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ABSTRACT

Experimental works in literature have paid proper attention to“the seismic response of hollow
circular piers only quite recently, despite their widespreadfuse, in existing bridges. More attention
should be certainly paid to these elements to reliably assess,their seismic capacity.

Herein, experimental cyclic tests on two scaled reinforced concrete piers with hollow circular cross
section, representative of typical existing Italian bridges, are carried out. Depending on the aspect
ratio, flexure and flexure-shear failure modes have been observed. Design criteria, adopted setup,
experimental response and damage,evolution are presented and discussed.

A focus on shear-eriticalypiers has been performed, collecting a proper experimental database of
tests from literature. Lhe very few specific shear strength models existing in literature and main
models byscodes are’compared with the collected data. Model by Ranzo and Priestley (2001), also in

conjunction with proposal by Turmo et al. (2009), has finally shown promising results.

Keywords: existing reinforced concrete bridge piers; hollow circular cross section; cyclic tests;

deformability contributions; seismic assessment; shear capacity.
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1 INTRODUCTION

Seismic assessment of existing bridge structures is a key issue especially in regions where most
of bridges have been realized without proper rules for earthquake resistant structures, generally
designed for gravity loads only or according to obsolete seismic codes. Furthermore, hollow section
piers are a very popular structural solution for reinforced concrete (RC) bridge structures due to their
economical convenience and higher efficiency with respect to solid sections. Nowadays, the‘most
updated seismic codes require to concentrate energy dissipation in ductile flexural hinges at the\base
of the bridge piers [Priestley et al., 1996], and avoid brittle shear failure of piers. Vice-versa, existing
hollow piers are generally characterized by poor structural details, limited confined, concrete core,
crucial to seismic energy dissipation, and a deeper degradation of shear resisting:mechanisms [Kim et
al., 2012]. Their premature collapse is often due to a very limited shear capagity [De Risi et al., 2017].
Moreover, seismic response of hollow RC piers generally. exhibits high shear deformability
contribution to the global top displacement [Delgadeet al., 2009,

The starting point for this study is a comprehensive literature review about the investigated

structural typology, as reported in sectionyl.1.

1.1 Literature review

1.1.1 Experimental works from literature

Despite their widespread use, experimental works in literature have paid proper attention to the
seismic responsesof ‘hollow circular piers only quite recently. In fact, some experimental campaigns
on RC membersywith hollow-core circular cross section and double reinforcement layer (inner and
outer)yhave been found in literature since late ‘80s. A first experimental study, on six specimens, by
[Whittaker et al., 1987] was focused on seismic response of scaled RC hollow circular members
characterized by two layers of longitudinal reinforcement and well-detailed transverse reinforcement,
proving that this kind of members were able to exhibit a ductile behaviour similarly to well-detailed
solid members. Five cyclic tests on bridge piers with large diameter were later performed by [Yeh et
al., 2001] and [Cheng et al., 2003], focusing on the effect of the transverse reinforcement amount and

layout on the cyclic performance. Results showed that the lack of the internal transverse



reinforcement between the two steel layers might produce failure in tension of some longitudinal steel
bars at the bottom of the column after concrete crushing, buckling during compression cycles, and
flexure-shear failure if external transverse reinforcement is not sufficient.

Other researchers focused on hollow circular sections with a single longitudinal (and transverse)
reinforcement layer, widely used more recently since time and cost needed to place double
reinforcement was not counterbalanced by significantly improved performance [Hoshikuma» and
Priestley, 2000]. The principal goal of these experimental studies was the analysis_of the effect on
flexural behaviour of the absence of the inner reinforcing layer. First studies [Zahnh et al:,,1990]
showed that the failure was announced by early vertical splitting and crushing (of thesconcrete on the
inside face. Despite the lack of confinement on the inner face, in case of low.amounts of longitudinal
reinforcement, low levels of axial load and reasonably thick wall, aysufficient ductile behaviour was
observed, also for this structural solution. These results were then extended and confirmed by
[Hoshikuma and Priestley, 2000] - for hollow circular columns with thin walls and realistic axial load
levels and reinforcement ratios - and by [Lee etal., 2015].

Furthermore, hollow circular piers eould be Vvery vulnerable to shear failure when subjected to
cyclic loads, because of the absence of a proper resistant concrete core. This issue is certainly of
particular importance for existing structures, generally characterized by low strength concrete and
transverse reinforcement amounty Moreover, the shear strength degradation due to the ductility
demand deepens this=problem. First, [Regis, 1990] performed four monotonic tests on simple
supported beams*“subjected to two symmetric shear forces, with and without axial compression,
characterized by erdinary strength concrete and poor reinforcement details. Authors experimentally
observed failure in shear before flexural yielding for all the tests. [Kishida et al., 1998] carried-out an
experimental study on a particular typology of hollow circular members, not representative of existing
bridge piers. In particular, 58 pre-tensioned spun high-strength concrete piles (PHC pile) with hollow
circular cross section were tested under monotonically increasing lateral load, different for thickness,
longitudinal and transverse steel ratio, and steel yielding strength. Some of them were filled with
concrete into the hollow part. As a result, the increasing of the amount of transverse (spiral)
reinforcement improved the shear strength, as expected; the filling with concrete increased the
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ultimate strength, but brittle failures were not avoided. Later, [Ranzo and Priestley, 2001] conducted
cyclic tests on three large size bridge piers with one external layer of longitudinal and spiral
reinforcement, different for axial load and longitudinal reinforcement levels. Two of them failed in
shear after flexural yielding. [Turmo et al, 2009] performed four experimental tests on hollow circular
beams, simply supported, under monotonic transverse load applied at mid-span. The specimens were
identical, except for slight differences in concrete compressive strength, and presented very similar
responses characterised by the occurrence of a shear failure. More recently, [Volgyi et.al., 2014a]
carried-out an experimental programme of 45 tests on hollow circular RC members with thick-walled
and high-strength concrete, under monotonic loading only.

In summary, very few experimental tests representative of existing RC_piers exists in literature,
especially on shear-critical piers. Moreover, the latter are generallytcharacterised by very high value
of concrete compressive strength. Based on some of these experimental works, shear strength models

have been proposed, as reported and discussed in section 1.1:2.

1.1.2 Shear strength models from literature and codes

The detection of the shear failure is a key issue for low-standard existing RC piers, in particular for
hollow-core members, for which, nosseismic code provides ad-hoc formulations, actually failing to
recognise the distinctive features ofthis structural typology with respect to ordinary solid members.
Main existing degrading,shear.strength models by codes have been calibrated on experimental results
of members with*solid,cross section, rectangular and circular in particular [Aschheim and Moehle,
1992; Kowalsky and Priestley, 2000; Sezen and Moehle, 2004; Biskinis et al., 2004]. Nevertheless,
shear=resisting"mechanisms of hollow RC members may be significantly different, as highlighted by
several experimental studies [Ranzo and Priestley, 2001; Calvi et al., 2005; Kim et al., 2012; Cassese
et al. 2017]. In particular, the reduced effective concrete area resisting to the shear force, the limited
thickness generally characterizing the hollow piers very sensitive to concrete degradation
mechanisms, and the effectiveness of the inclined strut due to combined axial, among others, can still
be considered as open issues, dramatically influencing the assessment of the shear strength of RC
hollow members subjected to cyclic loads (as seismic ones).
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Despite these remarks, no ad-hoc degrading shear strength model is present in literature, calibrated
for the assessment of hollow circular RC members with ordinary concrete strength (typical of existing
bridge piers). Some specialized shear-strength models have been calibrated on experimental results of
high-strength concrete hollow circular members and does not account for any degradation effect due
to increasing ductility demand [Jensen and Hoang, 2010; Vélgyi et al., 2014b].

In particular, the shear strength model derived by [Voélgyi et al., 2014b] — able to consider several
potential failure sections with different location and shape — does not consider, shear strength
degradation and it is unfortunately not so straightforward to apply, since the concrete(contribution has
to be prior evaluated by means of a finite elements analysis.

The proposal of a proper procedure for the evaluation of the shear strength for hollow circular
members was also carried-out by [Jensen and Hoang, 2010], without ‘considering shear strength
degradation, based on the experimental results on high-strength conerete piles tested by [Kishida et
al., 1998]. [Ranzo and Priestley, 2001], starting fram model proposed by [Kowalsky and Priestley,
2000] for solid circular section piers, first propesed a‘modification of the concrete contribution, only,
to shear strength, on the basis of two experimental tests carried out on hollow circular RC bridge piers
with helical transverse reinforcement. Later, [Turmo et al, 2009] proposed a theoretical study aiming
to define the transverse reinfaorcementscontribution, only, specifically for hollow circular members.

The latter three studies omsshear strength from literature — the only ones dedicated to hollow-core
circular members fromsliterature and implementable without a-priori finite element analyses — are
briefly described“in the following, together with some formulations provided by the main technical
codes adopted in‘ltaly [C617, 2009], Europe [CEN, 2005], and USA [FHWA, 2006], representative of

what practitioners should do to assess seismic performance of existing RC bridge piers.

Ranzo and Priestley, 2001 (hereinafter referred to as “RP”)
The model by [Ranzo and Priestley, 2001] represents the specification to hollow circular members of
the model proposed by [Kowalsky and Priestley, 2000] for solid circular section piers. In particular,

the original UCSD model [Priestley et al., 1994] has been validated on the basis on a dataset of 47



columns with solid circular cross section failing in shear or flexure-shear. The RP revision has been
proposed based on the experimental results of only two columns, as highlighted previously.

