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a b s t r a c t

Occurrences of large earthquakes having a magnitude larger than eight along subduction zones have been
reported worldwide. Due to large number of load reversals the effect of cumulative damage on structural
components due to deterioration becomes critical for steel buildings of old construction but may also
become critical for buildings designed based on current seismic provisions. A state-of-the-art analytical
model that simulates component deterioration and fracture due to low cycle fatigue has been developed
and implemented in the OpenSees computational framework. The model serves for seismic evaluation of
steel moment frame structures subjected to long duration records. The effectiveness of the numerical
model in quantification of the seismic capacity of high rise steel structures is demonstrated through val-
idation with a full scale shaking table test of a high-rise steel building subjected to a long duration record
at the world’s largest shaking table facility (E-Defense). Limitations of the proposed numerical model are
also discussed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Recent earthquakes around the world (Northridge, 1994; Kobe,
1995) raised many concerns regarding the seismic performance of
steel moment resisting frames (MRF) due to the occurrence of brit-
tle fractures of welded beam-to-column connections [1,2]. Various
analytical studies [3–6] summarized the effect of brittle fractures
on seismic capacity of existing steel moment frames. This forced
the earthquake engineering community to design improved steel
connections so that brittle fracture is avoided [7,8].

However, improved steel moment connections may not be
invincible when subjected to a large number of inelastic cycles
due to low cycle fatigue [9–14]. This is more evident in high-rise
steel buildings that are subjected to long period long duration
ground motions that occur near subduction zones. The reason is
that the predominant period of these ground motions range from
several to 10 s, and their primary durations extend over several
minutes [15–17]. These ground motions tend to resonate high-rise
buildings whose fundamental natural periods are above 2 s. This
observation was confirmed by recent full-scale shake table tests
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that represented typical high-rise construction in Japan [18]. These
tests took place at the world’s largest shake table facility at E-
Defense. Prior numerical studies [19] on high-rise steel buildings
subjected to long period long duration ground motions also
confirmed the same observation.

During the past years a large number of numerical and experi-
mental studies emphasized on the importance of fracture on the
seismic capacity of steel MRF due to seismic loading. Nakashima
et al. [20] investigated the effect of moment redistribution caused
by beam fracture in steel MRF based on static loading. The main
conclusion of this study was that sequential fractures are less likely
to occur during static moment redistribution when rotations corre-
sponding to fracture are large. Utilizing a large number of steel
MRFs as part of the SAC phase II project in United States, Luco
and Cornell [21] investigated the effect of connection brittle frac-
tures on seismic drift demands of steel MRFs using an empirical
analysis model to assess brittle fracture. They concluded that the
effects of connection fractures are more pronounced at higher drift
demand levels.

Rodgers and Mahin [22] demonstrated both experimentally and
numerically that severe strength loss due to the combination of
numerous fractures in steel MRFs and large excitation can have
adverse consequences, including collapse. Nakashima et al. [23]
investigated experimentally the effect of residual strength of a
steel MRF on connection fractures. The composite effect due to slab
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on connection fractures was also assessed in this study. They con-
cluded that after fracture of the bottom flange of a steel beam due
to slab effect occurs, the residual capacity of composite steel MRFs
is about 35% of the respective maximum strength at relatively large
drifts. Recent full scale shaking tables on high-rise steel buildings
conducted on the world’s largest shaking table at E-Defense
[10,18,24] demonstrated the vulnerability of steel beam-to-col-
umn connections to long period long duration ground motions.
In these connections, fracture occurs due to the large number of
inelastic deformations resulting to severe strength deterioration.

Consequently, there is a need to investigate the effect of compo-
nent deterioration and ductile fracture on the seismic capacity of
high-rise steel buildings. This will contribute to effective decisions
on retrofit techniques for steel beam-to-column connections. For
this purpose, a numerical model that is able to simulate complex
deterioration phenomena and ultimately connection fracture due
to low cycle fatigue has been developed and implemented in the
Open System for Earthquake Engineering Simulation (openSees)
platform [25], which is available from the Pacific Earthquake Engi-
neering Research Center (PEER). The component model has been
calibrated against a large number of steel component tests that
have been conducted over the past years around the world. The
validity of the numerical model is demonstrated with recently con-
ducted full scale shaking table test of a high-rise steel building
[18,24]. This test took place at the E-Defense facility in Japan.
The seismic capacity of the high-rise steel structure after the occur-
rence of connection fractures is evaluated numerically after utiliz-
ing the same numerical model. Limitations of the proposed
numerical model are also summarized at the end of this paper.
2. Numerical model for prediction of fracture due to low cycle
fatigue

