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Abstract

This paper presents quasi-static testing of a 1:5 scale precast restrained rocking bridge column exhibiting negative
stiffness. The proposed system is resilient, able to achieve limited to no damage during design earthquakes. It allows
prefabrication and quick on-site assembly, which reduces the on-site construction time and traffic impact. Compared to
positive stiffness restrained rocking solutions, the negative stiffness system further reduces the design moments of the
foundation and could possibly reduce the need for a pile foundation.

As part of this experimental campaign, quasi-static cyclic tests were carried out on a reinforced concrete column
allowed to rock on its interface with the foundation and cap-beam. An unbonded tendon was adopted to restrain the
columns. The tendon was connected in series to a Belleville spring system to keep the overall postuplift stiffness of the
system negative. Large drifts lead to stress concentrations at the ends of the columns, therefore they were protected by
steel jackets.

The column was subjected to drift ratios up to 15%. The results show that it returned to its original position with
negligible to no residual displacement.
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1. Introduction

Accelerated Bridge Construction (ABC) has emerged as a convenient method to reduce onsite construction
time and traffic impact, as well as providing elements of higher quality due to its prefabrication offsite [1—
22].

Within ABC two seismic design methods exist: (a) emulating connections of conventional reinforced
concrete structures by creating fixed connections of the precast elements with cast in situ concrete or, (b)
letting the precast elements rock by adopting dry connections combined with prestressed or posttensioned
unbonded tendons passing through the columns. The advantage of the former method is that it results in
bridges that behave like the traditional cast in place ones, this it is an established and easily acceptable
technology. The advantage of the latter method is that it is more resilient as it presents minimal damage and
residual displacement. Some of the techniques developed to emulate connections are: bar coupling [4, 5],
pocket and socket connections [3, 8, 23, 24], and grouted duct connections [7, 20, 24].

As an alternative to emulated connections, rocking systems provide the additional advantage of
reducing residual displacements and damage after the earthquake event ceases. Priestley and Tao [1] and
Stone at al. [2] studied the behavior of precast posttensioned beam columns designed to rock in the
connections. Mander and Cheng [13] developed the Damage Avoidance Design methodology for bridge
piers, introducing the concept of precast posttensioned elements to bridge systems. Following on, Hewes and
Priestley [16] and Billington and Yoon [17] also explored the adoption of posttensioned rocking elements to
segmental columns.

To control design displacements, researchers proposed introducing energy dissipation devices to the
system. Davis et al. [21], Finnson [22], Thonstad et al. [9] and Thonstad et al. [10] conducted an
experimental campaign exploring the behavior of prestressed rocking piers with mild reinforcing bars
connecting the foundation and column, and/or column and cap beam, which provided energy dissipation.
With similar goal, Marriott et al. [18], Guerrini et al. [6], White and Palermo [11], and Mashal and Palermo
[12] explored rocking piers equipped with external energy dissipaters.

Sideris et al. [25-27] also proposed a posttensioned segmental column with a rock-dominant
connection at the bottom, and intermediate slip-dominant connections, which provided energy dissipation
with low damage.

The works mentioned above led to the development of systems with small residual displacements and
low damage after a ground motion excitation. Hence, they succeed in the goal of resilience. However, they
result in foundation design moments that are of similar magnitude with their plastic design counterparts.
These design moments often require huge pile foundations, which can comprise up to 50% of the total
Reinforced Concrete used in the whole project. Aiming at decreasing the foundation design moments and
obtaining a more sustainable system, it has been suggested either to not restrain the bridge columns at all
[28—43] or to restrain them with flexible restraining systems [44—47].

In an effort to bring the concept of negative stiffness closer to practice, this paper presents quasi-static
cyclic tests of a restrained RC concrete column exhibiting negative post-uplift stiffness. The column is
allowed to rock freely on its interface with the foundation, while the cap beam and column are connected
through a non-prestressed tendon in series with disc springs.

2. Behavior of negative stiffness bilinear elastic systems

Rocking systems of negative stiffness present the Negative Stiffness Bilinear Elastic (NSBE) force
deformation loop shown in Fig. 1, and discussed extensively in Reggiani Manzo and Vassiliou [30]. Up until
uplift the system behaves linearly with a stiffness representing any deformability the system might present
before uplifiting. After uplifting, the tangent stiffness becomes negative. The displacement capacity is
defined not by material failure, but by the displacement where the restoring force becomes negative.
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Therefore, for an unrestrained rocking column the displacement capacity is equal to its width. One can
increase it by equipping the column with extended curved ends [48—50] or by adopting a flexible restraining
system. Herein, a flexible restraining system was adopted for the proposed column.
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Fig. 1 — Characteristic Pushover Curve of a NSBE Oscillator.

