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Abstract. During mid-2010, the PEER (Pacific Earthquake Engineering Research Center) 
and NEES (George E. Brown, Jr. Network for Earthquake Engineering Simulation) institu-
tions co-sponsored a shaking table test on a full-scale reinforced concrete bridge pier that 
was carried out at the UCSD Large High-Performance Outdoor Shake Table. This experi-
mental initiative was encompassed by a worldwide blind prediction contest (Concrete Column 
Blind Prediction Contest – CCBPC 2010) with over 40 participant teams seeking for the best 
numerical simulation results. The authors of this paper have participated in that contest and 
managed to achieve very good results as recognized by an “Award of Excellence” by the con-
test judges. 

The tested pier was included in a 10.50m high structure, comprising a 5.50m wide 
footing, a pier body 7.30m high with 1.20m diameter solid circular section. A 250ton rein-
forced concrete block was placed on the top of the pier in order to drive inertia forces large 
enough to mobilize the pier capacity, under increasing intensity uniaxial ground motions de-
rived from real earthquake records. The blind numerical analyses were performed knowing 
only the specimen geometry, reinforcement detailing, material characteristics and the actual 
ground motions recorded during the testing. 

In this context and, in view of the author’s participation success, the present paper 
mainly aims at presenting several aspects of the adopted numerical methodology (and related 
difficulties) which proved to yield good results, while also providing some insight regarding 
key problems in numerical simulations of bridge pier seismic behavior. The main numerical 
and experimental results are compared and a brief discussion is included concerning the rea-
sons for mismatching of some results. 
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1 INTRODUCTION 

Understanding seismic performance of constructions, in general, has been a concern of the 
scientific community for quite long. That knowledge has met great advances over the last 
three decades but many problems of earthquake engineering are still difficult to assess in an 
easy and straightforward way. As an example, most code recommendations are based on re-
duced scale experimental validation, which for large structures such as bridges, is not easy to 
accomplish due to a need of considering heterogeneous multi-support excitation [1]. Aiming 
at providing ever more insight to this particular area, several methodologies and techniques 
were developed. Such example is the shaking table test, which allows imposing ground mo-
tions on structures, attempting to reproduce real earthquake-induced behaviour. 

On that particular subject, notable cases can be referred such as the very large E-Defense 
[2] facility in Japan (some recent works related to it by Yu et al. [2010] or Chung et al. [2010], 
([3,4])), or the NEES [5] equipment sites network of University of Buffalo, SUNY, Universi-
ty of California at San Diego and University of Nevada at Reno (most recent works from 
NEES@UCSD by Moaveni et al. [2010], or NEES@UNR by Johnson et al. [2009], ([6,7])). 
Other smaller scale equipments can be found for example in European facilities such as the 
Italian EUCENTRE [8], or the French CEA laboratory [9], and even the Portuguese LNEC 
[10]. Moreover, other relevant testing facilities have been in preparation in the last few years, 
such as the large shaking table array at Tongji University in Shanghai, China, the Korean la-
boratory network, and the advanced testing facility currently being developed in the European 
EFAST program [11]. 

In the context of scientific testing works carried out resorting to shaking tables, which 
usually happens with the objective of providing additional information not available from 
simpler experimental tests, blind numerical prediction initiatives have also been held in the 
past like SMART 2008 [12], UCSD Englekirk Structural Research Centre’s full scale 7 story 
RC building test [13], or the CAMUS International Benchmark [14,15], the later where some 
of this paper authors have also participated with great success [16,17,18]. Those simulations 
are always dependent on deep understanding of the phenomena associated with the seismic 
behavior of the structures at hand. Besides that, a well-thought methodology needs to be de-
vised in order to adequately address modeling issues without a thorough experimental know-
ledge. 