The shear strength Vgp is expressed as the sum of three contributions, corresponding to: (i) the axial
load (N) component due to the formation of an inclined strut in the column, Vy; (ii) the concrete
mechanism component, V; and (iii) the truss mechanism component due to transverse reinforcement
contribution, V,. In particular, differently from the Original UCSD model [Priestley et al., 1994]¢from
which it was born, V. accounts for the influence of column aspect ratio and longitudinal steel ratio on
concrete mechanisms contributions. More in details, the modifications with respect to the “original
UCSD model concerns the computation of (i) the effective shear area (A.) and((ii) ofsthe neutral axis
depth (x), by means of the coefficients (y) and (), respectively. In Egs. (1:4)@allithe above-mentioned
shear contributions are specified.

Ve =V + (k- V) +V,,

= (De _X) N

2L, O
V. =a-B- [ (08A,)
va =%-%fm (D, — X —c) - cot(302)

2

A, = (d+y )(i—v) A, with = 28 =24 )

d-v9) D,

. L,

o= mln(l.S; max{l.0;3—D—D (3)
B=min(1.0;0:5+20p)) if x>t @

[5:0.5+20n|3'§'/4 if x<t,

where, (X) is the depth of the compressed zone (evaluated at nominal flexural capacity); (fc) and (fyw)
are concrete compressive strength and steel yielding strength, respectively; (c), (L.), (D) and (ty)
represent concrete cover, shear length, external diameter and web thickness, respectively; (A)) is the
longitudinal reinforcement area and (p;) represents the geometrical longitudinal reinforcement ratio
(evaluated with respect to the circular crown); (Ag) is the area of a single steel hoop or spiral; (s) is

the spacing of the stirrups or the pitch of the spiral; (ng) is the number of effective legs in the cross
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section; and (W) is the ductility demand. The shear strength degradation due to ductility demand () is
taken into account through the coefficient (k), which multiplies the concrete contribution and varies
linearly between 0.29 (non-degraded shear strength) and 0.05 for (u) between 2.0 and 8.0 (for the
uniaxial case).

Turmo et al., 2009 (hereinafter referred to as “T”)

[Turmo et al., 2009] presented a thorough theoretical study about the evaluation of the transverse
reinforcement contribution (V,,) only to the shear strength of RC members characterized by circular
cross section, both with solid or hollow-core, with spiral or discontinuous reinforcement. The ‘Authors
proposed a modified version of the classical Ritter-Morsh truss model, providing twae, factors (1) and
(y) to take into account the efficiency of the transverse reinforcement_in“the longitudinal and
transverse direction, respectively, as reported in Egs. (5-6):

V =X-X-%fw-z-cot(e) (for helical transverse reinforcement)
Y

(®)

f,-Z-cot(0)  (for circulartransverse reinforcement)

VW=7»'X-n‘DA‘D
S

1

2
( p j+1 (6)
2nR'

where (B) is the angle between,the\eritical diagonal crack and the longitudinal axis; (p) is the pitch of

A=

the continuous spiraly"(RY) isythe radius of the circular or helical transverse reinforcement; (z) is the
internal lever arm. Thesefficiency factor in transversal direction () is assumed equal to 1.0 for hollow
circular members;“reinforced with both circular or spiral ties. The efficiency coefficient in
longitudinal direction (1) is assumed equal to the unity when circular ties are adopted; whereas, in the
case of continuous spiral, the factor () is evaluated according to Eq. (6) as a function of the pitch-to-
stirrups circumference ratio.

Jensen and Hoang, 2010 (hereinafter referred to as “JH”)

[Jensen and Hoang, 2010] proposed a plasticity-based procedure for the assessment of the shear

strength (V,4) of RC piers and piles with hollow circular cross section, under combined shear and



axial compression. In particular, this model has been validated on the experimental results of 60 tests
for failing in shear. Nevertheless, 56 test specimens [Kishida et al., 1998] were characterized by very
high-strength concrete. The proposed procedure is briefly summarized below.

Depending on the level of the axial load, two distinct failure modes in shear are considered: “sliding
failure in cracked concrete” (for low axial load level) and “failure in uncracked concrete” (for high
axial load level). Therefore, first, check is necessary to establish if the member is cracked, by
assuming a simple plasticity-based cracking criterion [Zhang, 1997]. Such criterion identifies the
cracking load (V) for solid circular beams, which can be also applied to hollow members [Jensen and
Hoang, 2009], as in Eq. (7):

2
L A1+ [mJ In
2 D, | 2 - @

-0.3
V, = ; f. =0.156f7% —=
L,/D, 0.1

where (fe) is the effective tensile strength, (A.) ‘is“the“eoncrete cross section area, (m) is the
longitudinal projection of the critical diagonal crack (forming an angle 6 with the longitudinal axis),
and all the other terms have been defined"above. The shear strength for a member sensitive to a crack

sliding failure is determined by thesplasticity=based crack-sliding model, as reported in Eq. (8):

1
V, . ==vyvf | [1+| ==
JH,cr 2 s'0'c [D

e

2 m n, A, f
m Tf(pq)yw m
A e p o) - |C 8
] 5 (At (D, )(DJ ®

e

where (v,) is the'concrete‘effectiveness factor (plastic theory), (vs) is an additional effectiveness factor
accounting for the*reduction of the cohesion due to sliding crack, and (C) is a factor taking into
accountithe discrete spacing of the hoops.

In the case of large compressive normal force (N), the shear failure is assumed to take place in a
sudden diagonal crack, formed in uncracked concrete. In this case, the shear strength (V) can be
computed as in Eq. (8) by assuming (vs) equal to the unity (no crack sliding failure).

The expressions of (V), (Viner) and (Viyun) define three curves depending on the angle of the critical
diagonal crack (8), or equivalently, its projection on the longitudinal axis (m). The final value of the

shear strength can be finally defined as the minimum value between shear value corresponding to the
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intersection of (Vj4) and (V) and the upper bound of (V4 4n), Within the range of interest [3/4D, <

m<L,].

CEN 2005 (hereinafter referred to as “EC8”)

The European code [CEN, 2005] provides a formulation for the evaluation of the shear strength of RC
columns (Vecs) derived from [Biskinis et al., 2004]. This model is assumed as the referencesshear
capacity model for design and assessment of bridges by some Authors [Fardis and Pinto, .2007; Pinto
et al., 2005]. This empirical-based formulation provides the shear strength capacity /of RC members
failing in shear by diagonal tension prior to or following flexural yielding. Hollowgectangular and
solid circular columns were included in the database, partly representative ofiexisting bridge piers
without seismic details, but no hollow circular members are presentiwithinithis database. Also in this
case, the shear strength is expressed as the sum of the three contributions respectively corresponding

to axial load, concrete and transverse steel truss contributiongaceording to Eq. (9):

VECB :VN +k'(Vc +Vw)

v, =%min(N;0.55Acfc)

\%
V. =0.16max(0.5;100p,)| 1—0.16/min 5 L JiA ©)
c ' ~ pl * 1 D c’ e

ntn A
VvV, =——22f (D -2¢
1 s yw (D —2€)

w

Unlike UCSD model,.the" coefficient (k) accounting for shear strength degradation due to ductility
demand multipliessboth the concrete and the transverse steel contributions; it varies linearly between

1.00 and,0.75for pis, =(H-1) between 0 and 5.

C617, 2009 (hereinafter referred to as “C617”)

The Italian code [C617, 2009] suggests a formulation for the shear strength (V¢e17) evaluation for RC
bridge piers, given by the sum of concrete, transverse reinforcement, and axial compression
contributions. Such a formulation is derived by the Original UCSD degrading model [Priestley et al.,
1994], except than for the degrading coefficient (k), which varies linearly between 0.29 and 0.10 for
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displacement ductility variable between 1.0 and 4.0, and the inclination () - assumed as 45° (Eq.
(10)). In Eg. (10) the internal lever arm is assumed as the diameter of the circular tie, as suggested
also by EC8 model. This model has been validated based on experimental results of tests on only

solid, rectangular and circular, columns.

Vy, =V +(kK-V,)+V,

_ (De _X)
2L,

V, = [f,(0.8A,)

n,A
V :%fyw(De —20)

N

VN
(10)

w

U.S. Federal Highway Administration, 2006 (hereinafter referred.to as,“FHWA”)

The American guidelines for seismic retrofitting of bridges [JFHWA, 2006] provides a formulation for
the shear strength (Vrawa) evaluation of RC bridges celumns, based on the model by [Priestley et al.,
1994]. The shear strength is given by the sum of.the,three contributions (concrete, transverse steel and

axial load), as shown in Eq.s (11-12).

VFHWA = VN + (k-Vc) +Vw

2L, (11)
Vc = \/H(O8Ac)
v, = TleBag™ Dese) cot(6)
4 s
0 =arctan (max[1'6pwo'8A° ; D. - XD (12)
pIAc I—v

In this case, the shear crack inclination () should be evaluated according to Eq. (12) and (py) is the
transverse reinforcement ratio (with respect to the circular crown). The degradation coefficient (k)
varies between 0.3 and 0.05 for increasing ductility demand but a clear prescription about the strength

degradation model is missing.
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1.2 Research significance

The above-reported review of the state-of-the-art shows that, unfortunately, few experimental
studies exist in literature on specimens with ordinary concrete (medium-low compressive strength)
and poor seismic reinforcement details, typical of existing bridge structures in Mediterranean area and
Italy [STRIT RT D.1.2], in particular. Moreover, a considerable portion of the existing experimental
tests have been performed by applying monotonic loading history, less representative of the structural
response to seismic loads. Literature review also highlighted that very few shear ‘strength models
specific for the analysed - and widespread - structural typology exist in literature; Whereas no’code
specifically addresses this issue.

