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ABSTRACT

An experimental evaluation of the stress-strain behavior and the low cycle fatigue life was conducted on
five grades of plate stee! to determine their suitability for use in earthquake structural engineering appiica-
tions. The steel grades ranged from high performance steel HPS 485 MPa (70 ksi) to low vield noint steel
LYP Grade 100 MPa (14.5 ksi). The coupons were tested to failure using complete reverse eyclic axial
strains of primarily constant strain amplitude between 1% and 7% strain and at constant sfrain rate of
0.1%/sec, The cyclic stress increased with strain amplitude for all of the steels, but the experimental resulfs
alse indicated a strong dependency on the steel grade. The cyclic stress-strain response was idealived by a
power law relationship and cyelic hardening was evident in specific cases when compared to the mono-
tonic response. The cyclic stress was nearty 2 times the yield stress for A709 Grade 345 MPa (50 ksi) and
nearly 5 times the yield stress for low vield point steels LYP Grade 100 MPa (14.5 ksi). In ali cases the
majority of the cyclic hardening occurred within the first several reversals. From the Hmited number of
dynaiic test results, the dynamic strain rate had negligible effect on the yield strength, cyslic stress-strain
response as well as the fatigue life. The low cycle fatigue life of the different steels did vary, but overall the
fatigue life was relatively similar for all grades. The experiments showed that all of the steels would be
suitable for earthquake engineering applications, although the effects of walding or multi-axial stresses
were not considered. '
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SECTION 1
IMPORTANCE OF INELASTIC CYCLIC STEEL BEHAVIOR

L1 Earthouake Loading and Low Cycle Fatigue

Failure in metal structures caused by fatigue is mainly attributed to the accumulation of laree numbers of
cycles of iow amplitude strain, which is nominatly considered within the elastic range for the gross section.
This form of fatigue is classified as high cycle fatigue and continues to be an importan: consideration to
mechanical and structural engineess alike. Design provisions have been formulated to account for high
cycle fatigue throughout the life of structures susceptible to these types of failures, mainly br idges
(AASHTO 1998). However, an additional important clawzﬁcatmn of fatigue that is imporiani to structural
engineers is that of low cycle fatigue.

Low cycle fatigue 1s characterized by large plastic strains leading to material failure that occurs within a
low mumber of cyeles. These conditions can develop in speeific pasts of 2 struciure when subject to rare but
extreme loading, such as that generated by an earthguake. Plastic deformation is nherent in the seismic
design philosophy, because stractural damage without collapse is accepiable ('UBC L98T, AISC 2002),
Better understanding of material low cycle fatigue behavior is therefore important for determining the suit-
ability of a material and eventual prediction of service life of structural compenents subject to large strain
demands. Numegrical models with appropriate stress-strain and fatigue life properties can be developed for
implementation in computer models to further study the structural component behavior under these
demanding situations. :

1.2 Objectives

Due to the lack of experimental data on the stress-sirain behavior of not only the specialty steels but also

- the conventiona! grade steels, a comprehensive study on the stress-strain and low cycle fatigue propertics

was conducted. The purpose of the study was to e¢valuate the stress-strain characteristics of plate steels sub-

jectcd to repeated cyclic plastic deformations. Of speaific interest was the cyclic stress as measured rela-

fve o the yield strength and the variability of the schieved siresses across the different steel frraces. In
addition, low cycle fatigue characteristics were desired to compare the fatigue life.

1.3 Overview of Low Cycle Fatigue Steel Research

Despite the necessity of understanding steel low cycle fatigue behavior as it refates to earthquake engineer-
ing, limited literature addresses the issue of the material low cycle fatigue specifically. Most earthquake
related research has not evaluated the structural steel material itseH, but instead concentrated on the behav-
ior of structural components or entire assembiies under cyclic loading. Bertero and Popov (1965) were one
of the first researchers to investigate the effect of plasiic straing on beam deformation behavior, The main
objective of their study was 10 investigate premature buckling of flanges, but sirains were also monitored
and recorded to be up o 2.5%. Since then, most research has focused on structural component behavior
with a large number of experiments on beam columy joints. Recently, this type of research concentrated
primarily on welded steel moment frame joints after the observed damage following the Northridge Earth-
quake in 1994 (Malley 1998). Bending tests were zlso conducted on machined cone shaped steel cantilever
siuds intended fo be used as structural earthqudke energy dissipators (Buckle & King 1948). The recorded
strains reached up to 10%, however similar to the beam-column experiments these maximutn strains were
only focated in the outer fibres of the components due to the bending action.



