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Abstract: Brittle failure is often observed in older reinforced concrete (R/C) buildings that have
been designed prior to the 1980s following an earthquake event. Since this has ramifications on any
subsequent repair protocol, it is important to quantify the remaining strength capacity for this class
of building to determine a retrofit strategy. Following along these lines, an analytical-numerical
methodology is presented for use as a third-tier seismic assessment which is based on a previously
developed second-tier strength assessment criterion coming from a procedure known as Rapid
Seismic Assessment (RSA). The assessment framework is performance-based, aiming to determine
whether estimated local drift demands can be tolerated without failure developing along the load
resistance path of substandard R/C buildings. This enables the development of guidelines for
modeling all possible strength mechanisms that occur in the structural system of substandard R/C
buildings. An application example using data provided by a benchmark experiment involving a
full-scale R/C building helps to illustrate and then validate the proposed modeling procedures and
establish their accuracy and efficiency for use by practicing engineers.

Keywords: reinforced concrete; substandard buildings; brittle failure; earthquake loads; rapid
seismic assessment

1. Introduction

Existing reinforced concrete (R/C) buildings encompass a variety of structures, rang-
ing from cases that were designed and constructed according to modern forms of detailing
(see ASCE/SEI 41-17 [1], EN1998-1 [2]) to structures that were built before the early 1980s
under design code frameworks (summarized in the FIB Bulletin 24 [3]) that are now of-
ten characterized as substandard. The seismic vulnerability of existing R/C buildings,
particularly that of substandard construction, is continuously demonstrated when strong
earthquakes strike urban areas (e.g., Loma Prieta 1989, Northridge 1994, Kobe 1995, Kocaeli
1999, Athens 1999, Bhuj 2001, Port-au-Prince 2010, Gorkha 2015, and Mexico City 2017).
Field observations have repeatedly suggested that most of the buildings that collapsed
did not show signs of flexural yielding (such as densely spaced flexural cracks normal to
the member axis), nor the development of any kind of global ductility prior to collapse.
Rather, it appears that most of the collapsed structures had formed a brittle mechanism
upon failure, marked by severe damage localization in a few areas with high shear demand,
such as the disintegration of exterior frame joints, shear failure of severely unconfined
captive columns, and soft-story damage in sway-frames.

Given the need for identifying among the vast inventory of existing R/C buildings
those cases that are potentially vulnerable to collapse, thus representing a serious hazard
to human safety in the event of a moderate or a strong earthquake, extensive research has
been conducted over the past three decades and different assessment procedures have
been developed. Analytical assessment procedures, also known as third-tier evaluation
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procedures (ASCE/SEI 41-17 [1], EN1998-3 [4], Greek Code of Structural Interventions [5],
FEMA-356 [6], Vamvatsikos and Cornell [7]) include the mathematical simulation of the
examined building using advanced numerical tools such as 3D finite element (FE) models
combined with elastic and/or inelastic analysis methods. This category of assessment
procedures enables the simulation of complex mechanisms throughout the structural
system of buildings and evaluation of demand and supply in R/C structures in terms of
deformation (either drift or ductility ratios at milestone performance points). Since they
originate from design procedures that were developed for modern R/C structures, most
of the analytical assessment procedures simulate the response of R/C members using
nonlinear moment-rotation envelope curves associated with zones of inelasticity-spread,
demonstrating a strain hardening, post-yielding plateau. However, in poorly detailed R/C
members, strength and deformation capacity seems to be controlled by localization of the
prevailing mode of failure which depends on the rate of degradation of the alternative
strength mechanisms with increasing ductility demand and load history [8-27]. In order
for the analysis results to be realistic, member resistance skeleton curves must necessarily
reflect the brittle modes of failure that typically prevail in poorly reinforced members,
a feature that leads to an unstable solution and lack of convergence with most Newton-
Raphson type schemes used to perform nonlinear structural analysis. This also affects the
post-processing of the numerical analysis results [28,29].

A new methodology for modeling member response of substandard R/C buildings for
seismic evaluation is presented here. This is motivated by the need for analytical modeling
tools that can effectively capture the seismic behavior of substandard R/C structural
elements. The proposed methodology can be used for a third-tier seismic evaluation
procedure, using commercial software that is easily accessible to practitioners. Concepts
from the strength assessment criterion in the Rapid Seismic Assessment (RSA) procedure
are adopted here (Pardalopoulos and Pantazopoulou [30], Pardalopoulos et al. [31,32]). A
core objective of the method is to determine whether or not the local drift demands can
be tolerated without failure along the load resistance path of substandard R/C buildings.
Building on the aforementioned concepts, we provide guidelines for modeling all possible
strength mechanisms that may develop in the various components of the structural system
of substandard R/C buildings. In order to validate the introduced modeling procedures and
to establish their accuracy and efficiency, an application example is presented, illustrating
in practical terms the steps needed for evaluating the seismic response of a substandard,
full-scale R/C test building.

