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Abstract. Hollow bridge piers generally have large section dimensions, with reinforcement bars
spread along both wall faces. Unlike common solid section columns, quite often the shear effect has
great importance on the pier behavior. Therefore, it is of particular relevance that special attention is
given to this issue when the assessment and retrofit of RC hollow section piers is envisaged. Represen-
tative of typical bridge construction, RC piers were tested at LESE — the Laboratory of Earthquake
and Structural Engineering of the Faculty of Engineering of University of Porto. Experimental tests of
hollow section piers with square and rectangular cross sections under cyclic loading are being car-
ried out in order to compare the results of the original piers and CFRP retrofitted piers, regarding
benefits on their structural behavior and comparing the results with analytical predictions. The
adopted numerical methodologies are based on finite element analysis using 3D elements with a Con-
tinuum Damage Mechanics model for the concrete under tensile and compressive reversals and truss
elements with the Menegotto-Pinto model for the cyclic behavior of steel reinforcement. For different
rectangular cross sections, the interaction between pier walls is likely to affect their global behavior
and damage. The main purpose of this paper is therefore to present several strategies of retrofit with
CFRP in order to prevent shear or flexural collapse mechanisms, or both. Different amounts of strip
layers were applied for shear retrofit and jacket confinement near the pier base section was adopted
for increasing ductility. It is intended to assess the structural behavior and safety improvement due to
the adoption of different CFRP retrofit techniques and to illustrate the external and internal damage
pattern. The need of interior retrofit is discussed on the basis of experimental evidence from some of
the tests; therefore a strategy of internal confinement is also presented in order to prevent interior
concrete spalling and longitudinal rebar buckling.



Pedro Delgado, Patricio Rocha, Miguel Santos, Jodo Pedrosa, Antonio Aréde, Nelson Vila Pouca, Anibal Costa
and Raimundo Delgado

1 INTRODUCTION

Bridges and viaducts are, amongst all the structures, those that sustain the most damage, as
clearly demonstrated in several reports of recent earthquakes. In comparative terms, these
consequences of bridge vulnerability are found greater than those observed in building struc-
tures and, in most cases, the bridge safety is limited and conditioned by pier capacities. Sev-
eral studies and works have been carried out on solid piers and can be applied to building
structures [1]; however, for hollow piers much less research is found in the literature. Usually,
hollow piers have large section dimensions, with reinforcement bars spread along both wall
faces. Unlike common solid section columns, quite often the shear effect has great importance
on the pier behavior [2]. Therefore, it is of particular relevance that special attention is given
to this issue when the assessment and retrofit of RC hollow section piers is envisaged.

The main purpose of this paper is to present an experimental campaign of reinforced con-
crete hollow section piers under cyclic loading in order to compare the results of the original
piers with those obtained after CFRP seismic retrofit, to evaluate benefits concerning their
structural behavior and to compare the results with analytical model. Rectangular RC hollow
piers have a particular structural behavior, close to structural walls, and therefore are more
difficult to simulate with simple numerical tools; this fact is indeed a strong motivation for
this work. The adopted numerical methodology resorts to sophisticated constitutive models,
simulating the non-linear cyclic behavior of the concrete by a constitutive model based on the
Continuum Damage Mechanics and using 3D finite element discretizations for the concrete,
while truss elements are used for the steel with a cyclic behavior model. Moreover, for differ-
ent rectangular cross section dimensions, the interaction between the pier walls can strongly
influence their global behavior and observed damage. Therefore, a set of rectangular hollow
section RC piers, representative of typical bridge construction, were tested at LESE — the
Laboratory of Earthquake and Structural Engineering of the Faculty of Engineering of Uni-
versity of Porto, [3][4]. The test setup was designed to impose cyclic horizontal top displace-
ments with axial load and the possibility of using two orthogonal actuators with a sliding
device that allows pier top displacements and rotations, relative to the vertical actuator fixed
to a steel portal frame. The basic aim is, therefore, to contribute for the structural behavior and
safety improvement assessment of different retrofit techniques adopted, while addressing the
actually observed external and internal damage pattern. In addition, development and calibra-
tion is sought concerning analytical tools suitable for the evaluation of cyclic response of rec-
tangular hollow piers.

