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Abstract

The paper presents selected results from large scale proof tests, conducted at the University of

California San Diego (UCSD), on reinforced concrete bridge piers to support the design of the

New East Spans of the San Francisco-Oakland Bay Bridge (SFOBB). These results are com-

pared to blind numerical prediction of both the global and local behavior of the test units.

Strengths and weaknesses of the numerical analyses are presented and a new strategy to com-

pare experimental and numerical results is outlined.
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1.  Introduction

The existing east spans of the SFOBB suffered major damage during the 1989 Loma Prieta

earthquake and will therefore be replaced by year 2005. The new bridge was designed accord-

ing to capacity design principles allowing plastic deformation in clearly designated structural
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components. All of these components were tested at UCSD for their seismic performance.

These large scale tests were coupled with extensive predictive analyses performed with differ-

ent tools ranging from simple hand calculations to state of the art 3D fully non-linear finite el-

ement models. 

Here computations performed with the software “Rechenbrett-2D” and “Anacap-U” are pre-

sented. “Rechenbrett-2D” is a simple program developed by Dazio [2] that allows the model-

ling of reinforced concrete structures with two-nodes Bernoulli beam fibre elements. Simpli-

fied uniaxial cyclic constitutive laws for reinforcing steel and concrete were used. This kind of

elements are equivalent to a sectional analysis program performing moment curvature analy-

sis, integrating curvatures along the element length and automatically accounting for the inter-

action between moment and axial load. 

“Anacap-U” is ANATECH’s [3] reinforced concrete analysis software package. Its core are the

nonlinear constitutive models for steel and concrete to be used in conjunction with standard

elements of the well known software ABAQUS. The concrete model allows for strain soften-

ing in compression and cracking in tension using a smeared crack approach with no healing of

cracks upon closure. The steel model is based on standard J2 plasticity with special emphasis

on strain hardening and on the Bauschinger effect.

2.  Pier W2 Test

Pier W2 is located at the west end of the SFOBB Main Span and drives the dynamic behavior

of the bridge under an earthquake. Therefore the correct assessment of the pier’s strength and

stiffness was critical for the design of the bridge. The pier consists of eight circular columns

with pentagonal shaped architectural concrete cover. This system of piers shows significant

frame action when the bridge is loaded in longitudinal direction. In order to investigate this

frame action two of the eight columns were tested as a unit at the 1/4 scale (see Figure 1) [1]. 
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The test unit was 14 m tall. The two columns were connected at the bottom by a stiff footing

fixed to the reaction floor and at the top by a heavily post-tensioned cap beam. The horizontal

loading was applied by means of two servo-controlled hydraulic actuators with a capacity of

979 kN and a stroke of ± 1 m each. Constant axial load was applied to the test unit by means

of hollow core jacks through four tendons running from the footing to the cap beam. 

The test was loaded quasi-statically, according to a standard multi-step cyclic loading history

with increasing displacement amplitude. One of the most important results of the test is the

“Base shear - Top Displacement” relationship shown with a solid line in Figure 2. The test unit

was able to sustain a full cycle at displacement ductility six before gradually failing due to ten-

sile fracture of previously buckled longitudinal rebar in the bottom plastic hinge of both col-

umns.

Extensive predictive analyses were performed prior to testing and results are presented in Fig-

ure 2. The meshes used with the software “Rechenbrett-2D” and “Anacap-U” are shown in

Figure 1. In the “Anacap-U” model the concrete was modeled with 8-node solid elements and

each reinforcement bar was represented as subelements within the concrete continuum ele-

ments.

Both predictions were able to capture strength, stiffness, stiffness degradation and residual dis-

placement of the unit. This implied that the interaction between the bending moment and the

varying axial load in the columns due to frame action was properly accounted for. As expected,

shear deformations were negligible, therefore the “Rechenbrett-2D” model was able to accu-

rately predict the behavior of the test unit. However it was not possible to predict the failure of

the test unit because today no reliable failure criteria are available for this kind of failure.
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3.  Skyway Pier Tests

The piers designed to support the East Bay Skyway of spans of the new SFOBB were also test-

ed quasi-statically at 1/4 scale [4]. A typical prototype skyway pier is pictured in Figure 3. The

cross section of this pier is known as a hollow rectangular cross section with highly-confined

boundary elements. Before testing, the ability of such piers to form plastic hinges resulting in

a ductile failure mechanism was open to speculation. In order to test the piers as rigorously as

possible, the second of the two skyway piers tested was loaded biaxially. It was hence named

the Diagonal Pier Test (DPT). The DPT was 10 m tall and weighted approximately 1300 kN.

It is pictured in Figure 4(a), where four 979 kN actuators loading the pier in the transverse di-

rection can be seen on the top left-hand side, and two 2000 kN actuators loading the pier in the

bridge longitudinal direction can be seen in the middle right-hand side. Figure 4(a) also por-

trays the vertical actuators and high-strength rods with hollow-core jacks used to load the test

unit vertically with a constant load of 6090 kN. Central to the testing of the skyway piers was

both the calculation of an experimental plastic hinge length and the prediction of the spread of

plasticity in such piers by means of a three-dimensional finite element model such as the one

presented for Pier W2.

Plastic curvatures and strains were calculated from the curvature instrumentation pictured in

Figure 4(a) at all levels of displacement ductility. In order to compare similar values from the

FE model, nodal displacements were taken from points corresponding closely to the actual in-

strumentation points on the test unit. The data from the test and from the model were then re-

duced according to the same procedure. By creating such “virtual instruments” in the FE mod-

el, it was possible to compare test and model results on an instrument by instrument basis. This

allowed prediction of the pier’s behavior not only on a global level, but also on a local level.

Figure 4(b) shows curvature profiles that reflect the double bending behavior of the test unit

under loading in the bridge longitudinal direction. This figure demonstrates the ability of the
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FE model to predict the spread of plasticity in such bridge piers with a reasonable degree of

accuracy. Furthermore, Figure 4(b) shows that plastic curvatures tend to be linearly distributed

inside the plastic hinge regions of such piers. The assumption that plastic curvatures are lin-

early distributed has allowed for consistent and accurate experimental and analytical assess-

ments of the spread of plasticity in bridge piers [5]. This assumption and the subsequent cal-

culation of an artificial base curvature alleviates the need to evaluate base curvature accurately

with an FE model. This is particularly useful since the proper modeling of bond slip and strain

penetration is a very complicated problem to solve rigorously by means of FE models.

4.  Conclusions

The global cyclic behavior of slender bridge piers where brittle failure modes are prevented

can be accurately predicted just by means of moment-curvature analysis provided the variation

of axial load in members is considered. This leads to considerable savings in the design pro-

cess. Understanding that state-of-the-art 3D FE models can predict instrument readings to a

reasonable degree of accuracy implies that the careful assessment of such models prior to

large-scale structural testing can benefit the testing process. Further work is needed in the com-

parison of FE model results with test results on an instrument by instrument basis and in the

development of reliable criteria to predict the failure of ductile bridge piers where failure oc-

curs by tensile fracture of previously buckled reinforcement bars.
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Figures 

Figure 1

Pier W2 Test: Test setup (left) and FE meshes for the software “Rechenbrett-2D” (middle) 

and “Anacap-U” (right).

Figure 2

Pier W2 Test: Experimental and numerical hysteretic behavior of the test unit
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Figure 3

East Bay Skyway Pier detail

Figure 4

Diagonal Pier Test setup (a) and curvature profiles at displacement ductility 6 in the 

bridge longitudinal direction (b)


