9

2
12

67
0.

12
47

79
.9

27
4.

1
fa

il
ur

e
at

3.
25

cy
cl

es
.

R
l_

0
5

±
3

.0
6

6
0.

1
1

24
14

66
0.

09
87

81
.2

81
.2

F
ir

st
cr

ac
k

2
4

7
13

60
0.

10
23

69
.7

15
0.

9
ob

se
rv

ed
at

3
71

12
89

0.
10

36
67

.4
21

8.
3

2n
d

cy
cl

e.
4

9
4

89
4.

4
0.

11
01

6
5

.0
29

5.
5

co
m

pl
et

e
fa

il
ur

e
at

4.
25

cy
cl

es

R
l_

0
3

±
2

.5
5

5
0.

1
1

12
92

3.
5

0.
10

00
38

.2
38

.2
F

ir
st

cr
ac

k
2

2
6

82
3.

5
0.

10
20

32
.8

70
.9

ob
se

rv
ed

at
~

3
9

75
2.

9
0.

10
30

3
0

3
10

1.
2

6t
h

cy
cl

e,
4

5
2

74
1.

2
0.

10
30

29
.8

13
1.

1
co

m
pl

et
e

5
65

72
3.

5
0.

10
30

29
.1

16
0.

1
fa

il
ur

e
at

6
77

68
2.

4
0.

10
40

29
.1

18
9.

2
7.

75
cy

cl
es

7
90

57
6.

5
0.

10
60

27
.0

23
3.

6



V
J

I 0
0

T
ab

le
3-

1
C

on
t'

d

R
an

ge
o

f
A

re
a

o
f

C
um

ul
at

iv
e

%
R

an
ge

o
f

S
in

gl
e

A
re

a
o

f
S

pe
c.

A
ct

ua
to

r
N

om
in

al
F

re
q.

C
y

c.
#

%
M

om
en

t
C

on
ne

ct
io

n
H

ys
te

re
si

s
H

ys
te

re
si

s
R

em
ar

ks
Id

.
D

is
pl

.
(i

n
.)

D
ri

ft
(H

z.
)

F
at

ig
ue

L
if

e
(k

ip
-i

n)
R

ot
at

io
n,

ej
L

oo
pb

L
oo

ps
c

(r
ad

)
(k

ip
-i

n)
(k

ip
-i

n)

R
I_

0
2

±
2

.0
4

4
0.

05
I

7
80

5.
2

0.
06

93
26

.3
d

26
.3

F
ir

st
cr

ac
k

2
15

72
9.

8
0.

06
86

23
.0

49
.4

ob
se

rv
ed

at
8

58
68

0.
9

0.
07

10
21

.1
17

7.
7

9t
h

cy
cl

e,
9

65
67

2.
3

0.
07

15
21

.1
19

8.
8

co
m

pl
et

e
12

87
57

2.
2

0.
07

86
19

.1
26

0.
1

fa
il

ur
e

at
13

95
50

8.
5

0.
07

84
15

.7
27

9.
3

13
.7

5
cy

cl
es

R
l_

0
4

±
1.

53
3

0.
1

1
4

71
5.

0
0.

04
53

15
.1

15
.1

F
ir

st
cr

ac
k

3
12

69
3.

0
0.

04
52

13
.0

41
.3

ob
se

rv
ed

at
8

32
66

1.
5

0.
04

58
13

.4
10

7.
2

22
nd

cy
cl

e,
15

5
9

64
2.

4
0.

()
46

3
14

.1
20

4.
2

co
m

pl
et

e
23

91
52

3.
2

0.
()

48
6

13
.5

31
6.

7
fa

il
ur

e
at

25
9

9
44

5.
1

0.
05

10
11

.0
34

5.
8

25
.2

5
cy

cl
es

R
I_

O
I

±
1.

02
2

0.
05

1
1

57
7.

9
0.

04
26

6.
8

6.
8

F
ir

st
cr

ac
k

11
II

55
7.

4
0.

04
23

4.
2

54
.3

ob
se

rv
ed

at
25

26
53

9.
6

0.
04

23
4.

2
11

3.
2

73
th

cy
cl

e,
75

78
53

0.
1

0.
04

23
4.

2
32

8.
5

co
m

pl
et

e
95

9
9

38
0.

8
0.

04
23

3.
0

39
6.

6
fa

il
ur

e
at

95
.7

5
cy

cl
e.

R
l_

0
8

±
0

.7
7

1.
5

0.
25

1
0.

2
54

3.
7

0.
01

86
3.

8
3.

8
F

ir
st

cr
ac

k

10
0

22
48

8.
5

0.
02

00
2.

3
23

7.
8

ob
se

rv
ed

at
25

0
5

6
45

3.
1

0.
01

97
2.

3
59

2.
8

39
7t

h
cy

cl
e.

39
7

8
9

40
0.

0
0.

01
99

2.
3

94
4.

1
co

m
pl

et
e

44
5

10
0

31
1.

5
0.

01
80

1.
3

10
43

fa
il

ur
e

at
4

4
6

cy
cl

es



\,o
.l

~

T
ab

le
3-

(
C

on
t'd

R
an

ge
o

f
A

re
a

o
f

C
um

ul
at

iv
e

%
R

an
ge

o
f

S
in

gl
e

A
re

a
o

f
Sp

ec
.

A
ct

ua
to

r
N

om
in

al
Fr

eq
.

C
y

c.
#

%
M

om
en

t
C

on
ne

ct
io

n
H

ys
te

re
si

s
H

ys
te

re
si

s
R

em
ar

ks
Id

.
D

is
pl

.
(i

n.
)

D
ri

ft
(H

z
.)

F
at

ig
ue

L
if

e
(k

ip
-i

n)
R

ot
at

io
n.

ej
L

oo
pb

L
oo

ps
'

(r
ad

)
(k

ip
-i

n)
(k

ip
-i

n)

R
I_

13
±

0
.4

0
8

0.
8

0.
5

I
0.

02
40

2.
7

0.
01

70
0.

52
8

0.
53

F
ir

st
cr

ac
k

25
5

5
38

6.
2

0.
01

67
0.

63
1

15
0.

4
ob

se
rv

ed
at

llO
O

21
38

0.
8

0.
01

67
0.

70
3

75
1.

5
43

79
th

15
50

29
37

9.
4

0.
01

66
0.

64
1

10
53

cy
cl

e,
22

50
42

37
5.

3
0.

01
64

0.
64

6
14

40
co

m
pl

et
e

]1
0

0
58

37
1.

2
0.

01
65

0.
62

9
18

54
fa

il
ur

e
at

43
()1

)
81

36
1.

6
0.

01
65

0.
63

4
26

12
53

41
st

51
00

95
32

8.
7

0.
01

64
0.

65
3

30
63

cy
cl

e.
53

20
99

22
0.

5
0.

01
66

0.
50

6
32

45
53

41
10

0
21

3.
7

0.
01

67
0.

46
5

32
55

R
I_

12
±

0.
30

6
0.

6
1

59
0

3
33

9.
7

0.
01

12
0.

38
1

22
4.

4
Fi

rs
t

cr
ac

k
42

26
25

34
3.

8
0.

01
16

0.
32

7
10

65
ob

se
rv

ed
at

54
06

32
33

5.
6

0.
01

09
0.

75
6

12
58

14
46

1s
t

77
27

45
32

7.
4

0.
01

11
0.

89
0

34
59

cy
cl

e,
91

97
54

32
3.

2
0.

01
09

0.
86

8
47

69
co

m
pl

et
e

11
29

2
66

31
7.

8
0.

D
10

8
0.

74
9

65
89

fa
il

ur
e

at
14

94
7

88
30

0.
0

0.
01

08
0.

78
0

93
28

17
06

4t
h

15
83

7
93

28
2.

2
0.

01
09

0.
78

0
10

02
4

cy
cl

e.
16

47
7

97
26

0.
2

0.
01

09
0.

77
3

10
52

0
17

06
4

10
0

25
7.

8
0.

01
19

0.
00

1
\0

87
4



'f o

T
ab

le
3·

)
C

on
t'

d

I
A

re
a

o
f

C
um

ul
at

iv
e

%
R

an
ge

o
f

R
an

ge
o

f
S

in
gl

e
A

re
a

o
f

S
pe

c.
A

ct
ua

to
r

N
om

in
al

F
re

q.
C

y
c.

#
%

M
om

en
t

C
on

ne
ct

io
n

H
ys

te
re

si
s

H
ys

te
re

si
s

R
em

ar
ks

Id
.

D
is

pl
.

(i
n

.)
D

ri
ft

(H
z
.)

F
at

ig
ue

L
if

e
(k

ip
-i

n)
R

ot
at

io
n.

6j
L

oo
pb

L
oo

ps
c

(r
ad

)
(k

ip
-i

n)
(k

ip
-i

n)

R
O

_
ll

+
4.

08
8

0.
1

1
15

82
7.

3
0.

05
90

33
.7

33
.7

F
ir

st
cr

ac
k

2
31

75
5.

4
0.

06
09

19
.4

53
.1

ob
se

rv
ed

at
3

4
6

75
0.

2
0.

06
19

18
.1

71
.2

3.
75

cy
cl

e.
4

62
73

0.
5

0.
06

22
17

.8
89

.0
co

m
pl

et
e

5
77

69
0.

2
0.

06
24

17
.8

10
6.

7
fa

il
ur

e
at

6
92

66
5.

2
0.

06
52

20
.7

12
7.

4
6.

5
cy

cl
es

-
R

O
_I

O
+

2.
04

4
0.

1
1

1
60

4.
4

0.
02

92
10

.3
10

.3
F

ir
st

cr
ac

k
28

37
54

3.
:-

0.
03

04
4.

7
13

3.
5

ob
se

rv
ed

at
31

41
53

8.
5

0.
03

05
4.

6
14

7.
4

62
nd

cy
cl

e,
62

82
50

8.
7

0.
03

18
4.

6
29

0.
8

co
m

pl
et

e
75

9
9

39
1.

3
0.

03
54

7.
5

35
2.

4
fa

il
ur

e
at

75
.5

cy
cl

es

a.
T

o
eo

nv
en

in
.

to
em

.
m

ul
ti

pl
y

by
2.

