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ABSTRACT 

 
Preliminary experimental and simulation results are presented for the first 
phase of testing for a Network of Earthquake Engineering Simulation 
Research (NEESR) project to investigate Ultra-Low Cycle Fatigue 
(ULCF) in large-scale steel bracing members. The tested members 
represent braces in Special Concentrically Braced Frame (SCBF) systems 
that undergo severe cyclic inelastic deformations accompanied by global 
and local buckling eventually leading to ULCF-induced fracture. The 
experimental findings are complemented by detailed continuum-based 
FEM and line-element-based OpenSEES analyses. The ULCF process 
itself is simulated through micromechanics-based models that capture the 
fundamental processes of void growth, collapse, and damage responsible 
for ULCF. The paper briefly describes existing models for base metals and 
ongoing efforts to develop models for weld metals. The paper concludes 
with a commentary on the methodology of utilizing micromechanics-
based fracture models for large-scale structural components where 
modeling of phenomena such as local and global buckling may need 
explicit attention. Future experiments and research directions are 
discussed.  

 
Introduction 

 
Structural investigations following the 1994 Northridge earthquake revealed that 

the combination of high fracture toughness demands caused by poor detailing of beam- 
column connections and low material toughness resulted in widespread fractures in these 
structural details. Since Northridge, Special Concentrically Braced Frames (SCBFs) have 
gained considerable popularity as a lateral load resisting system in high seismic areas. 
SCBFs dissipate energy through cyclic inelastic buckling of bracing elements, and their 
resistance to fracture may ultimately govern system ductility. In fact, recent studies 
(Mahin et al, 2004, Roeder, 2005) have shown unsatisfactory performance of bracing 
systems designed with current codes, leading to fracture in the braces during design-level 
earthquakes. However, research regarding SCBFs is relatively less exhaustive when 
compared to that regarding moment frame systems. Moreover, the general understanding 
of the Ultra Low Cycle Fatigue (ULCF) process (Kanvinde and Deierlein, 2004) that 
induces fracture during earthquakes is somewhat incomplete. This paper describes 
preliminary findings from a Network for Earthquake Engineering Simulation and 
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Research (NEESR) project that aims to fill part of the knowledge gap in the basic 
understanding of ULCF in base and weld metals by using large scale brace tests to 
validate the new modeling approaches. The objectives of the first phase of this project are 
to develop and validate ULCF models and methodologies along with expanding the 
understanding of brace design variables on structural performance. 

 
 As evidenced by the Northridge and Kobe earthquakes fracture in SMRFs and 
SCBFs can severely affect system performance and ductility. However, the tools 
currently used by structural engineering researchers to predict fracture are not as 
sophisticated as other aspects of structural analysis and common fracture prediction 
methodologies are often based on varying degrees of empiricism rather than fundamental 
mechanics. Simplistic approaches for fracture prediction in SCBFs involve using the 
interstory drift as an indicator of fracture, while somewhat more advanced approaches 
may use either critical longitudinal strain measures, or cycle counting and fatigue life 
approaches for individual braces or components (Tang and Goel, 1989). Recent studies 
(Uriz and Mahin, 2004) have applied cycle counting techniques through fiber-based 
elements to simulate fracture strain demands at a cross section, instead of along the entire 
brace. While these represent important advances in the fatigue-fracture prediction 
methodology, they fail to directly incorporate the effects of local buckling and the 
complex interactions of stress and strain histories that trigger crack initiation in these 
details. In part, this is due to the erstwhile lack of computational resources required to 
model phenomena such as local buckling and to characterize the stress and strain fields at 
the location of fracture. More importantly, however, there is a lack of suitable 
stress/strain based fracture prediction criteria.  
 