In light of the documented experience and taking into account the recent results at the 
Concrete Column Blind Prediction Contest 2010 [19], this paper aims at describing the 
adopted analysis strategy and, therefore, discussing a number of aspects which are both criti-
cal and difficult to evaluate, regarding a given bridge pier seismic behaviour and a correct as-
sessment of its numerical simulation. 

 
2 EXPERIMENTAL CAMPAIGN (CCBPC 2010) 

The experimental program associated with the Concrete Column Blind Prediction Contest 
2010 initiative was devised by PEER (Pacific Earthquake Engineering Research Center) and 
NEES (George E. Brown Jr. Network for Earthquake Engineering Simulation) and is briefly 
described in this chapter. It basically involved of a full-scale reinforced concrete column 
tested at the UCSD Large High-Performance Outdoor Shake Table [20,21], under uniaxial 
ground motions with increasing intensity. 

2.1 Specimen and material properties 

The specimen was a large circular bridge column, bearing a massive concrete block (250 
ton) on the top. Figure 1 illustrates its schematic layout and dimensions. 
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A A

Cross-Section A - AConcrete Block

 
Figure 1 – Column model and dimensions (in meters) 

The column was built on the UCSD shaking table, together with two steel-based restraint 
towers installed around it, in order to prevent excessive (and potentially dangerous) concrete 
block lateral movements, as depicted by Figure 2 . 

Restraint Tower

Uniaxial Ground Motion  
Figure 2 – Restraint towers 

The pier’s reinforcement steel layout was based on 18 equally spaced No. 11 continuous 
bars ( ( )mm81.3536≈φ ). The transverse reinforcement consisted of butt-welded double No. 5 

( ( )mm875.1516≈φ ) hoops, roughly spaced at 0.15m. The longitudinal bars and circular stir-
rups development is constant throughout the pier height, both of them penetrating inside the 
column footing. The properties of the construction materials used in the aforementioned test 
column were available to all the participant teams and are briefly addressed in the Table 1. 
 

Concrete Longitudinal Steel Transverse Steel 

σc (21 days) 36.96 MPa σsy 518.5 MPa σsy 453.7 MPa 
σc (29 days)* 40.33 MPa σsu 706.0 Mpa σsu 592.0 Mpa 
σc (45 days) 41.85 Mpa   

* - Tests started more than 28 days after concrete casting. 

Table 1 – Material Properties 
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2.2 Instrumentation and Result Demands 

The prototype column was densely instrumented in order to obtain good quality results. 
Specifically, several Linear Voltage Displacement Transducers (LVDTs) were mounted on 
rods that were rigidly fixed to the concrete column at multiple height levels and accelerations 
were recorded, using a 16-bit data acquisition system. All the quantities requested in the con-
test were taken from the resulting data, by direct measurement or implied calculation. Figure 
3 describes the aforementioned quantities and the instrumentation layout as used in the tests. 

y

A

B

C1
C2

 

 
 

Requested quantities (Maximum values) 

1 – Horizontal displacement at level B relative to A 
2 – Total horizontal acceleration at level B 
3 – Bending Moment at level A (column base) 
4 – Shear Force at level A 
5 – Average curvature between C1 and C2 
6 – Average axial strain between C1 and C2 
7 – Residual displacement at level B relative to A 
8 – Largest column compressive axial force at level A 
9 – Failure Mode 

 

Figure 3 – Instrumentation layout and Contest requested response parameters 

 

2.3 Ground Motions and Test Sequence 

Since the experimental programme aimed at assessing the adequacy of design procedures 
developed by Caltrans to deal with seismic-based structural problems, real earthquake records 
were used to test the prototype column. Four different acceleration time histories were chosen 
from Loma Prieta (3 records) and Kobe (1 record) seismic events.  

The complete test sequence was performed as described in Table 2, where the really ap-
plied seismic events are numbered by even numbers; before each of these six events, a white 
noise ground motion was applied in order to perform dynamic identification of the system 
throughout the whole response range. 