To effectively investigate material characteristics, the cross section should be under uniform strain distri-
bution as in the case of axal loading. Limited information regarding steel low cycle fatizue hehavior 1s
available’ from overseas research. New Zealand reinforcing steel, which was produced based on New
Zealand Standerd NZS 6402-1989 in Grade 300 AfPa and 430 MPg, was mvestigated for plastic siress
strain behavior using coupons machined from rebar (Dodd, 1992). Unfortunately, the cycles were not fully
reversed as the compression deformations were not equally attained when compared to the tension defor-
mations due to test setup limitations and specimen buckling issues. Japanese researchers conducted low
cyele fatigue coupon experiments on low vield point steels for potential use as energy dissipation mecha-
nism in base isolation or for unbonded braces {Eiichiro et. al, 1998). The study considered 44 coupons
tested with constant strain amplitudes ranging from ¢.15% io 1.5%, buz only included two specimens at
1.5% strain with the remainder all under 1% amplitude sirain. The strain in structural components that are
mnelastically registing earthquake ioads can be significantly higher,

Most importantly, no low cycle fatigue data was available for plate steels that are typically used for steel
bridge fabrication in the United States. The most relevant data was obtained from a study investigating the
mechanical properties of inelastically pre-strained AS72 stee] in order to assess the manufacturing
strengthening procedures on the ductility of the k-region of rolled wide flange beams {Kaufmann et al
2001} As part of this study, axial coupon tests were conducted at strain amplitudes of 1%, 3% and 4%
strain on four grades of steel, two made from ASTM AS72 and one of each of A992 and A34. Only three
coupons in towl of AS72 steel were taken 1o their fatigue life. The remainder was tested fo only 16 cycles,
but the test resuits did provide experimental data on cyclic plastic stress-strain behavior. Experimental data
on plate steels or the recently introduced high performence steels was not available,

1.4  Review of Analytical Models for Cyclic Behavior

Several analytical relationships have been proposed for modeling the mechanical behavior of steel materi-
als for the purpose of structural analyses. These models include non-linear stress-strain ag well as fatigue
life relationships.

1.4.1 Nominal and True Stress and Strain

The nominal stress g,,,,, and the average nominal strain g, are typically calculated directly from experi-

menial measurements. The nominal values can be related to the true stress o and strain £ using Equation 1-
1 and Equation 1-2. Plastic strain was separated from the total strain using Equation 1-3.

¢ = In(i+eg,,.) : (1-1)

(1-2)
(1-3)

Diametric strain oceurs due to the change in cross sectional area from the applied axial load. The diameter
increases for compressive axial strains and decreases for tensile axial strains. The diametric sirain g, of the
coupon was calculated using Equation 1-4, which consists of an elastic tenm involving the poisson ratic 1



and the plastic term that assumes constant volume, The diametric strain can be incorporated as part of 2
stress modification factor to the original stress o, for each data point using Equation 1-5 (Jiang 2004).

g, = u-%+6.5(8-8p) | o
- 1 ‘ L)
G =0, ——3 (1-3)

(I-g,

1.4.2 Stress-Strain Bi-linear Relationship

The basic estimation of stress-strain relationships in structural analysis and design consist of two Hnear
segments. The elasto-plastic relationship models a linear elastic stiffness and assumes no post-yield suff-
ness. The effects of strain hardening can be incorporated by introducing a constant linear slope for the
post-yield stiffness, forming a bi-linear relationship. The post yield siope can vary depending on the steel
material from 0.005 to (.05 times the elastic stiffness and can be obtained for example by equating the area
under the stress-strain curve from a simple teasion coupon test. (Bruneau et al, 1998) These models are
crudie approximations for describing material stress-strain behavior and their usefulness is therefore Hm-
ited. '

1.4.3 Stress-Strain Power Function Relationship

A power fimction can be used to more closely approximate the stress-strain behavior of cyclically loaded
metals (Bannantine et. al. 1990). A log-log plot of true stress versus true plastic sirain has generally becn
approximated by a straight line resuléing in the power law function expressed in Eguation 1-6 as the basis
for the cyclic stress-strain curve.

1/u . ' .
e~ 3+ ( I%) (1-6)

where £ = true strain
o = frue stress
E = elastic modulus
K = gyolic strain coefficient
1 = ¢yclic strain hardening exponent

The strain hardening coefficient and exponent can be obtained from regression of experimental stress ver-
sus plastic strain data using a power equation. For a complete hysteresis loop, the stress and strain values
can be doubled based on Massing’s hypothesis (Massing 1926) to obtain equations using strain range Ag
and stress range Ac. The resulting Equation 1-7 becomes applicable for any arbitrary start poiat and
describes the stress-strain relationship over the strain range.
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1.4.4 Fatigue Strain-Life Relationship

The approach most often used in estimating fatigue life in structural design is the stress-life approach. The
stress-life approach relates the alternating stress to the number of cycles to fashure and is often used for
design over the service life of the structure for high-cyele fatigne. Since this method does not specifically
account for plastic behavior, it is unsuitable for low cycle fatigue applications. The observation that in
many components the fatigue response of the material is deformation dependant led to the development of
the strain-life approach of modeling fatigue behavior. The Coffin-Manson law (Manson 1953, Coffin
1934 relates the plastic strain amplitude 1o the number of reversals to failure and when combined with an
elastic term, the relationship in Bquation 1-8 results.

