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1 Introduction 

Capacity-designed steel moment resisting frames (MRFs) 
absorb the energy due to seismic loading through flexural 
yielding at the beam ends and at the base of first story 
columns. Depending on the amplitude of the inelastic de-
formations within the dissipative zone(s) along with local 
slenderness requirements of the respective steel cross-
sections, inelastic local buckling is likely to occur even at 
modest lateral drift demands [1]. Therefore, seismic per-
formance assessment methodologies of structures rely on 
the availability of numerical models that simulate inelastic 
local buckling. For this purpose, different model fidelities 
have been proposed throughout the years ranging from 
phenomenological (e.g.,  [2]) fiber-based (e.g., [3]) and 
continuum finite element [4-5] approaches. 

Local engineering demand parameters (EDPs), such as in-
elastic strain demands can be estimated through validated 
continuum finite element (CFE) models. Acquired data 

from physical experiments exhibiting instabilities including 
their synergistic action (e.g., interaction of lateral torsional 
buckling with local buckling) should be used for this pur-
pose. 

Prior related work has mostly focused on the ability of CFE 
models to capture the global behavior of steel members 
(e.g., deduced moment-chord rotation, axial shortening) 
[4- 5]; however, the accurate prediction of local strain and 
deformation demands has been overlooked. This is im-
portant for predicting ductile fracture due to ultra-low cy-
cle fatigue [6]. Strain measurements are typically acquired 
with strain gauge sensors. In this case, the reliability of 
strain measurements becomes questionable at strain 
ranges above the yield strain. Other potential problems 
relate to the bonding of the strain gauge(s) with the cor-
responding measurement surface through adhesives. 
These typically fail at strain amplitudes, which are much 
smaller than strain demands at the onset of nonlinear ge-
ometric instabilities, such as local buckling.  
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Digital image correlation (DIC) [7] is an advanced optical 
measurement technique that may be used to validate the 
ability of CFE models to accurately prognosticate the be-
havior of steel members in the post-buckling regime. 

In prior work [8] the importance of the mesh type and 
size, the residual stress pattern, the initial geometric im-
perfections, and constitutive model formulation have been 
stressed. A common simulation practice for simulating in-
elastic cyclic local buckling has been the use of shell ele-
ments [4-5, 8-9]. However, the accuracy of inelastic strain 
demand predictions within the local buckling region is 
challenging to assess. In addition to the finite element 
type (e.g., shell versus solid), the corresponding imper-
fection shape and amplitude for tracing the onset of local 
buckling could influence the strain demands in the post-
buckling range. 

This paper presents the findings from an experimental pro-
gram on cantilever steel beam that was instrumented with 
conventional sensors as well as a DIC system to inform 
the validity of CFE models in the large deformation range. 
The paper presents a summary of recommendations on 
how to accurately trace both global and local EDPs within 
steel members exhibiting inelastic cyclic local buckling. In 
the subsequent sections, the test specimen is presented 
along with the employed instrumentation, the CFE model 
validation and a discussion of the primary results. 

2 Test specimen and employed loading protocol 

The test specimen features a IPE330 steel beam with a 
reduced beam section (RBS). A schematic representation 
of the steel beam is shown in Figure 1 along with its basic 
geometric properties. The steel beam was made of 
S355J2+AR steel (i.e., nominal yield strength of 355MPa, 
minimum of 27 joules impact energy at -20°C, AR stands 
for the rolled delivery condition). The center of the RBS 
was situated 188 mm from the top surface of a 60 mm 
thick column base. The fabrication process involved com-
plete joint penetration (CJP) welds between the beam 
flanges and the steel base plate that respected the execu-
tion class 3(EXC3) according to EN1090-2 [10]. 

The employed lateral loading protocol featured a symmet-
ric cyclic loading history up to 4% story drift ratio [11], 
which was then followed by a collapse-consistent loading 
protocol [12]. 

2.1 Test setup and instrumentation 

The test setup, which is shown in Figure 2a, featured a 
rigid spreader beam that was mounted on the strong floor. 
The test specimen was mounted on the spreader beam 
through pre-loaded 10.9 structural steel bolts. The test 
specimen was braced laterally at 960 mm away from the 
column base. Finally, the imposed loading protocol was 
applied in displacement control through a 1000kN servo 
hydraulic actuator that transferred the horizontal load to 
the strong floor through a steel plate shear wall. 