54
,k

ip
-i

n
to

kN
.m

m
ul

ti
pl

y
by

0.
11

22
5

b.
In

cl
ud

es
th

e
ar

ea
un

de
r

fr
ac

ti
on

al
fin

al
cy

cl
es

.
c.

F
or

sp
ec

im
en

s
R

J_
1

2
an

d
R

I_
1

3
.t

he
se

va
lu

es
ar

e
es

ti
m

at
ed

.
d.

E
st

im
at

ed
va

lu
e.



0.120.100.04 0.06 0.08
Specimen Drift, rad.

0.02
0.0 '------L_-'-_-'----'_--i-_-'--_1-----l..._-'--_.L.-----L_---'

0.00

15.0

M_19

(t)

a.:; 10.0
Iie
0
LL...
0-..
~ 5.0-uc(

,5600
&!L
:;
Jc
1 400

i
C
~ 200

0.120.100.04 0.06 0.08
Joint Rotation, red.

0.02
O'------'---'--..........- .........- .........----''------'''---'--.........-"''''''"--.L...-----'

0.00

Figure 3-6 Experimental Results for the Monotonic Test
Specimen M_19

3-11



20.0 r--__r_--~-__r_-___,r__---r--____,--_r_-__,

l 10.0
:;
.;
e
l. 0.0 1-----7"-------+-----~7II'_--___i..
S
.ao
-e -10.0

0.10
-20.0 L..-.._--'-__l--_--'-_---JL....-_--'-_---I__.........._---I

-G.10 -G.05 0.00 0.05
Specimen Drift, rad.

1000 .--------r---~--.___-----r---...,.._-____,.___-___,_-___,

'E

~-soo

csoo
~
:;I 0 I----------lf------t---------hl-------t

-1000 L..-_........__......L.-_---'I....-_.........__-'--_---I'--_--'-_---'

-G.10 -G.05 0.00 0.05 0.10
Joint Rotation, rlld.

Figure 3-' Experimental Results for ± I~ Drift
Specimen Rl_06

3-12



20.0 r------.----.-----.------.........-...,....-----.---r-----,

! 10.0
:;:
of
2
tl. 0.0 ~-----__...e:.:...-..----+------__J~--____l..g
2
u
C -10.0

-20.0 I....-_--'-__"'--_............__....L-_-..L__..........._----'__....I

-0.10 -0.05 0.00 0.05 0.10
Specimen Drift, rad.

1000 r------T'"--......---...r-----r---........--.......,.--~-----,

0.10-0.05 0.00 0.05
Joint Rotation, rad.

O~----____..,.c;;...--__+_----___+~---____l

-1000 l....-_--'-__...........__I....-_....L.__....-_----''-_......L.._----J

-0.10

c
.s: -500

.5 500
Q.
:ail
.,;

i

I

Figure 3-8 Experimental Results for ± 7% Drift
Specimen Rl_09

3-13



20.0 r--------r------,.------r-----,--~- --..,...--,---.....,

l 10.0
:;

§
~ 0.0 I------~~---+_---___#-----_t...s
~
c -10.0

-20.0 l...-_---'-__........._---L.__.....L-_--'-__-'--_~__.......

-0.10 -0.05 0.00 0.05 0.10
Specimen Drift, rad.

1000 .-------r---.------r------,.------r-----.--~-___,

Ol------~-.,.----+_---_H-----_t

c
~-soo

c 500
1.:;
.:
i

i

-1000 L...-_---'-__........._---L.__........._--'-__-'--_---''--_.....

-0.10 -0.05 0.00 0.05 0.10
Joint Rotation, rid.