 
 
Event Ground Motion Earthquake Station Name Scale Target drift 

2 EQ1 Loma Prieta Agnews State Hospital 1.0 (PGA=4.00 m/s2) 1% 

4 EQ2 Loma Prieta Corralitos 1.0 (PGA=4.38 m/s2) 2% 

6 EQ3 Loma Prieta LGPC 1.0 (PGA=4.99 m/s2) 4% 

8 EQ4 = EQ2 Loma Prieta Corralitos 1.0 (PGA=4.38 m/s2) 2% 

10 EQ5 Kobe Takatori 0.8 (PGA=5.27 m/s2) N/A 

12 EQ6 = EQ3 Loma Prieta LGPC 1.0 (PGA=4.99 m/s2) 4% 

Table 2 – Testing Sequence covering only recorded seismic events 
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3 MODELLING STRATEGY  

This participation in the CCBPC 2010 contest was based in numerical modeling carried out 
with the Seismostruct analysis software [22]. Since the behavior of the column (due to the un-
iaxial nature of the table movements) was expected to be dominated by its first vibration 
mode (because no other significant mass is involved apart from the concrete block), the col-
umn was modeled as a simple cantilever structure built upon a sequence of beam elements. 
Although inelastic force-based elements were used (which helps on reducing the need of a 
very refined mesh for this type of motion) several finite elements were adopted in order to 
facilitate the result analysis process, by choosing control sections at appropriate height levels. 

The massive concrete block on top of the full-scale column was modeled as a simple 
lumped mass element at the height level B (y = 8.534m), with corresponding translational 
mass of 236.15 ton and zero rotational mass moments of inertia. 

   
a) Global model illustration b) Cross-section c) First vibration mode (f=1.46 Hz) repre-

sentation 

Figure 4 – Numerical finite element model representation 

The column cross-section was considered with two distinct zones having different charac-
teristics that were taken into account resorting to the fiber model implemented in Seismostruct. 
Table 3 includes the parameters used to describe the column behavior of the different types of 
fibers, while elastic behavior was assumed for the column footing. 

A cover band was defined for the peripherical concrete ring, with the remaining cross-
section area associated with confined core behavior. Material properties of both zones were 
defined according to the compressive test results, but an improved scheme was used to simu-
late the beneficial effect of transverse reinforcement on the core concrete confinement. Thus, 
Mander’s constitutive relations and confinement effects simulation rules [23] were adopted, 
coupled with cyclic rules proposed by Martinez-Rueda and Elnashai [1997] ([24]), as docu-
mented in the adopted software manual.  

 

Cover concrete Confined Concrete Longitudinal Steel 

Compressive strength (fc) 41 MPa Compressive strength 
(fc) 

41 MPa Elastic Modulus (Es) 200 GPa 

Tensile strength (ft) 3 MPa Tensile strength (ft) 3 MPa Yield Strength (fy) 520 MPa 

Strain at peak stress (εc) 0.0028 Strain at peak stress (εc) 0.0028 Strain hardening 
parameter (µ) 

0.011 

Confinement factor (kc) 1.0 Confinement factor (kc) 1.296 R0 * 20 

Unit weight (γ) (kN/m3) 23.6  Unit weight (γ) 23.6  Unit weight (γ) 77 kN/m3 

Table 3 – Model Properties (*: notation as adopted in [22]) 
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Steel was simulated using the Menegotto-Pinto model [25] implemented in Seismostruct, 
which also considers isotropic hardening [26]. Default code parameters were used for that 
purpose, as well as for describing the transition curve. 

The above referred modeling aspects are associated with either geometrical or material be-
havior description issues of an experimental test numerical simulation. However, the most 
important modeling decisions are strongly related with the seismic loading applied to the 
structure and to an accurate representation of its effects on the column, because they reflect 
the dynamic nature of the interaction between the inertia forces (generated by the imposed 
ground motions) and the non-linear material behavior associated with the accommodation of 
the developed deformations. Thus, an accurate simulation requires thorough evaluation of the 
characteristics of both the loading and the structure, in order to understand the influence of 
some phenomena on the overall column behavior (crack development, stiffness reduction, re-
sonance effects, etc). 