In this framework, the present experimental study analyses the seismic response of RC existing
bridge piers with hollow circular cross section, medium-low_compressive strength, and a single
external layer of longitudinal reinforcement and circular ties. Main goals of this experimental study
are: (i) the evaluation of failure mode, peak load,ydeformation capacity and energy dissipation
capacity of piers with different slenderness; (i) thesassessment of the deformability contributions due
to flexure, shear and fixed-end-rotation mechanism'to the overall applied top displacement; (iii) the
collection of experimental tests from literature, similar to those tested herein, which exhibited a shear-
critical behaviour; (iv) the evaluation of the capability of main shear strength models from literature or
codes to predict experimental failure mode and shear strength for shear-critical piers.

To these aims, tworeduced-scale hollow circular RC piers with different slenderness ratio have
been realized and experimentally tested under cyclic lateral loading. The specimens have low values
of longitudinalfand transverse reinforcement ratios, and no adequate structural details or proper
confinement requirements, as typical of design practices of Italian constructions before ‘80s. Two
different failure modes were expected depending on the specimen aspect ratio.

Herein, first, specimens and experimental program details are described. Then, the global
experimental lateral response, damage states evolutions and dissipated energy are investigated, and
the main deformability contributions are experimentally evaluated. Finally, a focus on shear-critical

piers have been performed, also collecting a proper experimental database of similar RC members
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from literature that exhibited brittle failures. A comparison between the main shear strength capacity
models from codes and literature and experimental results is carried out in order to select the model

that provides the best numerical prediction.

2 EXPERIMENTAL CAMPAIGN

The tested specimens have been designed to be representative of typical existing piers of‘ltalian
bridges designed prior to 1980 (particularly, in terms of materials, geometry and reinforcement
details). Therefore, the design process took into account the main outcomes of a deep analysis of a
wide sample of Italian RC infrastructures [STRIT RT D.1.2] and provisions from literature [FIB 39,
20071, where different parameters are investigated (cross section shapegaxial load ratio due to gravity
loads, geometrical longitudinal and transverse reinforcement ratios, mean values of materials strength).

Most of existing Italian bridges have been constructed.priorto 1980, before the advancement in
earthquake engineering principles and seismic designycodes [Cassese, 2017]. Walls and single piers
represent the most widespread systems. Hollow ‘¢ross, section is the most adopted solution for RC
bridge piers; other widespread solutions are,solid circular and rectangular piers. Slenderness of piers -
defined as the height to cross section depth ratio — is generally lower than 5.0; in particular, almost 50%
of the analyzed piers presentsislenderness values smaller than 2.5. Typical serviceability values of
axial load ratio (v) range between 1% and 5%. Furthermore, common values for geometrical
longitudinal reinforcement. ratio are lower than 1%, while typical values of geometrical transverse
steel reinforcement ratio range between 0.04% and 0.12%. Typical Italian bridge piers are generally
characterized by poor concrete and relatively high strength steel. Mean values of concrete cylindrical
compressive, strength (f¢) vary from 10 MPa and 30 MPa; mean values of yielding strength (f,) for
steel range between 400 MPa and 550 MPa [Cassese, 2017; STRIT RT D.1.2].

As a result of this investigation, the bridge piers tested and presented herein were designed
according to a non-seismic design, typical of the considered time-period, thus resulting in quite large
ties spacing and 90° hooks, leading to lack of confinement, and poor concrete compressive strength.

The resulting geometry and reinforcement details are described in the following (see Figure 1).
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2.1 Description of the specimens and materials properties

The experimental program consists of two specimens, identified hereinafter as PC1 and PC2,
representing two bridge piers with the same hollow circular cross section and reinforcement details,
but different aspect ratio. The adopted scale factor is 1:4, for sake of convenience due to the capacity
of the laboratory. The external diameter (D) is equal to 55 cm (corresponding to 220 cm in the full-
scale) and the thickness (t,) is 10 cm (corresponding to 40 cm in the full-scale). The geometrical
longitudinal reinforcement ratio (p;) is equal to 0.85%, provided by a single layer ‘of rebars with a
diameter (d,) of 8 mm, placed along the external surface with a clear concrete cover,depthy(distance
between the external fibre of the cross section and the outer surface of transverse bars) equal to 10
mm. The transverse reinforcement percentage (py) is equal to 0.06%gwith d,= 3 mm circular ties
spaced at 120 mm and 90-degree end hooks. The tallest specimen, (PC1) is 165 cm high; the shortest
one (PC2) is 110 cm high. Consequently, the tested piers have aspect ratios (L\/D.) equal to 2.00 and
3.00 - for Test PC1 and PC2, respectively - in whichiLy is the shear span of the pier (distance from
the base of the pier to the loading point).

A poor-quality concrete has been used [STRIT RT D.1.2]. The mean value of cylindrical
compressive strength (fy) is equal to_15:6 MPa. Aggregates dimensions have been designed to be
representative of those commenly adopted for ordinary concrete, on one hand, and properly scaled
due to the reduced scale of the'specimens in order to limit the size effect on the experimental results
[Ohtaki, 2000]. The/aggregates,granulometry [Cassese, 2017] finally results compatible with the tight
concrete cover

Mean values of yielding strength (f,) and ultimate strength (f;) are equal to 540 MPa and 620
MPa, respeetively, for longitudinal reinforcement. Mean values of yielding (fy) and ultimate strength
(fw) Of transverse reinforcement were equal to 655 MPa, and 690 MPa, respectively. Applied axial
load ratio was equal to the 5%, representative of axial load ratios in service conditions for Italian
bridge piers [STRIT RT D.1.2]. Main properties of the specimens and adopted materials are finally

shown in Table 1 and Table 2.

13



2.2 Test setup and loading protocol

The tests have been performed by applying horizontal displacement cycles under quasi-static
loading thanks to a hydraulic actuator acting as shown in Figure 2. The actuator-to-specimen
connection reproduces a hinge. A rigid cap has been realized on the top of the piers in order to
distribute axial and lateral loads on section flanges. The axial force is applied thanks to a closed
system made up of (i) a hydraulic jack - located between the anchorage plate of the strands and, the
cap top surface, acting in load control, and (ii) three post-tensioned high-strength steel_strands, fixed
on the bottom side of the specimen by means of anchorage devices embedded in the pier foundation,
and crossing the top of the specimen thanks to a full height hole in the cap. Four post-tensioned rebars
restrain the foundation to the lab strong floor, thus avoiding any rotation“or translation of the base
during the test. Figure 2 shows a schematic view of the test setup described above. Hereinafter, the
direction along which horizontal displacements are applied isyreferred to as east-west direction.
Consequently, the perpendicular direction will be ‘referred to/as north-south direction. The system
adopted to monitor global forces and displacements ‘consists of two load cells, for horizontal and
vertical forces, and a wire potentiometer fixed to an‘external point and connected to centreline of the

pier cap (see Figure 2).

A proper monitoring setup ‘was designed and adopted for both the specimens, aiming
investigating about deformability contributions that characterize their response. In particular, on each
specimen, a system of 14 Linear Potentiometers (LPs) was installed (4+4 on the two webs and 3+3
along theleast/west directions), defining two “monitoring panels” as shown in Figure 3a. Note that
only. Monitoring Panel 1 (see Figure 3a) is present for the shortest pile (PC2). A system of aluminium
tubes'» properly connected to the specimen - sustains diagonal and vertical LPs to preserve the
reliability of the local measures. The diagonal LPs (“LPd” in Figure 3a), were connected to the ends
of these aluminium tubes, and the vertical LPs (“LPv” in Figure 3a) to central bolts (realized in the
wall thickness along the loading direction). Flexural deformations and base rotation were measured by

means of two vertical Linear Variable Displacement Transducers (LVDTSs), placed diametrically
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opposed along the loading direction, fixed at the pier-foundation interface (“LVDTb” in Figure 3a).
Four additional horizontal LVDTs were installed as shown in Figure 3b for the squat specimen (PC2),
in order to better monitor the width of shear cracks during the test, which are expected to be more
significant due to the lower slenderness of this specimen.

Strain gauges (SGs) were also applied on the outermost couple of longitudinal rebars (along the
loading direction) and on a couple of longitudinal rebars identified by a 45° inclined direction‘respect
to the loading direction (see Figure 3c). These strain gauges were located just above the column,base
to monitor the development of steel strains. Finally, four cameras were installed along the four
cardinal directions to monitor cracks evolution.

The testing procedure started applying axial load until 5% axial load ratie*was reached. Then the
specimens were subjected to quasi-static cycles of increasingghorizontal displacement, under
displacement control, with three push-pull cycles at displacements corresponding to the following
peak drift (i.e. top displacement-to-shear span ratie) values: 0:25%, 0.50%, 0.75%, 1.00%, 2.00%,

3.00%, 4.00%, 5.00%, unless failure occurred.earlier.

3 EXPERIMENTAL GLOBAL RESPONSE AND OBSERVED DAMAGE

Main global results are deseribed and analysed in this section, in terms of lateral load-

displacement response and evolution of observed damage with increasing imposed drift levels.