Figure 3-' Experimental Results for ± ''*' Drift
Specimen Rl_05

3·14



20.0 ,..---"""T"""----,.-----.....,.---,--.....,.---,----r----,

~,, 2

~~~-.6
17--_ 7~

af 0.0 1-- ~c----+_--~~-----_1

~

Ii!

~
..: -10.0

l 10.0
:;

-20.0 '--_.........._---'__-'-_----L__-'-_.........__"""'--_--'

-0.10 -0.05 0.00 0.05 0.10
Specimen Drift, red.

1000 .-----....,....----,---r-

...-""'lrJ---2

~~,-6

01------- ~--+_--~r:...---____.--_1

Cydo.J-c
~-500

.5 SOO
Q.
~

.1 000 '---_.~__....L..-_ __.L__....L___ ____''---_~__L...-_.....J

-0.10 -0.05 0.00 0.05 0.10
Joint Rotation, red.

Figure 3-10 E~Lperimental Results for ± 5'l1 Drift
Specimen RI_03

3-15



20.0 r----"""'T"""----,r-----r-----,----r--~--...,._-___,

l 10.0
:i: 2~~j--_-:: 8
~ 11---12

o 0----13
U. 0.0 t----------::"?"/"~==:::t:=:~~-------""'1..
S
«I

fi
c( -10.0

0.10'().05 0.00 0.05
Specimen Drift, rad.

-20.0 L...-_~_ ___I.__......_--L.__I.--_~_ ___I._~

-0.10

1000 ..-------,----,---__.-----r---..,..-----,--..........------,

Cycle'-c
'0
., -500

c 500
X ---8
::i:J m+ 12

c /1/'------13i 0r--------:71!=-=::::::E::~~-__t-~

0.10'().05 0.00 0.05
Joint Rotation, rad.

-1000 L.-_--'-__....J..-__L....-_--L..__....L-_---'__.........._~

'().10

Figure 3·11 Experimental Results for ± 4% Drift
Specimen Rl_02

3-16



20.0 ...----,---,.....-----r---.----___..---,-------,----,

!. 10.0

:i2 __~~~1~~~~~8~~~ ~
~

If 0.0 ~-------_7"'''---t--~----------1
S
~
CIC -10.0

0.10-0.05 0.00 0.05
Specimen Drift, 1'8d.

-20.0 L...-_.........__"'----_--A..__..&.-_~__-'--_ ___'___'

-0.10

1000 r----,---~----r--.----___..---,-------,,....._-...,

Cyde#l

;;::--__ 3
-t-~~ 1 15 23

24
--~~~F!fI1;-L.----25

Ot----------..,.F--+-.,.iIJL--------lI~____l

c
~-SOO

csoo
l.
:i2
J

i

i

·1 000 L...-_.........__"'----_--A..__""'-_~__....I_.__ ___'___'

-0.10 -0.05 0.00 0.05 0.10
Joint Rotation, red.

Figure )-12 Experimental Results fort 3~ Drift
Specimen Rl_04

3-17



20.0 r------.---....---~--~-____.--_._-____.,..__-.....,

25

l 10.0
:;
.;
2
:. 0.0 1-----------7.::I~~~--------_____i
~

j
C -10.0

-20.0 L......-_--'-__""'"--_......I..- L..-_---'-_---'__-'--_----J

-0.10 -0.05 0.00 0.05 0.10
Specimen Drift, rad.

L-_ Cycle.

25'!.!1~'~~L_ 45
78,-----:::10'5-'

95_-tK.".4
Ot----------7#--:::fl::~--_+_-----__;

-c
'0
"-500

c 500
X
:;
..:c•
I

0.10
-1000 1...-_--1.__-'--__'--_..........__-'--_---''''---_--'-_----'

-0.10 -0.05 0.00 0.05
Joint Rotation, rad.

Figure 3-13 Experimental Results for ± 2~ Drift
Specimen RI_01

3-18



(a) Selected SpeclmeDs
0.20 ~------------------------,

0.15
i:::

4% Drift
~
U
>.u.. 0.10.,
a.
>. 3 % Drift~...,
cw

0.05 2 % Drift
...............

1.000.800.40 0.60

Cye. '/Nff

0.20
0.00 +--------.r-----.....,.-----.,.-----"T"""------,..-------l

0.00

(b) DetermiDatioD orIDdpieDt FaDure

ltl

~
~
u..
I
>.
2»•c
w

Cye. t/Nff

Figure 3·14 Energy vs. Cycle

3·19



fatigue crack extended only through about 70% of the angle thickness on the beam flange.

In such cases, failure was defined when the moment capacity reduced to a small (but non

zero) value.

3.5 Constant Amplitude (R=O) Cyclic Test Results

Two specimens were tested under constant amplitude cyclic loading with R == 0, in order

to investigate the effect of the type of stress reversals on the connection behavior. Testing

procedures are a'5 explained in Section 2 and the testing parameters for the specimens

RO_lO and RO_ll are given in Table 2-1. Specific test results are summarized in Table 3-1.

M-Oj and Force-Drift plots are given in Figures 3-15 and 3-16. It should be noted that for

these tests, an equivalent equi-amplitude rotation is defined as OJ = Omuj; Ominj . This is

necessary to make a meaningful comparison with the other (R=-l) constant amplitude

tests.

Failure occurred in the angle which was on the tension side.

3.6 Variable Amplitude Test Results

A total of five specimens were tested under variable amplitude displacement histories.

Three specimens (V_16, V_17, V_18) were subjected to step histories in which the

connection was initially cycled at a cenain drift for a specified number of cycles. After

this, the amount of drift was either increased or decreased and the test was resumed until

the complete fracture failure occurred. Two specimens (V_14, V_15) were tested under

sinUSOidally mcreasing or decreasing displacement amplitudes. A summary of the testing

parameters art: given in Table 2-1.

M-Oj , fOlce-Drift, relationships obtained from the variable amplitude tests are given in

Figures 3-17 to 3-21. The test results are summari7'.ed in Table 3-11. The table includes the

actuator displacement, the total number of cycles applied at each displacement block, test

frequency and cumulative number of cycles. The range of rotation and the range of

moment are also given with the single and cumulative loop areas. Single hysteresis loop

areas were calculated as the average of the loop areas at a particular displacement block

for step tests. However, exact loop areas were reponed for sinusoidally increasing or

decreasing amplitude tests.

From the constant amplitude test results, fatigue life relati<'nships have been developed
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(see Section 5 and 6) for application to appropriate cumulative damage models in order to predict

total fatigue lives of connections subjected to variable amplitude displacement histories. The

variable amplitude tests thus provide initial data to check the proposed damage models.

The results for the variable amplitude step tests are sununarized in Table 3-ll. One of the

specimens (V_16) was subjected to low-to-high constant amplitude displacement blocks; first 2%

drift for 50 cycles and then 4% drift until complete fracture failure. for a total of 58 cycles (Figure

3-17). Specimen V_17 and V_18 were tested under high-to-low constant amplitude displacement

blocks. V_17 was first subjected to 4% drift for 8 cycles after which it sustained 173 cycles at 2%

drift before failure (Figure 3-18). V_18 was tested under three different displacement blocks; first

4% drift for 5 cycles and then 3% drift for 10 cycles. Complete failure occurred during the 152th

cycle at 2% drift (Figure 3-19). For these tests. the number of applied cycles for the initial

displacement blocks was so chosen to consume approximately half the estimated life based on

range of rotation observed from the equi-amplitude tests.

Finally. specimens V_14 and V_IS were subjected to sinusoidally increasing or decreasing

displacement amplitudes between 0% and 4% within 20 cycles with a cycling frequency of 0.1

Hz. Specimen V_14 was tested by varying the drift amplitude initially from 0% to 4%. The

fracture failure occurred during 64th cycle. Incipient failure was observed at the 60th cycle. Some

selected cycles are shown in Figure 3-20. Specimen V_IS. however, was subjected to initially

decreasing drift amplitudes. The first surface crack: was visually observable after the 46th cycle.

and failure occurred at the 75th cycle. Figure 3-21 shows hysteretic loops at various stages of the

test. Test results are reported in Table 3-III. The table includes moment and connection rotation

range, total drift. area of single hysteresis loop and the cumulative area of the hysteresis loops.

3.7 Discussion

The moment-rotation relationship was observed to be nonlinear early in the loading sequence. For

the monotonic test. the connection was loaded to complete fracture failure which occurred at

approximately 12% drift (corresponding to 0.1 rad. connection rotation). After 1% drift (0.008

rad. joint rotation) was reached. the connection stiffness did not change significantly until before

the failure.

Figure 3-5 shows a brittle fracture failure which is possibiy because of the orientation of rolling

direction of the steel, i.e. it is perpendicular to the tensile stresses, as explained in Section 2.6.

Although it has not been investigated in the present study. the effect of the hole size and geometry
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on the moment capacity of the connection is significant. since the plastic yield line pattern

would change with those geometric properties.

It is evident that the total energy dissipated during the course of a cyclic loading is not

constant for different range of connection rotations and fatigue lives. However, it was

observed that for a given connection rotation. the per-cycle hysteresis energy was nearly

constant after a few cycles till incipient failure. The energy-fatigue life relationship i~

discussed in detail in Section 5. From Tables 3-1 to 3-II, it can be concluded that the total

hysteretic energy accumulation increases at the longer fatigue lives corresponding to

smaller per cycle loop areas. Total hysteretic energy ranged between 206.0 kip-in (23.3

kN-m) for ±8 % drift (Nf = 0.5 cyc.• Nff = 1.75 cyc.) and 1043 kip-in (117.9 kN-m) for

±1.5 % drift test (Nf = 397 eyc.•Nff =446 cyc.) for constant amplitude tests. For the two

tests at ±O.6 % (N! = 14461 cye., Nf! = 17064 cyc.) and ±O.8 % (Nf = 4379 cyc., Nff =

5341 cyc.) drift, these values were 10900 kip-in (1220.6 kN-m) and 3250 kip-in (365.3

kN-m), respectively.

It can be observed that the R factor does not have a significant effect on joint behavior. In

order to make a direct comparison, if one considers the equi-arnplitude 2% drift test w:th

R=-l (Rl_Ol) and 4% with R=O (RO_lO), in the 2% drift test with complete stress

reversals (R=-l), the fatigue life till complete fracture failure (Nff) came out to be

approximately 96 cycles whereas, for the R=O test with the corresponding drift value,

fatigue life was 76 cycles. Moreover, in tenns of hysteretic energy, cumulative energy up

to fracture failure was within 10% (Table 3-1). However, parameters related to the

incipient failure can give a better comparison as shown in Table 3-1. Fatigue lives (Nf) for

R=-l and R=O tests are 73 and 62 cycles. respectively. It should also be noted that the

average area for single hysteresis loop has a comparable value for the two tests. This

comparison is also given in Section 5, on the fatigue-life plots.

The general purpose of the cyclic tests was to quantify the cyclic moment-rotation

characteristics of this specific type of top-and-seat angle connection. In order to establish

the fatigue-life relationships. constant amplitude test results have been used in the rest of

this report. These relationships are mainly based on the total and plastic connection

rotation as well as energy absorption capacities and later applied to a damage model for

predicting the low-cycle fatigue behavior of the connection which is subjected to variable
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amplitude displacement histories.

As can be seen in Table 3-ll, the fatigue life for the low-to-high step test (V_16) is 55

cycles whereas for the high-to-Iow step test (V_17), it is 96 cycles. At each test, the

number of cycles for the first displacement block was chosen to be almost one half of the

fatigue life for the constant amplitude test with the same amplitude. The cyclic behavior of

the connection under low-to-high rotation amplitudes is observed to be quite different than

that under high-to-Iow rotation amplitude.

3-25



1S.O r-----r-'--r"-....,....-~-r______.-__._-....,....-~-...______,

10.0

I

:; S.O LJL~:::::::::::~~-~~
~ 0.0

s
D-S.O
c

-10.0

-15.0 L.....---L_.........._..L-_'______I. ~_'______I._._J_____J

-D.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Specimen Drift, 11Id.

750

500 RO_11

c

1 250
~

J

I 0

-c -250
~

-500

-750 ~----L_ __L._~_~_"'_____'_~_........._....&...__"'____..I

~.01 0.00 0.01 0.02 0.03 0.04 O.OS 0.06 0.07 0.08 0.09 0.10
Joint Rotation, 11Id.

Figure 3-15 Experimental Results tor the One-Sided Test (R==O) at +8~ Drift
Specimen RO_ll

3-26



15.0

10.0 RO_10

.. 1
~ 28
:ii 5.0 31
.; 67
~ 75
0 0.0~
~.e..
:::s -5.0-~

-10.0

-15.0 L..------"_---'-_......&.._....r...._"""'--_""--_a....----I_---'-_......&.._....I

-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Specimen Drift, red.