Ag G]; PO - ¢
—— T e N -4 A 1"")'
3 E( Np) Sf{ZNJ}_ _ {(1-8)

where
{Ae/2) = strain ampiimde
. 2Np= reversals to failure (1 reversal = 0.5 cyeles)
o/ = fatigue strength coefficient
b= fatigue strength exponent
&/ = fatigue ductility coefficient
¢ = fatigue ductility exponent

The plastic term of the equation dominates low evcle fatigue behavior as shown in the strain life corve rep-
resentation in Figure 1-1. The cocificients and exponents can be obtained from regression of experimental
fatigue data to the individual relationships of elastic and plastic parts of the strain life equation. The range
of interest for earthquake applications is in the early stages of low cycle fatigue as structural componenis
can be strained to fracture within just a few reversals,
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Figure 1-1: Strain-Life Schematic






SECTIONZ
TEST SETUP AND LOAD HISTORY

2.1 Equipment and Instrumentation

The stress-strain and low cycle fatigue experiments were conducted on steel coupons subjected to cyelic
strains, A MTS fabricated load frame assembly Mode! 311,31 photographed in Figure 2-1, was used io
subject the steel coupon 1o axial deformations. This self reacting loading apparatus has 2 load capacity of
=980 kN (+220 kip) and maximum stroke of =203 mm (£8 in). The applied force was measured using &
load cell that was bolted to the bottom of the assembly. Hydraudic grips were used 1o mount the specimen
such that both tension as well as compression loads could be applied. A Iaser extensometer MTS mode] no.
LX500 photographed in Figure 2-2 and capable of measuring to £0.002 mm (20.0001 in) accuracy was uti-
lized for the axial deformation measursments,

Figure 2-1: Photograph of Load Frame Used for Coupon Tests

2.2 Test Coupon Dimensions and Installation

The test specimens were machined from {lat plates into round coupons with reduced section effective
length as detaled in Figure 2-3. The reduced section diameter was maintained at 20 nm (0.79 i) with an
effective length of 25 mm (0.98 in) to minimize buckling. The transition zone was machined using CNC
{computer numerical controlled) equipment such that no undercut would result, Typically the surface fin-
ish has significant effect on high cycle fatigue results, but is not as crucial for large ampiitude low cycle
fatigue. For consistency among all of the tests, the surface finish was polished using 440 grit sand paper for
all specunens.



Figure 2-2: Photograph of Laser Extensometer Measuring Coupon Deformation
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Figare 2-3: Coupon Dimensions

Installation of each specimen required close attention, especially for lower vield steels. The hydraulicaily
driven grips have capacity to induce significant radial forces and can erush the specimen during installa-
tion. To avoid this undesired deformation while at the same time providing sufficient resistance against
slippage, the grip pressure was maintained between 15-20 MPy (2200-2900 psi). Similarly, to minimize
axial forces during instaliation, the top head of the load frame pictured in Figure 2-1 needed to rémain



unlocked until the grips finished engaging the coupon and undl the hydraulics were turmed fo full pressure.
Gthierwise pressure spikes can prematurely yicld the specimen given its high stiffhess.

2.3 Steel Material Details

The steels considered for the study consisted of plate steels with steel nominal properties and abbreviations
as summarized in Table 2-1.The range in the nominal yield strength provided a wide spectnum of materials
that can be grouped into two general categories; structural grade steels and low yield point (LYP} steels.
The structural grade steels are typically vsed for fabrication and construction of entire structures. Their
application also extends to spacific areas of expectsd plastic deformations induced by earthguake loading,
This category included the high performance steel (HPS) that is gaining acceptance in steel girder bridges
(Yost & Funderburk 2001).

In contrast, LYP steels were specifically developed for vse in arcas of expected inelasticity undar earth-
quake loads and are not likely to be incorporated in the primary gravity load carrying structure, The focus
of the study remained on steels that were used for in large-scale experiimenis of built up shear links
(Dusicka et al 2006), HT440 was incorporated in the connection regions and in one link type in the flanges,
it was also mciuded in the material study for completeness by being grouped with the structural grade
steels.

The material used for the low cycle fatigue tests was obtained from the same original plates that were used
for the webs of the shear {inks except for GR345, The original plate for GR345 was not available and se a
plate of the same grade of steel was substituted. The chemical composition summarized frora fhe mill cer-
tificates is included in Table 2-2. The mechanical properties were determined using the average values
obtained from the coupons tested as part of this study and are summarized i Table 2-3. The yieid suength
was obtained using the (.2% offset method,

Table 2-1: Steet Grades Cansidered

Steel
Pre Ty
opery GR345 HPS485 HT440 | LYPI0O | LYP22S
{(General Structural Grade Steels Low Yield Point (LYP)
Category Steels
| Steel GR343 HPS48S HT440. LYP10O LYP225
| Abbreviation
ASTM ASTM BT~ Bi- BT
Specification ATO9M ATOSM HPS HT44002 LP100" 1p225*
Grade 345W 485W
Counfry of LISA USA Japan Japan Japan
Origin ‘ _
Specified 345 MPa 485 MPa | 440 MPqg 100 MPa 225 MPg
Nominal Yield (30 ksiy (70 ksi) (64 ksi) {14.5 ksiy {32.3 kst)
Strength

