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Abstract. Concentric-braced steel frames often fracture at the mid-length of the braces dur-
ing strong ground motions when the members and connections are properly designed and de-
tailed. The paper describes a finite element model incorporating a damage accumulation
model that is able to predict fracture of HSS braces under cyclic loading. Crack initiation is
predicted through a refined fracture model. It is shown that the fracture life predicted from
finite element analysis based on damage model agrees well with the experimental results and
the refined fracture model results. Brace fracture performance is examined for an 8-storey
inverted-V concentrically braced frame designed in accordance with the Canadian seismic
provisions. Time history analysis of four selected ground motions is carried out on the CBF
structure using the OpenSees program. Failure of the braces at the 7th storey is investigated
with consideration of the deformation history demand.
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1 INTRODUCTION

Concentrically braced frames (CBFs) frequently use hollow structural steel section (HSS)
braces to resist lateral loads and seismic excitations. Fracture of HSS braces was reported af-
ter the 1994 Northridge and the 1995 Kobe earthquakes [1]-[2]. Failure of HSS braces has
also been observed in braced frame test programs [3]-[6] as shown in Fig. 1. When the end
connections are properly designed, fracture typically occurs in the plastic hinge forming at the
mid-length of the brace upon global buckling, as a result of high strains developing after local
buckling. A review of the fracture life prediction criteria’s [7]-[25] revealed that a slightly
varied form of the Cyclic Void Growth Model (CVGM) model in [23] for ultra-low cycle fa-
tigue is an appropriate candidate to predict fracture life of steel braces under seismic excita-
tions. With respect to the available plastic hardening models proposed in [26]-[34], it is
shown in [35] that the kinematic hardening rule in [27] is a sufficient candidate to model the
shift in the yield surface in stress space of HSS brace tests by [36].

Two micromechanics models were presented to simulate ultra-low cycle fatigue of mo-
ment connections [23]. The first model is the Degraded Significant Plastic Strain model
(DSPS) and the second model is the Cyclic Void Growth Model (CVGM). The two models
depend on the cumulative plastic strain, the triaxiality ratio and the characteristic length, to
predict fracture. The significant cumulative plastic strain concept is introduced to the DSPS
and CVGM models. This concept is compatible with the growth and coalescence mechanisms
of the ultra-low cycle fatigue problems. The variation of triaxiality ratio with cycles is not
considered in the DSPS model. This variation is taken into account in the CVGM model. Tri-
axiality is the mean stress over the effective or the Von Mises stress. The triaxiality ratio de-
pends on the load history and the geometry of the specimens (thickness for example). The
cyclic fracture life predictions of the CVGM are better than the cyclic results of the DSPS
model, especially with variable amplitude loadings. The change in triaxiality is considered

with cycling in the latter.
b)
: | ‘ 0

a)
Fig. 1 Quasi-static tests on an HSS127x127x8.0 bracing member [6]: a) Global buckling; b) Local buckling upon
brace global buckling; and c) Fracture upon reloading in tension.
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Brace fracture prediction represents a critical ingredient for the assessment of the seismic
performance of braced steel frames, especially when verifying life safety and collapse preven-
tion limit states. In this paper, a modified finite element model is presented to predict the on-
set of cracking for HSS specimen 4B of the brace tests in [36]. The significant cumulative
plastic strain obtained from the refined CVGM model when cracking first seen is used in a
cyclic damage model to predict the fracture life of specimen 4B. The cyclic damage model is
needed to simulate the ductile damage initiation when the crack is first seen to failure. The
same model is then tested on prediction of the fracture life of a bracing member identical to
specimen 4B at the 7" floor level of an 8-storey CBF subjected to seismic ground motion rec-
ords.