Various models have been proposed to investigate the effect of
low cycle fatigue on steel beam-to-column connections. Bertero
and Popov [26] derived a relationship between plastic strain ampli-
tude and the number of cycles to fracture based on strain-
controlled tests that lead to fracture of steel beam flanges after
severe local buckling. Park et al. [27] incorporated the maximum
deformation and energy dissipation due to hysteresis in a damage
index. More recently, Krawinkler et al. [28] developed a numerical
model that can simulate the effect of cumulative damage due to
earthquake excitations based on Coffin–Manson [29] relationship
considering the full loading history of a steel component subjected
to cyclic loading.

For prediction of inelastic buckling and fracture of steel braces
due to low cycle fatigue, a distributed plasticity model [30] that
incorporates rainflow counting was developed and validated with
experimental data of steel braces. Krishnan [31] developed an elas-
tofiber element that can simulate inelastic post-buckling response
including fracture of steel braces and slender columns. Kanvinde
et al. [32–34] proposed and demonstrated the effectiveness of a
cyclic void growth model (VGI) to assess ductile fracture initiation
due to low cycle fatigue for steel connections and steel braces. Lin
et al. [35] utilized the VGI model in detailed finite element studies
for prediction of fracture initiation of field welded steel connec-
tions. Lee and Stojadinovic [36] developed a new cyclic yield-line
plastic hinge model for estimating connection rotation capacity.
This model is applicable by designers to evaluate new steel connec-
tions before required proof of performance tests. Campbell et al.
[37] presented a summary of damage predictions in steel MRFs un-
der earthquakes in which low cycle fatigue is incorporated based
on a compilation of salient analytical and experimental results.

This paper focuses on the capability of simulating component
deterioration and fracture due low cycle fatigue with an inelastic
concentrated plasticity element that was recently implemented
in the OpenSees computational framework [25] (http://open-
sees.berkeley.edu). In particular, a fracture rule was incorporated
in the modified Ibarra–Krawinkler deterioration model [38,39] that
allows modeling of (1) strength and stiffness deterioration and (2)
rupture leading to complete severing of a steel beam-to-column
connection due to cyclic loading. This analytical model serves for
seismic evaluation of steel MRFs at extreme seismic loading,
including the quantification of post-fracture response. The empha-
sis is on high-rise steel buildings subjected to long period long
duration ground motions. Because of the large number loading
reversals in these ground motions, steel connections deteriorate
cyclically in strength and stiffness and ultimately fracture due to
low cycle fatigue.

2.1. Component deterioration modeling

The modified Ibarra–Krawinkler phenomenological analytical
model is able to simulate stiffness and strength component deteri-
oration by using a reference backbone curve shown in Fig. 1a. To
control cyclic deterioration, an energy-based rule proposed by
Rahnama and Krawinkler [40] is used. The hysteretic response of
the modified Ibarra–Krawinkler model has been calibrated exten-
sively during the last few years by utilizing a steel component
database for deterioration modeling. This database includes tests
for more than 300 steel beams [39,41]. Fig. 1a shows an example
of calibration of the elastic stiffness Ke, pre- and post-capping (after
local buckling occurs) rotation hp, hpc of a steel beam subjected to
monotonic loading. The modified Ibarra–Krawinkler model deteri-
orates cyclically using a deterioration parameter K. This parameter
is a reference energy dissipation capacity of a steel component that
controls strength, stiffness and post-capping strength deterioration
modes (see Fig. 1b). A detailed description about the original and
modified Ibarra–Krawinkler deterioration model can be found in
[38,39].