2 EXPERIMENTAL CAMPAIGN

2.1 Testing setup

The test setup, shown in Figure 1, makes use of a 500 kN actuator to apply lateral loads
and a 700 kN actuator to apply axial loads. The specimen and reaction frame are bolted to the
strong floor with high strength prestressed rods. A constant axial load was applied during the
tests, herein described, while the lateral loads were cycled, under displacement controlled
conditions. A special sliding device consisting of two steel plates, shown in Figure 2, was
used to minimize the friction created by the axial loads. The lower plate is bonded to the
specimen top, whereas the upper is hinged to the vertical actuator, allowing top-end displace-
ments and rotations on the specimens to take place when lateral loading is imposed during the
test. The upper plate is also connected to a load cell to measure the residual frictional force
between the two plates. During the tests, the hydraulic system of the vertical actuator was de-
signed to keep constant the oil pressure, in order to maintain constant the axial force. The
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horizontal actuator control is done using a PXI controller system from National Instruments
(NI) and specifically home developed control routines based on the LabVIEW software plat-
form (also from NI). The data acquisition is also based on another PXI system equipped with
acquisition and signal conditioning cards and allows direct reading of data from strain gauges,
load cells, LVDTs (Linear Voltage Displacement Transducers) and other types of amplified
analogical or digital sensors.
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Figure 2: The sliding device used to apply the axial load.

2.2  Specimens and Instrumentation

The specimens presented in this paper correspond to the second group of piers tested
within this framework, being the results of the first group already shown in previous reports
[3], [4]. This set of specimens, consisting on rectangular hollow section RC piers with 450mm
x 900mm exterior dimensions and 75mm thick walls, was based on square piers tested at the
Laboratory of Pavia University, Italy,[5] and is being tested in order to understand the influ-
ence of the cross section geometry of rectangular hollow piers on the cyclic behavior, bearing
in mind the purpose of assessing retrofitting solutions. The unconfined concrete compressive
strength is 35 MPa and for both longitudinal and transversal reinforcement the yielding
strength is 450 MPa. The model schemes shown in Figure 3a correspond to "4 scale represen-
tations of hollow section bridge piers, herein referred to as PO: PO1 for square section and
PO2 for rectangular section. Instrumentation to measure curvature and shear deformations



Pedro Delgado, Patricio Rocha, Miguel Santos, Jodo Pedrosa, Antonio Aréde, Nelson Vila Pouca, Anibal Costa
and Raimundo Delgado

was included along the pier height, because important shear deformations were expected in

these tests. The LVDT configuration used in both specimens is shown in Figure 3b.
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Figure 3: Hollow RC piers: a) model schemes and b) lateral LVDT layout.

3 CYCLIC TESTS AND NUMERICAL ANALYSIS

Two original specimens were tested, namely the piers PO2-N2 and PO2-N3 under constant
axial load of 250 kN and 440 kN, respectively. In order to characterize the piers cyclic behav-
ior, three cycles were applied for each of the following peak drift ratios: 0.1%, 0.2%, 0.35%,
0.7%, 0.3%, 1.0%, 1.2%, 0.5%, 1.8%, 2.1% and 2.4%.

3.1 Pier damage

Concerning the test results of original specimens PO2-N2 and PO2-N3, the greatest
amount of damage was mainly observed at the lateral sides, east and west, where the concrete
cover crushed within the entire pier height (see Figures 4 and 5) and strong shear damage was
achieved due to concrete degradation caused by lack of transverse reinforcement efficiency.
Little damage was observed in the north and south sides, with well distributed cracks. How-
ever, the cracks observed in those sides are not only horizontal, as for the square piers tested
before [4], but instead they show an angle that increases along the pier height, due the shear
lag effect that occurs for this width/height ratio (2:1).

(a) North side (b) South side (c) East side | (d) West side
Figure 4: Pier PO2-N2 damage for 2.4% drift.
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(a) North side V () East side (d) West side
Figure 5: Pier PO2-N3 damage for 2.4% drift.