2 FINITE ELEMENT MODEL DESCRIPTION

The combined isotropic kinematic hardening material model was used in the finite element
analysis with data type equal to half cycle. This model is capable of simulating the expansion,
contraction and the shift of the yield surface in stress space to model the brace behavior under
cyclic loading. The shift in the yield surface is a function of the plastic strains and the plastic
hardening modulus. The shift (translation) of the yield surface is subtracted from the corre-
sponding stresses according to the kinematic hardening rule in [27], as described in [35]. The
engineering stress strain curves obtained from coupon tests on HSS material in [37]-[39] were
converted to true stress strain curves that were used here in the finite element model of speci-
men 4B. The true stress strain curves for walls and corners of specimen 4B in addition to the
gusset plates are shown in Fig. 2.
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Fig. 2 Stress strain curve

Specimen 4B was designed according to the weak brace strong gusset approach. The ten-
sile capacity of the gusset was greater than the tensile capacity of the brace. Two ways are
possible to prevent the net-section fracture. The first way is by using reinforcement plates and
the other way is by rounding the fillet weld to close the slot. Both ways are sufficient to pre-
vent net-section fracture. Specimen 4B was tested when rounding the weld even though it is
more practical to use reinforcement plates. The detail of the slotted hole at the end of the weld
should not affect the brace fracture response since fracture developed at the brace mid-length.

The finite element analysis was performed using the Abaqus code [40]. The use of a four-
node quadrilateral shell element (S4R) in modelling steel braces accounts for in-plane and
out-of-plane deformations and allows for changes in thickness with deformation. S4R is a re-
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duced integration element with three translational and three rotational degrees of freedom per
node. Seven integration points were adopted through thickness of the S4R element. A high
mesh density was used at the mid-length plastic hinge of the HSS. The element aspect ratio in
this region was 1. The gusset plates were connected to the HSS by the nodes on their interfac-
es. The number of nodes, elements used in modeling specimen 4B, were 16730, 13580, re-
spectively. Fixed brace end conditions were used. It is worth mentioning that using shell
elements in modeling braces subjected to cyclic loading is better than using solid elements.
The solid elements are not able to simulate the kink at the mid-length of the brace, while this
behavior is evident when using shell elements [41]. From experience on modeling concentric
braces subjected to cyclic applied displacements, it is more convenient to use multiple inte-
gration points through the thickness of one shell element than staking solid elements with one
integration point for each solid element. The number of integration points will have an effect
on the local behavior and will not have pronounced effect on global behavior. In addition, sol-
id elements are stiffer than shell elements.

The finite element analysis was carried out in two stages. First mode elastic buckling anal-
ysis was created in the specimens in the first stage. The initial imperfection to match the
measured camber and the cyclic end displacements were then applied in the second stage
where nonlinear inelastic analysis was adopted to simulate the hysteresis loops. Large defor-
mations are expected; therefore, the geometric nonlinearity was adopted with the material
nonlinearity. The Newton-Raphson method was used to solve the nonlinear equilibrium equa-
tions in the stability based approach.

3 VALIDATION OF EXPERIEMNTAL TEST

Specimen 4B, characterized by an HSS 152x152x9.5 mm section with 300x25.4 mm gus-
set plates at each end of the specimen for end connections, has been selected from the brace
tests in [36]. Specimen 4B had the largest cross-section and nearly the longest among the
specimens tested. The length of the HSS is 4850 mm. The measured free length of the gusset
plates was equal to 32 mm. Thus, the total length of the specimen was equal to 4914 mm. The
effective slenderness ratio accounting for end flexural restraint by the gusset plates is 59.7 and
the width-to-thickness ratio, (b-4t)/t, is 13.0. The yield strength F, = 442 MPa and the modu-
lus of elasticity E = 196 GPa of the HSS material were obtained from stub column tests.