2.2. Modeling of fracture due to low cycle fatigue

In order to incorporate low cycle fatigue in the numerical model
discussed in Section 2.1, a fracture law was implemented. For a
steel component, the number of cycles to fracture Nf is expressed
as a function of cumulative energy dissipation Ed of the steel com-
ponent when subjected to cyclic loading. This expression can be
written according to Eq. (1),

Nf ¼ a1E�k
d ð1Þ

This relationship is analogous to the Coffin–Manson [29] equation
for low-cycle fatigue simulation,

Nf ¼ bDe�a
p ð2Þ

where Dep is the amplitude of plastic strain of a steel component.
The difference between Eqs. (1) and (2) is that instead of the ampli-
tude of plastic strain of the steel component, the dissipated hyster-
etic energy is expressed with respect to the number of cycles to
fracture Nf. The logarithmic expression of Eq. (1) is given by,

log Nf ¼ logða1Þ � k logðEdÞ ð3Þ

Eq. (3) is further simplified by,

log Nf ¼ A� k logðEdÞ ð4Þ

The parameters A and k in Eq. (4) depend on the loading history that
a steel component experiences as part of a structure subjected to an
earthquake. Fig. 2 shows the effect of two different loading histories
on the parameters A and k. The two protocols that are used are a
standard symmetric loading protocol and a near-fault loading
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Fig. 1. Modified Ibarra–Krawinkler deterioration model (Lignos and Krawinkler [39]).

Fig. 2. Effect of loading history on fracture due to low cycle fatigue (a) symmetric loading protocol; (b) near-fault loading protocol; (c) hysteretic response due to symmetric
loading protocol; (d) hysteretic response due to near-fault loading protocol; (e) cycles to fracture versus normalized cumulative dissipated energy due to symmetric loading
protocol; (f) cycles to fracture versus normalized cumulative dissipated energy due to near-fault loading protocol.
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protocol [42] (see Fig. 2a and b). The same steel-beam-to-column
connection is used in both examples (i.e. the set of A and k param-
eters is identical for both cases). When a symmetric loading proto-
col with increased inelastic cycles is utilized, the steel component
fractures at a chord rotation of about 4.4% (see Fig. 2c). In the case
of the near-fault loading protocol, the same component fractures at
about 8% chord rotation (see Fig. 2d). Due to the small amplitude of
inelastic cycles prior to the main pulse of the near-fault protocol
(see Fig. 2b) the steel component does not dissipate much energy;
thus it does not fracture. The same observation can be seen from
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Fig. 2e and f. These figures show the number of inelastic cycles to
fracture versus the dissipated energy of the same steel component
subjected to the symmetric and near-fault loading protocol, respec-
tively. In these figures the dissipated energy of the steel component
is normalized with respect to its plastic moment capacity.

The parameters A and k are calibrated with available experi-
mental data from a steel component database for deterioration
modeling [36]. Forty-three test specimens with different beam
sizes were utilized in order to calibrate the two parameters (A, k)
for fracture simulation of Welded Unreinforced Flange (WUF) con-
nections. An example of this connection type is shown in Fig. 3a
[43]. The calibration of the parameters A and k is based on nonlin-
ear least-square optimization [44] using the Levenberg–Marquardt
algorithm [45]. The objective function that was used was the dif-
ference between the simulated and measured bending strength
at a given beam rotation. Based on the steel component tests that
were used to calibrate the parameters A and k, it is concluded that
a constant k may be used to represent steel components that fail in
a ductile manner. A larger A value implies that a steel component is
more ductile compared to another one with smaller A, i.e., the com-
ponent is able to dissipate more energy prior to fracture. Kuwam-
ura and Takagi [46] reached to the same conclusion. In their
assessment, they related the number of cycles to fracture of a steel
component with its cumulative plastic strain normalized with re-
spect to the yield strain. The steel specimens that are considered
for calibration of the numerical model discussed in this paper all
fail in a ductile manner (fracture due to low cycle fatigue). Cases
that steel beam-to-column connections fail in a brittle manner
(e.g. pre-Northridge connections) is not part of this data set since
the focus of this paper is to evaluate the seismic capacity of
high-rise steel buildings due to large number of inelastic cycles
prior to fracture. However, based on [46] a similar expression with
Eq. (2) is applicable for brittle fracture simulation. An example of
calibration of the simulated response of a WUF steel connection
is shown in Fig. 3b. This figure indicates a relatively good match
between simulated and experimental hysteretic response of a
Fig. 3. Welded Unreinforced Flange (WUF) connection. Simulated versus experi-
mental hysteretic response of a WUF connection (experimental data from Ricles
et al. [13]).
WUF connection including fracture. Fig. 4a and b shows the bend-
ing strength and unloading stiffness deterioration per cycle of the
same steel component for both loading directions, respectively.
From these figures it can be seen that there are four ranges of dete-
rioration with respect to number of cycles. During the first range,
there is no indication of local buckling; during the second range,
deterioration occurs at a high rate associated with the continuous
growth of local buckles; during the third range deterioration oc-
curs at constant rate due to the stabilization in buckle size and dur-
ing the last range, deterioration occurs due to crack propagation at
the welds or buckles. Earlier experimental studies [28] have
reached to the same conclusions regarding the effect of cyclic load-
ing on component deterioration and fracture due to low cycle
fatigue.