750

500 RO_10 Cycle II

c 28 .. I
1- 250 31 67~

Jc 75~ 0

i- -250c
"0..,

-500

-750 L..-----I_--'-_--'-_--L.._....L-_""'--_.L-..---II..---.l._......&.._~

-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Joint Rotation, red.

FilUre 3-16 Experimental Results for tbe One- Skied Test (R=O) at +4~ Drift
Specimen RO_10

3-27



10.0

V_16
54

co 5.0
&2.
:i

•~
i. 0.0..

50.9
!-uc -5.0

-10.0 L..-_'--_'--__'--__'-----I'-------I_---'_--L_--L_--'

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
Specimen Drift, I'8d.

500

V_16 51
54

c 250
'T --58
&2.:;
J

i 0i 50

CYcIe,_1-c
~ -250

-500 ~_"'___"'___...I...__"""""--_~_"""___.....L..__.....L..__ ........_ _J

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
Joint Rotation, rad.

Figure 3-17 Experimental Results for the Step-Test at ± 2~,± 4~ Drift
S~imenV_16

3-28



10.0
_1

V_17

.. 5.0
~:;:

~
If 0.0..
0-..
~-uc -5.0

-1 0.0 L...- L...----JL...-_..l'-----I_---I_----'_----L_----J._----J._~

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
Specimen Drift, red.

500

V_17

250 10
c:

60"T
~

:;: 120.- 181i
E 0

i- Cyete 1#c:
'0
., -250

-500 L...-_L...-_L...----JL...----JL...----lL....----JL...-----'_---L_---L_---J

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
Joint RotBtlon. rad.

Figure 3-18 Experimental Results for the Step-Test at ± 4%,± 2% Drift
Specimen V_17

3-29



10.0

V_18
11

fit 5.0
34a.

:;
.; 146
e
~ 0.0..
.s
!J-Jl -5.0

-10.0 L...-_L...----JL....-_L....- L....----J'-----'_---'_---I._---I._--J

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
Specimen Drift, red.

500 r---,...--,...--..,..--~-..,.--..,.....-""T"""-""T"""-_r_-....,

c 250
1
:;

c
~ -250

...-::;/"1---1--11

~"1---+_-+-_34

Y.%-;::....c-H----f'---+---146

Cycle'

-500 L....-_.L...-_.L...-_...L...-_...L..-_...L..-_....L..-_--'--_--'--_--'--_....J

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05

Joint Rotation, rad.

Figure 3-19 Experimental Results for the Step-Test at ± 4,*,± 3,*,± 2,*, Drift
Spedmen V_18

3·30



10.0

V_14 1.
fI) 5.0 53
Q.
:i! 63
If
~

i- 0.0..
0 ___ 33-2
:l -5.0

-1 0.0 L.....-_~_"---_..L--_...I..-_..J-_-'--_-'--_.....I...-_........._-J

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
Specimen Drift, rad.

500

V_14 '4 18

250 8
53c

A- 63
:i!
J 33c
I 0

i- Cycle It .---Jc
'0

·250.,

-500 L.....-_'-_"---_..L--_"""--_..L-_-'--_-'--_.....I...-_........._.....I

~.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
Joint Rotation, rad.

Figure 3-20 Experimental Results for the Incremental-Decremental Test
±O to 490 Drift, Specimen V_14

3-31



10.0
1

V_15
35., 5.0 46a.

:i!
0) 68
2 74
~ 0.0..
0- 12..
:::J-Co)

-e -5.0

-10.0
-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05

Specimen Drift, red.

500

1

V_15

250
35

46c
D.
:; 68
J __ ~_ ~_ 74C

I 0

:I 12-C Cycle It
"0.., -250

-500 '--_...L-_........_.......I.._--I._---Io__I..--_..I-..-_...L-_.........._.......J

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
Joint Rotation, rad.

Figure )-21 Experimental Results for the Decremental-Incremental Test
± 4 to O'*' Drift, Specimen V_IS

3-32



SECTION 4

MONOTONIC BEHAVIOR AND CHARACTERIZATION

4.1 Introduction

This section seeks to characterize the moment-drift and moment-rotation relationship of the

monotonic behavior for the top-and-seat angle cOlUlection. An analytical investigation is

presented in order to predict the initial cOlUlection stiffness, mechanism moment capacity

and plastic connection rotation. Predictions are compared with those of previous

researchers. The complete moment-rotation curve is calibrated for the Menegotto-Pinto

(1973) analytical model which incorporates the plastic and elastic cOlUlection stiffness ratio,

yield moment and a shape factor.

The moment-rotation characteristics for both experimental and analytical studies are

determined from the graphs given in Figure 3-6 to 3-21. The comparisons of the test results

with the predicted values are discussed in Section 4.4.

4.2 Modeling Monotonic Performance

The following analytical study has been performed in order to predict the initial connection

stiffness, plastic rotation capacity and the plastic mechanism moment capacity. The

relationship between moment and overall joint rotation was derived using basic equilibrium

principles. The model used for this purpose is given in Figure 4-1 a and Figure 4-1b.

4.2.1 Elastic Stiffness and Deformation Modeling

Figure 4-1 a shows the center lines of the beam and column sections and the moment

diagram for the given loading. Joint equilibrium requires that

(4-1)

in which Vc= end reactions due to cantilever loading, Vb= actuator load, L= beam length

plus one half the column section depth, Lc=total column length, Lb=total beam length.

From the geometry of the deflected shape in Figure 4-1b,

!iTr°T =e L
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(4-3)

(4-4)

in which, 8Te= overall elastic joint rotation = 8be+ecol+Yj+aje, and ~Te= total elastic

displacement. where

V L2
l}, e e
v eol = 12El

c

2
v"Lb

aI>, = 3EI
b

Elastic rotation due to joint panel shear. Xi can be easily detennined considering the moment

diagram in Figure 4-1 a. The slope at the joint region, i.e. the joint shear force is

(4-5)

using the moment equilibrium given in E{}.(4-1).

(4-6)

and therefore, assuming constant shear force and elastic behavior. the joint panel rotation

due to shear can be wrinen as

V'hy. = _J_
I AG

(4-7)

Substituting Eq.(4-6) into (4-7),

y. = ~(Lb_!::...l
J Gtwehe hb Le)

(4-8)

in which hb=beam depth. he= column depth, twe=column web thickness. Consequently. the

expression for the total elastic joint rotation takes the following fonn,

(4-9)

in which 9je is the elastic relative connection rotation. Substituting the corresponding

expressi(}ns into Eq.(4-9),

(4-10)
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In order to obtain an expression in terms of initial joint and connection stiffnesses, the above

equation can be multiplied by II (VbLbL ) , noting that L ~ = V°r~
b Tr b b

(4-11)

After substituting the known geometric parameters and solving for initial connection

stiffness, Eq. (4-11) takes the following fonn:

1.078 1
(KTJ . 71,250• rxp

(4-12)

in which (KTe)exp= experimentally obtained initial joint stiffness (= VbLIOTe ) and Kje=

initial connection stiffness (= VbLblOjr ).

Kishi and Chen (1986) and Kishi et.al. (1987) have developed an expression for the initial

connection stiffness of the top-and-seat angle connection based on kinematic and

equilibrium principles, assuming a center of rotation as shown in Figure 4-2b. The resulting

equation is

4E/s 3£/, (~)
Kjr = -/- + 2 2"3

so 1 + 0.78', / g3 g3
(4-13)

Subscripts ',' and's' denotes top and seat angle respectively. The critical distance, Iso is

defined as the distance from plastic hinge at the seat angle (center of rotation) to the tip of

the angle leg on beam flange. Note that, in Eq. (4-13), g3 = g - ~ - qby Kishi and Chen's

definition.

Funher modeling for the plastic joint rotation can be carried out in a similar way. Figure 4

2a shows the mechanism for the model. Total joint rotation can be written in terms of its

elastic and plastic components as,

(4-14)

From geometry (Figure 4-2a), it can be shown that,
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9. Lb9 =~
Tp L

and elastic rotation is simply,

Substituting Eq.(4-15) and (16) into Eq.(4.14) and rearranging tenns,

(4-15)

(4-16)

(4-17)

in which, 9jp=plastic connection rotation, 9-r= overall joint rotation, P= average actuator

(applied) force, KTe=overall total elastic joint stiffness.

4.2.2 Plastic Moment Capacity

The plastic moment capacity of the connection is detennined using virtual work principles

based on the plastic hinging in the connection elements as shown in Figure 4-2b and c.

External and internal work done can be written as

EWD = M. 9.
IP IP

(4-18)

(4-19)

(4-20)

= 2m(9. +a)
IP

where ml, m2' m3 are moment strengths per unit length, all equal m (fybt2 /4) for this case,

9jp=the plastic rotation of the semi-rigid joint connection, and a= rotation of the top angle

yield line which from geometry may be defined as

d2a = -9.
gl lP

Equating Eq.(4-18) and (4-19) and solving for Mjp'

M. = 2m[ 1 + d2
)

IP gl
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(4-21 )

in \\ hich for a single yield line across the width of an angle

b?
m =1

.' 4

t
d2 = 2+ hb + k

H
81 = g-I- k

where b= width of the angle. t= thickness of the angle and g= distance between the yield

lines in the top angle. k= dist~ce from heel to toe of fillet of angle. g= distance from heel of

the angle to the bolt center line, H= diameter of the washer or bolt head. By substituting the

known parameters into Eq. (4-20),

/ybl( t/2 + hb + k) (9.3425)M. = - 1 + = 0.457j, 1 +--
JP 2 81 y 81

Note that for the above equation, the plastic mechanism moment capacity of the top-and

seat angle connection is very sensitive to the value of gl' This value can be defined in

different ways depending on the geometrical orientation of the bolt head and/or nut and

washers. Hence, in the present experimental study, it was observed that orientation of the

bolt head had a significant effect on the distance between plastic hinges as well as the modes

of hinging. To examine the sensitivity of gl on the plastic moment capacity, three scenarios

ar~ explained in what follows:

a. Upper Bound Strength:

If one of the apexes of the bolt head is pointing toward the yield line m3, (Figure 4-2b) then

the distance gl becomes a minimum with the yield line passing directly beneath the

hardened washer. However, it should be noted that in the limit as g1~ 0, shear capacity

rather than the flexural capacity of the angle governs the plastic moment capacity, which

yields the following equation:

( hb + k)
Mjp = 2m 1+ -r- = 11.6f y

For the present specimen this gives Mjp = 491 kip-in based only = 42.3 ksi, and at fracture

where/su = 64.7 ksi, Mjp = 751 kip-in.

b. Lower Bound Strength:

If load indicator washer are used, then the yield line m3 is able to penetrate up underneath
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the bolt. approaching the center of the bolt hole. In this case.

gl = g-k = 2-0.875 = 1.125 in.

This gives Mjp =180 kip-in.

c. Nominal Plastic Strength:

Post-test inspection revealed that in most cases a radial fan yield line fonned beneath the

bolt head and washer connecting the angles to the column. Such a yield line pattern is shown

in Fig 4.4(d). Using the principles of virtual work for this pattern gave a plastic joint

capacity of Mjp=280 kip-in.

4.2.3 Shear Effects on Joint Strength Capacity

Kishi and Chen also developed an expression for the mechanism moment capacity of top

and-seat angle connections (For details. refer to Kishi and Chen 1986). In the following

equation. the effect of shear force on the moment capacity is also taken into account.

Mul = Mos+Mp,+Vp,dz

Vpt is determined by solving the following equation:

then Mpt becomes

M = Vp,gl
p' 2

and Mos is the plastic moment capacity of the seat angle.
2

_ fit
Mos- 4

(4-22)

In Section 4.4. moment capacities calculated using above fonnulation and compared for

various failure modes discussed earlier.

4.2.4 Modeling the Moment-Rotation Behavior

An analytical model to describe the moment-rotation behavior of the connection is
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incorporated in the present study. which uses the Menegono-Pinto (Menegono and Pinto,

1973) equation. This is a powerful means for describing a curve between two tangents that

has a variable radius of curvature at the intersections. The basic form of the equation for a

monotonic loading is

(4-23)

in which. Kje= initial elastic stiffness of the joint, 9j= connection rotation. My=yield

strength which is at the intersection of the elastic and plastic tangents. Q= ratio of the post

yield plastic to elastic tangents KjpIKje' and R= a curvature parameter which may vary

