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Abstract

Reinforced concrete bridge piers are often subject to spatially non-uniform deterioration
which typically produces strength and ductility degradation. When piers are subject to dete-
rioration, the sectional response is no longer uniform and the determination of the pushover
curves from sectional response is no longer immediate. This paper proposes a simplified
procedure to accomplish this task for RC bridge cantilever piers. The method is simplified
only with respect to geometric nonlinearities and yields an accurate estimate of the ultimate
displacement, free of numerical issues typical of fiber-based finite elements. The procedure
is based on an iterative approach to enforce the element equilibrium under P-Delta effects
induced by vertical loads and can consider arbitrary deterioration patterns through the spec-
ification of different moment-curvature response along the elevation. After validating the
approach with experimental results, a parametric analysis of the influence of sectional strength
and ductility degradation is carried out for the case study of a rectangular hollow RC pier.
Results show that significant variations of the pier equivalent plastic hinge length can be
expected because of the occurrence of deterioration in the lower part of the pier. Moreover,

paper provides quantitative measure of the extent of the strength and ductility degradation.
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1 Introduction

Reinforced concrete (RC) bridge piers are often subject to strength and ductility degradation due to rebar
corrosion (Meda et al, 2014; Rinaldi et al, 2022; Lignola et al, 2023). This issue have a significant influ-
ence on the seismic performances. Therefore, the computation of capacity curves for deteriorated piers is
crucial for the assessment of existing bridges (Mahboubi and Kioumarsi, 2021; Domaneschi et al, 2020).
This requires detailed nonlinear modeling to describe the structural response up to collapse, especially
when the ultimate displacement is of interest (Kashani et al, 2019; Castaldo et al, 2022). Fiber-based
finite element analysis is a common and useful approach for this task. However, when accurate ultimate
displacement is needed, this approach may fail due to issues related to damage localization and mesh
sensitivity. Moreover, RC piers often present an additional level of complexity because deterioration can
develop in a significantly non-uniform way, depending on environmental conditions (Li et al, 2018).

For cantilever piers, representing a special but very common case (Chen et al, 2020), it is possible to
compute pushover curves from the knowledge of sectional response. However, when piers are subject to
non-uniform deterioration, the sectional response is no longer the same along the pier, even for uniform
cross-section geometry and reinforcement. Moreover, for slender piers, nonlinear geometric effect may
become relevant (Burgueiio et al, 2016).

Modeling of reinforced concrete piers subject to corrosion has been studied in detail (Kashani et al,
2019). In Bernardini et al (2021), a multi-level modeling procedure tailored to describe arbitrary corro-
sion patterns by means of fiber beam-column elements has been proposed. In Bernardini et al (2022),
the approach has been implemented in a web-based application. In Bernardini et al (2023), a first set

of parametric analyses has been carried out. From these studies, it turns out that corrosion can produce



significant reduction of sectional strength and ductility, so that piers subject to spatially non-uniform
corrosion patterns can be analyzed as structures with non-uniform sectional responses.

In these situations, the evaluation of pier ultimate displacement is extremely difficult by fiber-based
analysis. In a previous paper (Di Re et al, 2022), a simple numerical procedure to compute force-
displacement curves of cantilever piers taking into account geometric nonlinearities is proposed and
validated by comparing the results with both numerical and experimental reference solutions. The pro-
cedure is based on the curve parameterization with respect to the curvature of the base cross-section,
which is assumed as independent variable driving the analysis. This gives a significant computational
advantage under geometric nonlinearities. In fact, while for linear geometry the horizontal force can be
clearly used as driving variable, when P-Delta effects are considered, the peak of the horizontal force is
reached when the base moment is lower than the sectional strength. Thus, in the post-peak part of the
global response, the force is expected to decrease, while bending moments keep increasing (Gaiotti and
Smith, 1989; Fenwick et al, 1992; Barros et al, 2010; Babazadeh et al, 2016).

In this work, the procedure is extended to piers with variable piece-wise uniform sectional response,
i.e., by dividing the pier into uniform portions with different cross-section bending response. This exten-
sion is useful to describe, not only piers where cross-section geometry or reinforcement changes along
the height, but also piers subject to spatially non-uniform corrosion.