3.1Test PC1

Figure 4 shows the lateral load versus drift response related to Test PC1. Push and pull
experimental cycles appear symmetric during the whole test. The initial uncracked stiffness is equal to
67.7 kN/mm. At first cracking, the secant lateral stiffness becomes equal to 37.9 kN/mm. Such a
reduction of stiffness corresponds to a lateral load of 29 kN, when first horizontal flexural cracks
appear. Lateral stiffness decreases more considerably between 0.20% and 0.67% drift.

At lateral load values equal to 86.7 kN and -86.4 kN, respectively in push and pull directions,

first yielding in longitudinal reinforcement is reached. This condition occurred for drift values equal
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to +0.49% and -0.44%, in push and pull directions, respectively, when strain measures of longitudinal
rebars provided by strain gauges - located at the base of the specimen - (see Figure 5) reach the
yielding strain (gsy = 2.7%o). Beyond those values, SGs measures cannot be considered to be reliable.
Note that experimental and theoretical values of first yielding appear very close each other. More in
details, theoretical (V'y) have been calculated by means of a section analysis performed in OpenSees
software [McKenna, 2000], by using the material properties obtained from experimental testsien the
adopted concrete and steel. [Mander et al, 1988]’s model is used for concrete (ConcreteQ4 uniaxial
material in OpenSees) and an elasto-plastic with hardening stress-strain relationship is‘adopted for
steel (ReinforcingSteel uniaxial material in OpenSees). The section has/ beeny discretized in
16 rings x 16 wedges concrete fibers and 24 steel fibers (located as longitudinalreinforcement bars).
As a result, theoretical (V'y) value is equal to 86 kN for test PC1.

Peak load is reached at 1.91% drift for positive (push)4oadingydirection and -1.87% drift for
negative (pull) loading direction. The corresponding,peak values of lateral load are +108.2 kN and -
102.4 KN, respectively. After peak load wasnreached, the lateral load-drift response is basically
governed by a flexural behaviour. As a matter of fact, post-peak phase is characterized by a strength
gradual reduction due to the spalling ©f conerete cover and the buckling of longitudinal bars in
compression near the base section..Such a strength degradation follows an almost linear branch
described by a softening stiffaessi(calculated on the envelope of first cycles of loading steps V, VI
and VII) equal to abouty-10%.and -5% of the initial uncracked stiffness, in push and pull directions,
respectively. The"intra-cycle strength drop develops from 15% to 23% from the fifth to the seventh
loading step. During the last push-pull cycle, at 4.90% drift, a series of sudden intra-cycle strength
drops/stiffness drops are observed in both loading directions, corresponding to the failure of the outer
longitudinal bars in tension due to oligo-cyclic fatigue caused by buckling/tension cycles. The test has
been interrupted at the end of the eighth loading step (at 4.90% drift), when the strength reduction
with respect to peak load - and evaluated on the backbone of the response - was equal to 40%, both in
positive and negative directions (see Figure 4).

The damage evolution with the imposed drift level and the final damage state are reported in
Figure 6 for this test and briefly described in Table 3. Horizontal hairline cracks appear on the west
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and east faces orthogonally to the loading direction along the three stirrups closest to the base of the
specimen during the first loading stages, namely at 0.20% drift (see Figure 6a). The second loading
step (drift = 0.43%) is characterized by the spreading of flexural cracks along the specimen’s height.
First slight diagonal cracks appear on the north and south faces as extension of the flexural cracks for
a drift of 0.67% (see Figure 6b), at 96.2 kN in positive direction and -96.4 kN in negative direction.
For a drift value of 0.91%, existing cracks increase their width and further shear cracks develop as
extensions of flexural cracks. It is interesting to highlight the pinching effect of the_hysteretic'loops
(in Figure 4) starting from this cycles set, enhanced by the sudden increase in width ef diagonal
cracks (see Figure 6¢). When a drift equal to 1.91% is reached, corresponding to the peak load, the
damage at the base of the pier develops quickly: vertical cracks appear_ins€oncrete cover due to
longitudinal bars buckling and concrete spalling is observed near<to the base section (for negative
loading direction), as showed in Figure 6d. In particular, at 2.92% drift a significant concrete spalling
related to a more pronounced buckling of longitudinal bars -Awithin the distance between the base and
the first layer of transverse reinforcement occurs,(see Figure 6e). The concrete cover spalling leads to
a strength reduction with respect to thegpeak loady(evaluated on the backbone of the response) of
about 7% and 3% for positive and negative loading, respectively. During the seventh cycles set, for a
drift of 3.91%, diagonal cracks considerably widen and concrete cover within the distance between
the base and the first layersof,transverse reinforcement is completely spalled off, except for a small
central portion (see Figure 6f)«This phenomenon is associated to an intra-cycle strength degradation
equal to about 20% for,beth loading directions, as explained above. During the last cycles set (drift =
4.93%), concrete‘ofithe compressed flanges is completely crashed and concrete cover spalling spreads
at'second level of transverse reinforcement (see Figure 6g). Test PC1 fails in flexure. A picture of the
final'damage state at the base of the column is reported in Figure 6h.

Figure 6 and Table 3 also report the imposed ductility demand (W) for each cycle (when
displacement demand exceeds the first-yielding displacement), the latter computed as the ratio
between the maximum imposed drift ratio (DR;) in the i" cycle and the mean value (between push and

pull directions) of the first-yielding drift ratio (DR'y).
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The test was performed under constant axial load, as explained previously. Therefore, the
evolution of the axial load bearing capacity of the pier during the test can be investigated by means of
the vertical elongation of the hydraulic jack (A;) located on the top of the pier, which represents an
experimental measure of the shortening of the pier during the test (see Figure 7). If a sudden
significant elongation of the hydraulic jack occurs, it is most likely due to the sudden reduction in
axial stiffness of the pier, due to concrete cover spalling and buckling of longitudinal bars. Figure 7
shows that when very small lateral load levels are applied, the columns tend to elongate with
increasing lateral deformations, as a result of crack opening along the column heighty When the
column experienced further damage, the tendency to elongate reversed into shortening which
continues until the final (flexural) failure occurs. A quite significant increase®in the hydraulic jack
elongation occurs after yielding was reached. At V cycle, at peak load, the elongation of the hydraulic
jack shows an increment of about 4 mm. Such an elongation further grows up to about 10 mm at
flexural failure (VIII cycle). Hydraulic jack elongation (increases progressively throughout the test,

thus excluding the evidence of an eventual losswef axial load bearing capacity for test PC1.

3.2Test PC2

The experimental lateral load versus drift response for Test PC2 is shown in Figure 8. The
loading history actually applied eonsisted of five complete sets of three push/pull cycles and a last
single push/pull cycle corresponding to a shear failure occurrence. Unlike the previous specimen, the
experimental response’of Test PC2 is characterized by a slight asymmetry during the push/pull cycles,
in terms ofsateral load. Such an evidence can be ascribed to the cyclic evolution of the test and the
development, of the shear cracks. As a matter of fact, first shear cracks appear for a given loading
direction, and, then, when the loading direction changes, such cracks can only partially close, thus
leading to a lower value of the maximum achieved lateral load, and - for a given imposed drift level -
a lower value of the lateral stiffness [Cassese et al., 2017].

Test PC2 exhibits an initial uncracked stiffness equal to 206.8 kN/mm and, after first cracks, a
secant lateral stiffness at first cracking of 133.8 kN/mm. Such stiffness reduction corresponds to a

lateral load of 45 kN, when first flexural cracks appear. A more significant reduction is observed for a
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drift value ranging between 0.16% and 0.60%, when first shear cracks also appear. During the third
loading step, for lateral load values equal to 138.0 kN and -133.6 kN, respectively in push and pull
directions, the specimen reaches the first yielding condition. More in details, this first yielding state is
reached when longitudinal bars strain measures provided by strain gauges located at the base of the
specimen (see Figure 9) exceeded the yielding strain (g5, = 2.7%o) both in push and pull loading
directions, for drift values of 0.49% and - 0.52% respectively. Also for this test, SGs measures are
reported in Figure 9 up to values considered as reliable. Also in this case the experimental, and
theoretical values of first yielding appear very close each other. Theoretical (V'y) value= caleulated
like to test PC1 —is equal to 129 kN.

Peak load is reached at +1.78% drift for positive loading direction (push)yand -1.80% drift for
negative loading direction (pull). The corresponding peak values of4dateral‘lead are +167 kN and -147
kN, respectively. The intra-cycle strength drop — developed at peakiload drift level — reached 15%.
Test PC2 has been stopped at the end of the pushing phase‘of the first cycle at 2.87% drift. In fact,
during pushing phase, for a drift value of +2.49%, a‘significant drop in strength - equal to 72% - is
observed, from +149 kN to +42 kN at adrift valueyof +2.87%. Such a drop is due to the sudden and
significant widening of the main shear (cracks,developed before. At the end of the test, the strength
reduction with respect to the,peak load (and evaluated on the backbone of the response) is equal to
75%.

