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ABSTRACT

Design procedures and guidelines for bridges under seismic loads have started to shift towards being performance-based to
improve design and seismic risk assessment, with a strong scientific basis to make informed decisions. To implement this
type of design, an accurate estimate of the damage limit states in terms of engineering criteria and experimental test results is
especially important. Such an estimate requires, in turn, the consideration of the latest regulatory requirements in terms of
confinement and transverse reinforcement, among others. Moreover, large-scale bridge component tests are essential to verify
the reinforced concrete models developed based on small-scale specimen test results. This study presents a comparison
between the experimental results of 4 real-scale reinforced concrete bridge columns, with different transverse reinforcement
configurations, tested under constant axial load and reversed cyclic lateral loads. The column cross-sections correspond to the
dimensions of a case study bridge located in Quebec, and the axial load used during the test was representative of the actual
dead load of the bridge deck. In addition, a seismic assessment is presented by comparing the test results of each column with
the limit states and the associated deformation levels for reinforced concrete bridge columns, prescribed in the Canadian
Highway Bridge Desigh Code, CAN/CSA S6-14.
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INTRODUCTION

Bridges are the most critical components of the road transportation network. The functionality of bridges is given the highest
priority for post seismic recovery actions. However, the documented damage caused by seismic events has underlined the
necessity for an emergency plan for the road transport network, in which bridges play a fundamental role as the most
vulnerable components of this network [1-2]. In the same manner, it is largely accepted that, in regular bridges, the columns
are the main energy dissipating elements to withstand seismic effects [2]; thus, the study and understanding of the behaviour
of these components under dynamic loads is fundamental for an adequate seismic assessment.

There has been a significant improvement in bridge design, mostly in earthquake bridge analysis and design, in the past few
years [3-4]. The seismic analysis tools have improved, the seismic hazard maps have changed, and new codes and design
procedures have been developed. The Canadian Highway Bridge Design Code [5] introduced insights on performance-based
design philosophy in its 2006 version for the first time, and in the 2014 version, it became fully integrated. On the other hand,
retrofit measures and mitigation strategies must be redefined for those existing bridges designed with codes and guidelines
without the information now available on seismic safety. Furthermore, the availability of post seismic documented results as
well as theoretical and experimental studies allow the implementation of the latter in new design codes for bridges and their
components [4,6]. As a result, the traditional seismic design philosophy has started to shift towards the concept of
performance-based earthquake engineering (PBEE) design, which seeks to improve seismic risk decision-making through
assessment and design methods that have a strong scientific basis. A key feature in this process is the proper definition of
performance limit states of the main components of the structure, such as bridge columns, that are relevant for seismic risk
mitigation [2]. Consequently, due to the lack of systematic exploration for the accurate definition of bridge column limit
states, an experimental research program was developed at the University of Sherbrooke to estimate the performance limit
states of reinforced concrete bridge columns with different reinforcement details. As an essential part of this program, this
study presents the experimental results of four real-scale reinforced concrete bridge columns subjected to lateral reversed
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Figure 1: Chemin des Dalles Bridge: (a) overview; and (b) one bent view, [7].

cyclic loads and a constant axial load representing the real dead load. The column reproduces the exact geometric properties
of the Chemin des Dalles bridge columns (Trois-Rivéres, Quebec), as shown in Figure 1.

This paper also presents an assessment of the PBEE regulations by comparing the test results of each column with the limit
states and the associated deformation levels for reinforced concrete bridge columns prescribed in the Canadian Highway
Bridge Design Code [5].

EXPERIMENTAL INVESTIGATION
Test specimens

Four real-scale circular reinforced concrete columns were tested under combined constant axial load and reversed cyclic
flexure. The column diameter was 914 mm, and the total height was 4600 mm, including a square rigid base foundation. The
1200 mm base foundation height was sufficient to anchor fifteen 35 mm diameter longitudinal bars. The column head was
built with a square section, 600 mm high, to facilitate installation of horizontal hydraulic jacks. Lateral force was applied at a
distance of 3100 mm from the top of the foundation. The specimens represent a 6.2 m high column in a typical bridge
assuming that the point of contraflexure is located approximately at mid-column height. The concrete columns and
foundation were cast vertically in two steps. The proper placement of the concrete was ensured with the use of a concrete
vibrator. Figure 2 shows the experimental setup.

Figure 2: Experimental setup: as-built setup and specimen.

The nomenclature of the test specimens was defined as follows: the first letter is C for all columns, the second letter indicates
the type of transverse reinforcement: H for hoops or S for spirals, followed by the transverse reinforcement spacing in
millimeters (300 or 110 mm). The difference between specimens CH300 and CH300s is that the former is a replica of the real
bridge column as built, i.e., with a lap splice at the base, whereas the latter did not have lapped splice at the base. Figure 3
shows the geometry and reinforcement of the four specimens.
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Test variables

The test variables were the lap splice at the base of the column (real bridge), no lap splice at the base of the column and
circular hoops and spiral reinforcement spaced according to the new requirements of the Canadian bridge code [5]. Table 1
summarizes the specimen properties.
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Figure 3: Specimen geometries.