3.2 Cyclic results and numerical analysis

Figure 6a shows the experimental responses of both piers PO2-N2 and PO2-N3 in terms of
top force-displacement diagrams; as expected, these diagrams show larger initial stiffness and
maximum forces for the pier with higher axial load (PO2-N3). However, failure of both piers
was reached by the first cycles of 25mm amplitude (1.8% drift), with visible shear failure
mode and the shear lag effect evidenced in the damage pattern shown in Figures 4 and 5.

Concerning the numerical analysis for cyclic loading the CAST3M computer code [6] was
adopted, a general purpose finite element based program, where a wide variety of non-linear
behavior models are available and, particularly, a damage model developed at FEUP [7] and
recently implemented in CAST3M [8], that has already proved to be suitable for seismic be-
havior analysis of RC bridge piers [9]. This later modeling strategy thus involves: the above
mentioned Continuum Damage Mechanics based constitutive model for the concrete zone
discretized into 3D finite elements and incorporating two independent scalar damage variables
that account for the degradation induced by tensile or compressive stress conditions; the Giuf-
fré-Menegotto-Pinto model [10] for the cyclic behavior simulation of the steel reinforcement
discretized via truss elements. Results of the numerical model for pier PO2-N2 are included in
Figures 6b and 7.
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Figure 6: Experimental and numerical results comparison.
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Figure 7: Numerical results of PO2-N2 for 1.8% drift.

As already referred before, a shear failure mechanism was observed on the pier response;
these effects were satisfactorily captured by the damage model as evidenced by the cyclic
curves shown in Figure 6b. The 3D finite element discretization used in the damage model is
shown in Figure 7a, but in fact only half of the cross section was modeled with adequate
symmetry conditions. The result of tensile damage pattern is illustrated in Figure 7b for the
initial cycles, around Smm, where first cracks were found; the compressive damage pattern is
also shown (Figures 7c and 7d) for 1.8% drift, where some damage is observed at the pier
base. The deformed mesh for the horizontal displacement of 25mm (about 1.8% drift) is also
included in Figure 7e. From the results shown in Figures 7f and 7g, it is possible to observe
the stress and strain distribution, respectively, along the transversal and longitudinal rein-
forcement bars, for 1.8% drift, where steel yielding is evidenced in red. The transverse rein-
forcement stress pattern allows identifying the strut-and-tie shear mechanism development
and the longitudinal rebar strain distribution shows yielding in the outer bars above the foun-
dation.

With these numerical results it is possible to confirm the shear failure around the 25mm
cycle, but with previous yielding of some longitudinal rebars near the pier base. When com-
pared to the experimental tests, larger forces were obtained from numerical results, possibly
due to more longitudinal rebars already within the yielding phase.

4 THE RETROFIT PROCESS

After the cyclic tests of the original specimens, they were repaired and retrofitted by an ex-
ternal contractor (S.T.A.P.) according to the following steps: 1) delimitation of the repair area;
2) removal and cleaning of the damaged concrete; 3) inside retrofit with transversal steel bars;
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4) application of formwork and new concrete (Microbeton, a pre-mixed micro concrete, modi-
fied with special additives to reduce shrinkage in the plastic and hydraulic phase); 5) outside
retrofit with the CFRP sheets. In order to provide a general idea of the pier damage and of the
retrofit process, the following photographs show the piers during repair and after having been
retrofitted with CFRP sheet jackets (Figure 8).

et
| K i

Figure 8: Hollow piers before and after the shear retrofitting with inside steel bars and outside CFRP sheet.

The inside transversal steel bars (only for pier PO2-N3-R2) were designed taking in ac-
count the feasibility for future real retrofits; such bars were concentrated at the bottom, in cor-
respondence with the outer CFRP jackets, for improving the plastic hinge confinement. In
order to design the outside shear retrofit with CFRP jackets, the authors adopted the Priestley
approach [11] to evaluate the thickness of the rectangular hollow pier jacket for increasing the
shear strength above the maximum flexural force while keeping the initial section conditions.
According to Priestley methodology the shear strength can be conveyed by Eq. (1) [11]:

Vi =V, +V +V, +V (1)
where V., V, and V, are the shear force components accounting, respectively, for the nominal
strength of concrete, the transverse reinforcement shear resisting mechanism and the axial
compression force; the term V; corresponds to the possible retrofit contribution with CFRP or
metal jackets and can be estimated according to Eq. (2) [11]