2. Procedures for Simulating Strength Mechanisms in Substandard R/C Buildings

Contrary to analysis procedures used in the design of new R/C buildings that focus
on the numerical simulation of ductile resistance mechanisms in structural members (under
the proviso that all undesirable brittle failure modes will be capacity-designed and therefore
suppressed) in the analytical seismic assessment of poorly reinforced R/C buildings, the
potential prevalence of brittle-type mechanisms of resistance across the structural system
must be examined. The typical layout of the structural system of R/C buildings constructed
up to the early 1980s (at a time when construction details were still relatively primitive
since their role in the seismic response was not yet fully understood) included poorly
reinforced frames comprising columns of section sizes ranging between 250 mm and
500 mm, beams of a 150 mm to 250 mm width and 600 mm to 700 mm height (including
the slab thickness), and slabs with a thickness ranging between 120 mm and 160 mm.
Longitudinal reinforcement usually comprised relative low amounts of StI (f, = 220 MPa,
fu = 340 MPa) to StIII (f, = 420 MPa, f,, = 500 MPa) smooth bars, lap-spliced to arbitrary
lengths and under poor confinement conditions. Column and beam stirrups were usually
6 mm to 8 mm, smooth, rectangular, Stl bars (usually mild steel), with 90° hooks in the
ends, spaced at 200 mm to 300 mm on center (o0.c.). Beam-column joints were usually
left without stirrups for the convenience of construction. Concrete quality was usually



Appl. Sci. 2022,12, 1602

30f22

Bn150 to Bn200 as per DIN 1045 [33], corresponding to C12/15 and C16/20 concrete grades
according to EN1992-1-1 [34].

To address the need for an effective simulation of the seismic response of substandard
R/C buildings, the present research introduces new procedures for modeling the mecha-
nisms of resistance developing in old-type R/C structural elements. Based on the principles
of the RSA System [30-32], emphasis is placed on numerical simulation procedures that are
applicable to column lines of existing R/C buildings, non-conforming to modern standards
of seismic design and detailing. These lines usually collapse in a brittle manner, forming a
mechanism characterized by pronounced localization of damage in a few locations with a
high shear demand before there is a chance for the development of any form of redistri-
bution and ductility (see Lang and Marshall [35], Augenti and Parisi [36], Mehrabian and
Haldar [37], Dogangun [38], Joeng and Elnashai [39], and Varum [40]).

The modeling procedures introduced here include the simulation of the following
mechanisms: M1: non-linear flexural response of columns and beams; M2: shear failure
of the column web; M3: anchorage failure of longitudinal reinforcement of columns; M4:
attainment of the development capacity in column lap splices; and M5: beam-column joint
shear failure. The proposed procedures for simulating the seismic response of substandard
R/C buildings are summarized in Figure 1 and discussed in detail in the following sections.
Note that simulation of mechanisms {M2-M5} along column lines of existing R/C building
is meaningful only if they prevail over mechanism M1. According to the RSA system,
this occurs when the corresponding resistance ratios (r) that represent the shear strength
associated with the examined failure mode, normalized by the shearing force required in
order to support flexural yielding in the column, are equal to or greater than 1.0.

wem==_ Frame element simulating non-linear flexural response

B Rigid zone

= Zero-length element simulating shear failure of column web
Zero-length element simulating anchorage failure
Zero-length element simulating lap-splice failure

Zero-length element simulating joint shear failure

Figure 1. Simulation of strength mechanisms that develop within the structural system of substandard
R/C buildings. Hatched regions represent cross-sections of members extending normal to the plane
of view (e.g., slab and transverse beams).

2.1. Simulation of InelasticFlexural Response in Columns and Beams

Flexural behavior of R/C structural elements is associated with ductile member re-
sponse and materializes only if it can be supported by all other resistance mechanisms
developing along the element length. The inelastic flexural response is linked with the
formation of extensive cracking, perpendicular to the axis of bending of R/C elements,
in regions where the longitudinal reinforcement yields in tension. In columns and beams
subjected to earthquake loading, flexural cracking usually forms in both ends, in a length
approximately equal to twice the elements” width. By way of contrast, in R/C beams
subjected to excessive gravity loading, the yielding of longitudinal reinforcement occurs at
locations of maximum values for the developing bending moment.
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Simulation of the inelastic flexural response of R/C elements may be performed
using different, alternative approaches that are documented in the international literature.
The most preferable approach in simulating inelastic flexural response in R/C elements
subjected to biaxial bending is the use of linear elements encompassing fiber discretization
of their cross-section [41]. According to this approach, the reinforcing bars plus the confined
and the unconfined concrete of an R/C structural element are all modeled as separate
fibers, possessing stress-strain relationships that characterize their response under uniaxial
loading (see Figure 2). Based on the assumption that plane sections remain plane during
member deformation, member stresses and deformations in both section directions are
calculated through the integration of the response of the fibers over the element section. For
R/C beams under seismic excitation that are primarily subjected to uniaxial bending, an
alternative simulation approach is through the use of a lumped plasticity approach which
combines a linear element with non-linear hinges at the locations where beams connect
with other structural members (columns and/or beams). Inelastic response in each hinge is
then defined by appropriate force-deformation relations, derived from sectional analysis of
the corresponding element and classical mechanics.
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Figure 2. Simulation of the inelastic flexural response of R/C columns and beams using fiber
discretization of cross-sections.