between 1 and 25 (the high~r value giving a bilinear curve). The graphical detennination of

the parameters Kje, Kjp• 9jy and My is shown on Figure 4-3

Strictly. the values of Kje. MY' Q and R should be determined using nonlinear regression

analysis. However. in view of the significant scaner in the results Kje and Kjp (and hence Q)

may be determined from the average of a series of experiments, and My may be found

graphically as the intersection of the two tangents (Figure 4-3). Experimental values for

these parameters are assessed in Table 4-1.

The value for the parameter R may be determined from a graphical construction such that

(4-24)

in which M(9jy)= experimental moment capacity observed at the "theoretical" yield

rotation.9j= 9jy. From the present study M(9jy)!My =0.72. thus R "" 2.

4.3 Monotonic Test Results

Figure 4-4 shows the experimentally observed moment-rotation curves which are extracted

from the first cycle of the cyclic test results as well as the monotonic test itself.

In order to investigate the repeatability and reliability of the monotonic behavior. initial
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stiffnesses. elastic, plastic rotations and plastic moment capacitie~ from some of the cy.::lic

tests are compared on Table 4-1. The initial connection stiffness was determined both from

the M-ej plots and using Eq. (4-12) derived in the following section. A secant slope was to

allow comparisons to be made among the different tests and to indicate the early connection

stiffness. Since the initial tangent slope is highly sensitive to any irregularities in the first

few data points. the secant slope may better represent the initial connection stiffness. As can

be seen from Table 4-1, initial cOImection stiffnesses ranged between 138,500 kip-inirad

(15,700 kN-m/rad) for specimen RI_06 and 93,000 kip-in/rad (10,500 kN-m/rad) for

specimen RO_lO. However, except for specimens Rl_05 and RI_06. connection stiffnesses

stayed in an acceptable range. These results are used in modeling the momellt-rotation

behavior in subsection 4.3.3.

Monotonic test results are also used in detennining the low-cycle fatigue behavior. In this

case, it is assumed that the test results for specimen M_19 correspond to 1/4 cycle fatigue

life. Details ohhe fatigue results are given in Section 5.

4.4 Discussion

An analytical investigation was carried out in order to predict the monotonic characteristics

of this specific type of top-and-seat angle connection.

First, an analytical study was perfonned on the model test setup shown in Figure 4-1 a. Since

the shear deformation in the panel zone of a joint would affect the overall behavior of the

connection, it has been realized that the rotation due to that effect must also be included in

the formulation assuming an elastic behavior at the column web. Figure 4-la shows the

correct moment diagram which accounts for the large horizontal shear force at the joint

region. Consequently, Eq.(4-12) was derived using the equilibrium condition to predict the

initial connection stiffness based on the Force-Drift behavior of the joint.

The main purpose of this experimental study was to investigate the low-cycle fatigue

behavior which requires the post-elastic behavior to be studied. Therefore, in order to

predict the plastic connection rotation, simple failure mechanism was used for the model

semp as shown in I'igure 4-2. From the geometry of the mechanism, h)tal drift could be

easily related to plastic connection rotation by Eq.(4-17) as explained in Section 4.3.1. The

predicted values are evaluated for the constant amplitude cyclic tests and monotonic test.

The comparison of the predicted initial stiffnesses and plastic cOlUlection rotations wilh the
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experi!" entally obtamed values. Table 4-1. indicates that the initial stiffnesses predicted .':.

Eq.(4-12) are generally greater than those obtained experimentally. However, this difference

is not larger than 10% (10% for Rl_06. 9% for Rl_05) which is quite acceptable.

Kishi and Chen (1986, 1987) obtained an expression for the initial stiffness of top-and-seat

angle connections (Eq. (4-]3» by modeling the flange angles as assemblies of beam

segments (Figure 4-2b and c). This equation is simply the sum of the stiffness contributions

of two flange angles under a monotonic loading. In Eq.(4-13), a small change in g3, which is

defined as "the length of the venical leg that acted as a cantilever beam "(see defonned

shape of top angle on column flange in Figure 4-2b) would change the overall stiffness a

considerable amount. In order to demonstrate the effect of 83, Table 4-II gives three

different stiffness values that may be obtained using tluee different possible g3 values.

These values were determined by considering the possible bolt head orientations.

The first tenn in the equation which was assumed to represent the seat angle contribution to

the stiffness is insignificant compared to the second term.

Table 4-0 Comparison of Predicted Initial Connedion Stiffnesses (Eq.4-13)

Predicted Predicted Total

Iso d} 83 Stiffness Stiffness Predicted
(seat angle) (top angle) Stiffness, Kje

(in) (in) (in) (kip-in) (kip-in) (kip-in)

5.25 9.03 1.06250 631 154,000 154,500

5.25 9.03 1.18750 631 112,000 113,000

5.25 9.03 1.09375 631 142,000 142,500

It is obvious from Table 4-II that even the position of bolt head affects the initial connection

stiffness up to 25%. Therefore, assuming an average value of gl as 1.1146 in (2.83 rom), the

initial stiffness comes out to be 134,500 kip-in. (15,000 kN.m) using the Chen and Kishi

model.

Funher analysis was carried out for the mechanism moment capacity of the connection. The

value of 81' which represents the distance between yield lin~s in Eq. (4-21), also depends on

the orientation of the bolt head and washer which was found to affect the yield line pattern
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as explained in Subsection 4.3.~. Hence, thret' possible v... ues are reponed herein as upper,

lower bounds and nominal strength. Capacity ranges between 180 kip-in (20.2 kN-m) and

501 kip-in (56.2 kN-m) based on yield strength of the angle material taken as 41.4 ksi (285.4

MPa) assuming an average value of those reported in Table 2-1 for transverse coupon

specimens.

Chen and Kishi (1986, 1987) also developed an expression, Eq.(4.22), to predict the

mechanism moment of a top-and-seat angle connection. This model consists of considering

each angle individually and determining the plastic moment contributions of the assembly

angles. In this model, effect of shear is also included. This equation also involves the 81

value which was mentioned above. Table 4-llI summarizes the possible predicted

mechanism moments for upper and lower bounds as discussed earlier, depending on the

value of gl' As can be seen in Table 4-m, the Chen and Kishi model underestimates the

upper bound mechanism moment. However, for the lower bound, the model is accurate.

The values for different yield line spacing and failure modes, cover the range of the

experimentally obtained moment capacities as shown in Figure 4-4. This implies that the

capacity of bolted semi-rigid connections could be more reliably controlled if the location of

hinging in the angle adjacent to the column is fixed.

Table 4-111 Comparison of Predicted Mechanism Moments (Eq, 4-22)

Mos Mpl Vpt
Mul

81 (in) (Chen & Kishi)
(kip-in) (kip-in) (kip)

(kip-in)

0.375 9.46 6.85 36.56 357

1.125 9.46 9.34 16.62 174

Finally, the experimental moment-rotation curve is calibrated for an analytical model

(Eq.(4-23)) which incorporates the plastic, elastic connection stiffness ratio, yield moment

and a shape factor. This model is compared with experimentally obtained M-aT relationships

on Figure 4-4. In a recent publication by Kishi, et aI. (1993), it was as~ened that the Richard

and Abbot equation is suitable for describing moment-rotation behavior of semi-rigid

connections. This equation is identical to the more general Menegotto-Pinto equation, but

4-11



with Q=O. This conservativt:y assumes that there is no strain-hardening in the connection

For comparative purposes, the Richard and Abbot (1975) equation is shown with the

Menegono-Pinto equation in Figure 4-4. It is evident that the top-and-seat angle connection

does indeed exhibit significant strain-hardening which should thus be accounted for in the

analytical modeling.
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Figure 4-3 Menegotto-Pinto Idealization

4·15



1000~-----------------"?""'"--------,

800
c

"
Q,

:i
600~- .---c

Q)

~ndE
0

== 400 for M-P eqn.-.E
0..,

200

0.100.080.04 0.06
Joint Rotation, rad.

0.02
O+-----....,......----~----_r_----_r_---__I

0.00

1000.....------------------"'"'7"--------,

-.E
o..,

800

600

400

200

Upper bound ~~;
for M·P eqn.~

..-/
.,.../ Menegotto-Plnto

// Nominal (Eq. 18)

/
Richard-Abbott Eqn

(Q-O)

0.100.02 0.04 0.06 0.08
Joint Rotation, rad.

Figure 4-4 Comparison of First Quarter Cycles

O+-------y-----r-----.-------r------f
0.00

4-16



SECTIONS

LOW-CYCLE FATIGUE RELATIONSHIP BASED ON DRIFT AND

HYSTERETIC ENERGY

5.1 Introduction

In this section, low-cycle fatigue relation!>hips are developed for the top-and-seat angle

connection, based on both total and plastic conn~ction rotations and cyclic energy, using

the experimental data from the constant amplitude tests. It was found that these

parameters versus the number of cycles to failure each produces a linear relationship on a

log-log plot which is similar to the classical S-N curves used for metals. Equations for

these linearized relationships are determined using a least squares regression analysis.

Various fatigue models are derived relating the following: (i) plastic connection rotation

(8jp) to number of reversals till incipient failure (2Nf), (ii) 8jp to number of cycles to final

fatigue fracture (2Nff), (iii) total connection rotation (8j) to (2Nf ), (iv) 8j to 2Nff, (v)

cumulative cyclic hysteresis energy till incipient failure (Wf) to (mf ), (vi) cumulative

cyclic hysteresis energy to fracture (Wff) to 2Nff, and (vii) average cyclic hysteresis

energy (Ii.W f) to (2Nf),

5.2 Low-Cycle Fatigue (LCF) Models

In experimental low-eycle fatigue studies, fatigue life is commonly expressed as a

function of the total and/or plastic strain. If the strain at critical locations in a structural

element could be measured, then in conjunction with a suitable cycle counting method and

an appropriate S-N type of fatigue model, the fatigue life under random cyclic loading

could be predicted. However, structural elements are often rather complex systems, and it

is not practical and indeed generally impossible to make strain measurements at the

critical locations of a connection. Instead of using strain versus number of cycles

relationship, analogous models based on total and plastic connection rotations are

developed herein.

Cyclic loading involves a certain amount of en¢rgy dissipation for a certain displa~ement

amplitulip.. Therefore, it is also reasonable to relate cyclic hysteresis energy to fatigue life.

From FigLlre 3-14b, it can be observed that there is not much of a variation in the
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hysteresis energy absorbed per cycle during the fatigue life. For this reason, a relationshir

between average cyclic hysteresis energy and number of cycles can also be studied a~

discussed in what follows.

Fatigue tenninology often differs slightly from one study to another. Therefore, it is

considered wonhwhile to summarize the basic tenninology which is employed herein.

The fatigue life, N f is defined as the number of cycles to the point of incipient failure at

which the first surface crack was observed. However, the number of cycles to complete

final fatigue fracture (separation) is defined as Nff. Average cyclic hysteresis energy, ~Wf

is determined as the area of single hysteresis loop at half-life: at cycle number n:::: O.5Nf .