a Nippon Steel (Japarn) Mill Certification



Table 2-2: Chemical Compesition from Mill Certificates

; Steel
Element — ' :
| GR345 HPS485 HT440 LYP100 LYP225
c | 014 0.08 0.14 0.01 0.02
Man L6 1.13 1.43 0.08 0.47
P | 0018 0.008 0.007 0.010 0017
S 0.613 0.002 0.002 0.005 0.006
i 0.42 0.34 0.28 001 | 601
Compo- | Cu 6.8 0.30 - - -
sition %
Ni 0.18 0.29 6.02 - 0.02 (.62
Y 0.039 0.053 0.04 . -
Chb 0.0692 0021 - - -
Al 0.040 0.004 . - ; ;
Cr 0.53 0.47 0.62 002 | om
Mo 0.06 0.04 0.12 - .
N 0.005 - - 0.025 0.018
Table 2-3: Measured Mechanical Properties
: Steel ;
Property : — !
GR345 HPS445 HT440 LYP100 LYP225 |
E 186200 | 201300 | 208200 | 153100 | 195100 |
MPa {ksi) (27000) | -(29200) | (30200) | (22200) | (28300) |
Fa 353 503 501 76.3 24z
MPa (ksi) (51.2) (73.0) (72.7) (11.1) (35.1)
Ft 534 550 688 257 324
' MPa (isi) (77.4) (85.5) (99.8) (37.3) (47.0) %

a ultimate strength was obtained from mill certificates
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2.4  Lead History

All of the fests were displacement controlled using the laser extensometer to eliminate any effects of possi-
ble grip slippage or deformations outside of the effective length. The distance between two targets placed
within the effective length was measured prior to each test by the laser extensometer, The steain values
were caleulated during testing from the deformations measured by the laser extensometer between two tar-
gets within the effective length. The cycles were fully rteversed, ie. with swain  ratio

. £ oen - ey g : 2t 3 3 o T ween §
R =g, . €. .. = —1 and only varied in strain amplitude and strain rate.

2.4.1 Strsin Amplitude

Two types of trianguler waveform load history were used as illustrated in Figure 2-4; incremental and con-
stant strain amplitude. The incremental amplitude experiments were conducted using two cycles of pro-
gressively increasing amplitude and were the first sets of tests completed with the aim to explore the
significance of material cyclic hardening on the observed shear link oversirength, Two cycles per amphi-
tude were chosen to monitor the significance of cyelic hardening within the same strain range. The first
two cycles were conducted at 1% total strain amplitude and increased by an additional 1% after each of the
subsequant two cycles,

The constant amplitude experiments were conducted using cycles of preseribed target strain amplitude ¢,
which gl started with a tensile quarter cycle. A set of inelastic strains was chosen from 1% to 7% stain
amplitude. This range ensured significant plastic behavior and was representative of the magnitudes mea-
sured during the shear link tests, Failure was defined as complete fracture or 2 reversal point on the stress-
strain curve that did not achieve 50% of the maximum recorded cyclic stress.

Si’f’aiﬁff;

a _ Lok
3% [ T S
2% AUEN AT L SR R
- ATV Y o
BV “\/ ‘\/ time
~3% ' -

(&) incremental Steain Amplitude Tond History

sirain, ¢
) SANVANE.2N
. g \/ \\/ \/" v timea

(b} Conslani Stramn Amplitude Load History

Figure I-4: Cyclic Load History Types
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1.4.2  Strain Rafe

The cyclic frequency of each (est was set such that the strain rate remained constant. The frequency can be
related to the strain rate and sirain amplitude based on Equation 2-1. Working of the material during large
amplitude strain demands can results in temperature increase that can affect the material properties. Typi-
oal structural components can dissipate the heat more efficiently than a coupon. In an effort to minimize
the temperature gradient in the specimen, the strain rate was set to be pseudo-static at ¢ = (.7 %/ec for
majority of the experiments,

£

w2 Hz 2-1
f e (#:) 1)
Y,

Strains induced by seismic loads however are dynamic, In an effort to gauge the sffects of steain rate, one
coupon of each type of steel was subjected to cycles of 4% strain amplitude at constant sirain rate of
£ = 10 %bec. The strain amplitude was chosen as the medium of the amplitudes considered. The higher
strain rate was chosen as a representative value of the strain rate expected in structural components of
bridge structures. For example, consider a plastically deforming shear link in 2 structural system vibrating
with an effective period of 2 sec. The plastic straing in 2 shear lnk are not axisl, but uni-directional swains
have been recorded in the range of 2-5% strain for link deformations at £.08 rad. The average strain rate

for a compietely reversed 5% strain amplitude at 2 sec period of vibration would be 10%/sce. This rate is
higher than rates expected for 2 steel damper for a base isolator or an unbonded brace reported o be 5%/
sec and 2.5%/sec for the two systems respectively (Efichire et al, 1998} and provides an upper bound for
expected souctural dynamic behavior

2.5 Test matrix
The study concentrated on the constant strain amplitude experiments which were used o svaluate both
stress-strain as weil as fatigue life of the steels. A summary of all the tests conducted is shown in Table 2-

4, where “s” indicates the slower pseudo-static strain rate and “‘d” indicates the faster dynamic rate. In
total, 45 individual coupons were tested,

Table 2-4: Sunumary Matrix of Reverse Cvelic Experiments

Steel
Test T
= GR345 ! HPS483 1 HT440 LYP10G 1YP225
klé;emental g 5 § g s
| Amplitude | ;

12



Table 2-4: Summary Matrix of Reverse Cyclic Experiments
Steel
Test - - - -
GR345 HPS485 HT449 LXPIO) L¥YP225
1% s § s g $
& 3 .
Target 2% ] s 8 ] 8
Straim for 3% $ s $ s E
Constant :
Ampli- 4% s,d s, d s, d g, d s, d
tL;de 5% 8 s & 8 5
. 6% ] 8 s 8 B
T 8 5 3 8 8

13
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SECTION 3
CYCLIC STRESS-STRAIN BEHAVIOR

3.1 Results from Incremental Strain Amplitude Tests

The steel cyclic stress-strain relationship is important in order to quantify the yield as well as the maximura
stress developed for design of the structural components and associated connections. This section exam-
ines the cyclic stress-strain response of the different steels.