The test specimen was instrumented with two pairs of 
string potentiometers to measure the lateral displacement 
and beam axial shortening, respectively, six vertical linear 
variable differential transformers (LVDTs) to measure the 
vertical displacement of the spreader beam and the base 

plate. These were used to calculate their in-plane rota-
tions, which were subtracted from the total applied dis-
placement. Four horizontal LVDTs were also installed to 
measure the potential slip of the spreader beam and the 
base plate. Two inclinometers were also installed to meas-
ure in-plane and out-of-plane rotations of the test speci-
men. Uniaxial strain gauges were installed at one side of 
the steel beam (see Figure 2b) to measure the longitudinal 
strain demands throughout loading at two levels. The first 
one was located at the RBS center (i.e., 188 mm above 
the top of the base plate); the second one at 50 mm away 
from the base plate, (i.e., outside the heat affected zone 
of the CJP welds). 

 

Figure 1 Test specimen geometry and weld details 

The DIC system was employed to measure the 3-dimen-
sional displacement field of the web over a height of 396 
mm from the base. A random spectacle black-dotted pat-
tern was featured for this purpose to aid the DIC meas-
urements. Figure 2c shows the image acquisition points 
within the critical region (white-painted area) of the test 
specimen. 

2.2 Deduced data of interest 

The primary measurements of interest entail the deduced 
moment-chord rotation relation (i.e., global EDP) of the 
steel beam after the removal of the friction in the steel 
clevises as discussed in [9]. With regards to the DIC meas-
urements, they were post-processed by means of a dis-
placement analysis using the Vic-3D software [13]. After 
determining the area of interest, a subset size of 33x33 
pixels was defined to enable tracking of grey scales with a 
confidence of 0.01 pixel for a predetermined expected 
noise level. According to [14], the step size was selected 
as one quarter of the subset size (8 pixel). The filter size 
was decided after conducting a virtual strain gauge sensi-
tivity analysis in Vic-3D to minimize the bias error [7]. The 
logarithmic (Hencky) strains and the out-of-plane defor-
mation within the RBS region were then extracted. Se-
lected experimental results are reported in the subsequent 
sections along with meaningful comparisons from numer-
ically simulated data. 
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Figure 2 Experimental setup and basic instrumentation 

3 Continuum finite element model  

3.1 Modeling approach 

The test specimen was modeled using the commercial fi-
nite element software ABAQUS (version 6.19-1) [15]. Mul-
tiaxial plasticity was considered with the Updated Voce-
Chaboche (UVC) material model [16]. The parameters of 
this model are based on uniaxial cyclic coupon tests that 
were manufactured from the web and the flanges of the 
IPE330. Figure 3 shows a sample comparison between the 
simulated and measured data for one of the cyclic coupon 
tests under a strain-based loading history as per [17].  

 

Figure 3 Comparison between test data and simulation for uniaxial 
strain-based loading protocol 

Figure 4 depicts the boundary conditions of the CFE model. 
The lateral loading was applied through in-plane displace-
ment (dy,1). The rotational (qy,1, qz,1) and out-of-plane dis-
placement (dx,1) degrees of freedom were restrained to 
simulate the boundary conditions. The out-of-plane dis-
placement (dx,2) in Region 2 (see Figure 4) was restrained 
due to the presence of the lateral bracing. Residual 
stresses due to flame cutting within the RBS region were 
not considered. 

Local geometric imperfections were considered by scaling 
and superimposing the local elastic buckling modes of the 

RBS IPE330 according to [4]. The amplitude of the nonlin-
ear geometric imperfections was considered based on 
prior work in [8]. 

 

Figure 4 Boundary conditions of the CFE model 

Two initial geometric imperfection patterns were consid-
ered in the CFE simulations. These patterns are shown in 
Figure 5. Patterns 1(= Mode 1 + Mode 2) and 2 (= Mode 
1 - Mode 2) are consistent with the manufacturing limits 
of current standards [18].  The geometric imperfections 
were assigned based on buckling mode superposition as 
discussed in [4]. 