The experimental and the finite element’s axial hysteresis loops are nearly identical in Fig.
3(a), as well as the lateral hysteresis loops showed in Fig. 3(b). In the experiment and the fi-
nite element analysis, the specimen was subjected to four elastic cycles of compression-
tension loading. During the compressive side of the fifth cycle, the specimen noticeably buck-
led into a bow shape. Two plastic hinges formed progressively in the free length of the two
gusset plates. The full tension side of the same cycle straightened the specimen. The specimen
buckled at lower axial displacements in the sixth compressive cycle than in the fifth. This is
mainly attributed to the residual elongation, or camber, and to the plastic hinges which had
formed at both ends of the specimens. During the same cycle, the bow shape buckling became
larger as shown in Fig. 4(a). The two free length plastic hinges formed completely during the
sixth compressive cycle with filet weld cracking noticed in the experiment at both the com-
pression and tension sides of the gusset plate adjacent to free length. The weld was not mod-
eled in the finite element model. The compressive loads showed a marked decrease in
capacity in the cycles following the fifth cycle. The tension side of the sixth cycle removed
the camber and fully yielded the specimen. Stable plastic behavior of the gusset plates was
evident at all times during the test and the finite element model.
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Fig. 3 Hysteresis loops: a) Axial displacement; b) Lateral displacement.

During the compressive side of cycles seven and eight, the specimen shape was changing
from a bow shape to a kinked shape, concentrated at the mid-length of the specimen in the
experiment and the finite element analysis. This shift in shape indicated the beginning of the
development of a plastic hinge at the mid-length of the specimen.

Local buckling at the mid-length plastic hinge began during the compressive side of the
ninth cycle, with inward and outward bulging of the specimens’ compressive web and flanges,
respectively. The outward bulging is closer to the compressive web rather than the tension
web. A small inward bow of the tension web was also noticed. The local buckling partially
disappeared during the tension side of the same cycle. Local buckling continued to increase in
severity during the following cycles. As a result, the buckling shape transformed from a bow
shape to a VV-shape as shown in Fig. 4(b).

a)

Fig. 4 Lateral buckling: a) Half-bow shape; b) Half-V shape

In the experiment, the continued working of the mid-length region resulted in the tearing of
the flanges on the corners at the compressive side of the locally buckled region during the ten-
sion excursion of the 11" and final cycle of loading. Small size bent was present at the com-
pressive corners and web at the mid-length plastic hinge upon compressive buckling. This
bent is usually severe at the compressive corners (Fig. 5) due to the geometric nature of local
buckling and bending. The bent opens during tensile loading and concaves during compres-
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sive buckling leading to crack formation due to the cyclic rotational demand and reduction in
the cross-sectional area at those locations. Reduction in strain gauge measurements on the
compressive side of cycles 11 and 12 is sees in Fig. 6 due to the formation of the small size
bent. Tearing and subsequent propagation of the tear resulted in the failure of the specimen
upon increasing levels of axial displacement. Failure of the specimen was shifted at a distance
of less than the depth of the HSS as shown in Fig. 7.
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-40000
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Fig. 6 Axial displacement versus axial strain hysteresis loops

Fig. 7 Fracture of specimen 4B
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4 FRACTURE AND DAMAMGE MODELS

During the compressive side of cycles seven and eight, the specimen shape was changing
from a bow shape to a kinked shape, concentrated at the mid-length of the specimen in the
experiment and the finite element analysis. This shift in shape indicated the beginning of the
development of a plastic hinge at the mid-length of the specimen.

An extension to the model proposed in [10] was the CVGM model in [23], which predicts
fracture for ultra-low-cycle fatigue (ULCF) braces under cyclic loadings. The CVGM model
is based on the following equation (fracture initiates in braces when the degradation in mono-
tonic capacity is less than the cyclic growth in demand):

exp(—AcvGm e p ) Mmonotonic <

€2
Stensile—cycles | exp(|1.5T [)deg; — (¢D)]
€1

€2
> compressive—cycles ] €XP(|1.5T [)dec
&

On the demand side, the equivalent compressive strains are subtracted from the equivalent
tensile strains and added incrementally for every cycle of loading taking triaxiality, T, into
account. Cycles are considered compressive when triaxiality is negative and vice versa.

The capacity side represents the degradation of the monotonic tensile capacity, #monotonic,
due to cyclic loading according to the equation:

Neyclic =€XP (—AcVGM € p ) Nmonotonic (2)
where:
€p
Mmonotonic = | €XP(1.5T )dep (3)
0

and ¢, is the cumulative plastic strain.