The incremental strain amplitude tests were conducted as an exploratory study to investigate the influence
of material cyclic characteristics on the significant discrepancy among the recorded overstrengths obtained
from the shear link experiments. One specimen was tested for each grade of steel. The stress-strain results
from these tests are shown in Figure 3-1, where the actual vield strength from Table 2-3 is referenced UsIng
& horizontal line. The tests were conducted up to fracture except for LYP225, in which case the test was
terminated after the second cycle of 5% strain becanse the laser beamn on the extensometer was accidentally
interrupted.

Hardening of the material was evident within the first two cycies for all steel grades. Cyelic hardening
which is characterized by stress increase from one cycle to the next was also present for all steels except
for HT440. The stress increased with larger sirain amplitudes, but did so to different levels for the different
steel grades. The maximum achieved resistance can be summarized by the maximum recorded stress @ e
normalized to the actual yield strength as shown in Table 3-1.

Table 3-1: Maximum Stress Obtained {rom Incremental Strain Amplituds Tests

Steel
Property
TopsE GR345 HPS48S HT440 LYPIO0 | LYP225
Normalized Max,
Stress Ratio 2.1 1.5 1.5 5.3 2.0
e, Ve

The trends observed in the stress-strain response were similar to the trends in oversirengths observed for
the shear link specimens made from those grades of steel, For exarnple, GR345 and LYP225 had similar
maximum stress ratio magnitudes. In the shear link experiments, Link €345 and Link 1225 had similar
overstrength magnitudes. The lowest ratio was recorded for HPS485, while the largest was for LYPIGO
similar t the trends in overstrength for Links H485 and L100 respectively. Based on these results, a more
comprehensive study using constant amplitude strain tests was conducted for the different steels.

3.2 Results from Constant Strain Amplitude Tests
Discussions of the test results from the constant amplitude tests were divided into two categories based on

the previously outlined expected end use; structural grade steels and LYP steels. The structural grade steels
mchuded GR343, HPS485 and HT440, while the LYP steels were LY P10 and LYP225.
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Figure 3-1: Stress-Strain from Incremental Strain Amplitude Tests

3.2.1  Cyclic Stress-strain Response of Structaral Grade Steels

The stress-strain responses obtained from the constant amplitude experiments for siructural grade steels are
shown in Figure 3-2 through to Figure 3-4 for all considered strain amplitudes. Strength degradation
occcurred prior to failure for target amplitudes below g, = 3%. The degradation was caused by a crack that
propagated through the section and reduced the effective cross sectional area. For sirain amplitudes hi gher
than 3%, the progression from crack propagation to failure often occurred within the same half cyele for
GR345 and HT440. HPS485 steel exhibited gradual degradation even for amplitude straing of 3% and 4%,
which may be atiributed to the higher toughness inherent in high performance steels.
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In order to gauge the effect of cyclic loading on the stress swrain response, the cyclic behavior was con-
trasted to the monotonic in Figure 3-5 threugh to Figare 3-7. The initial loading and the final degradation
portions were removed for clarity. The monotonic response was obtained from the first quarter cycle of the
largest amplitude strain tests. Cyclic hardening was evident by the stress increase from maonotonic to cyclic
response i GR345 and H485 steels. A combination of cyclie hardening and cyclic softening occurred for
HT440.

The variation of stress is shown in Figure 3-&#hrough to Figure 3-10. The maximum stress achieved at
cach reversal G, 18 shown throughout the life of the specimen depicted by the number of reversals, For
both GR345 as weil as HPS485, most of the eyclic hardening cceurred within the first 3 to 4 reversals.
GR345 continued to steadily increase thereafier, whereas HPS485 stabilized to a nearly constant strass,
The cyctic sofiening was evident for HT'440 after an initial increase, especially for the lower strain ampli-
tude tests.
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Figure 3-5: Cyclic and Monotonic Stress-strain Comparison of GR345
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3.2.%  Cyclic Stress-strain Response of Low Vield Point Steels

For LYP225, three coupons were machined from a thinner 22 mm (0.87 in) plate and six from a 28 mm
(1.10 in) plate. While testing the coupon made from the thinner plate at target ampiitude of 5%, the speci-
men plastically bent about the week axis betwesn the grips shown in Figure 3-13, The remaining two spec-
imexns of the thinner plate were tested under the smallest strain amplitudes in the test matrix at 2% and 1%
successively in an attempt to reduce the effect. However, those specimens also hent after several cycles as
shown in Figure 3-14. As a result, these tests were terminated prior to reaching failure, but did previde suf-
ficient data for the intial cyclic bardening. The buckling behavior did not occur for coupons made from the
thicker 28 mm (1.1 in) plate.