Pushover curves of corroded piers, of course, can be directly computed also by means of fiber-
based finite element analysis of the structure which, however, can be affected by numerical localization
phenomena. These may have a significant influence on the evaluation of the ultimate displacements of the
structure. The proposed simple procedure can therefore also be used as a control tool for more detailed
analyses.

After a short presentation of the numerical procedure, an experimental validation test is described.
Then, a parametric analysis of the influence of sectional strength and ductility degradation is performed.
The main objective of the analyses is to show how the proposed procedure can be easily used to obtain a

summary estimate of the effects of variable degradation along the piers.
2 Numerical procedure for the pushover analysis of piers with piece-wise
uniform sectional response

A straight cantilever pier subject to self-weight ¢, and vertical P and horizontal F forces at the top is

considered (Fig. 1(a)). This is modeled as Euler-Bernoulli beam, hence assuming that its aspect ratio



F
- —>', - - g
:” ottt Sm-
V) A !
—
Y e S,
v q
H . [ S H
’l m - )
; 0T
4 e S,
I "fi, LLlr s |
y

(@) (b)

Fig. 1 Schematic representation of the pier model: (a) reference and deformed configurations, (b) partition defining the piece-wise uniform
sectional response of the pier

is sufficiently high to neglect transverse shear deformations. The inclusion of the shear deformations,
although possible, requires a significant modification of the governing equations and will be addressed
in future works.

The pier is partitioned into m pieces (Fig. 1(b)), each characterized by uniform bending moment-

curvature response, previously determined from a separate computation:

M= fi(K) withje[B,1,2,...,m—1] (1)

Sectional responses are assumed to monotonically increase so that all functions (1) are invertible and
the peak moment M; , and the corresponding curvature K; , are uniquely determined (Fig. 2). Hence,
the procedure describes the pier behavior until cross-sections reach their peak bending moment, which
is often sufficient to reach collapse. The inclusion of an eventual softening part of the M-K response is
possible but requires additional considerations and assumptions that are beyond the scope of this paper.
To be noted is that the definition of functions f; can be accomplished in several ways, depending
on the information available on the pier and the user knowledge. In the analyses reported in this work,
numerical simulations based on fiber cross-section models are used for this purpose. However, also
analytical approaches can be considered. For fast preliminary computations, bilinear or trilinear M-K
relationships can be defined by manually computing the significant points of the cross-section response.
Given a bending moment profile M (x), the corresponding curvature profile K(x) can be computed by

the combined evaluation of the inverses of all Egs. (1):
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Fig. 2 Typical M-K response of RC bridge pier cross-sections

Table 1 Detail of the algorithm for the numerical computation of the pushover curve of the pier. Superscripts n and i indicate quantities
computed at current pushover and iteration step, respectively.

1)  while K} < Kp, increment Kj = K~ ' + AK}
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where j, denotes the piece to which the cross-section x belongs and f~! is the inverse of the sectional
response.

The algorithm for the computation of the pier pushover curve, described in Table 1, is an extension of
that reported in Di Re et al (2022) and the reader can refer to this paper for further details. The procedure
is based on the iterative enforcement of equilibrium with various estimates of transverse displacement
profile, neglecting the influence of vertical displacements and deformations on the equilibrium. The
curvature of the base cross-section Kg is the control parameter incremented in a step-by-step fashion,

from zero to the value Kp , corresponding to the peak moment Mp ,,. At the generic pushover step 7, given



Kp, the bending moment at the base is computed via Eq. (1) and iteration begins after the initialization
VA (x) :=v""1(x). At the i-th iteration, the transverse displacement profile estimated at previous iteration

v, (x) is used to compute the horizontal force that ensures global equilibrium, according to:

_ Mp—PV! —qfoH v (x)dx

o A 3)
This force can then be used to compute the corresponding bending moment profile:
H—x
M (x) = F{" (H —x) + P[V_; —viiy (%)) +61/ Vi1 (§) —viii (x)] d& ©)
X

which, in turn, can be used to estimate the curvature profile by means of Eq. (2). & is used as dummy
abscissa in place of x for the integration change of variable. Finally, double integration of the obtained
K!(x) yields a new estimate of the transverse displacement profile v/ (x), being 6/ (x) the cross-section
rotation profile. Displacements v/ (x) are then used to check convergence. For this purpose, various types
of residual can be used; among them, a mixed indicator » based on a combination of the norms of
displacement profile and internal work is proposed, as indicated in Table 1. The value of » = 10~ is used
for all the analyses of this work. Once convergence is reached at pushover step n, the displacement profile
V' (x) determines the top displacement v* := v""(H) and the corresponding moment M"(x) and curvature
K" (x) profiles. Thus, the next pushover step starts.

The procedure is implemented in a Python script where Simpson quadrature rule is used to solve all
integrals along the pier axis.

Notably, the influence of the superstructure could also be included by adopting standard approaches,
such as those discussed in Bimschas (2010). In this case, a rotational spring is included at the top
of the pier to account for the flexural and/or torsional rigidity of the superstructure. However, proper

modification of Egs. (3) and (4) must be considered to include the contribution of the spring couple.

3 Curvature profiles and plastic hinge length

The proposed procedure produces as output the pier force-displacement curve (F — v) but also the
moment and curvature profiles at each step which can be used to obtain a great deal of information. For
example, from the sectional axial strain and curvature, local axial strains in concrete and steel can be

computed thanks to cross-section planarity, and can then be used to evaluate the proximity to collapse.
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Fig. 3 Reference scheme for the determination of the equivalent plastic hinge length

Moreover, another information that can be obtained as a by-product of the proposed procedure is the
equivalent plastic hinge length L., useful in the definition of detailed nonlinear numerical models (Scott
and Fenves, 2006; Di Re and Addessi, 2022; Pozo et al, 2022). The length L. can be computed from the
curvature profile by the classic approach by Park and co-authors (Park and Paulay, 1975; Pokhrel and
Bandelt, 2019; Priestley et al, 2007; Bae and Bayrak, 2008; Billah and Alam, 2016).

During the pushover analysis, after a cross-section reaches its yielding curvature, a region of length
L, above that cross-section starts to experience inelastic deformations (Fig. 3). Further load increases
cause progressive enlargement of this plastic region, which continues until the more stressed cross-
section reaches the peak bending moment. At this stage, plastic region has its maximum extension, as
bending moments cannot further increase and force F' must eventually drop.

A typical curvature profile is shown in Fig. 3 (blue curve) where the red line represents the elastic
contribution. This can be computed by means of the initial stiffness as: K¢(x) = M(x)/EI¢. The inelastic

curvature (shaded area in Fig. 3) is then given by:
K"(x) := K(x) — K*(x) (5)

and the plastic region is the set of cross-sections where |K(x)| > |K¢(x)|. The equivalent length L. is
defined as the length of the zone where a uniform curvature equal to Kz would produce a rotation 8, =

Kp L. equal to the one produced by the inelastic curvature. Accordingly:

. L,
6" fy"[K(x) — ] dx ©
Kp Kp

L. =
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Fig. 4 Experimentally tested RC column Rinaldi et al (2022): (a) specimen geometry and (b) loading scheme

4 Experimental validation of the proposed model

The proposed procedure can be used to model piers with variable concrete cross-section geometry or
reinforcements. In this work, a different application is proposed to study the response of piers where the
variability of the sectional response is due to non-uniform corrosion.

This Section validates the accuracy of the proposed approach by comparing numerical solutions
with experimental results. The case study of a square RC column is considered (Fig. 4(a)) from the
experimental campaign conducted in Rinaldi et al (2022). The column has a total height from the footing
extrados equal to H + H; = 1.8m, section width b = 30cm and it is reinforced with 4216 longitudinal
bars and @8/250 transverse stirrups. Both plain and deteriorated specimens are studied (labeled as A25
and B25 in (Rinaldi et al, 2022)). For the latter, artificial corrosion is applied to a portion of the column
of Ly = 60cm from the footing, until 20% of the steel mass loss is averagely reached.