The modal analysis of the structural model showed a first vibration mode frequency of 
1.46 Hz which is inherently associated with an undeformed state. When drift movements 
reach a certain level and pier cracks start to develop, the column stiffness drops. This means 
that the interaction between the loading pattern and the structural response is not constant and 
can change over time, according to the increasing damage imposed to the column. 

The second step in this process consisted on the evaluation of the frequency content of the 
ground motion signals by means of FFT analyses. Figure 5 displays the FFT amplitude results 
obtained for each ground motion and a vertical line represents the aforementioned first mode 
frequency of the structure. Horizontal lines refer to the PGA level of each record adopted. 
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Figure 5 – FFT results for the testing ground motions. 

In the previous figure it can be seen that ground motions 2 and 3 have more significant fre-
quency contents around 1.50 Hz (i.e., near the structural frequency). However, once the fre-
quency drops to values slightly smaller than 1.00 Hz, EQ5 can be seen also to have larger 
significance. In order to better evaluate the inherent consequences, elastic displacement spec-
tra regarding each of the four ground motions were developed for a damping range of 0-2% of 
the corresponding critical damping. A sound interpretation of such results shown in Figure 6, 
regarding the experimental sequence which is known beforehand, is very important to under-
stand how the column is likely to perform. 
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 EQ1 Displacement Spectra
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 EQ2 Displacement Spectra
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 EQ3 Displacement Spectra
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 EQ5 Displacement Spectra

0.00

0.20

0.40

0.60

0.80

1.00

0.10 0.30 0.50 0.70 0.90 1.10 1.30 1.50 1.70 1.90
Frequency (Hz)

(m
)

ξ=0% ξ=0.5% ξ=1% ξ=1.5% ξ=2%

 

Figure 6 – Elastic displacement spectra due to the imposed ground motions, for several damping ratios 
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According to Figure 6, the displacement spectra for EQ1 shows low impact for the first vi-
bration mode frequency and also no severe displacement peak in the near range; therefore,  it 
sounds reasonable to assume that the damage imposed to the column during that event was 
minimal. However, due to low tensile strength of concrete, the column was expected to exhi-
bit cracking on early stages (during EQ2 or even EQ1) leading to stiffness reduction which 
shifts down the fundamental frequency whose exact range is hard to predict (for that reason, 
shadow bands are included in the displacement spectra to provide an estimate of the frequen-
cy range for the damaged structure). That reduction increases as the concrete cracks develop 
in size and number, which is consistent with a damage state indicative of moderate non-linear 
incursion. 

As shown in Figure 6, EQ3 ground motion displacement spectra shows relatively uniform 
values for a wide range of frequencies (within the shadow band) onto which the fundamental 
frequency is likely to drop. Thus, it is reasonable to assume that important drift values could 
be reached (say between 200mm and 400mm), regardless of the actually observed column 
stiffness despite its progressive reduction due to accumulated damage. If the ground motion 
was shown to be strong enough to induce yielding of the longitudinal rebars, a plastic-hinge 
mechanism would be due to form, which was further likely to occur because the peak ground 
acceleration (PGA) was higher for EQ3 than for EQ2. 

This reasoning also raises another important point relative to the adopted damping scheme. 
It is known that viscous damping is especially relevant until the development of a clear hyste-
retic mechanism, after which the energy dissipation due to hysteretic behavior is much larger 
than that assumed from viscous damping alone. Therefore, accurate calibration of a numerical 
model for earthquake simulation requires good viscous damping representation until the plas-
tic-hinge formation and, essentially, good non-linear material behavior description from then 
onwards. With that in mind, and attempting to reduce the viscous damping impact on the col-
umn response after EQ3, the methodology herein adopted was the consideration of a Rayleigh 
damping matrix matching %1=ξ  for target frequencies of 1.46 Hz and 0.67 Hz using the 
tangent stiffness instead of the initial elastic one. 