The stress-strain response obtained from the constant amplitude experiments for LYP100 and LYP225
steels are shown in Figure 3-11 and Figure 3-12 respectively for all strain amplitudes. The stress-strain
response during the monotonic part of the history, i.e. for the very first quarter cyele, was significantly dif-
ferent for the two LYP steel grades when compared 1o the structural grade steels and also when compared
to each other. The iitial vield of LYP100, which was significantly lower than the specified 100 AMPa
(14.5 ksi), was followed by a nearly linear stress increase of an approximate linear siope of 2300 MPa
(370 kst) up to the target ampiitude. The initial yield of LYP225 was found to peak at 20-25% higher than
its measured yield at 0.2% offset. Afier the peak, the stress followed a fiat or at times decreasin g siress up
to approximately 2% strain. For targst strain amplitudes larger than 2% strain, the stress again started to
mnerease.
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Figure 3-14: Deformation of Coupon LYP225 Tested to 2% Target Strain Amplitade

Cyclic hardening occurred in hoth LY steels. The first cycle could be clearly identified by the lower stress
. values from the subsequent cycles. Unlike the structural grade steels, the response did not stabilize, but
continued to increase with each cycle until degradation of the response started to occur. The degradation in



Figure 3-15: Progressive Necking in LYP Steels (4% Strrain Target Amplitude Showi)

both LYP sieels was caused by progressive locaiized reduction in diameter prior to complete section frac-
fure. Figure 3-15 illustrates this progressive necking with increasing reversals for target amplitude of 4%
strain. This behavior was observed to be more severe for LYP100 than for LYP225 and was not observed
for the structural grade steels. Consequently, the resistance gradually degraded prior fracturing the section,

In order to gauge the effect of cyclic loading, the cyclic response was contrasted to the monotonic in
Figure 3-16 and Figure 3-17 for LYP225 and LYP100 respectively. The initial loading and the final degra-
dation portions were removed for clarity. The cyclic stress was always higher than the monotonic. The
variation of stress throughout the life of the coupon is shown i Figure 3-18 and Figure 3-19. Majority of
the cyclic hardening occurred within the first several cyeles, but due to the combination of ¢yclic harden-
ing and gradual strength degradation the LYP steels did not siabilize.

3.3 Power Law Cyclic Stress-Strain Relationships

The cyclic stress-strain relationship was idealized using Equation 1-6. The required power function coeffi-
‘cients, which are summarized in Table 3-2, were obtained from data regression of the coupon stress and
plastic strain data. The data points were taken as an average of the reversal point values from the stabilized
hyszeretic response for the structural grade steels. However, since LYP steel hysteresis did not stabilize,
the stress at half-life was used.
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The stress-strain cyclic relationship described by the power equation was compared to the recarded
response at different target strain amplinudes in Figure 3-5 to Figure 3-7 for the structural grade steels and
Figure 3-16 and Figure 3-17 for the low yield point steels. Since the curve was developed from cyclic
reversal points, the curve was effective in approximating the peaks of the cyclic respense. However, the
reiationship is not suitable for describing the monotonic response and subseguently the first guarter cyele
response.

Comparison of the cyclic stress-strain response of the various stee] grades was made in Figare 3.20. The
structural grade steels were found to have similar relationship, despite GR345 having significantly lower
vield strength. This was especially evident for the A709 grade steels, where the cyelic stress for GR345
was within 5% of the cyclic stress of HPS483 between 1% and 7% strain amplitude. Given the lower yield
strength of LYP steels, the cyclic stress was also lower than the struciural grades. However, despite the
large difference in initial yield for the two different LYP grades, the cyclic stress of LYP100 was within
15% of LYP223 in the strain range considered.

Table 3-2: Stress-Sirain Power Funection Coefiicients

. Steel
Coefficient -
GR343 HPS485 HT440 LYPiag LYP225
Cyclie Strain Coeffi- 1020 1610 1270 600 610
cient K, MPa (ksi) (148) (146) (184) (87.1) (88.4)
Cyclic Strain Harden- 0,138 0124 0.192 0.178 (.144
ing Coefficient, »
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3.4 Cyclic StressFactor

Yield strength has traditionally been the primary mazerial characteristic used for the design of structural
components. The eyclic stress was normalized to the actual vield strength Jyo 0 Figure 3-21. This ratio,
which is expressed in Equation 3-1 where o is the cyclic stress, resulted in a measure of the siress increase
from the design yield stress that can be expected in structural components undergoing inslastic cyclic
deformations.