Fig. 4c shows the cumulative dissipated hysteretic energy ver-
sus the number of inelastic cycles of the same steel component
that is shown in Fig. 3b. In this figure, the cumulative dissipated
energy is normalized with respect to the plastic bending strength
of the steel component. Fig. 4d shows the relationship of dissipated
hysteretic energy versus number of cycles to fracture in logarith-
mic scale for the set of specimens used from [39,41]. This relation-
ship is close to linear (linear regression coefficient R2 = 0.86), which
is in accordance with Eq. (5).
3. Benchmark high-rise building for validation of the numerical
model

In order to validate the ability of the modified Ibarra–Krawinkler
deterioration model with low cycle fatigue to predict steel connec-
tion fractures, we utilized the experimental data from a recently
conducted full scale shaking table test of a steel building (see
Fig. 5a). This specimen represents a prototype 21-story steel build-
ing built in Japan in 1970s. The structure was tested at the world’s
largest earthquake simulator facility at E-Defense in Japan [18,24].
This earthquake simulator can accommodate a specimen up to a
weight of 1200 metric tons and a height of 22 m (see [24]). Hence
the concept adopted for the test was to establish a partial frame
structure with full-scale steel members that would be able to repro-
duce the possible seismic responses of the prototype. The first 4-sto-
ries of the equivalent test specimen represented the bottom stories
of the prototype 21-story structure. Three concrete substitute layers
represented the mass and stiffness of the remaining stories. These
layers were connected with rubber bearings placed on top of the
structure. The layers and rubber bearings were tuned in such a
way to represent the total mass and lateral stiffness of every 5-
stories of the upper portion of the 21-story prototype steel structure.
A steel damper was placed at the centroid of each concrete layer to
reproduce possible nonlinearity and energy dissipation of the upper
stories of the prototype structure. The geometry and structural
sections of the test specimen is shown in Fig. 5b. It was proven both
analytically and experimentally (see [18,24]) that the test specimen
represented well the response of the prototype structure. A total of
678 channels of data acquisition were used during the earthquake
simulator test. Based on white noise tests prior to the testing
program, the first three periods of vibration of the test frame in
the longitudinal direction (see Fig. 5b) were 2.13 s, 0.80 s and
0.53 s. The first three damping ratios in the same loading direction
were 2.6%, 3.4% and 4.7%. Detailed information regarding the test
setup and specimen can be found in [18].
3.1. Testing program

The test specimen shown in Fig. 5 was subjected to a sequence
of ordinary and long period long duration ground motions that rep-
resented design Levels 2–3 in Japanese seismic design including
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ElCentro, Hog and three times the San wave. These motions were
applied to the structure sequentially. The Hog and San seismic
waves are synthesized long period long duration ground motions
that are often used in recent research in Japan on the effects of such
ground motions on steel structures [10,18,24]. These two waves
have a predominant period of about three seconds and durations
of 200 and 320 s, respectively. The Hog wave was predicted at
the Kawasaki site near Tokyo (PGA = 145 cm/s2, PGV = 40 cm/s).
The San wave was predicted at a Nagoya site (PGA = 186 cm/s2,
PGV = 51 cm/s). Fig. 6 shows the acceleration and velocity spec-
trum of both ground motions in comparison with an ordinary
ground motion such as ElCentro. More information about the two
motions can be found in [18,24].
4. Numerical modeling of the test specimen and verification

A two dimensional numerical model of the steel MRF in the lon-
gitudinal loading direction was built in the OpenSees simulation
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platform [25]. Beams and columns of the steel MRF are represented
with an elastic element. The nonlinear response of the same com-
ponents is simulated with two concentrated plasticity springs at
the ends of the elastic elements. These springs follow the hyster-
etic response of the modified Ibarra–Krawinkler deterioration
model including fracture due to low cycle fatigue. Available exper-
imental data [10] for steel beam-to-column subassemblies of the
specimen were used to simulate component deterioration and
fracture. A comparison between the simulated and experimental
hysteretic response of one of those connections is shown in
Fig. 7a and b, respectively. As seen from Fig. 7, the component
model is able to represent fairly well the hysteretic response of
the steel beam-to-column connection of the test specimen till frac-
ture occurs. The implication of fracture in the numerical model is
that the bending strength of the steel beam drops to zero in the
loading direction that fracture occurs.