Finally, beyond an effective representation of the interaction between loading, structural 
properties, viscous damping and hysteretic mechanisms, the time-history analyses of struc-
tures subjected to earthquake motions require also an adequate time-step. Thus, in order to 
correctly represent the loading and to capture its effects on the structure, the time-step of 
0.05s was used, which allows vibration components to be adequately described for frequen-
cies of up to 2 Hz. 

It should be mentioned that, unlike the experimental activity, no white-noise simulations 
were made in this work; the ground motions were applied sequentially from EQ1 to EQ6. 

 

4 NUMERICAL SIMULATION RESULTS 

The results achieved with the modeling strategy herein presented were generally very good. 
Although depending on the testing stage, some very significant quantities like top displace-
ment, acceleration or base shear were quite accurately captured, while mainly strains and cur-
vatures exhibited clear deviations from the experimental results. Some of the numerical 
results are shown in the next paragraphs, generally plotted together with the corresponding 
experimental results for comparison purposes. 

One first issue to be addressed relates to residual displacements that can reach important 
figures but may not be easily captured in numerical analyses. In order to identify the perfor-
mance of numerical simulations on this particular issue,  shows the complete sequential re-
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sponse of the numerical model in terms of top displacement; horizontal lines corresponding to 
the numerical and experimental residual displacements are also included in order to compare 
permanent deformation levels captured with this modeling strategy and those recorded in the 
experimental test. 
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Figure 7 – Complete series of numerical top displacement time-histories with residual displacements (numerical 
and experimental). 

Results show that residual deformations were quite accurately captured except for EQ5, 
where the difference was larger. It indicates that the overall column stiffness level and materi-
al properties were adequately simulated, since each ground motion was able to reproduce the 
same deformation levels on both the experiment and its numerical model. Non-linear progres-
sion might have been similar, although this argument needs further support in view of the dif-
ference shown for EQ5 where plastic hinging was due to be established. 

A more in-depth, motion by motion, analysis can provide additional information regarding 
this modeling strategy’s adequacy to the blind prediction problem. 

Taking for example the horizontal acceleration time histories represented in -a) for the first 
stage (EQ1), both experimental and numerical curves seem to be in good agreement, with 
slight numerical overestimation of peak values, until approximately 23s. From then on, i.e., 
after the peak displacement values, the experimental period elongation was more evidenced 
than in the numerical response, which might have been due to more damage in the real test. 
This effect contributes, not only for the period elongation, but also to the increase of damping 
which is reflected in lower experimental displacements (than the numerical ones) around the 
30s time instant.  

Similar conclusions are drawn for the corresponding displacement time histories -b) and it 
is worth mentioning that, by the end of this test (EQ1) when displacements become smaller, 
the numerical response shows lower values than the experimental one. This modification of 
the relative magnitude of experimental and numerical response might be explained by the dif-
ficulties on achieving a robust simulation of damping that is able to follow adequately the re-
sponse both in the large and small amplitude cycles. 

This issue was also observed for other earthquake motions but, unlike EQ1 where the post-
peak differences were mild, larger discrepancies were observed between numerical and expe-
rimental curves for the other earthquakes, on the post-peak range, as shown for instance in the 
top horizontal acceleration time-history for EQ2 (see Figure 9). 

EQ2 EQ3 

 
EQ4 

 
EQ5 

 
EQ6 
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Figure 8 – Numerical vs. Experimental time histories of horizontal a) acceleration and b) displacements (EQ1). 

 

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

20 30 40 50 60 70 80

(g
)

Exp Num

 

Figure 9 – Numerical vs. Experimental horizontal acceleration time-history (EQ2). 
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In contrast however, EQ3 showed remarkable results for a blind prediction, with almost all 
parameters simulated with quite good accuracy (as globally depicted in Figure 10). 
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Figure 10 – Numerical vs. Experimental horizontal results (EQ3). 