3. Specimen Design

In the tests discussed in this paper, the restraining system of the column was designed to double the
displacement capacity of the free rocking column, assuming that u,, is negligible. The system was composed
of an unbonded tendon in series with disc (“Belleville”’) springs (Fig. 2). The disc springs were adopted to
avoid yielding of the tendon in large displacements.
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Fig. 2 — Specimen.

The ungrouted tendon passed through the centerline of the column. One end was anchored in the
bottom of the column, providing no connection between the foundation and the column. The other end was
anchored above the beam, in series with the disc springs. No prestress loading was applied to the restraining
system.

The column was protected by steel jackets at its ends. The jackets comprised a steel tube welded to a
circular end plate. Steel jackets were also used by Thonstad et al. [10] and Mashal and Palermo [12].
However, in the tests discussed in this work, the stresses are expected to be smaller because of the springs.
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Steel plates were also fixed to the floor and to the cap beam to avoid damage due to stress
concentrations. The plates were equipped with sliding restrainers, which limited the sliding motion of the
column. A restrainer was also provided to avoid twisting of the columns. Fig. 2 presents the tested system, in
which the elements discussed in this section are identified.

The geometry of the column is shown in Fig. 3-4 and follows from scaling to 1:5 a typical overpass
bridge column.
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Fig. 3 — Cap-beam elevation and cross-section (dimensions in mm).
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Fig. 4 — Column elevation and critical cross-sections (dimensions in mm).
3.1 Restraining System

The stiffness of the restraining system (k.s) was obtained based on the force deformation curve discussed in
Reggiani Manzo and Vassiliou [30], under the assumption that the pre uplift deformation is negligible. For
small rotations, one can linearize the equations, and get the desired stiffness of the restraining system as:

_A -1

1
res a b ﬂ/ ( )
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where V' is the total vertical loading acting on the column plus half of its self-weight, a is the slenderness
angle of the column (i.e. width to height ratio), b=257.8 mm is the diameter of the column, and A is the factor
by which the displacement capacity of a free rocking column with equivalent slenderness should be
increased (i.e. A=ticqp/D).

The tests were performed under a vertical load /=52.2 kN that would correspond to a normalized axial
load (v) of 5% in the columns, which is typical for bridge columns. Then, Eq. (1) gives the target stiffness of
the restraining system that would result in doubling the displacement capacity of the column (1 = 2):
kres=2302 kN/m. The restraining system was composed of a tendon with nominal cross-section area of 150
mm? in series with 11 disc springs of individual deformation capacity of 5.6 mm (Fig. 2). This design gives an
overall stiffness of the restraining system of 2613 kN/m until 44 mm axial displacement.

The tendon had threaded sockets at its ends. Therefore, it was anchored in the bottom end of the
column, as Detail 1 of Fig. 4 shows. The other end was anchored at the top of the springs with a nut. The
tendon was unbonded through its entire length.

3.2 Steel Reinforcement

The column reinforcement was designed to resist the internal moment generated when the column rotates to
a displacement equal to 26=515.6 mm. It resulted in a longitudinal reinforcement composed of 6 B500B
rebars of 8 mm-diameter (4, = 3.02 cm?) distributed uniformly along the circular perimeter of the column.
The longitudinal reinforcement was welded on the steel plate at the column ends.

The transverse reinforcement comprised an 8 mm-diameter B500B spiral, which is the minimum
according to Eurocode 2 (EC2), EN-1992-1-1 Design of Concrete Structures [51] (Asws = 0.022 cm*/cm).

3.3 Column steel parts

The steel jackets consisted of a S355 steel tube 3.4 mm-thick, 245 mm-high and 257.8 mm in external
diameter. The steel tube was welded in its base to a 5 mm-thick S355 steel plate. The detailing of the steel
plate is different in the bottom and top part of the column. In the steel plate placed at the bottom of the
column, a threaded steel tube was welded to it for anchoring the tendon. In the top part, a circular annular
plate was used to allow casting of the column.

3.4 Slide and twist restrainers

To limit sliding, the steel plates fixed to the ground and to the cap-beam were equipped with sliding
restrainers that limited sliding to 5 mm in each direction (Fig. 5).
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Fig. 5 — Schematic illustration of the motion restrainers.
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3.5 Concrete mix

The columns were casted in-house using a commercial dry mixture of self-compacting concrete of strength
class C30/37 (fox = 30 MPa). Although the water/cement ratio suggested in the pack of the dry mixture was
initially respected, the concrete workability was not the one expected, and more water had to be added to the
mixture.

Three standard cylindrical specimens of 150mm-diameter and 300mm-high were casted to define the
strength and Young’s modulus of the concrete. The measured mean strength and Young’s modulus of the
specimen were 45.4 MPa and 30 GPa, respectively.