AJ Ai
Vg =—1";-h-cotd =—-0.004E; -h-cot &
S S ()

where h is the overall pier section dimension parallel to the applied shear force, f; is the
adopted design jacket stress level corresponding to a jacket strain of 0.004, A; is the trans-
verse section area of the jacket sheets spaced at distance s and inclined of the angle 0 relative
to the member axis. This condition is introduced to avoid large dilation strains and hence ex-
cessive degradation of the concrete, as well as to provide adequate safety against the possibil-
ity of jacket failure. Therefore, using Eq. (1) for both PO2 specimens retrofit, two strip layers
of CFRP sheet were adopted with 0.117mm thickness by 100mm width and spaced at 100mm
along each pier height in order to increase the shear capacity. This retrofit was doubled at the
pier base for improving the concrete confinement and, therefore, the overall pier ductility.
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5 CYCLICTEST OF THE RETROFITTED SPECIMENS

The retrofitted piers have been tested following the same cyclic displacement history of the
original specimens, but three additional cycles were performed with increased top displace-
ment amplitude corresponding to 2.9%, 3.2% and 3.6% peak drift ratios. Results for both
specimens are included in the following sections.

51 Pier PO2-N2-R1

The damage evolution during the experimental test of the retrofitted specimen PO2-N2 is
illustrated in Figure 9, for the pier west side. For small amplitude cycles, corresponding to
drift below 0.7%, first cracks about 0.1mm wide occurred (Figure 9a). In the subsequent cy-
cles the crack widths increased and new cracks were also developed along the pier height. For
17mm top displacement (1.2% drift), the damage pattern shown in Figure 9b was mainly
characterized by diagonal cracks in the interval zones between the CFRP strips. Shear damage
continued to increase in the next cycles and, for 2.4% drift (Figure 9c), cracking was con-
centred at the pier base without visible damage on the CFRP sheets. Failure of some of the
fibers at the base was audible from this stage on. During the last cycles for 33mm top dis-
placement (2.4% drift) the cracks on the concrete and CFRP developed a little. Figure 10
shows the damage evolution on the pier internal faces also visualized during the test, in corre-
spondence with the exterior damage, presented in Figure 9. When the CFRP strips collapsed
at the pier base, for 2.4% drift, the interior cracks increased considerably, as shown in Figure
10d. In the last cycles, generalized damage became visible, with interior collapse of the walls
and buckling of the longitudinal reinforcement (Figure 10d), that caused a fast reduction of
the pier capacity as evidenced in the response diagrams included in Figure 12. The final dam-
age stage is also shown in Fig. 11. As can be seen in Figures 9 - 12, the retrofitted specimen
showed good behavior in comparison with the original one, exhibiting well distributed crack-
ing along the CFRP spacing. The shear retrofit design, as used for this pier, showed excellent
performance since the shear failure mechanism was prevented and the collapse was achieved
after the CFRP failed at the pier base under a flexure mechanism that occurred further after
the original specimen response. Figure 12 shows the comparison between the original and ret-
rofitted pier, where about 40% increase of the top force is reached and about 100% more of
the maximum displacement is obtained, without significant reduction of the resistant force.

e |
(c) 2.4% drift (d) 3.6% drift
Figure 9: Retrofitted pier PO2-N2. Damage from west side view during the test.

(2) 0.7% drift (b) 1.2% drift
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(a) 0.7% drift (b) 1.2% drift (c) 2.
Figure 10: Retrofitted pier PO2-N2 damage from internal east side view.

(a) Et side (b) outh side (c) West side  (d) Inteal and exernal

Figure 11: Final damage views of the retrofitted pier PO2-N2 corresponding to 3.6% drift ratio.
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Figure 12: Experimental and numerical results comparison.