 

Figure 5 Pattern 1 and Pattern 2 initial geometric imperfections 

Four model types were considered. The first and second 
types considered linear shell elements with reduced inte-
gration (S4R). The third and fourth types featured quad-
ratic solid elements with reduced integration (C3D20R). 
The shell models employed an element size of 12.5 mm 
according to [8]. The mesh size of the solid elements fea-
tured 6 mm within the RBS region and three elements 
through the flange and web thickness. 

4 Results and Discussion 

Figure 6 depicts the deduced moment-chord rotation com-
parisons between the four model type simulations and the 
test results. Particularly, Model A and B featured shell el-
ements with initial geometric imperfections of Patterns 1 
and 2, respectively. Similarly, Models C and D featured 
solid elements with initial geometric imperfections of Pat-
terns 1 and 2, respectively (see Figure 5). 

a)

b)

c)

qx,1

qy,1 = 0 qz,1 = 0

dx,1 = 0

dy,1

dz,1 

dx,2 = 0

qx,3 = 0 qy,3 = 0 qz,3 = 0

dx,3 = 0 dy,3 = 0 dz,3 = 0

Region 1

Region 2

Region 3

L

Local elastic 
buckling modes

Pattern 1
(Mode 1 + Mode 2)

Pattern 2
(Mode 1 - Mode 2)Mode 2

Mode 1

Initial geometric 
imperfection patterns

North

South
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Figure 6 Global response comparison between the test results, shell, 
and solid simulations 

Prior to the onset of local buckling, the overall hysteretic 
response of the test specimen is depicted well regardless 
of the model type. Conversely, Models C and D depict the 
onset and progression of local buckling more accurately 
than Models A and B. This is attributed to the explicit con-
sideration of the k-area and fillet radius in the model rep-
resentation with solid elements. 

From the same figure, the deduced moment-chord rota-
tion relation is not sensitive to the considered geometric 
imperfection shape. Figure 7 shows the relative error be-
tween the measured moment and those simulated from 
Models A, to D versus the cumulative chord rotation, 𝜃!"#. 
The relative error in the post-buckling regime is indeed on 
the order of 35% when shell elements are considered.  

 

Figure 7 Relative error between measurement and simulations from 
Models A, B, and C  
 
Figure 8 shows the analysis locations of interest at the 
center of the RBS region. The DIC and strain gauge meas-
urements were taken from the east and west side of the 
web, respectively. 

Figures 9 and 10 demonstrate a comparison of the strain 
histories from the two measurement systems and those 
obtained from the four models only at Loc-1 (see Figure 
8) due to brevity. From these figures, up until the first 
excursion of 4% rad (commences after 100% cumulative 
chord rotation), the measured and simulated strain values 
are similar. Figure 10 shows that the strain gauge 

acquisition interrupts because the signal goes out of the 
pre-defined measurement range. From the same figure, 
the strain gauge signal is completely lost at 117 % cumu-
lative chord rotation. 

 
 
Figure 8 Location of measurement and analyses points on the member 
through elevation and at the cross-section 

Figure 9 suggests that Models A and C do not depict accu-
rately the inelastic strain evolution in the post-buckling re-
gime, whereas Models B and D are in closer agreement 
with the DIC measurements. Model A and C are in close 
agreement. This indicates the importance of depicting 
more accurately the initial geometric imperfection pattern.  

 

Figure 9 Logarithmic longitudinal strain history up until the first phase 
of the collapse-consistent protocol; Loc 1: DIC measurements and sim-
ulations (East side) 

 

Figure 10 Logarithmic longitudinal strain history up until the first 
phase of the collapse-consistent protocol; Loc 1: strain gauge meas-
urements and simulations (West side) 
 
Similarly, Figure 10 suggests that Model D predicts well 

Loc-1 Loc-2

SouthNorth
East

West

DIC

Strain Gauges

1E
Loc-1 Loc-2

West

North South
Cross-section view at elevation 1E-1E

188 mm

334.5 mm

198 mm
1E
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the strain gauge measurements up until the strain gauge 
signal went out of range. Conversely, Models A, B and C 
depart from the strain gauge measurements at 117% cu-
mulative chord rotation.  
 