The damage evolution“with the applied drift level and the final damage state for Test PC2 are
reported in Figure®10-and’summarized in Table 4. In particular, first hairline cracks appeared on the
west and east faces-along the first three stirrups during first loading cycles, namely at 0.16% drift (see
Figuread0a).“Fhe second loading step (drift = 0.37%) was characterized by the spreading of flexural
cracks and the occurrence of first diagonal cracks as extension of the flexural ones toward the
compressed zone (see Figure 10b). More significant diagonal cracks appear on the north and south
faces for a drift level of 0.60% (at 146 kN in positive direction and -137 kN in negative direction). In
particular, a couple of diagonal cracks occurs from the top corner to the opposite down corner with an

inclination angle of about 42 degrees with respect to the horizontal direction (see Figure 10c).
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At 0.83% drift, existing shear cracks increase their width, particularly two principal ones, and
further shear cracks are observed in the central part of the specimen (see Figure 10d). When a drift
value equal to 1.82% is applied, corresponding to the peak load condition, damage at the base of the
pier develops quickly: vertical cracks appear in concrete cover due to the longitudinal bars buckling
and the concrete cover spalling observed in a small portion near to base section along the east/west
direction (see Figure 10e). During the subsequent pushing phase, for a drift value of +2.49%, the/main
shear crack opens suddenly up to a width of about 13 mm, along an ideal concrete strut with a
medium inclination angle of about 42 degrees, as observed before (see Figure 10f). Consequently,
shear sliding between the upper and the lower part of the specimen is observed; causing the failure in
tension of the circular ties along the main diagonal crack and the flexural defermation of the involved
dowel bars (see Figure 10g). Test PC2 fails in shear after flexural,yielding. A picture of the final
damage state is reported in Figure 10h.

In Figure 10 and Table 4, the imposed ductilitysdemand/(jy*),— defined above — is also shown for
each cycle when displacement demand exceedsithe first yielding displacement.

As mentioned above, during the pushing phaseiat +2.49% drift, the main diagonal crack suddenly
increases its width. Such a phenomenon has been directly monitored by means of the LVDTs system
shown in Figure 3b. Figure )11 shows the algebraic sum (Ay) between two diametrically opposed
horizontal LVDTs for eachsdevel, useful to analyse the horizontal component of the shear cracks width
evolution during the testy It can‘be noted that up to the third loading step (drift = 0.60%), the width of
diagonal crackssis almoest‘negligible and only some diagonal cracks near to the base section (level 1)
are present. The fifth loading step (at 1.82% drift) is characterized by an almost linear increasing of
the\shear, cracks width, on the central part of the specimen (from about 0.5 mm to about 4 mm).
During the subsequent pushing phase, at +2.49% drift, a sudden increase in cracks width can be
observed, corresponding to the widening of the main shear crack up to about 13 mm. Moreover, the
main shear crack is wider in the lower part (level 1) with respect to upper one (level 2). Thus, it seems
that the failure mechanism has been characterized by a slight rotation as well as a horizontal sliding

only.
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Also for this test, the evolution of the axial load bearing capacity of the pier during the test can be
investigated. The vertical elongation of the hydraulic jack located on the top of the pier, is shown in
Figure 12. The trend of such an elongation appears quite similar to test PC1 (compare to Figure 7). A
quite significant increase in the hydraulic jack elongation is observed after yielding occurred and first
shear cracks appeared. At V cycle, when peak load is reached, the elongation of the hydraulic jack
suddenly increases of about 4 mm. Such an elongation further increases up to about 4.8 mmeafter
shear failure (VI cycle), when the test was interrupted due to the very significant later load reduction
(-75%). Also for this test, the hydraulic jack elongation increases progressively throughout the test.
No sudden significant elongation of the hydraulic jack occurs up to the last/step af ‘the test, thus
excluding the evidence of an eventual loss of axial load bearing capacity. forstest PC2. Furthermore,
previous experimental studies from literature have shown that losshof gravity load bearing capacity
after shear failure tends to occur when the shear strength degrades to:approximately zero [Yoshimura
and Yamanaka, 2000; Elwood and Moehle, 2004]. Thereforg, data available from test PC2 after shear
failure are not sufficient to experimentally detect an axialload failure. The latter could be eventually
extrapolated and associated to the final point on the, idealized backbone of test PC2 up to zero shear

strength [Elwood and Moehle, 2004].

3.3 Comparison of global response

Lateral load-drift_responses of the tested specimens are compared in Figure 13 in terms of
envelopes corresponding to the first sub-cycles for each loading step. Table 5 reports experimental
values of lateral,loads and drift ratios at first yielding (V'*,, V'©,, DR'™,, DR'?)), at peak load
(V%0 Ve DR o, DR, and at “ultimate” condition (DR™,, DRY,) for both loading
directions. In particular, the 20% strength reduction on the experimental backbones — with respect to
the peak load — identifies the achievement of the “ultimate” condition. Table 5 also shows the
experimental failure modes (FMs): flexure (F) mode for Test PC1, and shear failure after flexural
yielding (FS) mode for Test PC2.

Rather surprisingly, experimental values of drift ratios at yielding for test PC1 and PC2 are quite

similar each other. Actually, the pier PC2 was characterized by a significant shear diagonal cracking
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pattern at yielding condition (see damage state at cycle 111 in Figure 10), unlike test PC1. Therefore,
the flexural deformability contribution to yielding drift ratio for test PC2 is affected by the tension
shift due to diagonal cracking, in addition to the “pure” flexural deformability contribution, unlike test
PC1. As expected, given the drift level, the lower the slenderness, the higher the lateral load. The
deformation capacity (DR,) is lower for the squat specimen (PC2).

3.3.1 Energy dissipation and equivalent viscous damping

A comparison between the two specimens can be performed also in terms of energy:dissipation
capacity. The dissipated energy for the specimens PC1 and PC2 - calculated as the area underneath
the experimental lateral load-displacement curve - is shown in Figure 14. In particular, Figure 14a and
Figure 14b show the Cumulative Dissipated Energy (CDE) and the epergy dissipated in each cycle
(Eni), namely the area within one complete cycle of the force-displacement response, respectively,
depending on the applied drift.

At first glance, given the imposed drift value, the, evolution“of the dissipated energy for the two
specimens appears quite similar up to 2.87% driftpwhen shear failure occurred to specimen PC2. The
shear failure occurrence for low levels of‘drift demand limited the displacement capacity of test PC2,
as already shown in the previous section. This is confirmed also in terms of energy, as expected,
leading to a lower total hysteretic energy dissipation capacity for test PC2 - equal to about 32% of test
PC1 (both evaluated at the‘end of the test).

About the dissipated, energy for each cycle, for a drift level of about 2.00%, the CDE
characterizing the test PC2 is 16% lower than the corresponding one for test PC1 despite the higher
value of lateralgdoad reached by test PC2. This effect can be mainly ascribable to the shear failure
onset forithe squat specimen. A significant CDE drop (about 42%) at 1.82% drift characterizes test
PC2.'Such a drop is mainly due to the sudden development of shear cracks and the reduction of the
other more dissipative mechanisms. Finally, for Test PC1, the dissipated cyclic energy is
characterized by a significant increase since the fourth cycle (drift =0.91%), when the element
overcomes the linear field of behaviour (yielding of longitudinal bars steel was reached in the

previous cycle).
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As known, the dissipated energy (DE) depends on the maximum achieved load and displacement
at each cycle. Therefore, the equivalent damping ratio (&), often adopted in literature as a measure of
the specific DE [Priestley, 2007], can be calculated in order to perform a clearer comparison between
specimens PC1 and PC2. In particular, the experimental equivalent damping at the i cycle (Eeq,i) 1s

calculated as a function of the dissipated energy Ey;, according to Eq. (13):

1 Ey
2t V. -A

&eq,i = (13)

where, (\_/i) and (Zi) are the averaged values between positive and negative loading directions of

maximum lateral load and top displacement, respectively, at the i" cycle. Génerally, in literature (Eeq)
is expressed as a function of the displacement ductility (n) through thexfunctional form reported in Eqg.

(24):

1
&eq: §0+ aLI_F] (14)

where (&) is the initial viscous damping (usually 5% for RC structures), (a) and (b) are the hysteretic
model coefficients [Priestley,2003].

In Figure 15, the experimentalsequivalent damping is reported for both the specimens, together
with the prediction gurve by [Priestley, 2003] for concrete columns (based on the modified Takeda
hysteresis rule)y and thesexperimental best-fit curve, obtained by assuming the functional form in Eq.
(14) and by imposing &, = 5%. In particular, herein, for each specimen, the equivalent damping is
computedyas a function of the displacement ductility (), defined as the ratio between the maximum
imposed displacement in each cycle and the yielding displacement. The latter is not exactly the
displacement corresponding to the first yielding; it is obtained through a bi-linearization of the
experimental envelope - as shown later in section 5 (see Figure 18a) - in tune with the proposal by
[Priestley, 2003; Priestely et al., 2007] and [Ranzo and Priestely, 2001] (finally resulting equal to 9.0

mm and 6.7 mm, for test PC1 and PC2, respectively). Then, a non-linear least square regression is
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performed to obtain the best-fit to the experimental results for the parameters (a) and (b), assuming
the functional form reported in Eq. (14) with initial damping &, = 5%.

Equivalent viscous damping is generally higher for test PC1, as expected, and increases with
increasing ductility, except than for the last ductility demand level reached by test PC1, likely due to
the onset of degrading flexural mechanisms also for test PC1 at such drift level. In fact, as explained
in detail in section 3.1, after the peak load, a pronounced softening in the global response‘can be
observed (due to concrete crushing, bars buckling, diagonal cracks, and so on),.up to the
strength/stiffness drop due to the failure of the outer longitudinal bars in tension during theyast eycle.