 While traditional fracture mechanics approaches (J-integral, CTOD) can predict 
fracture in situations with limited yielding and the presence of an initial crack, they are of 
limited use in situations such as braces, where fracture initiates after widespread yielding 
without the presence of a sharp crack or flaw. In such situations, the ULCF process needs 
to be simulated through micromechanics-based models (Rice and Tracey, 1969, Hancock 
and Mackenzie, 1976, Kanvinde and Deierlein, 2004) that capture the fundamental 
processes of void growth, collapse, and damage. In order to accurately predict fracture 
initiation, continuum based models are needed to provide reliable approaches that model 
local, as well as global, buckling induced strains, cyclic material constitutive behavior, 
and residual stresses or strains that are introduced during fabrication.  
 

The main aim of this paper is to describe a comprehensive ULCF prediction 
methodology that includes the latest advances in ductile fatigue and fracture models, 
incorporating local and global buckling induced strains through detailed finite element 
analyses. A secondary aim is to report on progress of the larger NEESR project that 
involves developing and validating this methodology through large scale tests of bracing 
members.  

 
 
 
 



 

Overview and Scope of NEESR Project 
 

To complement the extensive computational and theoretical aspects of the study, 
the NEESR project consists of two experimental phases. The first phase involves testing 
nineteen hollow structural steel (HSS), pipe, and wide-flange full-scale steel braces that 
are representative of those found in SCBFs. Fig. 1 shows a computer model of an 
HSS4x4x1/4 brace with a gusset plate connection detail. The tests are being conducted at 
the Berkeley NEES site, while the large scale analyses are being conducted at UC Davis. 
A companion study at Stanford University involves developing modes for weld fracture 
and small scale testing to characterize material properties, such as stress-strain behavior 
and fracture toughness. Welding heat and different weld metal properties may affect the 
mechanisms of fracture and fatigue in welds and heat affected zones (HAZs). The second 
phase of testing at NEES Berkeley will attempt to validate these models for weld 
fracture. Fig. 1 illustrates the organization of the preliminary stages of the project.  
 

 
 

Figure 1. Phase 1 of NEESR project to investigate ULCF 
 

Phase 1 Testing 
 

Shown in Table 1 is the testing matrix for the first phase of this NEESR project. 
The test matrix is intensive in that it provides a variety of cross-sections, loading 
histories, and other attributes. In addition to HSS sections, valuable insights concerning 
performance will also be gathered for pipe and wide-flange behavior. The different static 
and dynamic cyclic histories (far-field and near-fault) will investigate history and rate 
effects while examining the ULCF approach to predict fracture under arbitrary loading. 
Several braces will be tested under high-rates to differentiate brace behavior and ULCF 
mechanisms subjected to static cyclic loading compared to high-rate loading. It is 
expected that the W12x16 cross-sections with high slenderness ratios and less severe 
local buckling strains will prove to be much more ductile and advantageous in the design 
of SCBFs. End connection details are also being investigated by using monotonic tensile 
loading experiments to examine net section performance and fracture. The testing setup 
for Phase I is shown in Fig. 2. 
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Table 1. Phase I testing matrix 

 
Test # Bracing Member 

 
Loading History b/t or h/t –  

 
kL/r  
 

Special Attributes 

1 HSS 4 X 4 X 1/4 Far-Field 14.2 79  
2 HSS 4 X 4 X 1/4 Near-Fault 14.2 79  
3 HSS 4 X 4 X 1/4 Far-Field 14.2 79 Dynamic Rate 
4 HSS 4 X 4 X 3/8 Far-Field 8.46 81  
5 HSS 4 X 4 X 3/8 Far-Field  8.46 81 Dynamic Rate 
6 PIPE3STD Far-Field 16.2 103  
7 PIPE3STD# Far-Field  16.2 103 Dynamic Rate 
8 PIPE3STD Monotonic 16.2 103  
9 PIPE3STD# Monotonic 16.2 103  
10 PIPE5STD Near-Fault 21.6 63  
11 PIPE5STD Near-Fault  21.6 63 Dynamic Rate 
12 PIPE5STD Monotonic 21.6 63  
13 PIPE5STD# Monotonic 21.6 63  
14 W12 X 16 Far-Field 7.5* 155*  
15 W12 X 16 Near-Fault 7.5* 155*  
16 HSS 4 X 4 X 1/4 Monotonic 14.2 79  
17 W12 X 16 Monotonic 7.5* 155*  
18 HSS 4 X 4 X 1/4 Far-Field 14.2 79 Concrete Filled Brace 
19 HSS 4 X 4 X 1/4 Near-Fault 14.2 79 Concrete Filled Brace 