The monotonic capacity could be obtained from standard coupon or notched bar tests. The
monotonic capacity degrades according to the degradation coefficient, Acvgm. The values of
Nmonotonic @aNd Acvem Were calibrated by conducting notch round bar monotonic and cyclic tests,
with two different loading protocols, on seven types of steel made in Japan and the USA [23].
The first loading protocol is to cycle the specimen under constant amplitude high tension
and/or low compression cyclic displacements to failure. The second loading protocol is to cy-
cle the specimen under constant predefined low tension and/or compression amplitude dis-
placements, and then to pull the specimen to failure during the last tension cycle. The applied
compressive displacements are greater than the applied tensile displacements of specimen 4B
(Fig. 3(a)). Strain gauges were deployed at the expected plastic hinge location at the exact
mid-length of specimen 4B. The strain gauges were inserted at the neutral axes of the speci-
men. The strain gauge deployed at the compressive web (Fig. 5) measured the greatest values
of strain demand in compression among all strain gauges. Axial strains in compression are
greater than axial strains in tension as shown in Fig. 8. Therefore, the significant plastic
strains are taken to be compressive minus tensile strains. Plastic strains are accumulated dur-
ing compressive cycles in the model proposed in [42] where cycles are considered compres-
sive when triaxiality is negative.
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For fracture life predictions in the current study, the significant plastic strains are taken to
be compressive minus tensile strains on the demand side. Strains are considered compressive
when triaxiality is less than -1/3. The -1/3 is a revised simplification for positive maximum
principal stress [25]. The maximum principal stress is positive for damage evolution in cyclic
loading [18]. For cyclic loading, a slightly modified form of damage evolution by [18] was
used in [25]:

dD_{(cy)mdSP forT>—%,and

0 otherwise
2
(e}
y:%[z(l+v)+3(l—2v)T2J (4)
2E(1-D)~ L3
ep
0

where ¢ and m are material constants, E is the elastic modulus, v is the Poisson’s ratio, geqis
the effective or the Von Mises stress, dD is damage increment and D, is the critical damage
limit.
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Fig. 8 Axial strain hysteresis loops

For specimen 4B, #monotonic 1S 2.86, which is similar to the value obtained in [23] for AWS50
(ASTM A572 Grade 50) steel. In the finite element model, fracture is predicted for specimen
4B during the tensile side of cycle number 12 with Acvem equal to 0.11 as shown in Fig. 9.
The previous prediction is identical to the fracture of the brace that occurred during the exper-
iment. Using a value of Acvem equal to 0.4 or 0.6 for instance results in fracture of the brace
during the compressive side of the same cycle (Fig. 9).

The fracture life of specimen 4B is identical to the prediction of the finite element model
when considering compressive minus tensile strains. As could be seen from Fig. 9 on the de-
mand side, the critical significant cumulative plastic strain at which tearing or cracking is first
seen is 0.67 (tensile side of cycle number 11).
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Fig. 9 Fracture life prediction

The cumulative plastic strain is used to specify the location of crack initiation for specimen
4B. The cumulative plastic strain is greater at the external integration point (outer face) than
at the internal integration point (inner face) of the element where crack initiates, as shown in
Fig. 10. The axial and rotational capacity of the element in consideration is exceeded at the
outer faces due to cyclic loading leading to crack initiation at the external face of the element.
At these locations, the geometric nature of local buckling leads to early pile up of dislocations
that result in formation of slip bands. The continuous cyclic movement along the slip bands or
plans leads to the formation of intrusions and extrusions at the outer free surface. At this loca-
tion, microcracks occur as a result of the formation of slip planes with high shear stress which
is often inclined by 45 degrees to the maximum principal stress. Some microcracks join to-
gether to form a main crack. When the length of the main crack is sufficient for a stress field
to be dominant, the main crack begins to propagate through the brace in the direction normal
to the maximum principal stress. The significant plastic strain was equal to 0.67 for the main
crack to be dominant for specimen 4B. The main or dominant crack continues to grow until
the remaining uncracked cross-section is no longer able to resist the applied load triggering
fracture of the brace.
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3 - — Internal Integration Point