In the experiment, the specimen is subject to a constant vertical force P* = 300kN, applied through
external post-tensioning rods that follow the lateral deformation of the column, and a cyclic horizontal
force F, sy acting, under displacement control, at H = 1.5m from the footing (Fig. 4(b)). During the test,
the applied horizontal force and the transverse displacement of the loaded point v are recorded. Moreover,
the maximum bending moment and curvature at the column base are computed. The latter is obtained
from the measured deformations of four potentiometric transducers and is given as mean value of the
curvature over a length e = 25cm. The transducers located on the face under tension are indicated by the
blue bars in Fig. 4(a) and are applied at 15cm (the two internal ones) and 25cm (the two external ones)

from the footing.



Fig. 5 shows the envelopes of the positive parts of the cyclic M-K responses (solid curves). These are
plotted with the results of the analytical model in Rinaldi et al (2022) and obtained by either neglecting
(dotted curves) or including (dashed curves) the steel bond slip. Hence, the inclusion of the bond slip
effects in the proposed procedure is accomplished by adopting a proper M-K response for the base
cross-section where the effects are accounted for.

These analytical results are used as input data for the application of the proposed procedure, where
the M-K curves are truncated to the peak bending moment. A single piece associated with the plain M-K
response is considered for the analysis of the plain specimen, while for the deteriorated case, the pier is
divided into two pieces, associated with the deteriorated response (Lo) and the plain response (H — Ly),
respectively.

As the input curves are given in terms of mean curvature over the length e, for this test, the procedure
is slightly modified to comply with these experimental data. The modifications are applied as follows:
referring to Table 1, at each iteration, Eq. (2) is used at Step 6 to evaluate the curvature profile; before
processing Step 7, this profile is modified by enforcing that all cross-sections in length e exhibit the same
curvature value, equal to that assumed at the base (K}). This coincides to assume that the base curvature
K3, used as input driving quantity of the procedure, doesn’t correspond to the value of the column base
cross-section but to the mean value of the base portion e, as measured in the experimental tests.

Furthermore, due to the method used to apply the axial load, the direction of the constant force P*
changes when pier deforms (Fig. 4(b) and Babazadeh et al 2016). Therefore, the vertical component
P = P* cos varies during the loading process and the applied force F, sy differs from the horizontal

resisting force F of the column, that is,
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Fig. 5 M-K response curves considered for the numerical analysis of the experimentally tested RC column
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Fig. 7 M-K response curves obtained for the two experimental tests reported in Rinaldi et al (2022)

Therefore, the procedure is applied following the scheme described in detail in Di Re et al (2022).

Figure 6 compares the numerical and experimental responses in terms of applied load F; sy versus
transverse displacement v. These agree very well, confirming the accuracy of the proposed procedure.
The initial stiffness, maximum load bearing capacity and ultimate displacement of the column are well
captured, although the final softening part of the response is not reproduced due to the specific assumption
of monotonically increasing M-K response.

The comparison also shows that steel bond slip significantly influences only the pre-peak behavior
of the column and, for this test, has limited effects in the deteriorated specimen. However, a complete

description of this phenomenon requires further analyses that are beyond the scope of this work.

5 Two-parameters description of the deterioration effects

For RC piers, deterioration produces two main effects at the sectional level: reduction of strength and
reduction of ductility (Rinaldi et al, 2008), as also confirmed by the experimental test considered in the
previous Section (Fig. 6(a)). For sake of completeness, Fig. 7 shows the envelope of all M-K response
curve obtained in the experimental tests in Rinaldi et al (2022), where two plain and two deteriorated

specimens are studied.

10
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In real structures, deterioration may occur in a different way in the various pieces of the pier. How-
ever, for cantilever piers, deterioration patterns involving the base portion of the pier are the most severe.
A detailed description of this issue is given in Priestley et al (2007) and further details of a currently
ongoing research study on this topic are reported in Bernardini et al (2021, 2023).

The goal of the following analyses is to numerically investigate the consequences of sectional
strength and ductility degradation on the global structural response of the pier and provide useful
information that can be used to check and control the results of more refined analyses.