Total hysteretic energy is denoted as We and Wff for incipient failure (first crack) and

complete fracture, respectively. These values are reponed in Table 5-1 for constant

amplitude tests and the monotonic test. Table 5-1 also includes total drift and the plastic

rotation of the connection.

The linear log-log relationship of plastic strain to the number of reversals (2Ne) to failure

was first developed by Coffin (1954) and Manson (1953). This concept can be adopted and

extended for semi-rigid connections using plastic connection rotation instead of plastic

strain:

(5-1)

where e'N! = fatigue ductility coefficient and b = fatigue ductility exponent. These

coefficients are determined by fitting a linearized log-log model to the experimental data.

Another variation of the Coffin-Manson relationship suggested by Koh and Stephens

(1991) uses total strain instead of plastic strain only:

(5-2)

The fatigue life of a material subjected to a given strain range can also be estimated by

superposition of elastic and plastic components. given by another variation of the Coffin

Manson relationship as follows:

(5-3)

where M' =a moment related coefficient and Ke= initial connection stiffness.
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The average cyclic energy. ~Wf can be related to fatigue life in the following fonn

(5-4)

where !!:'Cf and d are material constants.

Similar to the above models. Tong. Wang and Xu (1989) related cyclic hysteresis energy

Wf • to fatigue life using the relationship

(5-5)

where Cf and e are material constants. The relationship between total energy absorbed

during the fatigue life of a specimen till failure and number of reversals has the following

form.

(5-6)

where Cff and f are material constants.

By combining Eqs (5-1) and (5-5) to eliminate 2Nf • a relationship between the total work

capacity and the constant plastic amplitude is obtained.

db
Wf = CnIfM. (9. )

v lP lP
(5-7)

-~/b

where CO! = Cfl (e'Nf)

The value of this relationship will become evident when utilized in the damage model

described subsequently in Section 6. In Eqs (5-4) to (5-7) Mjp is used to keep the fatigue

relationships independent of size (geometry and material strength).

Table 5-1 also lists the fatigue results for both monotonic and one-sided constant

amplitude (R=O) tests. However. these results are not used in the least squares regression

analyses performed on the constant equi-amplitude (R=-l) test results to determine the

best fit for the above mentioned relationships. They are included in the fatigue plots for

comparison purposes only. In the following subsections, various fatigue models are

discussed.

5.3 Results of Linearized Regression Analysis

Regression analyses were performed on the nonlinear data sets by taking logarithms of the
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(x, y) pairs such that X ::;; logx and Y ::;; logy, Least squares regression analysis was then

perfonned on the linearized (X,Y) data to find the coefficients a and B such that

Y ::;; ax+B

Thus in tenns of the original data the relationship becomes

a)' =bx
B

where b = 10 .

(5-8)

(5-9)

Results of the linearized regression analysis are presented in Table 5-11 for both incipient

(first crack) failure and fatigue fracture (separation). It will be noted that the right hand

column of this table lists the correlation coefficient?, where a perfect fit would be given

by r 2=I, smaller values indicating an increasing degree of scatter.

Table S-D Low Cycle Fatigue Relationships Determined From
Linearized Log-Log Regression Analysis

Equation No. Best Fit ~

5-1 Ojp ::;; 0.0672 (2N
f
) -0.308 0.977

5-1 Ojp = 0.0816 (2N
ff

) -0.324 0.962

5-2 OJ = 0.0689 (2N
I
) -0.255 0.970

5-2 OJ = 0.0810 (2N
II

) -0.269 0.955

5-4 l\W = 0 257M. (2N) -0.479 0.928I . lP I

5-5 W =o137M. (2N) 0.512 0.966I . lP f

5-6
0.492

0.946WII = 0.175Mjp (2Nff)

5-7 W = 0OO71M. (e. ) -1.212 0.934I . lP lP_.
W ::;; 0 0268M. (0. ) -0.9525-7 0.836II . lP lP
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5.4 Proposed Form of Low-Cycle Fatigue Relationships

5.4.1 Theory

In the foregoing least squares analysis it was assumed that errors are present in the

dependent variable and that the independent variable is error free. However, all the

parameters used in the regression analysis were subjected to some degree of random error

re~ulting from how the experiments are peno:med and the results interpr~t~d. Therefore.

the exponential coefficients derived above should not be regarded as absolutely fixed. but

rather as indicative to what power can be adopted for a general expression. From Table 5

n. it is also evident that the exponents for the relationships relating number of reversals to

incipient failure as well as final fatigue fracture are similar. If these exponents were forced

to be the same, then the ratio of the coefficients can be used to relate the incremental

proponion of work or number of cycles from incipient failure to complete fatigue failure

(separation).

Because of the similarity of the results between Nt and Nff the exponents have been fixed

(guided by the results from Table 5-II) and coefficients were determined as follows.

Consider the general power relationship

y =c/' (5-10)

If the power p is fixed, then for a given experimental x and)' value. the coefficient c can be

calculated from

(5-11 )

If this is repeated for all experimental data points and averaged, a single "best fit" equation

can be derived. Unlike the aforementioned linearized regression analysis, this procedure

implicitly assumes errors are present in both x and.v values.

5.4.2 Proposed Cyclic: Based Fatigue Relationships

Low-cycle fatigue is generally associated with a small number of cycles required for

failure of a specimen subjected to cyclic loading. This requires relatively larger

displacement amplitudes which causes a considerable amount of inelastic strain.

Therefore, study of the plastic behavior becomes an imponant aspect of low-cycI~ fatigue
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analysis. Moreover, past research has shown that the low-cycle fatigue behavior can be

modeled well with a plastic strain based approach. In the present study, plastic connection

rotations were detennined from the constant amplitude test results as discussed in Section

3 and presented in Table 5-1.

Figure 5-1 shows two different fatigue models based on the plastic connection rotation. A

regression analysis was carried out using the number of reversals to failure versus plastic

connection rotation. For the present study, the exponent b in Eq. (5·1) was found to be

close to -1/3. By adopting this result, as explained in the previous section, the coefficient

O'Nf was obtained giving the following expression:

o = 0.070 (2N
f
) -0.333

lP
(5-12)

In a similar manner, the case for final fatigue fracture life (2Nff), produced the following

relation,

9
jp

= 0.0849 (2NIf) -0.333 (5-13)

Eqs (5-12) and (5-13) are plotted against the experimentally obtained data in Figure 5-1.

These results, along with the experimental data are shown in Figure 5-2. Also shown are

+100% and -50% bounds with respect to the line of best fit. The significance of these

bounds are discussed later in Section 5.5.

For the total joint rotation, the exponents were found to be close to -0.3, and by adopting

this value expressions are derived based on the number reversals to incipient failure and to

final fatigue fracture as follows:

OJ = 0.0768 (2N
f
) -0.3

OJ =0.0887 (2NIf) -0.3

(5-14)

(5-15)

Figure 5-3 shows the application of superposition of elastic and plastic joint rotation

components on a log-log plot. As can be seen from the figure, the total joint rotation curve

approaches the plastic rotation life curve at large rotation amplitudes whereas it

approaches the elastic rotation life curve at low rotation amplitudes. In this plot, the values

of material fatigue constants corresponding to the elastic rotation component, which were

defined in Eq. (5-3), were found to be M / K
1

= 0.0075, c= -0.07 so the resulting equation

is as follows:

5-7



(5-16)

The exponent c should really only be considered as approximate because too few data

points were available in the medium to high cycle fatigue range.

5.4.3 Proposed Energy Based Fatigue Relationships

At high displacement amplitudes, plastic strain is the main reason for energy dissipation in

semi-rigid connections. Therefore, in this study a low-cycle fatigue relationship is

established based on the cyclic energy dissipation. The average cyclic hysteresis energy,

!iWf is approximated as thl: area of a single hysteresis loop at approximately half life (Nri

2) of the specimen. Similarly, cumulative cyclic hysteresis energy is detennined as the

sum of the areas of hysteresis loops till the incipient failure for Wf' or sum of the areas of

hysteresis loops until the final fatigue fracture for W fl.

A large degree of variability of behavior exists among the identical connections tested due

to bolt head orientation. As discussed in Section 4, this variation can be clearly observed

in plastic moment capacities as well as stiffness values. Therefore, in order to eliminate

this dimensional effect and to obtain a better fit of fatigue data, cyclic hysteresis energy

was nonnalized with plastic moment capacities, and the following fatigue relationships

were obtained.

To examine the effect of energy dissipation on low-cycle fatigue behavior during cyclic

loading, the energy per cycle at approximately half life, AW,lMjp was plotted versus the

number of cycles to incipient failure. Guided by the least squares equation given in Table

S-ll, the exponent was fixed at -0.5 and the following relationship which is plotted in

Figure 5-4 was obtained:

(5-17)

Multiplying both sides of this equation by Nt gives the total energy dissipated until

incipient failure. This changes the exponent to +0.5 which is relatively close to the value

obtained directly based on the least squares analysis given in Table 5-ll. By adopting an

exponent of0.5, the best fit relationship is

(5-18)
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An alternative fatigue relationship can be developed in a similar fashion that relates

energy and fatigue life at tinal fatigue fracture (separation):

WIf = 0.169M)p (2Nff) o.s

Figure 5-5 plots Eqs (5-18) and (5-19) along with the experimental data.

(5-19)

As discussed previously in Section 5.2, it is possible (0 derive relationships that relate

plastic rotation to the energy absorption capacity either at incipient failure or final fatigue

fracture (Eq. 5.7). It will be noted that for the results of the linearized least squares

regression analysis given in Table 5-II, the correlation coefficients obtained for these

relationships indicate inferior agreement with the test results. This appears to be due to the

high cycle results where little plastic rotation is obtained. Omitting these results from

evaluations and setting the exponent to -1.0, the following equations are obtained

-1.0
Wlf = 0.0229M. (e. )

lP lP

s.s Comparison of Fatigue Models with Previous Research by Harper et al.

(5-20)

(5-21 )

Azizinamini et al. (1985) and Harper et.al. (1990) performed static and cyclic

experimental studies on various types of semi-rigid connections. The specimens included

bolted, bolted-we.ded top-and-seat angle with double web angle cOlUlections. In the test

program, the angle thickness, length and gage (in the leg attached to the column flange)

were varied, together with the beam depth. In these studies, in order to take varying

geometries of specimens 'into account, a parameter R called "the nominal flange angle

chord rotation index" was introduced. This parameter was intended to represent the degree

of deformation (and thus strain) in the tension flange and was defined as follows:

[
(d + t) tane.]

R = 2 1
g - 0.5d",-t

(5-22)

in which d =beam depth, 1= flange angle thickness, dK/= diameter of washer, g= gage in