* indicates not permissible under current AISC seismic provisions 
# indicates reinforcement provided at the net section 

 

 
 

Figure 2. Test setup at UC Berkeley NEES facility 
 

Methodology to predict Ultra Low Cycle Fatigue in Braces 
 
 The increasing emphasis on performance based earthquake engineering 
underscores the importance of accurate methods to simulate ductile fracture in structural 
steels. Modern computing techniques enable the researcher to characterize stresses and 
strains at the material grain scale to predict ULCF. This section describes a methodology 
where local buckling and cyclic hardening of the material are simulated to determine 
critical fracture locations and instants.   



 

 
Ductile fracture and fatigue in steel 

is caused by the processes of void 
nucleation, growth, and coalescence 
(Anderson, 1995). As steel experiences a 
state of triaxial stress, voids tend to nucleate 
and grow around inclusions (mostly 
carbides in mild steels) in the material 
matrix and coalesce until a macroscopic 
crack is formed in the material (see Fig. 3). 
Previous research (Rice and Tracy 1969) 
has shown that void growth is highly 
dependent on equivalent plastic strain, εp, 
and stress triaxiality T = σm/σe, where σm is 
the mean or hydrostatic stress and σe is the 
von Mises stress. For fracture to occur, the 
void growth demand should exceed the void 
growth capacity or critical void size η. 
Under cyclic loading, this ductility measure decays according to a damage law, which 
depends on another material parameter, λ. A fracture index (FI) can now be defined at 
any point in the loading history as per the ULCF model (Kanvinde and Deierlein, 2004) -,  
 

( , )Demand
FI 

Capacity ( )
pf T ε

η λ
= =  (1) 

 
This quantity represents a limit state at a single point which expresses how close the 
material is to ductile crack initiation. Thus, a low index would suggest that the material is 
safe from fracture, while an index closer to unity indicates a higher probability of ductile 
fracture at that point. For details of the expression in Eq. (1), refer Kanvinde et al (2004).  
 
 Unlike traditional fracture mechanics, the above fracture index (Eq. (1)) is not 
limited by the assumption of a preexisting crack or imperfection and is valid in the 
presence of large-scale yielding - often the case in regions of plastic hinge formation. 
Moreover, the proposed fracture index is not directly dependent on geometry or schemes 
to simplify an earthquake loading history into standard cycles. Of course, if modeled 
correctly, the resulting stresses and strains of the structure will be indirectly related to the 
geometry and loading history. Most importantly, this fundamental approach offers 
important insights into localized effects that cause fracture, which greatly improves 
design intuition and extends the results of this study to situations beyond those directly 
tested. 
 
  Past research (Uriz and Mahin, 2004) has shown that fatigue and fracture is a 
governing limit state in SCBF structures, either at the connections or at the plastic hinge 
at the midpoint of the brace itself. Performance is largely dictated by the plastic behavior 
in the gusset plates and brace. Thus, an accurate prediction of ULCF mechanisms at these 
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Figure 3. Micromechanical process of 
ductile fracture in steel 



 

Node 2 

Node 1 

Figure 4. Buckled shapes of brace 

locations is a critical component needed to describe performance of SCBFs. For a closer 
look into ULCF fracture prediction, the first brace of the test matrix shown in Table 1 
(HSS4x4x1/4) is analyzed using ABAQUS. Combined isotropic and kinematic hardening 
material properties are assigned to the brace according to the experimental data provided 
by researchers at Stanford. The brace is subjected to a modified far-field SAC loading 
protocol (Krawinkler et. al, 2000), shown in Table 2. 
 