Table 1. Specimen properties
Reinforcement

Specimen Longitudinal Transverse
Bars Bars Spacing (mm) Type
CH300t 3B M 15M 300 Hoop
CS110 3B M 15M 110 Spiral
CH110 3B M 15M 110 Hoop
CH300s 35 M 15M 300 Hoop

T Real bridge column replica.
Reinforcing cages

Figure 3 provides details of the reinforcing cages. The longitudinal reinforcement includes 15-35 M Grade 400 weldable bars,
which represents an average volumetric longitudinal reinforcement ratio of 2.00%. For both types of transverse
reinforcement, hoops and spirals, 15 M Grade 400 weldable bars were used. The square column tip, where the lateral load
was applied, was reinforced with square ties to prevent concrete crushing. The square foundation was designed to avoid
excessive cracking and to provide proper anchorage for the longitudinal bars of the column.

Instrumentation

To measure the global and local responses of the system, each specimen and their column-foundation joint were heavily
instrumented. For the system global response, horizontal displacements at different column heights were measured from a
fixed reference axis (an aluminum tower attached to the foundation). Additionally, the column rotation with respect to the top
of the foundation was measured at different levels to obtain the column curvature distribution. Likewise, local deformations
were measured along the predicted plastic hinges of the column and inside the column-foundation joint (longitudinal
reinforcement strains at different levels and transverse reinforcement strains). All measurements were carried out using linear
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Figure 4: External instrumentation: (a) typical section plan view, (b) front elevation view, and (c) lateral elevation view
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Figure 5: Internal instrumentation.

4

variable displacement transducers (LVDTS) as well as potentiometers and electrical strain gauges installed on the steel rebars
(longitudinal and transverse). The instrumentation was further improved and adjusted not only by considering the test
evolution but also by anticipating the behaviour of the specimen according to the studied variables. All measurement devices
were connected to a data acquisition system, which was also connected to the testing software used to control the hydraulic
actuators. Figures 4 and 5 show the external and internal instrumentation, respectively, for all four specimens. Further

information can be found in [8-11].
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Testing procedure

The axial load was applied until the target value of 2300 kN, which corresponds to the actual load acting on the bridge
column prototype, was reached. The axial load remained constant during the test by controlling the force applied by two
hydraulic actuators. After setting the axial load, the lateral cyclic loading started under displacement control. The first cycle
was performed to attain 75% of the predicted yield displacement. The objective of this cycle was to crack the section. After
completing this cycle, a second cycle was initiated to reach the yield displacement, defined as the point where the
longitudinal bars first yielded in tension. Once the yield displacement was reached at each of the opposite sides of the
column, the average of these values was defined as the experimental yield displacement. Next, the second cycle was repeated
to reach the experimental yield displacement. Thereafter, for each successive load cycle, the experimental yield displacement
was increased incrementally, as shown in Figure 6, and each displacement was repeated twice until column failure was
reached. The test ended when at least one of the following events occurred: 1) the column was unable to sustain the axial
load, characterized by a 10% loss of the applied axial load; 2) a drop of more than 50% of the maximum flexural capacity
was observed; or 3) the longitudinal bar ruptured (due to buckling or tensile stress) or the transverse reinforcement ruptured,
resulting in a significant drop in the flexural capacity.

[ Displacement control

Loading cycle

Lateral displacement A/Ay (cycles)

Figure 6: Loading protocol

TEST RESULTS
General behaviour

The specimen CH300 presented a 50% drop of the maximum flexural capacity as the test stop criterion. The other three
specimens presented longitudinal bar buckling before the loss of capacity. As expected, the first cracks of all four specimens
started in the first cycle, and as the lateral displacement demand increased, the distance between lateral cracks decreased.
Additionally, for specimen CH300, vertical cracks appeared at the base of the column over the length of the lap spliced bars.
Figure 7 shows the damage regions for all specimens at the end of the tests.

The yield strain was measured by the strain gauges installed on the longitudinal reinforcement before the concrete casting.
The yield displacements (i.e., tip displacements corresponding to the measured yield strains), Ayexp, are summarized in Table
2. The asymmetry of the longitudinal reinforcement explains the difference in the tip yield displacement between the load
directions.

Table 2. Tip yield displacements

Lateral load Ayexp (MM)

direction CH300 CS110 CH110 CH300s
South 1446 1867 1594  20.10
North 1801 1933 17.14  19.60

Concrete crushing was observed in both the opposing lateral compression zones of the column, i.e., at the column-foundation
interface. As the displacement demand increased, so did the height and thickness of the crushing zone towards the column
core. Geometrically, the crushing zones described approximate arcs. One transverse and two longitudinal reinforcements

were fully exposed at the column base in different cycles for three of the specimens, 5Ay for CH300, 4Ay for CS110 and 6A,
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for CH110, where Ay is defined as the yield displacement. The longitudinal reinforcement buckling took place for a tip

displacement of 152 mm for CS110, 148 mm for CH110 and 120 mm for CH300s. As explained previously, CH300 did not
show longitudinal reinforcement buckling (50% drop of the maximum flexural capacity was the test stop criterion).