the flange angle; distance from the heel of the angle to the center of the bolt hole in the leg

of the flange angle attached to the column face.

The chord rotation index R, was then used in the low-cycle fatigue models related Ntt, the
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number of cycles to failure. It should be noted here that Harper et al. defined the fatigue

failure as having occured when the longest fatigue crack had extended over approximately

3/4 of the width of the flange angle. Fatigue lives ranged from 101 to 104 cycles. The

following regression results were reponed for all-bolted specimens:

N
ff

= 1.227 (R) -3.7857 (5-23)

Similar .:xpres.sions were derived for mixed cOIU1ections that contained both bolted and

welded elements.

A comparison can be made with the present results by substituting Eq. (5-22) into Eqs (5

23). The values for the geometric parameters defined in Eq. (5-22) are reported in Section

2. It should also be noted that tanaj = OJ for small rotation angles. Therefore, Eqs (5-23)

can be rewritten as:

(5-24)

The fatigue-life relationship for total cOIU1ection rotation (Figure 5-2) is compared with

that of Harper et al. (1990). Slight difference in the definition of fatigue failure between

the present study and Harpers' should be noted. Thus, in Figure 5-2, Eq. (5-28) plotted on

both OJ vs 2Nf and OJ vs 2Nff graphs.

S.6 Discussion

It is evident from the foregoing presentation of experimental results that there is an

appreciable amount of scatter in the plotted data. This poses problems in making

predictions of failure using the analytical relationships. However, most fatigue researchers

consider experimental results to be of good quality if a failure prediction can be made

within +lQO% or -50% of the line of best fit. These upper and lower bounds

approximately correspond to the 95 percentile range wirh a lognormal distribution in

experimental scatter. These bounds have been plotted in Figures 5-1, 5-2 and 5-4 to 5-6. In

all cases, with the exception of the high cycle data in Figure 5-6, the experimental results

fall well within this range of acceptability.

Also ploued in the above mentioned figures are the data points for the one-sided tests

when R == O. It appears that in the low cycle fatigue regime the results are not affected by

so called "mean stress" effects. This finding is in agreement with the Koh and Stephens
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(1991) observations for uniaxial low cycle fatigue in metals.

Comparison of Eqs (5-25) to (5-27) with corresponding relationships reponed in Table 5

II and Eqs (5-14) and (5-15) shows that a universal slope (i.e. exponent) of -0.333 can be

used for the types of semi-rigid connections tested, as it is -0.264 for the fatigue

relationship in Eq. (5-24) which was derived based on the data for both all-bolted and

bolted-welded specimens. It should be noted that the coefficients in the above mentioned

equations are dependent on the monotonic rotation capacity of a specific type of

cormection. In fact, considering this, a set of fatigue design curves with a slope of -0.3 can

be derived for semi-rigid connections. In Figure 5-2, Eq. (5-24) is plotted for comparison.

It is also of interest to compare the predicted fatigue lives based on incipient failure and

final fatigue fracture. From the results obtained, using Eqs (5-12) and (5-13)

NJlNf = 1.78. Alternatively, using Eqs (5-14) and (5-15) NJlNf = 1.62. Therefore, it

appears that the cyclic life beyond incipient failure is extended by around 60% following

which separation fracture will result. In terms of energy, by comparing Eqs (5-20) and (5

21) the ratio of the total work done until final fatigue fracture to incipient failure is

WJlWf = 1.52. These margins may be considered to be factors of safety with respect to

assessment based on incipient (first crack) failure.

Bearing in mind this factor of safety, dependable fatigue relationships may be generated

for~ such that first crack may be predicted that utilizes available energy absorption

capacity while ensuring that complete separation failure has not taken place. Thus,

reassessing the experimental results, it is recommended that the following dependable

~ relationships be used for design purposes:

9. = 0.062 (2N
f
) -0.333

lP

OJ = 0.06 (2N
f
>-0.3
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SECTION 6

DAMAGE MODELING FOR VARIABLE AMPLITUDE TESTS

6.1 Introduction

An energy based fatigue damage model is developed and applied to the variable amplitude

fatigue tests. The model utilizes the constant amplitude relationships derived in Section 5.

The energy based fatigue model is also compared with the more traditional fatigue life

model, that is Miner's Rule coupled with the rainflow counting technique (Matsuishi and

Endo 1968). The section first outlines this traditional approach and goes on to extend it to

an energy based model.

6.2 Miner's Rule

The basis for the linear cumulative damage model consists of converting random cycles

(displacement histories) into an equivalent number of C('ilstant amplitude cycles. Hence,

damage fractions due to each individual cycle are summed until failure occurs.

Independently, Palmgren (1924) and Miner (l945) were first to propose a method which

employs the linear damage accumulation law commonly known nowadays as Miner's

Rule. In this method. the damage fraction Dj for the ith cycle is defined as the life used up

by the ith event. Failure is assumed to occur when these damage fractions sum up to or

exceed 1,

(6-1)

where D j = (I I Nf ) j is the damage fraction for the ith cycle and (Nf}j =fatigue life at

rotation amplitude 9ji .

As discussed in the previous section. due to experimental scatter results of Miner's rule,

damage fractions I,D j are expected to fall between 0.5 and 2.0 at incipient failure. The

difficulty in applying this method to variable amplitude loading arises from the fact that

the loading histories in seismic events or other random loading such as wind or traffic

often do not have well-defined cycles. To overcome the irregularities of real load histories,

several cycle counting methods have been developed. One of the most widely used
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methods - the well known "rainflow cycle counting method" was used in this part of the

study.

6.3 Effective Rotation

By employing Miner's Rule, an effective (or equivalent) constant amplitude rotation can

be derived for a variable amplitude history. Eq. (5-2) can be rewritten as folloY-'s,

(6-2)

The damage fraction vi> according to Miner's Rule, for the ith cycle of loading can be

expressed as D i = IINf where Nf is given by Eq. (6-2) for a certain rotation amplitude.

Total damage, therefore can be written as in Eq. (6-1):

(6-3)

(6-4)

Damage at incipient failure, for Nf cycles at effective rotation amplitude, 9j efT' is given by

Dconstant = NJ~) = III C9j~ff
Equivalent rotation amplitude can be determined by equating the total damage due to

random loading with that due to constant-equivalent amplitudes (Eq. 6-4), which yields

the following relation:

Nt

L (9j1lC);
D random _ i = 1

D constant - N 9-lIe

f jeff

Solving the above equation for 9j eff'

= (6-5)

Then effective plastic rotation (assuming R=-I) can be defined as,

6-2
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methods - the well known "rainflow cycle counting method" was used in this part of the

study.

6.3 Effective Rotation

By employing Miner's Rule, an effective (or equivalent) constant amplitude rotation can

be derived for a variable amplitude history. Eq. (5-2) can be rewritten as follows,

(6-2)

The damage fraction D j , according to Miner's Rule, for the ilb cycle of loading can be

expressed as D j = liNt where Nf is given by Eq. (6-2) for a certain rotation amplitude.

Total damage, therefore can be written us in Eq. (6-1):

(6-3)

(6-4)

Damage at incipient failure, for Nf cycles at effective rotation amplitude, 6j eft"' is given by

Dconstant = Nf --h) = IIIC6jeff

Equivalent rotation amplitude can be detennined by equating the total damage due to

random loading with that due to constant-equivalent amplitudes (Eq. 6-4), which yields

the following relation:

D random

Dconstant
= (6-5)

Solving the above equation for 6j eff'

Then effective plastic rotation (assuming R=-I) can be defined as,
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where OJ eff = effective rotation amplitude detennined from Eq. (6-6) for the entire history,

M = connection moment on the cyclic moment-rotation envelope corresponding to OJ en

and Ke = initial connection stiffness (Section 4), Eq. (6-6) is related to the root mean cube

of the response for a value of c = -1/3 where OJ is taken as the peak amplitude for each

cycle (OJ = (8
Jmax

- 8jmin ) /1). However, it is generally difficult to identify the peaks

and troughs in a highly irregular or random event. Instead, if the points at each time step

(.1t) in an analysis or experiment are used and the motion is hannonic, it can be shown that

(6-8)

where 9) = mean rotation angle, t= total time and .1t= experimental time step.

A cyclic moment-rotation envelope curve can be deduced from a cyclic decremental test.

The Menegotto-Pinto equation was used to define this envelope as explained in Section 4

and is given by

(6-9)

with Kje= 120000 kip-in, My=2(X) kip-in, Q=O.0415 and R=2,

Equivalent amplitude data points detennined using Eq. (6-7) are plotted in Figure 6-1 and

compared with the constant amplitude tests at incipient failure as well as final fatigue

failure. This compares favorably with the constant amplitude test curves and the data

points are well within the upper (+100%) and lower(-50%) envelopes.

6.4 Energy Based Modeling

Miner's rule, which is defined in Eq (6-1), can be modified as follows. Again, in this case

the failure is assumed to occur when the summation of damage fractions equals or exceeds

I:

(6-10)
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(6-11)

in which wi = total work done for the ilh~ at rotation amplitude 9ji , and Wfi =total

work done as a function of the current rotation amplitude 9ji . Furthermore, Eqo (6- 10) can

be rewritten to obtain the damage fraction as the ratio of incremental energy for the ith

time step to the current total energy as follows:

bw.DT = LD "= L 1 ~ I
W WI W

j
(9

jpcff
)

where bW = instantaneous incremental energy for the lime interval (At) and is given by

OWt" = 0.5 (M +M I) (9)"1'- 9 1)t 1- ) 1-
(6-12)

Wf (9jp eff)= total energy corresponding to the current effective plastic connection rotation

ajp eIT of the illl time step. For the variable amplitude tests described in Section 3, Figure 6

2 shows the total energy plotted against the effective plastic rotation ajp err (Eqo 6-7).

These test results are compared with the constant amplitude relationships described in

Section 5. The results demonstrate that the concept of converting variable amplitude

history into an equivalent constant amplitude history appears viable for at least the

investigated class of semi-rigid connections.

The advantage of employing an energy based model is that memory (sequence) effects can

be taken into account by using the effective plastic rotation in determining the total energy

until incipient failure. Wf. The value of Wf at a certain plastic rotation amplitude can be

calculated using a low-cycle fatigue relationship in the form of Eqo (5-20), derived in

Section 5. It should also be noted that Wf in Eqo (6- 10) can be replaced by WIf, in which

case using the fatigue relationship of Eq. (5-21) total damage can be calculated at final

fatigue failure.

6.S Application

Table 6-1 summarizes the damage analysis results based on Eq. (5-20). In each case, the

denominator in Eq. (6- 10) was updated after each experimentally observed time step using

corresponding effective connection rotation which was determined from Eq. (6-8).