The experimental fitting shows a steeper increasing trend of the equivalent visceus’damping for
lower ductility values, whereas for higher ductility level (u > 3) the trend becomes almost constant.
This can be interpreted with a lower energy dissipation capacity oféexisting, hollow circular columns
with respect to that predicted by adopting the “thin” Takeda model hypothesis for large ductility
demand. The reason of this unexpected result candoe found in,the considerable degradation of the

dissipation mechanisms also for the ductile testPC1, as described above.

4 EXPERIMENTAL DEFORMABILITY CONTRIBUTIONS

The overall top displacement (A) of each specimen is due to the sum of three deformation
mechanisms: flexure (As),Sheardeformation (A;) and fixed-end-rotation due to longitudinal bar slip at
column base (Ag). Past.experimental campaigns [e.g., Delgado, 2009; Cassese et al., 2017] showed
that the seismic response of RC elements with hollow cross sections can be characterized by a
significant flexure-shear interaction, depending on their aspect ratio. For such elements, deformability
contribution,due to shear mechanism might represent an important portion of the global deformability
and, therefore, it is analysed in this section.

As already described in section 2, a proper monitoring system was installed on the specimens to
measure all the above-mentioned deformability contributions. In particular, (A¢) and (As) are evaluated
under the hypotheses of (i) uniform curvature distribution along each “monitoring panel”, and (ii)

small angles and uniform shear deformation over each “monitoring panel” height [see Cassese et al.,
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2017]. On the other hand, (Ay) is caused by the slippage of reinforcing bars from the foundation and it
cannot be directly evaluated. Instead, the base rotation (6, including also flexural deformation at the
base zone) can be measured by means of the “LVVDTb”. The related top displacement (Ap) can be
calculated as the product between (6y) and the corresponding distance between the base and the top of
the pier.

Figure 16 shows the deformability contributions to the overall top displacement dependingien the
drift level. Plots are shown until displacement measures from LVDTs and LPs can be (considered
reliable. Measures corresponding to the first cycles for each drift level are shown/ considering the
average values between the two loading directions. For Test PC1, damage state evolution lead to the
detachment of some instruments located at the base, and, thus, for this specimen, the plot in Figure
16a is interrupted when peak load was achieved. Vice-versa, foryTest 'PC2, all the measures are
considered reliable up to the last imposed drift level (see Figure 16b): Figure 16 shows that, for both
tests, the flexural deformability contribution (whicheshould be considered as the sum between A, and
Ay) is more important than the deformabilityncontributien (As), nevertheless the latter cannot be
considered negligible, especially for the squat specimen PC2, as expected. Furthermore, for the
slenderest specimen (Test PC1), the shear contribution is almost constant and very low, namely, (Ay/A)
is equal to about 5.7% up to 0.91%¢drift. At peak load condition (drift = 1.91%), the increase of
existing diagonal cracks width, leads to a shear contribution to the top displacement equal to about
10%, which is the maximum,value measured during Test PC1. Test PC2 is characterized by a shear
contribution that“is higher than 10% since the second cycle (drift = 0.37%), when (As/A) already
reaches a yalue of:d1.0%. Test PC2 exhibits a growing trend of the shear deformability contribution
with the applied drift level. As a matter of fact, (As/A) ratio reaches an average value of 15.3% at
yielding cycle and 25.4% at shear failure.

It should be also noted that for Test PC2, the deformability contribution (Ap/A) increases after
flexural yielding of about 10% respect to the previous drift level, together with shear contribution
(A¢/A). This is mainly due to the development of significant diagonal cracks and flexural damages
concentrated at the base of the specimen after yielding. On the other side, for Test PC1, (Ay/A) is
about constant during the test, likely because flexural cracks are distributed along the specimen height.
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Finally, in Figure 17 the evolution of (Ay/A) with the applied drift level can be observed for both the
tests: the lower the aspect ratio, the higher the deformability contribution due to shear mechanism, as
expected.

Note that, unlike for the experimental flexural deformations, the evaluation of shear deformation
is less homogenous between studies from literature [Beyer et al., 2011]. In particular, the approach
adopted herein is strictly rigorous only if the curvature is constant along each monitoring panel.\@Wnder
this hypothesis, any difference in the LVDTs diagonals length can be attributed to shear deformability
only. Otherwise, a portion of such difference is due to the flexural deformations..,A" more rigorous
approach to evaluate the shear deformability contribution was proposed by [Hiraishi, 1984] to
explicitly consider this issue. The application of such an approach to tests PClsand PC2 modifies only
slightly, on average, the deformability contributions presented in Rigure 26. In particular, observed
variation — with respect to the approach adopted in Figure 16¢- for test PC1 ranges from 0% (before
yielding) to -20% (just after yielding); mean variation (considering all the applied drift levels) is equal
to -6%. Similar variations are observed for the,shortest pier (PC2), ranging between 0% and -16%

(just after yielding); mean variation (considering allithe applied drift levels) is equal to -6%.

5 SHEAR FAILURE ASSESSMENT

A thorough investigation“about the predictive capability of the main shear capacity models
applied to members‘with hollew circular cross section is carried out in this section. To this aim, a
proper database of tests available in literature on shear-critical existing hollow circular RC elements
has been collected and analysed (section 5.1). Then, in section 5.2, all the models described in section
1.1:2 are applied to the collected database and the results of these experimental-versus-predicted

comparisons are analysed.

5.1 Experimental database

A proper database of experimental tests from literature among those presented in section 1.1.1 —

similar to piers tested by the Authors — on shear-critical piers with hollow circular cross section has
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been collected, including experimental Test PC2, described in section 3. This database includes 13
tests, representing the experimental state-of-the-art about non-conforming RC columns with hollow
circular cross section exhibiting a shear failure (with or without flexural yielding). Note that, tests by
[Kishida et al., 1998] and [Volgyi et al., 2014a] are not included in the collected database because
related to specimens with high-strength concrete, characterized by different shear resistant
mechanisms [Collins and Kuchma, 1999] and not representative of the most of (low-standard)
existing bridge piers. Among the considered specimens, some units were tested under unidirectional
cyclic lateral loading in single curvature [Ranzo and Priesltey, 2001; Yeh et al., 2001; Cheng,et al.,
2003] with fixed-end at the bottom (cantilever scheme). Some others [Regis; 1990; Turmo, 2009]
were tested as simply supported beams on mechanical hinges, under_unidirectional monotonic
transverse load applied at mid-span. All the specimens are characterized by, uniform longitudinal and
transverse details throughout the length. Finally, two testsyare characterized by the absence of
transverse reinforcement; whereas for some others no.axial load'was applied. The ranges of variability
for the main geometrical and mechanical properties of.the'eollected tests are summarized in Table 6.

The experimental force-displacement responses of these tests are collected and analysed. The
backbone curve of the global response is defined for each test. The main characteristic values of
lateral force V and drift ratio,DR aresidentified, as explained in the following. All the collected tests
exhibited a shear failure, with, orawithout flexural yielding. Herein, a uniform FM classification is
applied, based on thevalueswoftheoretical first yielding load (V'y). As already expressed in section 3.1,
theoretical firstyyielding load (V'y), have been calculated by means of a section analysis performed in
OpenSees/'software’ [McKenna, 2000], by using [Mander et al, 1988]’s model for concrete
(ConcreteO4 ™ uniaxial material in OpenSees) and an elasto-plastic with hardening stress-strain
relationship for steel (ReinforcingSteel uniaxial material in OpenSees).

Since all the collected tests exhibited a shear failure, when the peak load (Vi) is lower than load
at first yielding (V'y), a shear (S) failure mode is assumed to occur; otherwise, flexure-shear (FS)
failure mode is assumed. Consequently, all the monotonic tests (M) result classified as S-failure and

all the cyclic tests (C) result FS-failure tests.

27



For the FS-failure mode, it is necessary to evaluate the ductility demand, in order to account for
shear strength degradation. This is not the case for monotonic tests, for which no cyclic strength
degradation develops. Therefore, particularly for cyclic tests, (les) is defined as the ductility demand
at the peak load point; whereas (L) is the ductility demand at the 20% strength reduction point after
peak load — or at the maximum-recorded displacement when lateral load does not reach the 20%
strength reduction (as in [Elwood, 2004]). It is crucial to distinguish between these two values of
displacement ductility demand, depending on the shear capacity model adopted, as discusséed in‘detail
in the next section. Note also that (ps;) and (Us) are calculated by considering the,loading direction
where shear failure occurred.

In summary, Table 7 shows main properties (geometry, reinforcement(details;, material properties,
and axial load ratio), shear strength (Ves), theoretical first yieldiag loady(V'y), and failure modes

(FMey), for all the specimens included in the collected database.

5.2 Shear strength assessment

All the models described in section 1.1.2 have been applied to the specimens belonging to the
collected database in order to evaluate their efficiency, by considering the experimental failure mode
for shear strength prediction. Some details should be explained in order to understand the
implementation of such models carried out herein (see Table 8).

First, note that for all'the formulations proposed by codes, mean values of materials strength and
unitary values for.thereducing factors, if any, are adopted for comparisons with experimental results.

“JH” modely[Jensen and Hoang, 2010] is applied only to monotonic tests, since such a model is
not'able to take'into account an eventual strength degradation due to cyclic loading. “FHWA” model
also'is applied only to monotonic tests, since a clear prescription about the strength degradation model
is not provided, as highlighted in section 1.1.2; therefore, Vg is compared with the maximum
predicted shear strength for this model.