The flexibility of the panel zone including panel zone shear dis-
tortion is simulated with the Krawinkler model as proposed in
[47]. However, based on the shaking table test results, no inelastic
behavior was observed in the panel zones. The concrete layers at
the top of the steel structure were represented with ‘‘rigid’’ ele-
ments in the analytical model of the test frame. The rubber bear-
ings at each concrete layer were modeled with a parallelogram
model that deforms in shear. Steel dampers between the concrete
layers were modeled with a bilinear model. This model was cali-
brated with experimental data released from the steel damper
manufacturer. Second order effects (P-Delta) were considered in
the numerical simulation with OpenSees. Rayleigh damping ratios
were assumed to be 2.6% and 4.7% for the first and third mode,
respectively. The numerical model of the steel MRF in the longitu-
dinal loading direction was subjected to the same earthquake se-
quence discussed in Section 3.1. Cumulative damage effects from
phase to phase were also considered.

4.1. Results and discussion

This section discusses the main observations obtained from the
seismic response of the test specimen during the sequential ground
motion shaking. These observations are based on a comparison be-
tween numerical simulations versus measured experimental data
of the test specimen. The emphasis is on the last phase of the test-
ing sequence (San3) discussed in Section 3.1. During this phase,
fractures due to low cycle fatigue occurred at the floor beams of
the bottom stories of the steel MRF in the longitudinal direction.

The simulated and measured peak story drift ratio (SDR) profile
along the height of the test frame for the ElCentro wave is shown in
Fig. 8a. From this figure it is notable that both analytical and mea-
sured data are well correlated. During this earthquake record (Le-
vel 2 earthquake in Japan) the maximum SDRs did not exceed 1%
radians. This indicates that the structure complies with the Japa-
nese seismic code for Level 2 earthquakes. Fig. 8b illustrates the
SDR profile along the height of the steel MRF during San3 wave
as predicted by analysis with/without fracture. Superimposed is
the measured SDR response during the earthquake simulator test
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in the longitudinal direction. From this figure, the SDR distribution
profile of the San3 long period long duration ground motion
exceeds 2% radians at the bottom stories and migrates to the top
stories. This drift profile along the height of the test frame agrees
with an extensive number of analytical studies on high-rise steel
MRFS as discussed in [8,47,48]. From the same figure, it is also evi-
dent that fracture modeling is critical for accurate representation
of dynamic response of the high-rise steel structure at the bottom
stories. During the earthquake simulator test, SDRs are amplified
due to two beam fractures at the 2nd and 3rd floor beams. The
fractures occurred on the right side of both beams. The numerical
model seems to underestimate the peak SDRs in the first story of
the test frame. However, after looking carefully at a 100 s time
window of the overall first story drift history during San3 wave
(see Fig. 9a), it is indicated that there is satisfactory correlation be-
tween simulated and measured story drift history response. The
same observation can be made for the 2nd story drift ratio history,
which is shown in Fig. 9b. From the same figure, it is also observed
that the overall post-fracture response of the test frame is pre-
dicted fairly well with the component model, which proposed in
this paper. The difference of the simulated response of the 2-D
model compared to the experimental data after fractures occur is
attributed to torsional effects that were observed during the shak-
ing table test series after the occurrence of fractures [18]. The tor-
sional effects were not considered in the 2-D modeling of the steel
MRF. Another reason for the observed differences is that the
numerical model discussed in Section 2.1 is not able to simulate
the remaining bending capacity of a steel beam after the occur-
rence of the first fracture.
4.2. Effect of fracture on the remaining seismic capacity of the high-
rise steel building