Figures 6-3 through 6-7 show the rotation and moment time-histories for each variable

amplitude test. The effective connection rotation (9j err) is also ploned on the connection

rotation graph in order to demonstrate the sequence effects on connection behavior. The
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accumulation of damage for both Miner's Rule and the proposed energy based model are

also shown in these figures. For the latter model, damage at time t is computed by

substituting Eq. (6-12) in the numerator and Eq. (5-20) into Eq. (6-11):

D(t) ;::: ±[(Mi+Mi-I)(a .. _a ) 8JPi ]
') JI JI-I 0015lM

j", ! - . - JP

where 8jp i is given by Eq. (6-7) and i ;::: data point number.

(6-13)

Tahle 6-1 Summary of Damage Analysis Results ror Variable Amplitude Tests

Experimental Results
Effective Amplitudes (rad) Damage Rules

Spec 81 cff 8JI'Cff Miner's Energy Based
Id.

WI WIINI Nff Incipient Failure Incipicnl Failure alN I at Nff at Nf at Nrr
tklp-in) (kip-in

V_HI 80 152 415.2 646.6 0.0202 0.0 Ill? (W177 0.0163 1.89 2.73 1.87 2.62

V_17 III 181 11l7.7 781.5 0.0274 0.0191 0.0246 O,(J!()7 1.08 3.32 1.01 3.\1

V_16 55 59 334.8 393.6 1>.0181 IHll98 0.0158 0.0174 0.89 1.29 0.97 1.19

V_IS 46 75 284.0 341.7 0.0220 0.0200 O.0I95 0.0176 1.36 1.65 1.09 1.30

V_14 60 64 332.3 375.0 0.0204 0.0213 0.0179 Om88 1.40 1.71 0.99 1.15

It can be observed from Table 6-1 and Figures 6-3 and 6-4 that for high-low step tests, both

models produce a similar type of damage accumulation, i.e. the damage rate as well as the

cumulative damage at Nr and Nrr are similar. However, for the other test specimens the

damage accumulation patterns are different for the two models, with the energy based

model giving improved results for both Nf and Nrr. Rotation, moment and cumulative

damage plots for decreasing-increasing and increasing-decreasing tests (V_15, V_14), are

as shown in Figures 6-6 and 6-7, respectively. It appears from the cumulative damage

plots that the energy based damage model is more capable of reflecting the effect of past

rotation histories due to the use of the effective plastic rotation amplitude. Moreover, the

area within the moment-rotation loops (energy) is directly affected by the sequence of

loading which in turn is reflected in the rate of damage accumulation.
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6.6 Discussion

The proposed energy based low-cycle fatigue damage model was validated by the variable

amplitude test results on top-and-seat angle connections. This validation is over the range

of amplitudes expected in the response of relatively weak steel structures in an extreme

earthquake excitation (8j < <l.O4 radians). This model monitors the incremental damage

via hysteretic energy absorption. This was found to be a convenient way of characterizing

the energy capacity under both constant and variable amplitude histories since cyclic

energy dissipation mainly depends on the plastic rotation. For analysis with real

earthquake time histories, cycle counting as required by Miner's Rule may become quite

cumbersome. Hence, an important advantage of the energy-based approach is that no

cycle counting is necessary for damage evaluation purposes.

The results demonstrate that the concept of convening variable amplitude history into an

equivalent constant amplitude history appears viable for at least the investigated class of

semi-rigid connections. The advantage of employing an energy based model is that the

memory effects can be taken into account by using the effective plastic rotation in

determining the total energy till incipient failure, W f . The value of Wf at a certain plastic

rotation amplitude can be calculated using a low-cycle fatigue relationship in the fonn of

Eq. (5-18). Krawinkler and Zohrei (1983) used an implicit form of Miner's Rule of linear

damage rule accumulation in conjunction with Eq. (5-12) using an exponent of -0.5 to 

0.67 for welded steel connections. Mean rotation effects were ignored in the formulation

whereas, in this study, linear damage accumulation has been extended using energy

absorption concepts. Moreover, mean rotation effects have been taken into account by

numerically integrating the dissipated energy as mentioned previously.

Effective total connection rotation instead of effective plastic rotation can also be used in

the damage analysis. Although it is not reponed herein, such an analysis was undertaken

and the damage accumulation patterns yielded similar results within a ±5 % range.
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SECTION 7

SUMMARY AND CONCLUSIONS

7.1 Summary

The main purpose of this research was to experimentally observe the perfonnance of a

specific type of semi-rigid top-and-seat angle connection under static and cyclic loadings

and to study the low-cycle fatigue characteristics. For this purpose, a total of nineteen

identical pairs of connection angles were tested under various rotation amplitudes. The

experimental test program consisted of three main groups; i) Static (monotonic) test, ii)

Constant amplitude tests, iii) Variable amplitude tests.

An analytical investigation was carried out in order to predict the initial connection

stiffness, mechanism moment capacity and plastic connection rotation. Predictions are

compared with those of previous studies. The moment-rotation curve was calibrated for

the Menegolto-Pinto analytical model which incorporates the plastic, elastic connection

stiffness ratio, yield moment and a shape factor.

Variahle amplitude tests included incremental-decremental and step tests to investigate the

sequence effects on cyclic and low-cycle fatigue behavior of top-and-seat angle

connections. An effective connection rotation concept was introduced as the characteristic

feature of rotation history. In the light of the fatigue data generated from constant

amplitude test results, various low-cycle fatigue relationships were developed. An energy

based cumulative damage model was developed using effective plastic connection

rotation along with the energy-life and energy-rotation relationships. The proposed

damage model was employed in fatigue life and damage prediction analysis and compared

with the classical Miner's linear damage model.

7.2 Conclusions

The following conclusions can be drawn based on the experimental and analytical study

reponed herein:

1. Although each specimen had identical material properties, the resultant apparent

strength and stiffness varied markedly. A comparison of the experimentally observed
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values to the analytically predicted values have shown that initial connection stiffness and

plastic moment capacity are very sensitive to the first yield (monotonic) line location due

to the fact that the orientation of the bolt head and/or nut (fabrication) had a considerable

effect on the failure mode and on the plastic hinging in the connection elements. Upper

and lower bounds of strengths were obtained when the flats of the hexagonal nuts were

oriented either parallel or at 30 degrees to the center line of column. This implies that the

capacity of semi-rigid boiled connections could be more reliably controlled if the location

of hinging in the angle adj.tcent to the column is fixed. It should be noted however, that the

fatigue life appears independent of the nut orientation.

2. From the constant amplitude test results. it was concluded that the per-cycle

hysteresis energy at a certain amplitude did not change significantly till the incipient

failure. This fact can be better observed in relatively small amplitude tests.

3. Study of fatigue behavior showed that the commonly used hysteretic energy-life and

rotation-life models can be employed in the low-cycle fatigue analysis of this specifu; type

of top-and-seat angle connection. Therefore. a fatigue-life relationship was developed

based on an analogy with the standard metal fatigue life relationship proposed by Manson

and Coftin. This implication from this result for seismic design would indicate that if

plastic hinge rotations are kept below 2 percent then at least 50 cycles of complete load

reversals can be guaranteed. Furthermore, based on the recent fatigue analysis work

carried out at SUNY at Buffalo (Mander eta!. 1992. Chang and Mander 1994), it can be

shown that the equivalent number of equi-amplitude inelastic cycles at the maximum

response displacement that may be expected for metal structures in a typical US

earthquake is Nt ::; 7. Thus, from Eq. (5-12) the maximum plastic rotation capacity for

such top-and-seat angle connections considered :n this study is 0.029 radians. This large

fatigue-based rotation capacity would generally well exceed expected demands for most

structural steel systems where total drifts rarely exceed 2 percent.

4. Real earthquake response however, is concerned with variable amplitude behavior of

members. One way in which seismic induced damage can be assessed is to compare

hysteretic energy capacity to hysteretic demand induced by earthquakes. Therefore.

energy as well as cyclic rotation based fatigue dan tge relationships were derived using

the experimental data obtained in the present study. The relationships which were found to
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represent the best fit to experimental data are as follows:

e. = (W70 (2Nr>-0.333
IP

-0.5
~Wr = 0.303Mjp (2Nr>

W = 0 () 151M (e >-1 ,0
I . - lP lP

(5-12)

(5-17)

(5-20)

S. Mean stress/rotation effects do not appear to have a significant effect on the low

cycle fatigue life of the class of top-and-seat angle connection tested herein, as can be

observed from the fatigue plots.

6. It was observed from the step tests that the low-cycle fatigue life is considerably

different for two step tests which have the same amplitude step blocks in reverse order

(compare Figures 6-4 and 6-5). This squence dependence is due to the memory effects of

the material. However, for the two incremental-decremental and decremental-incremental

tests which were conducted at the same cycling frequency and maximum amplitude, low

cycle fatigue life as well as dissipated energy is comparable, i.e. sequence effects are not

apparent in this case. All of the variable amplitude tests fall within the region bounded by

damage index of n.s and 2.0 which corresponds to 95 percentile range with a lognormal

distribution in experimental scatter.

7. From the low-cycle fatigue tests, it was observed that the specimen life may be

continued by some 60%. following the first crack initiation (incipient failure), until

complete seperation results. For design purposes, this reserve life may be considered as

part of a factor of safety assuring that the complete separation will not take place.

8. An energy based cumulative damage model with incremental monitoring of the

entire history was developed. An effective plastic connection rotation concept was

introduced in the cumulative damage model. This was found to be a convenient way of

characterizing the energy capacity under both constant and variable amplitude histories

since the cyclic energy dissipation mainly depends on the plastic rotation. Sequence

effects are taken into account by numerically integrating the dissipated energy and

revising the denominator of the damage fraction at each time step. Hence, no cycle

counting is necessary for damage evaluation purposes as opposed to Miner's Rule as it
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requires cycle counting which may become quite cumbersome for real eanhquake time

histories. However, although the model is general in nature. it should be validated for

different top-and-seat angle bolting geometries. In order for the model to be utilized for

different types of steel connections, such as welded connections or connections with web

cleats, further tests should be conducted to calibrate the fatigue relationships reported in

Section 6.
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