Furthermore, in order to evaluate a shear strength value, the proposal by [Turmo et al., 2009],
which only provides the shear strength contribution related to the transverse reinforcement, has to be

combined with other approaches taking into account the remaining contributions due to concrete and
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axial compression (if any) properly for the investigated elements. Therefore, herein, Eq. (7) will be
adopted to compute the transverse reinforcement contribution (V) within the model by [Ranzo and
Priestley, 2001]. The shear strength value evaluated in this way will be identified as (Vrps+1),
hereinafter, and the resulting combination as “RP+T” model. Nevertheless, it is worth noting that
“RP” model - in agreement with [Kowalsky and Priestley, 2000] - is based on the assumption that the
shear reinforcement is active only along the shear crack in the flexural tension zone. On the contrary,
[Turmo et al., 2009] — in its original version — assumes that transverse reinforcement is active alenga
hypothetical shear crack crossing the entire height of the element. These two approaches hecome
more coherent — as suggested by [Turmo et al., 2009] — by assuming that the internal level arm z in Eq.
(7) is equal to the difference (D, — ¢ — Xx), as in [Ranzo and Priestly, 2001]. In"the application of “T”
model, also the same angle 6 proposed by “RP” model (30°) is assumed herein.

Moreover, for degrading shear strength models, a further specification is needed about the
definition of displacement ductility demand affecting,shear strength. In particular, (Hs) is adopted to
calculate (concrete) shear strength degradation‘related, to'the models by [Ranzo and Priestely, 2001]
and Italian code [C617, 2009] (both deeply influenced by the model proposed by [Kowalsky and
Priestely, 2000]). On the other hand, (i) iSwsed to calculate the (concrete+steel) shear strength
degradation related to the EC8 madel [Biskinis et al., 2004]. In addition, the yielding displacements
underlying the calculationofitheseytwo kinds of displacement ductility demand are nominal yielding
displacements, evaluated, coherently with the proposal of each of the applied strength model, as
explained in thesfollowing.

The yielding. displacement (or equivalently the yielding drift, DRy) underlying the calculation of
(Mtest) =to.beused in “RP” model (and consequently in C617 and “RP+T” models) — comes from a bi-
linearization of the force-displacement envelope proposed by [Rando and Priestely, 2001], and also
adopted in [Priestely, 2003] and [Priestley et al., 2007]. Such a bi-linearization is graphically shown in
Figure 18a. In particular, drift ratio at this nominal yielding (DRy) is defined as a function of first

yielding drift ratio (DR'y). (DRy) and, consequently, (Mes;) are calculated as shown in Eq. (15):
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M DR DR, M’
DR, =DR',—1 >y, =&t = —tat Y (15)
y y ' test '
M, DR, DR', M,

y

where (M,) is the nominal flexural capacity calculated as suggested in [Priestley et al., 2007] - namely
related to achievement of 0.4% strain in the most compressive concrete fiber, and (M'y,= V'y- L,) is
the first yielding moment related to the yielding of the outer longitudinal reinforcement bars.

On the other hand, the yielding displacement underlying the calculation of () — to be usedyin,EC8
model — comes from a (different) bi-linearization of the force-displacement envelope in tune with the
proposal by [Biskinis et al., 2004] (see Figure 18b). Therefore, this yielding drift is calculatedistarting
from the formulation proposed by [Panagiotakos and Fardis, 2001] for the chord rotation at yielding
(Byper). In summary, drift ratio at this nominal yielding, and, consequently,«(lis) are calculated as
shown in Eq. (16):

DR DR
DR, =0, per > py=——>=—" (16)
y y,P&F DR eyYP&F

y

It should be noted that the second definition of (DRy),—'adopted to implement the model by EC8 -
is totally theoretical, namely not based on experimental data, unlike the approach adopted to calculate

(Mest). As a result, a further approximationerror for EC8-3 model is inevitably introduced.

5.2.1 Results and discussion

Based on the remarks reported above, Figure 19 and Table 9 show the results of experimental-
versus-predicted comparisons in terms of predicted-to-experimental shear strength ratio (Vpres/Viest)-
Red and blug colours are related to monotonic and cyclic tests, respectively. Dotted lines in Figure 19
argyrelatedito the mean values of (Vpred/Veest) and, in particular, black line represents the mean ratio
considering together all the specimens.

It can be noted that models from literature considered herein generally underestimate the non-
degraded shear strength (see monotonic tests), whereas models from codes overestimate the shear
strength for such tests from +8% (C617) to +47% (EC8). On the other hand, models from codes

slightly underestimate the degraded shear strength due to cyclic loading (from -9% to -4%), showing
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quite high coefficients of variation (from 21% to 28%). Model by EC8 and FHWA provide the
highest errors — especially for monotonic tests.

On average, the worst model appears the EC8 model both in terms of mean error (+27%) and
COV (40%). This outcome is ascribable to the evidence that EC8 provides an empirical-based
formulation for RC members [Biskinis et al., 2004] calibrated on an experimental database not
considering hollow circular members at all. American guidelines [FHWA, 2006] systematically
overestimate (+26%) the experimental shear strength (for monotonic tests to which it is applied),
likely because no specific attention to the effective concrete shear strength contribution has been paid
for hollow circular columns, and (V,,) contributions always higher than those telatedyto*“RP” model
are obtained for the collected tests. On the other hand, the [C617, 2009] proposal results the best
model among models by codes: on average its error is only +2% (with COV=19%).

“JH” model is a non-degrading shear strength model and it provides a systematic underestimation
of the experimental shear strength (-19%). Actuallysthis madel,has been validated on the basis of a
database mainly made up of tests with high concrete'strength [Kishida et al., 1998], which generally
exhibit a reduced aggregate interlock contribution‘te. the concrete mechanism component of the shear
strength [Collins and Kuchma, 1999], thus justifying the observed outcome.

Model proposed by [Ranzo and Priestely, 2001] provides a mean (Vpred/Viest) ratio equal to -9%
(and COV=17%), and offers=a, very,good prediction of cyclic (FS) tests (mean V s/ Viest IS equal to
1.00 in this case). Notesthaty“RP” model overestimates shear strength related to the same tests based
on which it wassvalidated’ (HS2, HS3). This error drastically reduces if the contribution of axial load
(V) is totally neglected for these two tests. Therefore, [Ranzo and Priestely, 2001] suggested to
neglectythe V4 contribution, especially for the design of hollow circular RC piers. Nevertheless, if
such'a prescription (Vy=0) was applied to all the collected tests, the mean prediction error increases
up to -23%. Therefore, it can be concluded that the contribution V +Vy by “RP” model should still be
improved. This outcome is confirmed if tests PA1 and PA2 by [Regis, 1990] — without stirrups — are
compared with Vgp.

Finally, if “RP+T” model is adopted, shear strength of tests with helicoidal stirrups are
overestimated (+37% on average). Vice-versa, for the other tests, “RP+T” model generally slightly
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underestimates shear strength, especially for S-failure tests (-9%, on average). Mean value of
(Vprea/ Viest) ratio results equal to 1.00 for “RP+T” model (with a COV equal to 19%), if all tests are
considering together.

Table 9 also shows the predicted failure mode according to the adopted shear strength models.
The predicted FM is evaluated by means of a comparison between the predicted non-degraded
(Vrmax) and totally degraded (Vs min) Values of the shear strength and the lateral load corresponding to
first yielding (V'y) and peak experimental load (Viest). If (Vprea=Vrmax) IS lower than (V'y),fa S-failure
is predicted; on the opposite side, when (Vpes=Vrmin) i higher than (Vs > V'y), a fléxural, (F) failure
is predicted. Otherwise, the predicted failure mode is a FS-mode.

For cyclic tests, it can be observed that models are quite similar each othemin FM prediction: in
particular, “RP” and C617 models well predict the observed FM imy4/5 cases; whereas “RP+T” and
EC8 models provide a good prediction of FM in 3/5 cases.

In summary, model by [Ranzo and Priestley;2001] canybe considered as a good choice to
estimate shear capacity of existing bridge piersywith ‘hollew circular section, thanks to its prediction
capacity in terms of (i) expected failureamode andi(ii) predicted shear strength, especially for cyclic
tests. On the other hand, the integration of “RP>” model with the proposal by [Turmo et al., 2009] for
(V) — slightly modified as explained previously — seems to provide promising results. Certainly,
more data about similar speeimens,from future experimental campaign are necessary since they could
be very helpful to supportier«confirm the trends observed and explained above or to support the
proposal of a moerercomprehensive shear strength model, where all the shear strength contributions are

specifically calibrated on columns with hollow circular sections.

6 "CONCLUSIONS

The present work provides a contribution towards a deeper investigation about the cyclic lateral
response of RC existing bridge piers with hollow circular cross section. In particular, two reduced-
scale hollow circular RC piers different for aspect ratio have been tested under cyclic loading and
constant axial load. The specimens were characterized by low percentage of longitudinal and

transverse reinforcement (distributed on a single layer), with poor concrete, inadequate details and

32



lack of suitable confinement reinforcement. Such specimens represent a structural typology that is
widespread worldwide, even if a very small number of related experimental tests has been found from
literature. Two distinct failure modes were experimentally observed, depending on the specimen
slenderness, namely, a flexure mode for the tallest piers and a flexure-shear for the shortest one.

Global response and the evolution of damage has been analysed and described in details for both
the specimens. It was noted that lateral strength increases as the aspect ratio decreases, as expected.
On the other hand, the lower the pier aspect ratio, the lower its ultimate deformation capacitys The
squat specimen, which exhibited a flexure-shear failure mode, exhibited the lower Valueyof ultimate
drift. Local response in terms of deformability contributions due to flexure,/shearsand fixed-end-
rotation mechanisms has been also investigated. For both tests, the flexural deformability contribution
resulted as predominant with respect to the shear deformability contributien, nevertheless the latter
cannot be considered negligible, especially for the squat specimen.