Cumulative Plastic Strain

0 5000 10000 15000 20000 25000 30000
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Fig. 10 Cumulative plastic strain at the element where crack initiates
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The incremental deformation plasticity theory, based on the significant cumulative plastic
strain, was implemented in the damage model to predict the behavior and fracture life of spec-
imen 4B. In the actual test, main crack formed on the compressive side at the mid-length of
the specimen where a plastic hinge develops. Hence, the stiffness at this location will gradual-
ly decrease causing the specimen to fail. The stiffness in the direction of the maximum princi-
pal stress, when the significant cumulative plastic strain reached a value of 0.67, was reduced
to zero at the appropriate integration points. The finite element model incorporating the dam-
age model stopped working during the tensile side of the 12" cycle due to numerical error.
The axial hysteresis loops of the finite element analysis incorporating the damage model is
shown in Fig. 3(a).

5 CASESTUDY

Inverted V-bracing is a popular pattern of brace arrangements for special concentrically
braced frames (SCBFs). The brace fracture and fatigue models are used to predict the fracture
of braces in a typical 8-storey chevron braced frame located on a site class C in Victoria, Brit-
ish Columbia, subjected to four ground motions. The frame is shown Fig. 11. It is a Type MD
(moderately ductile) braced frame designed in accordance with the provisions of NBCC 2010
[43] and CSA S16-09 [44]. The dynamic (response spectrum) analysis method was used to
determine seismic design forces in the braces. All braces are square tubing (HSS) conforming
to CSA G40.20 with minimum specified F, = 350 MPa. The braces at the 7" floor level are
examined. The size of these braces is HSS 152x152x9.5, which is the same as specimen 4B in
[36]. The center line (o/c) length of the brace in the building frame is 5374 mm and the dis-
tance between the ductile hinges forming in the gusset plates upon brace buckling is 4836 mm.
For specimen 4B, the length between the hinges was 4850 (HSS length) + 32 (two times half
the free length) = 4882 mm. The latter is very close to the length of the brace in the prototype
building. The same finite element model for specimen 4B is used to examine the fracture life
of the brace in the braced frame with a slightly modified version concerning the gusset plate
thickness (teusset plate = 19.1 mm).

Nonlinear seismic response history analyses of the 8-storey structure were carried out us-
ing the OpenSees program [45]. The bracing members were modelled using force based non-
linear beam-column elements with fiber discretization of the cross-section [46], [47]. The
Giuffré-Menegotto-Pinto (Steel02) material model was selected to account for Bauschinger
effect and simulate kinematic-isotropic strain hardening response. The nominal yield strength
Fy = 350 MPa was assigned to the steel material. Initial sinusoidal out-of-straightness with
maximum amplitude of 1/500 of the unsupported member length was specified for the bracing
members. A co-rotational formulation was chosen to consider geometric nonlinearities for the
braces. The analyses were performed for four different earthquake records from the PEER
ground motion database [48]: Nos. 057, 767, 986, and 1006, as listed in Table I. Hence, a total
of eight axial deformation histories were obtained for the two braces, which is of interest be-
cause some include several cycles in compression while others have more demand in tension.
All records were initially scaled to match the design spectrum.

The time histories axial deformation responses for the two braces (Left and Right) at the
7" floor, as monitored between the two gusset plate plastic hinges in the response history
analyses were applied to the finite element model to verify fracture limit states. In the finite
element model of the brace, the material properties used for specimen 4B were used after
scaling the strength values so that Fy becomes equal to 350 MPa, same as in the response his-
tory analyses. The brace axial deformation at yield, &, is 8.3 mm.
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In Fig. 12, excellent agreement is found between the brace hysteretic response predicted by
the OpenSees and Abaqus models for both braces and all ground motions. In all cases, the
braces sustained larger axial deformations in compression as a result of the downward result-
ant brace load that was imposed at the beam mid-span after buckling of the braces. Yielding
in tension only occurred in the Right brace under records Nos. 57, 767, and 1006. Local buck-
ling did not develop in the finite element analysis of the 7" floor braces. These braces did not
fracture under the four earthquake records according to the refined fracture and damage mod-
els.