R.= Gcf'ljgia (3-1)

The power-faw cyclic relationship of Bquation 1-6 requires iterative methods of obtaining o, and thereby
R for a specific value of strain. Table 3-3 lists vatues of R, for the different stee! grades. The highest cyclic
hardening was observed in LYP1G0, reaching 3.4 times the yield strengh at just 1% ampiitude and 4.3
times the yield strength for the maximam considered aﬁipiimde Since the other steels normalized were
10111ﬂuantly lower than LYP100, they are shown separately in Figure 3-22. GR345 exhibited szumﬁcam%y
larger increase than any of the structural grade steels and also larger than LYP225. The stress reached 1
times the yield at 1% amplitude and 2.0 times the vield strength at fhe maximum considered amphtude of
7%. From these results, the cyelic stress-strain relationships were highly dependant on the grade of steel as
well as the amplitude of the sirain.
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Figure 3-21: Normalized Cyclic Stress-Strain Comparisen for All Steel Grades
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Table 3-3: Cyclic Stress Factors at Different Strain Levels

Steel
R at strain GR343 HPS485 HT440 LYPIG0 LYP225
£=1% 1.46 1.09 (.69 335 1.23
£=2% 1.64 1.23 L.16 3.84 142
£=3% 1.75 1.28 1.26 4.15 1.5]
g=4% 1.83 133 - 1.34 4.38 1.56
£=5% L.89 137 1.40 4.57 1.83
g= 0% 1.4 1.40 1.45 4.73 1.67
e=7% 1.08 143 1.50 4.86 1.71

3.5 Effeet of Strain Rate on Stress-Strain Responge

The dynamic tests conducted at 10 %/s, f.e. ar 100 times faster rate than the pseudo-static, were conducted
only for the target stram amplitude of g, = £4%. Because of the dynamic nature of the experiinents, the

load frame over achieved the target deformations because the feedback signal from the load frame did not
modify the commend signal i time. Even after modifying the input signal to lower than desived value, the
achieved stram amplitude achieved during the tests was still #4.4% swain and did not match exactly the
pseudo-static strain amplitede. Significant heat developed during the high strain rate tests or the soructural
grade steels prior to failure. The heat was not measured, but was sufficient to discolor the metal to dark
blue. Such high temperature gradient was not observed for the LYP steels, which were warm bat could be
handied with bare bands immediately after the test,

The stress-strain results for the first twe cycles of the dynamic tests are contrasted to the pseudo-static
response for simifar amplitudes in Figure 3-24. For structural grade steels, the dynamic response during the
first quarter cycle foltowed closely the pseado-static curve, only rounding the initial vield peaks. The stress
at first reversal was generally higher for the dynamic test except for GR345 and HT440. The peak at the
initial yield observed for LYP225 during the pseudo-static tests was not as pronounced under dynamic
loading. For LYP100, the response was consistently higher starting from the vield point. The shape of the
hysteresis loop and the cyclic bardening levels were also similar. The remaining cycles are shown in
Figure 3-25, where the shape of the hysteretic loap and the trend in cyclic hardening observed for the
pseudo-static tests for each grade of steel did not significantly change. Due to the difference in achieved
strain amplitudes and the limited number of coupons tested, additional direct comparison became difficult.
Nonetheless, the cyclic hysteretic behavior and the maximum cyclic siress did not appear to be signifi-
cantly affected by strain rate.



ggg FGR345 |
o o =AYy e
& a7 - f];
S 200 ; !‘f
© 9 if ?
% .200 | ,f'
2.ami ﬁz w
@ -600 s e P L
L0004 L
BB 4 2D 2 4 0B
Axial Strain, & (%)
800 + 147440 I
5 800 e =say, =TT )
& 400 + / / !
2 200 4 N ;
332 “2(}0 T g ‘y
2 -400 ; J
“ gop 4 s
-800 + ; T——*_ -
-& —_6 4 -2 0 2 04 8
Axial Strain, ¢ (%)
400 LLYP225
)
ja
£
el
e
n
& 200
0
-400
% 8 4 -2 0 b 4 8

Axial Strain, ¢ {%)

L 100
50 B
0o

4

1.50 &

w
-100
100
50 B8
0

3
W50 S

43

1 .100
100
50 B
o .

w

1osp B

_0’.}
-100

800 +HP3485
= 800 1
i 400+
= 2004
© 0
2 -200
24001
9 800 +
-800 4 _ ‘
8 6 -4 20 2 4 6 8
Axial Strain, = (%)
sirzin rate = 0.1%/sec
; - strain rate = 10%/sec
400 4+ LYPT00

2006 +

Stress, o (MPa)
R
)
5 o

-4G0 1

84 6 -4 -2 0 2 4 6 8
Axial Strain, ¢ (%)

Siress, o (ksi)

- -100

- 100

Siress, o (Ksi)
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SECTION 4
LOW CYCLE FATIGUE BEHAVIOR

4.1  Recorded Fatigue Life
The low cycle fatigue data were obtained from the constant amplitude cyclic coupon tests, which were
used for the stress-strain investigation and tested to ultimate faifure. Table 4-1 summarizes the recorded

fatigue life in terms of the achieved number of reversals prior to failure for each target amplitude. Discus-
sion of the results was separated into structural grade steels and LY P stecls.

Table 4-1: Beversals to Failure

Stee]
e GR345 | HPS4SS | HT440 | LYPIOO | Lyp2s

(% 1076 798 1458 1459 | .

Target 2% 315 299 557 373 -
frain 3% 134 100 135 101 76
Ai;“é’é" 4% 101 67 132 65 66
B 5% 55 42 64 49 .
6% 47 35 47 32 33

7% 2o % 0 0 22 19

4.2 Leow Cycle Fatigue of Structural Grade Steels

The fatigue strain-life resuits from the structural grade steel tests are shown by the discrete data POs on 8
log-log plot in Figure 4-1. As expocted, the fatigoe life increased with decreasing strain amplitude, Over-
all, HP5485 exhibited lower fatigue life than GR345 and HT440 exhibited higher fatigue life than both of
the A709 grade steels, especially for the lower strain amplitudes.