To perform a simple parametric analysis, M-K curves are assumed to be bilinear, thinking them as
suitable bilinearizations of actual nonlinear responses (Fig. 2).

In general, the bilinear moment-curvature diagrams of a Plain (P) and a Deteriorated (D) cross-
section are characterized by 8 parameters: (K, My, K,, M) and (K; D M; p» Kp.0» My D).

A simple description of the sectional effects of deterioration can be obtained after the introduction of
two simplifying assumptions, according to Priestley et al (2007), derived from experimental observation
of common deteriorated pier behavior. First, yielding curvature of plain and deteriorated sections are
assumed to be the same. Second, the post-yield slope in the M-K plane is likewise considered the same

in both cases (Fig. 8). Accordingly, the following constraints on the 8 governing parameters hold:

Kp =K, (8)
M;p = oM, )
Kpp = BK) (10)
M, —M
M,p =oM +—L 2 (BK,—K! (11)
p y Kp —K)’, ( 14 )

11
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longitudinal bars diameter 14 mm; stirrup diameter 12 mm; stirrup spacing 200 mm.

where a € [0;1] and B € [0;1] are nondimensional parameters determining, respectively, yielding
moment and peak curvature degradation. Therefore, the case of @ = 1 and B = 1 corresponds to the
plain cross-section, whereas cross-sections with various levels of strength or ductility degradation are

described by different values of the two parameters.

6 The case study of an hollow rectangular RC pier

A cantilever RC pier 15m tall with hollow rectangular cross-section is considered (Fig. 9). The geometry
is that of typical piers built in the 1970s in Italy. It was extracted from a database of more than a thousand
piers currently under investigation to study the deterioration effects. The pier has sectional and global
aspect ratios equal to L, /L, = 1.8 , H/L, =3.33, H/L, = 6 and a longitudinal reinforcement ratio equal
to 0.488%, close to that typically observable in existing constructions of this age.

The moment-curvature response of the plain pier (Fig. 10) along both the z-axis (strong direction) and
the y-axis (weak direction), together with an axial load P corresponding to P/A, f. = 0.0496, is computed
by means of a fiber discretization developed in OpenSees (2021). The fiber model is based on Kent-Scott-
Park ("Concrete02’) uniaxial material for concrete and ’ReinforcingSteel’ for longitudinal bars (Di Re
et al, 2022) with concrete strength and steel yield stress equal to 38 MPa and 508 MPa, respectively.
Confinement is taken into account by Mander model (Mander et al, 1988), consistently with the given
stirrup layout in Fig. 9. The response of the pier is computed first for the case of plain cross-sections and
then under different deterioration scenarios as described in Section 8.

Moment-curvature diagrams in Fig. 10 are used to perform the pushover analysis in the two

directions, considering the whole pier as a single piece under the action of load P.

12
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Fig. 11 Pushover response curves obtained for the plain pier

Results are first compared with those of a force-based beam-column finite element model with
fiber cross-section discretization, defined in OpenSees, to check whether the variation of cross-sectional
response induced by axial-bending interaction would be relevant. The comparison shows excellent agree-
ment (OpenSees vs Actual, Plain in Fig. 11) hence confirming the plausibility of the hypothesis to neglect
the influence of axial strains adopted in the proposed procedure.

Geometric nonlinearities are more relevant for weak loading direction than strong one (Fig. 11).
Indeed, the softening response shown in the curves is all due to the geometrically nonlinear behavior.

Hence, the following study also discusses the influence of these effects on the modification that material

deterioration produces for the pier behavior.
To be noted is that, to obtain an accurate estimate of the element capacity for the strong loading direc-

tion, the interaction of the shear strength with the flexural behavior of the pier should be also considered,

due to the low aspect ratio H /L, = 3.33. Several approaches have been proposed in the literature for this

13
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Table 2 Peak force, F),, ultimate displacement, 7,, inelastic region length, L., and equivalent plastic hinge length, L., computed for the plain
pier

Loading Actual M-K Linearized M-K
direction Fy Vu Lpr Le Fy Vu Lpr Le
[kN] [m] [m] [m] [kN] [m] [m] [m]