Table 2. Axial displacement history of HSS4x4x1/4 brace experiment 
 

Load 
Step 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
 

Peak 
Displacement (in) 

 
0.04 
0.06 
0.09 
0.12 
0.61 
1.10 
1.59 
2.38 
2.99 

 

Number 
of Cycles 

 
6 
6 
6 
4 
2 
2 
2 
2 
2 

 
Initial imperfections are inputted into the model by scaling the appropriate global 

and local buckling modes of the brace to measured imperfections of the experimental 
specimen. Once the member reaches the 
critical buckling load, global buckling 
occurs and initiates the local buckles at the 
plastic hinge region which will eventually 
drive ductile crack initiation at the corners 
of the tube (Fig. 4). Two nodes are selected 
on the locally buckled cross-section that 
will be used to show the prediction 
capabilities of the ULCF models. At each 
node, the equivalent plastic strain (εp), mean 
stress (σm), and von Mises stress (σe) are 
extracted from the output of the ABAQUS 
analysis. This data, along with material 
parameters (η and λ) obtained from the 
small-scale calibration tests performed at 
Stanford University is substituted into Eq. (1) and the fracture index for each node is 
plotted against cycle number in Fig. 5 to determine the likelihood of fracture at each 
location. When the index exceeds 1.0, fracture is predicted to have occurred at the given 
location. It is apparent from the contour plot shown in Fig. 4 and from the fracture index 
predictor that node 1 is the critical node and will be the location of ductile fracture 
initiation in the specimen. It is interesting to note that the damage accumulated during 



 

cold working of the steel tube does not appear to decrease the capacity, calculated as per 
the ULCF model (FI ≅ 0.78), at the corner enough to drive fracture initiation at this 
location. It is clear that the difference between the fracture index of node 1 and 2 is 
exceedingly more than the decrease in capacity from cold working, which suggests that 
fracture in steel tubes is governed primarily by the demands that are created at the locally 
buckled corners, rather than by the cold working strains at the corners. This reduced 
capacity is represented by the dashed line in Fig. 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Fracture index (FI) versus cycle number for nodes 1 and 2 
 

Comparison of Experimental Results 
 

 At the time of writing this paper, Test # 1 from Table 1 had just been conducted 
and its results are presented to illustrate the modeling accuracy of the analytical results. 
As noted earlier, the first specimen is an HSS4x4x1/4 subjected to a far-field loading 
protocol that is derived from the SAC loading protocol for Special Moment Resisting 
Frames (SMRFs). The experimental load versus displacement curve is shown in Fig. 6 
along with analytical predictions from a continuum based finite element ABAQUS model 
and a line element OpenSEES (Open System for Earthquake Engineering Simulation) 
model. Both programs are able to simulate the behavior of the brace quite well, however, 
OpenSEES does not have the capability to model local buckling modes of the brace 
which leads to fracture. Therefore, the stress and strain data from the critical node (node 
1 in Fig. 4) at the locally buckled cross-section from the ABAQUS analysis is used to 
predict the location of ductile crack initiation loading (shown as a star in the figure). 
Comparing this point to the experimental fracture instant (shown as a circle in the figure) 
demonstrates the accuracy of the ULCF models. Furthermore, as is evident from Fig. 7, 



 

the critical location for ductile crack initiation predicted from the analysis is identical to 
that observed during the experiment. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Force versus displacement comparison (prediction as circle and experiment as 
star) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Conclusion 

 
 This paper presents a methodology to predict ductile crack initiation in structural 
steel members. The underlying process of Ultra Low Cycle Fatigue (ULCF) is modeled 
through a micromechanics-based fracture criterion which combines material properties 
and stress/strain histories at individual material points, as opposed to using gross 

Critical location of 
ductile fracture 
initiation 

Figure 7. Comparison of fracture location 



 

measures of strain. In order to apply the detailed micromechanics-based model, it is 
necessary to model local buckling accurately. While this increases the complexity of the 
analysis greatly, it can be applied with generality to different cross sections, loading 
histories and steel materials, and represents a much more fundamental approach for 
predicting ULCF-induced failure. Experimental results from the first test are encouraging 
in that predictions of failure are fairly close to the real failure points in time and location. 
 