To further substantiate the findings, Figure 11 and Figure 
12 show a comparison between the measured and simu-
lation results for the out-of-plane deformation versus cu-
mulative chord rotation at Loc-1 and Loc-2, respectively. 
The out-of-plane deformations from the DIC measure-
ments are simulated accurately with Model D at Loc-1. 
However, the simulation results from Models A, B and C 
depart from those of the DIC measurements after the first 
excursion of the 4% loading amplitude (i.e., onset of local 
buckling). Although all model predictions agree with the 
out-of-plane deformations from the DIC measurements as 
depicted in Figure 12, the DIC measurements are simu-
lated best with Model D.  
 

 
 
Figure 11 Out-of-plane displacement history up until the first phase 
of the collapse-consistent protocol; Loc 1: DIC measurements and sim-
ulations (East side) 

 
Figure 12 Out-of-plane displacement history up until the first phase 
of the collapse-consistent protocol; Loc 2: DIC measurements and sim-
ulations (East side) 

Figure 13 depicts the out-of-plane displacement profile of 
the web based on the DIC measurements and Models A, 
B, C and D at the 1E-1E cross-section at different loading 
excursions of the employed loading history. The loading 
direction is noted in the same figures. Referring to Figure 
13a, the simulated deformation patterns match relatively 
well with the measurements right at the onset of local 
buckling (i.e., first excursion of 4% rad). Upon further 

loading (i.e., second excursion of 4% rad), Models A and 
C predict the opposite deformation pattern from that of 
the measurements. This is attributed to the assumed im-
perfection pattern (1 or 2). In this case, Pattern 2 is 
deemed to be the right one to be considered. Finally, at 
the peak excursion of the collapse consistent protocol (see 
Figure 13c) demonstrates that Model D still predicts rela-
tively well the out-of-plane deformation pattern of the 
web, whereas Model C overpredicts the web deformations. 
However, the figure suggests that the depending on the 
direction of loading (North-South or South-North) the web 
deformation may be opposite to that of the measurements 
(see Figure 13b) or in the same direction (see Figure 13c). 
This is also demonstrated in Figure 11 throughout the en-
tire loading history.  

 
(a) 

 

 
(b) 

(c) 

Figure 13 Comparisons between DIC measurements and simulation 
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predictions for out-of-plane displacement at cross-section 1E-1E (mid-
RBS); (a) first excursion of 4% rad; (b) second excursion of 4% rad; 
(c) peak excursion of collapse-consistent protocol 

5 Conclusions 

This paper investigates the effective utilization of data ac-
quired from a Digital Image Correlation (DIC) system for 
the accurate simulation of inelastic cyclic local buckling 
within dissipative zones of steel beams. The primary focus 
is on the modeling assumptions within a continuum finite 
element (CFE) model so as the strain and out-of-plane dis-
placement fields may be accurately predicted far into the 
post-buckling regime. For this purpose, a cantilever beam 
was tested under quasi-static cyclic loading. The steel 
beam featured a reduced beam section (RBS), which was 
thoroughly instrumented. The primary findings are sum-
marized as follows: 

• The type of imperfection does not strongly influ-
ence the global response (i.e., deduced moment-
chord rotation). However, the type of imperfec-
tion has a strong influence on the predicted local 
response (i.e., out-of-plane displacement and 
strain demands). 

• The simulation results suggest that for the exam-
ined test specimen, A CFE model with solid ele-
ments and a Pattern 2 initial geometric imperfec-
tion appears to match well both the deformation 
shape and amplitude along with the strain de-
mands prior and after the onset of local buckling 
within the RBS region.  

• Three elements through thickness in a solid ele-
ment model type should be used for the examined 
case to trace accurately the strain demands 
throughout the entire loading history. 

• The global response of the cantilever beam is not 
sensitive to the CFE model type (i.e., shell versus 
solid). However, the explicit consideration of the 
k-area of the wide flange structural shape appears 
to be important in the post-buckling regime. Thus, 
solid elements would be more appropriate for sim-
ulating the post-buckling behavior of the exam-
ined steel member. 
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