X
Frame Studied
— I—I— éz—:—:
I === s
o
| === =
n —
L ===
Ié) l |: | 250 o
— (-]
"y l_z_lzl_,j (typ.)
‘_ 5@ 7600 = 38 000 ‘| R}
PLAN ELEVATION

[mm]

Gravity loads:
Roof: Dead = 3.4 kPa
Live = 1.48 kPa
Floor: Dead = 3.5 kPa
Partitions = 1.0 kPa
Live = 2.4 kPa
Exterior walls = 1.2 kPa

Fig. 11 Prototype building studied

For the ground motion record No. 767, incremental dynamic analysis was carried in Open-
Sees by applying the following scaling factors, Sg, to the ground motion: 1.5, 2.0 and 2.5. The
results for Sg = 1.0, 1.5 and 2.0 are plotted in Fig. 13 for the 4.0-16.0 s time interval. The re-
sults are not shown for Sg = 2.5 as inelastic deformations concentrated in braces at another
level in the building under that amplified ground motion and the demand on the braces at the
7" floor level reduced. As shown in the figure, the Left brace is subjected to a series of ten-
sion excursions before it experiences a series of sequence of significant compression half-
cycles. The opposite is observed for the Right brace.

No crack initiation was detected in the Left and Right braces for the previous magnifica-
tions of ground motion. For Sg = 2.0, the displacement histories were magnified further by
factors of 1.25, 1.5 and 1.75 to detect crack initiation. As could be seen from Fig. 14, crack
initiation is detected when magnifying the displacement history by an additional factor be-
tween 1.25 and 1.5 for the Left brace while crack initiation is detected when magnifying the
displacement history by an additional factor between 1.5 and 1.75 for the Right brace. This
particular braced frame therefore possesses significant reserve capacity against fracture of the
brace at the 7" floor level. The results also indicate that it is more critical for the brace studied
to experience damage when the brace is subjected to a series of tension excursions before
compression excursions for the displacement histories used in the case study presented here.
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No Record Se- Earthquake Station Name Mag. Comp.
" quence Number Name
1971 San  Castaic - Old Ridge 6.6  291°
1 57
Fernando  Route
5 767 19.89 Loma Gilroy Array #3 69 O
Prieta
1994 LA - Brentwood 6.7 195°
3 986 Northridge VA Hospital
1994 LA - UCLA 6.7 90°
4 1006 Northridge Grounds
Table 1: Characteristics of ground motion earthquake records.
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Fig.13 Axial deformation time histories for the Left (L) and Right (R) braces under stepwise incremented ground
motion record No. 767.
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Fig. 14 Significant plastic strain for the Left (L) and Right (R) braces under magnified displacement histories of
Sr = 2.0, record No. 767.

6 CONCLUSIONS

Accurate prediction of low-cycle fatigue failure of bracing members is essential for the
verification of life safety and collapse prevention limit states when performing seismic as-
sessment of concentrically steel braced frames. A modified finite element model developed in
Abaqus was presented to predict the onset of cracking based on the significant cumulative
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plastic strain obtained from a refined CVGM model. The model was verified against test data
for an HSS specimen. The finite element model could predict the overall cyclic inelastic re-
sponse of the brace as well as initiation of cracking in the plastic hinge that developed at mid-
length of the brace specimen. Nonlinear dynamic analyses were conducted using an OpenSees
model in order to obtain time histories of the axial deformation demands imposed to the brac-
es at the 7™ floor level of an 8-storey CBF designed in accordance with current Canadian
seismic design provisions. The computed time histories of the axial deformation were then
applied to the brace finite element model. The analyses showed that fracture of the braces
studied would not occur under seismic ground motions corresponding to two times the design
earthquake level. Brace fracture was found to be more critical in braces that are subjected to a
series of tension excursions before compression excursions are applied.
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