 In line with the objectives of NEES, these results represent the first step in 
establishing an improved, fundamental, model-based simulation environment to predict 
ULCF in steel structures. For reliable results, many mechanisms other than fracture itself 
(e.g. local buckling) need to be modeled accurately. While this is computationally 
intensive, the approach presented in this paper offers flexibility, generality, and insights 
into local effects that cause fracture that can be used for design. Future work in this study 
will include the investigation of weld fracture mechanisms and validation through large 
scale tests.  
 

Acknowledgements 
 
 This research is supported by the National Science Foundation (NSF), the George 
E. Brown Jr. Network for Earthquake Engineering Simulation (NEES), and the Structural 
Steel Educational Counsel (SSEC). The advice and guidance of Helmut Krawinkler 
(Stanford University), Steve Mahin (UC Berkeley), Charles Roeder (Univ. Washington), 
Walterio Lopéz and Mark Saunders (Rutherford and Chekene) is greatly appreciated. In 
addition, the knowledgeable support of the UC Berkeley NEES lab personnel is 
acknowledged. 
 

References 
 
Hancock, G. J., 1981. Nonlinear Analysis of Thin Sections in Compression, Journal of 
 Structural Engineering 107 (ST3), 465-471. 
 
Hancock, J. W., and Mackenzie, A. C., 1976. On the mechanics of ductile failure in 
 high-strength steel subjected to multi-axial stress-states, Journal of Mechanics 
 and Physics of Solids 24, 147-169. 
 
Kanvinde, A., and Deierlein, G.G., 2004. Micromechanical Simulation of Earthquake  
 Induced Fractures in Steel Structures, Blume Center TR145,  
 http://blume.stanford.edu, Stanford University, Stanford, CA. 
 
Krawinkler, H., Gupta, A., Median, R., and Luco N., 2000. Loading histories for seismic  
 performance testing of SMRF Components and Assemblies, SAC Joint Venture, Report  
 No. SAC/BD-00/10. 
 
Liu, Z., and Goel, S. C., 1988. Cyclic Load Behavior of Concrete-Filled Tubular Braces, Journal  
 of Structural Engineering 114 (7) 1488-1506. 
 
Panontin, T. L., 1994. The relationship between constraint and ductile fracture initiation as   
 defined by micromechanical analyses, PhD Thesis, Submitted to the Department of  



 

 Mechanical Engineering, Stanford University. 
 
Rice, J. R., and Tracey, D.M., 1969. On the ductile enlargement of voids in triaxial stress fields.   
 Journal of the Mechanics and Physics of Solids 17, 201-217. 
 
Roeder, C. (2005). Private communications.  
 
Shaback, B., and Brown, T., 2003. Behavior of square hollow structural steel braces with end  
 connections under reversed cyclic axial loading, Candian Journal of Civil Engineering  
 30, 745-753. 
 
Tang, X., and Goel S. C., 1989. Brace Fractures and Analysis of Phase I Structures, Journal of  
 Structural Engineering 115 (8), 1960-1976. 
 
Tremblay, R., 2001. Seismic behavior and design of concentrically braced steel frames. AISC  
 Engineering Journal 3rd qtr., 148–166. 
 
Tremblay, R., Archambault, M-H., and Filiatrault, A., 2003. Seismic Response of Concentrically  

Brace Steel Frames Made with Rectangular Hollow Bracing Members, Journal of 
Structural Engineering 129 (12), 1626-1636. 

 
Uriz, P., and Mahin, S., 2004. Seismic Performance Assessment of Concentrically Braced Steel  
 Frames. Proceedings of the 13th World Conference on Earthquake Engineering 
 