This was especially important because EQ3 was the first ground motion to clearly push the 
column into plastic behavior of the longitudinal reinforcement as it was predicted (see Figure 
11, where the complete time history of longitudinal reinforcement stress is compared against 
the yielding threshold). Therefore, the plastic hinge formation was adequately captured by the 
numerical model. 
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Figure 11 – Complete longitudinal reinforcement stress time-history. 

Since the numerical simulation was so similar to the experimental results for this specific 
ground motion, it follows that the adopted damping was probably accurate enough to provide 
a good balance between viscous damping during EQ1 and EQ2 (especially concerning peak 
response values), while making sure the plastic hinge contribution was the main dissipation 
mechanism once it formed. 

It is noteworthy that, for plastic behavior clearly installed (as for EQ3), the influence of 
viscous damping, adopted to simulate (essentially) the cracking stage preceding the yielding 

EQ3 
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threshold, becomes less important in global response, particularly in what concerns peak val-
ues. 

This is further confirmed with the response simulation for EQ5earthquake, which has ex-
hibited quite satisfactory agreement between numerical and experimental results (Figure 12) 
for the same parameters as for EQ3, notwithstanding the fact (already stated before) that de-
formation measures (axial strain and curvature) were not accurately simulated in the post-
peak behavior. 
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Figure 12 – Numerical vs. Experimental horizontal results (EQ5). 

From the above described, an overall observation allows confirming that very satisfactory 
results were obtained. Differences focused mainly on the column post-peak behavior for each 
time-history, encompassed by slight out-of-phase response records due to difficulties on simu-
lating accurately the cracking (thus affecting the fundamental period of vibration). Inaccurate 
residual deformations in the numerical modeling were also identified, although mainly for the 
EQ5 motion. 

 
 
5 CONCLUSIONS 

This paper described the work carried out by the authors in the framework of their partici-
pation in the Concrete Column Blind Prediction Contest 2010 sponsored by PEER and NEES. 
The blind numerical analyses were presented, preceded by a brief description of the strategy 
upon which the modeling decisions were made. That was based in simple procedures to eva-
luate the impact of the seismic loading (such as FFT analyses) and a refined characterization 
of the structural model using well proven constitutive relations, wherein confinement effects 
were also considered. The interaction between the seismic loading and the resulting structural 
degradation was addressed as being of key importance. The former directly increases the lat-
ter which, in turn, influences the intensity of the structural response. An adequate representa-
tion of the energy dissipation mechanisms was devised for this case, namely by adopting a 
suitable compromise between structural viscous damping and non-linear material behavior. 
As expected, the influence of the former was found of greater importance up to the plastic-
hinge formation point. 
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The six ground motions were applied to the numerical model and the results obtained were 
compared against the test recorded values. The scenario was globally very good. Peak values 
were simulated with little difference relative to their experimental counterparts (like horizon-
tal displacement and acceleration, base shear, etc) and overall time-history responses exhi-
bited similar behavior. The main negative aspects of this modeling strategy consisted on the 
difficulties to reproduce adequately the strain and curvature values (probably related to the 
way they are recorded in the test and read in the numerical simulation), as well as mismatch-
ing the post-peak vibration period and the residual deformation from ground motion EQ5. 
Nonetheless, the plastic-hinge formation was quite accurately predicted. 

However, perhaps the most important issue of this work was the development of a good 
perception of the evolution of the column non-linear response in order to enable and control 
the model for addressing the involved and relevant phenomena. Without a clear understanding 
of such phenomena, as well as the overall reinforced concrete cyclic behavior, simulation 
would be hardly feasible because any modeling could have many shortcomings and lead to 
considerable differences. Therefore, successful results within a blind prediction process re-
flect, not only the quality of the tools used in the work, but also the analysts ability to predict 
the key issues of the structural response. 
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