4.3 Low Cycle Fatigue of Low Vield Point Steels

The fatigue strain-iife results from the tests for the LYP steels are shown by the discrete data POIRts on a
log-log plot in Figure 4-2. Only four data points were available for LYP225 due to buckling issues previ-
ously discussed for the other three specimens. For the cases considered, the fatigue ife of LYP225 was
found to be lower than LYP100 and also lower than the structural grade steels.

4.4  Fatigue Strain-Life Relationships
As expected for the strain amplitudes considered, plastic strains dominated the low cycle futigue behavior.
Data regression using & power function was conducted on the efastic and plastic components of the futigue

life results of each steel. The cosresponding coefficients for use in the strain Lfe relationship described by
Equation 1-8 are swnmarized in Table 4-2.
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The relationships were compared to the discrete data in Figure 4-1 ang F igure 4-2 for structural grade and
LYP steels respectively. The fatigue life relationship and the recorded dats show a close correlation
throughout the strain amplitudes considered. The strain-life relationships for all steels were compared in
Figurs 4-3. Despite the noted differences, the overall fatigue strain-life for all of the grade steels showed
similar behavior. Under strain control the materials can be considered fo have similar life in low cyele
fatigue situations such as those experienced in earthquakes.

Table 4-2: Fatigue LHe Caclficients

_ Steel
Coeflicient , , ‘
e GR345 | HPS485 HT440 | LYPi0o | LYP225
Fatigue Strengih _ .
Cocfficient, cryf’ 894 886 1600 75 567
MPa {ksi) (130 (126 - {14%) (68.8) {73.6)
Fatigue
Strength -0.082 -0.672 0,101 -G.081 ~0.063
Bxponent, » '
Fatigue
Duetility 0.535 (432 0.422 $4.275 0.446
Coefficient, s;f’
Fatigue
Dhuctility -0.590 -4.573 -0.524 -0.459 -,.612
Fxponent, ¢

4.5 Effect of Strain Hate on Fatigne Lifo

The recorded farigue life for specimens tested using the dynamic strain rate is summarized in Table 4.3.
Because the dynamic tests imposed higher strain amplitude than the pseudo-static rests, COMPArison was
made to the caleulated strain-life for the same strain amplitude, i.e. for 4.4% strain, using the coefficients
from Table 4-2. Although consistently shorter life was recorded for the dynamic experiments, small differ
ence exists between the values given that fatigue life data is typically considered on logarithmic scales

.

Table 4-3: Fatigue Life for Coupons Tested Using Dynamie Strain Rate

Steal
o3 1
Reversals GR345 HPS485 HT440 LYPI0O | LYP225
Recorded Reversals 61 48 78 75 - 35
to Failure, sz’ :
Calculated Reversals 77 39 84 6o 48
0 Failure, 2&’\1} :
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SECTION 5
LIMITATIONS OF COUPON TEST RESULTS

The coupon test resulis provided a strong foundation for understanding the influence of material properties
on earthquake structural behavior, However, the following limitations of the siress-strain and fatigue life
experiments are nofed as they relate to the applicability of the coupon results (o general carthguake engi-
neering applications:

*+  The stress-stzain and low cycle fatigue tests were conducted on the material properties of the
individual steels under axial strains. Steels in structural components are often subjected fo
multi-axial sirains for which different behavior could result. _

*  Typical structural components have weldments that may alter the characteristic properties of
these metals and consequently the fatigue life properties. Welding introduces rasidual stresses,
stress concentrations and material changes that can have adverse effect on the fatigue life chaz-
acteristics. :

«  Strams induced by earthquake loading are much more irregular than the compiete reverse
cyclic strains used for the coupon experiments. The load history can especially affect the
fatigue life,

*  The fatigue results provided life estimates for a wide range of plastic strains, but the effective-
ness of the fatigue life model is Hmited to the range of the sirain amplitudes tested. As a result,
the limited data available for LYP225 confines the range to a narrower band of strain ampii-
tudes.
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SECTION 6
CONCLUSIONS

Plate steels of varying grade were subjected to repeated cyclic plastic axial sirains between 1% and 7%
strain amplitude. The experimental results and comparisons showed the following:

The power function relationship approximated closety the evclic stress-strain behavior for all
stee] grades. '
The cyclic stress for structural grade steels stabilized to a constant within the first two cycles,
but for low yield point steels the stress did not stabifize. _

The cyclic hardening, which was measurad as the ratic of eyelic stress normalized to the meas-
ured yield strength, was largely dependent on the individual grades of steel. HPS485 and
HT440 had the lowest cyclic hardening ratios of less than 1.5, while LYP100 had evclic hard-
ening ratio exceeding 4.5,

The strain rate was found to have minimal effect on the vield and cyelic characteristies of all
of the steel grades for the Bmited number of specimens evaluated.

The fatigue strain-life relationship approximated closely the low cycle fatigue 1ife for all steel
grades.

Overall, the fatigue Hfe of all of the steels was similar within the range of strain amplitudes
considered,
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