Finally, a focus on hollow circular shear-critical piers have been performed, collecting a proper
experimental database of similar existing RCpiers from-literature that exhibited shear failures. Very
few shear strength models specific for,these RC, elements exist in literature, whereas no code
specifically addresses this issue, actually failing to recognise the distinctive features of this structural
typology with respect to ordinary selidemembers. A comparison between the main shear strength
capacity models from codes=and literature and experimental results was carried out. It was observed
that the Italian code [€617/2009] proposal results the best model among models by codes considered
herein. Among models,from literature, model by [Ranzo and Priestley, 2001] can be considered as a
good choice to estimate shear capacity of existing bridge piers with hollow circular section, thanks to
its prediction*capacity in terms of both expected failure mode and predicted shear strength, especially
for cyclic tests. On the other hand, the integration of model by [Ranzo and Priestley, 2001] with the
proposal by [Turmo et al., 2009] for transverse reinforcement contribution — slightly modified in shear
cracks angle and internal level arm calculations — seems to provide promising results. Certainly more
data about similar specimens from future experimental campaign are necessary since they could be

very helpful to support or confirm the trends observed and explained above or to support the proposal
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of a more comprehensive shear strength model, in which all the shear strength contributions are

specifically calibrated on columns with hollow circular sections.

List of notations

A.  cross section area (gross area without void)

A.  effective shear area

A,  total area of longitudinal reinforcement

Ay area of a single hoop or spiral

c concrete cover

C factor taking into account the discrete spacing of the hoops

d,  diameter of a single steel bar

D. external diameter of the cross section

fe concrete cylindrical compressive strength

fer  concrete effective tensile strength

f, yielding stress of longitudinal steel reinforcement

k coefficient of shear strength degradation

u ductility demand

f,w  yielding stress of transverse steel reinforcement

Ly  shear span

m longitudinal projection of the critical diagonal crack

N axial load

ne  number of active legs in the cross-section

p pitch of the continuous spiral

R’  radius of the circular or helical transverse reinforcement

S spacing of the transverse reinforcement

ty  thickness of the concrete ring

X neutral axis depth

z lever arm

o coefficient accounting farthe column aspect ratio

B coefficient accounting for longitudinal steel ratio

Y ratio between void“and external diameter

A efficiency factor for transverse reinforcement in longitudinal direction
v, concrete effectiveness factor (plastic theory)

vs  effectiveness factor for the reduction of the cohesion due to sliding crack
0 angle between the critical diagonal crack and the longitudinal axis
pI geometrical longitudinal reinforcement ratio

pw ' geometrical transverse reinforcement ratio

x efficiency factor for transverse reinforcement in transversal direction
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Test ID D, Ly Ly/D, tw pI Pw
(mm) (mm) @) (mm) (%) (%)
PC1 1650 3.00
550 100 0.85 0.06
PC2 1100 2.00

Table 1: Main geometrical properties of tested specimens
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Concrete Steel

. dy f, 3 f/f,
(MPa) (mm) (MPa) (MPa) )
8 540 620 115

15.6
3 655 690 1.05

Table 2: Mechanical properties of the adopted materials
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Cycle DR (%) p' ) Description of the observed damage

1 0.20 Horizontal hairline cracks on the west and east faces

2 0.43 Spread of horizontal cracks along specimen’s height

3 0.67 14 First slight diagonal cracks

4 0.91 2.0 Increase in width of existing cracks and new diagonal cracks

5 191 4.1 Longitudinal bars buckling and concrete cover spalling near to base section on west face

6 2.92 6.3 Significant buckling of longitudinal bars and concrete spalling

7 391 8.4 Complete concrete cover spalling, severe buckling of longitudinal bars and wide diagonal
cracks

8 4.93 10.6 Failure in tension of the outer longitudinal bars due to oligo-cyclic fatigue

Table 3: Summary of the damage evolution during Test PC1
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Cycle DR (%) p' ) Description of the observed damage

1 0.16 Horizontal hairline cracks on west and east sides

2 0.37 First slight diagonal cracks on north and south sides

3 0.60 1.2 Increasing in width of existing cracks and new diagonal cracks

4 0.83 1.6 Widening of existing main shear cracks

5 1.82 3.6 Concrete cover spalling in a small portion near to the base section along the east/west direction
6 2.87 5.7 Sudden widening of the main diagonal crack

Table 4: Summary of the damage evolution during Test PC2
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Test Ly/D. V', DRY, Vv© DRV, v9 - DR, V9. DR, DR, DRY, FM,,
ID ) (kN) (%) (kN) (%) (kN) (%) (kN) (%) (%) (%)
PC1 3.0  +867 +049 -864 -044 +1082  +1.91  -1024  -1.87 418  -4.30 F

PC2 2.0 +138.0 +0.49 -133.6 -0.52 +166.9 +1.78 -147.1 -1.80 2.55 - FS

Table 5: Yielding, peak and ultimate values of lateral load and drift; observed failure modes
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f. f, pr=A A fow Pw = NeAg (2t S) N/Af, s/ D L,/De
(MPa) _(MPa) () (MPa) () () () ()
Max 16.0 418.0 0.85 392.0 0.00 0.00 0.05 2.00
Min 40.0 600.0 5.33 655.0 0.40 0.27 0.50 2.55
Table 6: Ranges of variability for the main properties of the collected experimental tests
s ,
Test LT* _I__I_** De Di tw LV [p] e pi Pw fc 1:y fyw N/ Acfc Vtest v y FM&»
(mm)  (mm) (mm) (mm) (mm) (%) (%) (MPa) (MPa)  (MPa) () (kN) (kN) ()
PAl M C 300 180 60 750 - 533 0.00 342 600 - 0.00 55 139 S
PA2 M C 300 180 60 750 - 533 0.00 327 600 - 0.27 83 173 S
PB1 M C 300 180 60 750 150 533 035 355 600 600 0'00 130 134 S
PB2 M C 300 180 60 750 150 533 035 370 600 600 0:24 158 169 S
HS2 C H 1524 1244 139 3880 70 225 033 400 450 635 0.05 1396 907 FS
HS3 C H 1524 1244 139 3880 70 225 033 350 450 635 0:15 1457 1192 FS
PI2-C C C 1500 900 300 3500 200 215 026 309 418 410 0.10 2299 1618 FS
PI2-C* C C 1500 900 300 3500 200 215 026 332 423 392 0.10 2341 1699 FS
Test 1 M C 600 400 100 1375 300 240 009 322 500 500 0.00 233 241 S
Test 2 M C 600 400 100 1375 300 240 009 322 500 500 0.00 239 241 S
Test 3 M C 600 400 100 1375 300 240 0.09 247 500 500 0.00 237 238 S
Test 4 M C 600 400 100 1375 300 240 0.09 _24.7 500 500 0.00 217 238 S
PC2 C C 550 350 100 1100 120 0.85 ,0.06/ 156 540 655 0.05 150 129 FS
l_oading Typology (LT): monotonic (M) or cyclic (C)
Transverse reinforcement Typology (TT): circular (C) or helicoidal (H)
“Stirrups spacing (s) for C- transverse reinforcement typology; helicoidal pitch for H- reinforcement typology
Table 7: Main properties of the specimens belonging to the collected database
Shear strength model DRy 11 0
[Ranzo and Priestley, 2001] DR/~ DR' M b, = DRi _ DRy My 30°
(RP) CTM ™ DR, DR, M,
[Ranzo and Priestley, 2001] M DR DR.. M
with V,, by [Turmo et al., 2009] DR, =DR', T+ Hiex = st' = Wth—y 30°
(RP+T) y y y M,
[Jensen and Hoang,2010] i ) arctg D,
@H) m
[EC8-3,2005] DR =0 _DR, _ DR, .
(EC8) yooRer M TBR, T 0, e 4
[C617, 2009] bR ~DR' Ma = DRe DRy MYy 20°
(C617) ! MYy ™ DR, DR\, M,
[FHWA, 2006] ) i
(FHWA) From Eq. (12)
Table 8: Details for application of the analysed shear strength models
RP RP+T JH EC8 C617 FHWA
. Ve | FM F Vored! F Vored! F Vored! F Vored! F Vr/ F Vopred!
Auth | Speci | L | & exp M Viest M Viest M Viest M Viest M | Vi | M Viest
ors men | T | (k
,E,) QIO 6 6O 60 606 6076 6076 1060
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PAL M 55 0.77 0.77 0.87 2.46 112 115
(Regi PA2 M 83 1.03 1.03 0.55 217 131 1.34
s, 13
oog PBL M G S S 08 S 0% s 08 S 14 S 08 S 12

PB2 M 185 S S 08 S 098 S 072 S 149 S 108 S 134
[F;;‘” HS2 C ég FS FS 111 F 130 - - FS 105 FS 084 - .
and
Priest 14
b HS3 C 5 FS FS 127 F 14 - - F 12 F 13 - -
2001
[Yeh 29
etal, PI2-C C FS FS 095 FS 106 - - FS 09 FS 076 - -

99
2001]
[Che
ng et P12- 23 _ _ _ :
ot & c i Fs Fs 0w Fs 105 FS 095 FS 080
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Figure 19: Comparison between predicted and experimental shear strength values
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