Figure 12b includes the comparison of numerical and experimental results for the test of
PO2-N2-R1, in terms of top force-displacement response, showing that the numerical simula-
tion model slightly overestimated the stiffness and peak strength of the specimen. Numerical
simulations show also that compressive damage for 1.8% drift (Figures 13a and b) is greater
than for the original pier because shear capacity increased by CFRP sheets and a flexure type
deformation mode was activated. From the results illustrated in Figure 13e, it can be seen that
a plastic hinge was formed, since red colors of the longitudinal bars are concentrated at the
pier base; this fact agrees with the deformed mesh shown in Figure 13c. Although transverse
steel has reached the yielding phase (Figure 13d), the CFRP sheets, simulated as high strength
steel bars and shown in Figure 13f, are resisting well bellow the ultimate strength (about
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3800MPa), avoiding the pier to exhibit a shear failure mode and, therefore, reducing shear
deformation. In fact, this is the reason for the maximum flexural forces increase on the retrofit
pier (see Figure 12), due to the greater number of longitudinal rebars having reached yielding.
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Figure 13: Numerical results of PO2-N2-R1 for 1.8% drift.

5.2 Pier PO2-N3-R2

As referred before this pier was retrofit with transversal steel bars in the interior side near
the base zone. The damage evolution during the experimental test of this specimen is illus-
trated in Figure 14, for the pier west side. As expected, for the first cycles, the damage ob-
served was quite similar to the previous pier (PO2-N2-R1), until 2.4% drift was reached. The
same pattern was observed for the 3.6% drift with an increase of crack opening at the base. At
this stage it was possible to identify the failure mode based on a plastic hinge at the bottom. In
the subsequent cycles, generalized damage became visible, with buckling of the longitudinal
reinforcement, and crushing of the concrete (Figure 15) which caused gradual reduction of the
pier capacity (Figure 16). However, for this case, buckling was observed in the outer rebars
when the CFRP sheets lost the confinement capacity, whereas the retrofit with interior steel
bars was quite effective in avoiding internal deformations.

As can be seen in Figures 14 and 15, this retrofitted specimen showed good behavior and
relevant improvement in comparison with the other retrofitted one (PO2-N2-R1), mainly in
terms of maximum displacement. Again the shear retrofit design provided excellent perform-
ance since the shear failure mechanism was prevented and the collapse was reached after lon-
gitudinal rebar failure and crushing of concrete (Figure 15b) for a very high level of top
displacement under flexure mechanism. Figure 16 shows the comparison between the original
and the two different retrofitted piers.

10
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(d) 3.6% drift

S

(a) 0.7% drift (b) 1.2% drift (c) 2.4% drift

Figure 14: Retrofitted pier PO2 damage from west side view.

:A-f 4 ) e SRS i hag
(b) Local North side view (c) Este side view (d) Local Este side view

(a) North side view
Figure 15: Final damage of the retrofitted pier PO2 corresponding to 3.6% drift ratio.
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Figure 16: Experimental results comparisons of PO2 piers before and after retrofit with different confinement.

6 CONCLUSIONS

Original specimens evidenced that the collapse was achieved because of insufficient shear
capacity. Cracks were observed at lateral sides (east and west faces), where the concrete cover
crushed within the entire pier height and severe shear damage was observed with significant
concrete degradation due lack of transverse reinforcement efficiency. As expected, higher ini-
tial stiffness and maximum forces were achieved for the pier with great axial load.

The numerical cyclic solution obtained with the damage model, agrees very well with the
experimental results and the main aspects of the collapse mechanism were achieved satisfac-
torily. This numerical model, with several results of damage patterns and steel strain/stress,

11
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[3]
[4]
[3]
[6]
[7]

[8]

[9]

[10]

[11]

allows to understand and confirm the importance of the shear deformation on the piers re-
sponse.

The CFRP retrofit showed excellent benefits on the two pier behavior since it avoided the
shear collapse and a flexure mechanism with plastic hinge at the pier base was achieved. In
both piers, ultimate drift increased from 2.4% to 3.6%, with reasonable values of seismic ca-
pacity, and well distributed cracking was obtained. The adopted retrofitting strategy has evi-
denced good ability for the improvement of the seismic pier behavior both in ductility and
strength.

The specimen retrofitted also in the interior side showed good increase of maximum dis-
placement when compared with the other retrofitted one. The collapse was reached for a very
large top displacement after failure of longitudinal reinforcement and crushing of concrete,
this occurred when the CFRP sheets lost the confinement capacity and allowed rebar buckling
in the outer face of the pier wall, while the interior transversal steel bars were still effective in
avoiding internal rebar buckling.
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