4. Test setup and instrumentation

The test setup is shown in Fig. 6a. It consisted of two vertical actuators and a horizontal actuator. The three
actuators applied forces or displacements to a steel beam, which was connected to the cap-beam with short
wide flange steel beams. The steel beam is constrained, and out-of-plane displacement is not allowed.

The setup kept the vertical force applied to the column constant and equal to 52.20 kN, simulating the
gravitational loads of the super-structure. The rotation of the cap and steel beam was kept constant and equal
to zero. The horizontal actuator applied the displacements defined in the loading protocol shown in Fig. 6b.
The loading protocol consisted of two consecutive cycles of same drift ratio, followed by a subsequent cycle
of 1.25 times the previous drift ratio. In total, the columns were subjected to 18 sets of two cycles each. The
loading protocol was based on the American Concrete Institute recommendations. Since the most recent
report [52] specifies that the drift ratio must be increased based on the yield strain, the increase of the drift
ratios was based on an older report [53].

The displacement of the column and cap-beam were measured by an optical measurement device that
tracks the positions of markers fixed in the specimen. The forces and strokes of all actuators were recorded
by load cells and lasers installed on them. A load cell was also installed in series with the springs and tendon,
recording the forces in the restraining system.
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Fig. 6 — (a) Test setup, and (b) Cyclic time history.
5. Force-drift loops

Fig. 7 presents the force-drift response for low drift ratios (up to 1.1%), medium drift ratios (up to 4.2%), and
high drift ratios (up to 15%). The drift ratio is defined herein as the ratio between the horizontal displacement
of the beam and the height of the column (1450 mm).
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One can observe that the column presents almost no strength reduction. It is not clear whether the
energy dissipation deduced from the area of the loops comes from the column itself or from friction of the set
up. More tests are currently performed to quantify the friction of the spring and of the setup itself. In any
case, there was only minimal damage in the columns, so it is difficult to imagine a physically plausible way
of energy dissipation within the column.
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Fig. 7 — Force-drift relation for: (a) low drift ratio, (b) medium drift ratio, and (c¢) high drift ratio.

Sliding and twisting of the specimen were limited, but not zero. Both motions could be observed and
measured with the optical position trackers fixed in several points of the column and cap-beam. Sliding is
also depicted in the force-drift relations (Fig.7a-b).

Fig. 8 shows the envelope of the force-drift response. As the protocol defined two cycles per drift
amplitude, the envelope for both cycles is plotted. The same plot shows the envelope predicted by rigid body
calculations, assuming a rigid column with same dimensions of the tested column (257.8 mm-diameter and
1450 mm-height), constant vertical load of 52.20 kN and restraining system stiffness of 2613 kN/m. The
flexibility of the tested system only causes a slight deviation from the rigid body model, that is non-
negligible only for very small drift ratios, essentially before the column uplifts.
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Fig. 8 — Force-drift envelope.
6. Observed damage

At the end of the test, almost no damage could be noticed at the column (Fig. 9¢c-d). No cracks or spalling of
the column was observed. The top steel jacket, however, presented some minimal damage. The steel plate
slightly bent (Fig. 9a) and the steel tube presented a dent (Fig. 9b), as a result of local buckling. Both
damages occurred close to the very end of the column, at drift of 12.7%. The bottom steel jacket did not
present any damage visually observed, as the contact force there is smaller.

© The 17th World Conference on Earthquake Engineering -2g-0311 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 27th to October 2, 2021

(b) (c) (d)

Fig. 9 - (a) Bending of the steel plate, and (b) dent of the steel tube of the steel jacket at the end of test; (c)
column, and (d) overall view of the system at 15% drift ratio.

7. Behavior of the restraining system

Fig. 10 presents the envelope of the measured load in the restraining system. The figure also shows the
envelope of the predicted load in the restraining system, using rigid-body calculations.
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Fig. 10 — Load in the restraining system.

The measured load increased linearly with the drift ratio, and it is in good agreement with the
predicted load by the rigid-body calculations. The maximum observed load in the restraining system was 44
kN. Since the tendon yields at an axial load of 238 kN, it did not exceed its linear range during the cyclic
tests. The springs also did not reach their load capacity of 171.2 kN.

8. Conclusions

Negative stiffness restrained rocking columns can be used in bridge design in an effort to reduce the design
moment of the foundation and possibly save the piles. Such a system using disc springs in series with a steel
tendon as a restraining system was tested to drift ratios up to 15%. Negligible visual damage was observed.
Since the force deformation loops did not change during the tests, no strength degradation was observed.
Thus the system is resilient.

As the aim of the proposed design approach is to reduce the design moment of the foundation and
avoid the huge pile foundations that are often designed in seismic areas, the system contributes to sustainable
seismic design.
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