After completion of the San3 wave two steel beam-to-column
connections of the test specimen in the longitudinal direction are
fractured. Due to safety reasons the shaking table test series
stopped. However, the numerical model discussed in this paper al-
lows for further investigation of the effect of fractured connections
on the seismic capacity of the steel MRF, since the experimental re-
sults from the earthquake simulator tests were replicated fairly
well up to San3 wave. The numerical model of the steel MRF in
the longitudinal direction is subjected to a fourth San wave (noted
as San4). Cumulative damage effects from the ElCentro, Hog and
San1 to San3 waves are simulated. Fig. 10 shows the peak story
drift ratios along the height of the high-rise building after zooming
at the first 3-stories of interest. For reference, we have superim-
posed the measured peak SDR profile from San3 wave. From the
same figure it can be seen that the peak SDR in the 2nd story of
the steel MRF exhibits 3% rad. The amplification of the 2nd story
drift ratios during San4 is attributed to sequential fracture of the
steel beam connections in the same story due to moment redistri-
bution. In the same figure we have superimposed the peak SDR
profile of the same steel MRF when fracture is not simulated in
the numerical model. The seismic response of the steel MRF is
clearly underestimated by more than 50% in terms of SDRs. This
indicates that modeling of fracture due to low cycle fatigue is crit-
ical in order to estimate the post-fracture seismic capacity of a
high-rise steel building subjected to long period long duration
ground motions. P-Delta effects at the bottom stories of the steel
MRF are amplified due to large story drift ratios. P-Delta effects
dominate the seismic response of a high-rise steel building in the
highly inelastic range and typically lead to a collapse mechanism
that involves only the bottom stories of a steel building. This has
also been pointed out by other analytical studies [21,47,48].

5. Numerical model limitations

This section discusses limitations of the proposed phenomeno-
logical model that simulates fracture due to low cycle fatigue. After
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beam-to-column connection fractures occur, the bending strength
of the steel component that fractures drops to zero based on the
numerical model discussed in this paper. However, based on the
post-fracture hysteretic response of a steel component there is a
remaining bending capacity due to web and flange resistance that
has not fractured yet (see Fig. 7b). Because of limited experimental
data related to post-fracture performance of WUF connections it is
not possible to quantify the remaining bending capacity of a steel
beam after the occurrence of the first fracture. Most of the beam-
to-columns tests conducted in the past stop due to safety issues
after the occurrence of the first fracture during the monotonic or
cyclic response. Another limitation of the proposed model is that
it is not able to accurately simulate the hysteretic response of
bolted steel connections. The primary problem in this case is that
the hysteretic response of a bolted connection becomes pinched
if a bolt or a number of bolts slip.

6. Conclusions

This paper proposes a numerical model that simulates compo-
nent deterioration and fracture due to low cycle fatigue of steel
beam-to-column connections. Fracture due to low cycle fatigue is
expressed with respect to the dissipated energy of a steel compo-
nent when subjected to cyclic loading. The proposed numerical
model has been implemented in a widely used open source numer-
ical simulation platform. This model is particularly useful for quan-
tification of the seismic capacity of high-rise steel buildings
subjected to long period long duration ground motions. Compo-
nent deterioration and fracture in this case is profound due to large
number of inelastic deformations. The main findings in this paper
are summarized as follows:

1. The number of cycles to fracture for a steel component with
respect to its dissipated energy during cyclic loading follows
a power law. It was shown that the exponent of this relation-
ship could be kept as a constant. A set of beam-to-column
connections that fail in a ductile manner was utilized for this
purpose.

2. After validation of the proposed numerical model with land-
mark experimental data from a recently conducted full scale
shaking table test of a high-rise steel building at the world’s
largest earthquake simulator at E-Defense, it was shown that
connection fractures due to cumulative damage amplify maxi-
mum story drift ratios at lower stories of high rise buildings.
Post-fracture response is significantly underestimated if deteri-
oration and connection fractures are not simulated in the non-
linear dynamic analysis.
3. After connection fractures occur during dynamic loading, story
drift ratios at the bottom stories of a high-rise building amplify
due to sequential fracture that occurs due to moment redistri-
bution of the steel components.

The main limitation of the proposed numerical model that sim-
ulates fracture due to low cycle fatigue is that it is not able to sim-
ulate the post-fracture remaining bending capacity of a steel
connection after the occurrence of the first fracture.
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