Strong, y 3515 0.82 4.44 1.13 3432 1.06 2.82 1.48
Weak, z 1729 1.16 4.50 1.20 1822 1.21 2.28 1.22

purpose, e.g. Ceresa et al (2007); Bairan and Mari (2007); Saritas and Filippou (2009); Delgado et al
(2009); Cassese et al (2017); Di Re et al (2018); Cassese et al (2019). Among them, that suggested by
Cassese et al (2019) is very effective as it simply computes the actual capacity of the pier as the point-by-
point minimum curve between the flexural and the shear resistance curve of the member. However, this

issue is beyond the scope of this paper and the analyses are limited to the evaluation of flexural capacity

of the element.

7 Influence of the bilinearization of the sectional response

To apply the setting described in Section 5, the pushover analysis of the undamaged pier is repeated
after replacement of the actual M-K diagrams with their bilinearizations (Fig. 10) to carry out a critical
analysis of the influence of the bilinearization of the sectional response. The obtained global responses
are reported in Fig. 11 as black dotted curves and Table 2 summarizes the main parameters for the two
cases.

The comparison shows that, whereas the approximation in terms of strength is very good, the approx-

imation of ultimate displacements is worst. This can be understood by checking the curvature profiles

14



in Figs. 12(a) and 12(b) and considering that small differences in the curvature profiles can produce
significant differences on the top displacements.

Moreover, with the linearized M-K response, the length of the inelastic region L, tends to be under-
estimated since the bilinearization produces a yielding moment M; greater than its actual value M,
(Fig. 10). Accordingly, the size of the inelastic portion of the pier is reduced. However, from Figs. 12(a)
and 12(b), it turns out that the differences between the curvature profiles can have opposite sign which
partially compensate each other in the computation of the equivalent plastic hinge length L., especially

in the weak direction.

8 Parametric analysis and deterioration scenarios

A parametric analysis of the influence of the deterioration is carried out by using the two-parameter
description introduced in Section 5.

Although the approximations associated with the bilinearization of the M-K response may be signif-
icant for a single analysis, especially in terms of ultimate displacement, the comparison between the pier
response under different deterioration scenarios, all with linearized sectional response, is expected to be
a good approximation of the actual relative response.

The deterioration scenarios considered in the parametric analysis are based on a spatially non-
uniform pattern, with deterioration taking place from the base of the pier up to an elevation Ly = 3m
(Fig. 13), a value chosen to be slightly bigger than the value L,, of the undamaged pier.

The procedure is then applied by considering the pier partitioned into two pieces. The piece bounded
by the base cross-section is associated with a bilinear M-K response characterized by values of o and
B representing some deterioration state (Section 5). The second piece is associated with the bilinearized
undamaged M-K diagram.

In this setting, the parametric analysis is carried out by letting the parameters & and f3 to vary from
1 (plain) to 0.25 (severe degradation), through six discrete values (1, 0.85, 0.7, 0.55, 0.4, 0.25).

Overall, 36 different combinations of strength and ductility degradation are explored, as depicted in
the scheme of Fig. 14 where a few particular conditions are highlighted by colored dots. Specifically,
red dots correspond to the case of pure sectional Strength Degradation (SD) with § = 1 and variable
a, blue dots correspond to the cases of pure sectional Ductility Degradation (DD) with oo = 1 and

variable 3, and orange dots correspond to Mixed Degradation (MD) where both SD and DD occur in
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Fig. 14 Schematic representation of the degradation scenarios considered in the parametric analysis

the same proportion. Finally, upper and lower diagonal grey dots describe cases in which there is mixed

degradation with prevalence of one of the two sources.

9 Influence of sectional deterioration on pier response

The results of the parametric analysis are discussed first in terms of global strength and ductility and then

in terms of curvature profiles and plastic hinge length.