© (d)

Figure 7: Damaged regions for all specimens: (a) CH300, (b) CS110, (c) CH300s, and (d) CH110.

Figure 8 shows the experimental force vs. tip displacement plot, whose enclosed area is related to the energy dissipation
capacity. The specimens showing more dissipation and displacement capacity are those with closer transversal reinforcement
spacing, following the actual provisions of the Canadian Highway Bridge Design Code [5]. However, for all specimens, the
maximum lateral force sustained is approximately equal. Additionally, from the test results of specimens CS110 and CH110,
the difference between a continuous transverse reinforcement (spiral) and individual circular hoops is not significant, as long
as small transverse spacing is provided. The pinching effect observed in specimen CH300 is caused by the lap splice at the
column base when combined with a large transverse spacing.

Limit states and performance levels

Identification of the limit states that are relevant to the system performance is fundamental for the implementation of the
PBEE design [12]. In the presence of a strong seismic event, reinforced concrete bridges may be damaged in different ways,
among them, the most typical are (i) cracking, (ii) yielding of longitudinal reinforcements, (iii) spalling of concrete cover or
concrete crushing, (iv) rupture of transverse reinforcements, (v) buckling and rupture of longitudinal reinforcements, and (vi)
confined core degradation. Taking into account the experimental test results, the present study was focused on quantifying the
column performance levels associated with damage states (i) to (v) mentioned above. Based on the qualitative descriptions of
the expected performance associated with the structural damage, reinforced concrete bridge performance levels are defined as
follows: immediate or fully operational, limited or operational, service disruption, life safety or near collapse and collapse.

Hose and Seible [13] determined the bridge performance parameters associated to the design parameter levels. Their results
are shown in Table 3. Following the same approach as Hose and Seible [13], and based on the results of this research, Table 4
presents the average performance parameter values for the four specimens according to the measured parameter levels. The
main parameters used to relate to the performance levels are steel strain, concrete strain, drift and displacement ductility.
Usually, the drift is considered to be a good parameter to express the performance levels.

6
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Figure 8: Experimental and monotonic predictions of moment-curvature responses

Table 3. Bridge performance/design parameters (Hose and Seible [13])

Level  Description  Steel strain Concrete strain A/L (%)

| Fully operational ~ <0.005 <0.0032 <1.0
1 Operational 0.005 0.0032 1.0
1] Life safety 0.019 0.0100 3.0
v Near collapse 0.0480 0.0270 6.0
\% Collapse 0.0630 0.0360 8.0

Table 4 presents the performance parameters in terms steel strain, concrete strain and drift for the tested four specimens.
When comparing Tables 3 and 4, it can be seen that the results are close. The main difference could be explained by the fact
that specimen CH300 has a known fragile lap splice detail at the base, but was included in the calculation of the average
values. Furthermore, the collapse level depended on criteria that was defined before performing the tests.

Table 4. Bridge performance/measured parameters for the tested four specimens

Level  Description Steel strain Concrete strain ?02‘)
| Ope':r‘;::é’nal <0.0037 <0.0023 <1.0

1 Operational 0.0037 0.0023 1.0
1] Life safety 0.0060 0.0035 1.9
v Near collapse 0.0302 N.M. 4.0
\Y Collapse N.M N.M. 4.8
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CONCLUSIONS

The main objective of this study was to address the significant uncertainties that remain in the quantitative definition of the
reinforced concrete bridge column limit states, particularly at the associated deformation levels. Accordingly, this paper
presents the experimental results of four real-scale reinforced concrete bridge columns, with different transverse
reinforcement configurations, submitted to lateral cyclic loads in addition to a constant axial load representing the real dead
load. In addition to the comparison of the general behaviour between the specimens, the experimental lateral force-tip
displacement curves were also displayed, showing the effect of transverse reinforcement in the concrete confinement and in
the cyclic behaviour. The damaged regions at the end of the tests showed that the damage states of the four specimens are
similar and occur in the same order: cracking, yielding of longitudinal bars, beginning of concrete crushing, concrete cover
loss and yielding of transverse reinforcement. The test results also showed the detrimental of using lap splice at the base of a
bridge pier. This paper also included a comparison of the experimental limit states of each column with the limit states and
the associated deformation levels for reinforced concrete bridge columns prescribed in the regulatory guidelines. Within this
PBEE framework, it is believed that the results presented herein will be useful for improving the seismic evaluation of
existing bridges in Canada’s road networks and for optimizing the seismic design of future structures according to the
performance-based seismic approach.
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