9.1 Residual strength and ductility

Global F-v response curves obtained by pushing along the strong direction are shown in Fig. 15 for (a)

the SD and (b) DD scenarios.
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Fig. 15 Pier response in the strong y-direction for the SD and DD scenarios (dots and crosses respectively indicate the achievement of actual
and utilizable ultimate displacement)

The pure sectional strength degradation (SD) scenarios (& < 1 with B = 1) are characterized by a
reduction of pier strength essentially proportional to o and to an increase in ductility (Fig. 15(a)). The
latter is due to the fact that, under the hypotheses depicted in Section 5, when the yielding moment is
reduced, the constancy of yielding curvature induces a reduction of sectional stiffness which, in turn,
produces a small reduction of pier stiffness and a significant increase in the ultimate displacement.

In the more severe scenarios (SD3-5), characterized by values of & = 0.55,0.4,0.25, the pier becomes
more flexible so that softening effects due to geometric nonlinearity become relevant. The ultimate dis-
placement occurs at force levels significantly lower than peak force. In such conditions, technical codes,
e.g., European Committee for Standardization (2005); Consiglio Superiore dei Lavori Pubblici, Italia
(2018); Ministero delle Infrastrutture e dei Trasporti, Italia (2019), suggest defining, conventionally, ulti-
mate displacement as the value corresponding to a shear force reduction of 15% with respect to its peak
value. It is therefore reasonable to introduce a conceptual distinction between the actual and utilizable
displacement capacity of the pier. The actual displacement capacity corresponds to the attainment of the
ultimate limit state, which, in this context, is assumed to occur when the base cross-section reaches its
peak curvature. The utilizable displacement capacity is determined by the top displacement correspond-
ing to the shear force equal to 0.85F),, where F), is the peak value. Clearly, this distinction becomes
significant only when softening effects are relevant because, otherwise, actual capacity is fully utilizable.
To describe this aspect, in Fig. 15(a) and subsequent ones, the points corresponding to the achievement
of utilizable displacement capacity are marked by a cross and the part of the curves leading to the actual
capacity are indicated by a dashed line.

The pure sectional ductility degradation (DD) scenarios (& = 1 with B < 1) does not produce reduc-

tions of the pier strength as the various curves follow the same post-elastic path (Fig. 15(b)). However, a
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Fig. 16 Pier response for the MD scenarios

non-proportional reduction of ultimate displacement is observed. For example, the scenario DD4, char-
acterized by a sectional ductility reduction of 75%, produces a reduction of the pier ductility of about
86%.

Mixed degradation (MD) scenarios, shown in Fig. 16 for both loading directions, produce a reduction
of both pier strength and ductility. Fig. 16(b) shows the results in the weak direction where, due to the
lower stiffness of the pier, softening effects are more evident leading to a clear distinction between actual
and utilizable ductility.

To better appreciate the results, it is useful to consider pier strength and utilizable ductility observed
under a given deterioration scenario, normalized with respect to the corresponding values for the plain

pier, as expressed by the two nondimensional parameters:

* Residual Pier Strength

RPS := & (12)
SpL
* Residual Pier Ductility
RPD := M4 (13)
upr

Analysis of the tables in Figs. 17(a) and 17(c) confirms the above remark.
On the other hand, from Figs. 17(b) and 17(d) it is evident that residual utilizable pier ductility is
strongly dependent on both ¢ and 3 in a nonlinear way and that, in some conditions, global deterioration

may be stronger than the sectional one. For example, RPD turns out to be lower than sectional ductility
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Fig. 17 Summary of residual pier capacity for the considered scenarios in both loading directions
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Fig. 18 Residual pier ductility as a function of sectional ductility degradation for various values of ¢ (dashed curves represent conditions
where utilizable ductility is less than the actual one)

degradation 8 for lower values of sectional strength reduction. For example, for B = 0.25, RPD can be
as low as 0.14 or 0.16 for bigger values of a. In contrast, for & < 1 but = 1, the mentioned increase
of the ultimate displacement produces an increase of the pier ductility, which can reach almost 130% of
the plain value (in Figs. 17(b), RPD > 1,for o < 1 and 8 = 1).

The variation of RPD with respect to both parameters & and 3 is fully described by the plots in
Figure Fig. 18. This figure, together with the tables in Figs. 17, are useful have a summary idea of the
extent of strength and ductility degradation in relation with the cross-section performance loss, i.e., of

the material degradation.
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9.2 Curvature profile and plastic hinge length

Fig. 19 shows the curvature profiles evaluated at the final stage of the loading process in the strong
direction.

Figure 19(a) compares the profile of the plain pier with the ones of the scenarios SD1 and SD2.
Although M-K rresponse does not encounter softening and localization phenomena, the spread of inelas-
tic bending curvature tends to localize in the lower deteriorated part of the pier, with the upper part
remaining elastic (Figs. 19(a) and 19(b)). A jump in the curvature occurs at the beginning of the dete-
riorated zone with intensity increasing with o as shown in Fig. 19(b). Since ultimate curvature remains
constant while SD scenarios produce jumps in the curvature at the beginning of the deteriorated zone, the
length of the inelastic region L, remains constant but length L. increases due to the wider area under-
neath the profile in the inelastic zone. However, even if L. increases it never exceeds the height Ly of the
deteriorated part.

Figure 20 shows ultimate curvature profiles for the DD scenarios in the strong direction. In such
conditions, the inelastic curvature profiles of the deteriorated piers are shifted with respect to the plain
ones, with consequent reduction of both L, and L.

Figures 21 and 22 summarize the variations of the plastic hinge length L, normalized with respect
to the pier height. Dashed curves represent the variation of L. computed by referring the actual ultimate
displacement, for the cases where this is reached after the utilizable one (solid curves). Result shows
that significant variations in the plastic hinge length can be expected because of sectional degradation,

especially for loading in the strong direction.
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Fig. 22 Values of actual L. /H with respect to parameters o, and 3

10 Conclusions

A simple numerical procedure for the computation of the force-displacement response of cantilever piers
with arbitrary sectional behavior distribution was proposed. This is particularly useful for piers charac-
terized by non-uniform corrosion. In these conditions, the evaluation of strength deterioration can be
estimated by fiber-based analysis, however that of ultimate displacement may be not accurate due to

localization issues. By contrast, the proposed procedure is free from numerical localization and can be
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used as a control tool for such more sophisticated analyses. However, some limits must be considered,
whose extension to more general conditions is currently under development: the procedure is only appli-
cable to sufficiently slender cantilever piers for which shear deformations can be neglected; it neglects
the behavior of the pier after that peak strength of the cross-section is reached, and applies only to
the computation of the monotonic pushover response curve; finally, the effects of deck stiffness is also
ignored.

As a by-product of the procedure, curvature profiles are obtained and can be used to accurately
evaluate the equivalent plastic hinge length L. for beam finite element analyses.

The case study of a rectangular hollow RC pier was considered to perform a parametric study on
the influence of non-uniform deterioration, modeled by a two-parameter family of bilinear sectional
responses.

The analyses showed that residual pier strength RPS and ductility RPD can be significantly influ-
enced by the sectional degradation o and B with global effects often stronger than the sectional ones.
Indeed, the residual pier strength RPS is exactly equal to that of the resisting bending capacity of the base
cross-section, governed by parameter & in the numerical test, while it is not influenced by cross-section
ductility variation, governed by parameter 3. By contrast, residual pier ductility RPD depends on both
parameters. Reduction of cross-section ductility (8) directly traduces in a decrease of RPD, which can
reduce up to 0.7 times the value of . Reduction of cross-section bending strength (o) usually produces
also a reduction of cross-section stiffness (Priestley et al, 2007), and thus leads to an increase of RPD,
which can grow up to 10 times the value of «.

It was also observed that the utilizable displacement capacity of the pier does not depend on the
cross-section ductility variation 8, as opposed to the actual one.

As concern the equivalent plastic hinge length, the analyses showed that, depending on the strength
degradation, deteriorated and plain parts of the pier can exhibit significantly different deformation levels
that affect the evolution of L., although its value is limited to an upper bound related to the extension Ly
of the deteriorated part of the pier. Indeed, when cross-section strength () decreases, inelastic bending
curvatures were observed to localize over Lg. This effect is more pronounced in more slender piers that

reach higher deformation levels.
Supplementary information. Not applicable.
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