2.2. Simulation of Shear Failure of the Column Web

Shear failure of an R/C element web develops when the transverse reinforcement
cannot provide adequate supporting shear resistance to displacement reversals beyond
flexural yielding. In a third-tier seismic evaluation of existing R/C buildings, simulation of
shear failure of the column web is essential, as this mechanism is linked to brittle member
failure that can compromise the load-carrying capacity of columns and potentially lead to
the collapse of the building.

The best approach to simulate the brittle response of R/C columns to shear failure
of the web is to use a non-linear, zero-length element (the two end element nodes are
distinct from each other but placed at the same location) at mid-height of the column’s
clear (deformable) length, H,; (see Figure 1). Element response in each section direction
is defined by the multilinear Moment-Rotation (M—f) relationship illustrated in Figure 3,
where M, =V, - (H,/2) is the bending moment associated with the shear strength V,, of
the column web in the examined direction. This V) is calculated according to the RSA
system from Equation (A4) in the Appendix A. Coefficient r, in Figure 3 is the resistance
ratio to shear failure of the column web, r, = V5, / Vi, where V,, is calculated according to
Equation (A3) in the Appendix A. Note that the column normalized axial load appearing
in the expressions given in the Appendix A (denoted as v;) is obtained from static analysis
of the examined R/C building to gravity loading and for the vertical component of the
seismic load combination Gy + ¥ - Qx, as perEN1998-1 [2].
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Figure 3. Moment-Rotation (M—f) relationship used in simulating the response of R/C columns to
shear failure in the web.

2.3. Simulation of Anchorage and Lap-Splice Failure of Longitudinal Reinforcement in Columns

Failure of anchorage and lap-splice of longitudinal bars limits the force developing in
the bars to a value lower than their true axial strength and strain capacity. Both anchorage
and lap-splice failures result from insufficient bond strength and are manifested with the
formation of a single crack, perpendicular to the axis of the member. For columns, this
occurs below the beam-column joint and above the base of the column in cases of anchorage
and lap-splice failures, respectively.

In the framework of a third-tier seismic assessment of existing R/C buildings, anchor-
age and lap-splice failure of longitudinal reinforcement can be simulated with the use of
two different zero-length elements, located at the top and the bottom of the clear length
of an R/C column, as illustrated in Figure 1. The response of the zero-length elements is
defined in each of the two-section directions by the M-0 trilinear relationships of Figure 4,
where M, =V - (He1/2), Mgy = Vigy - (Hei/2). The column shear strengths against anchor-
age and lap-splice failure of the longitudinal reinforcement, V, and V},, respectively, are
calculated using the closed-form expressions given in the Appendix A and their respective
resistance ratios, 7, = Vi / Ve and 1155 = Vigy / Vigey.

Map-------

0.0057a 0.003

/7 S

-0.005 -0.0057iz

0.0057g 0.005

-------- -Migy

(b)

Figure 4. Moment-Rotation (M-6) relationship for simulating (a) anchorage and (b) lap-splice
behavior of longitudinal reinforcement in substandard R/C columns.
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2.4. Simulation of Beam-Column Joint Behavior

Shear failure of beam-column joints in R/C buildings during earthquakes is a pro-
nounced brittle mode of failure that may cause excessive flexibility of the overall frame and
a consequent loss of vertical load-carrying capacity [3]. The integrity of R/C beam-column
joints is secured through the compressive stress field acting within the joint which enables
the concrete to participate in the joint shear action and allows (through the development
of high bond stresses) for steep force gradients along with the beam and column primary
reinforcements. In R/C buildings designed and constructed under contemporary stan-
dards (ASCE/SEI 41-17 [1], EN1998-1 [2], etc.), beam-column joints are dimensioned so
as to sustain the development of the flexural strengths of the adjacent frame elements at
the joint faces without significant degradation of the bond along with beam and column
primary reinforcement. In substandard R/C buildings, the absence of a limited number of
stirrups within the beam-column joints does not provide sufficient confinement to support
the formation of the diagonal strut mechanism that is essential for force transfer between
adjacent members during earthquake excitations.

Simulation of R/C beam-column joint behavior in FE models of existing R/C buildings
can be achieved through the use of zero-length elements placed above and below the
intersection of the beam and column elements used for simulating the mechanical behavior
within the joint (see Figure 1). The joint response in each of the building principal plan
dimensions is defined by the multilinear M- relationship of Figure 5. In this figure,
M; =V, - (Hg/2) is the bending moment associated with the shear capacity V; of an R/C
beam-column joint according to the RSA (see Equations (A11) and (A12) in the Appendix A,
for unreinforced and well-reinforced joints, respectively), whereas r; (= V]'/V flex) 18 the
resistance ratio to shear failure in the beam-column joints.

M
0.5M-—----
-0.005 0,005, 005 M =] 6
— '
| ' — -
A 0052 OO0 0.00
——————— 052

Figure 5. Moment-Rotation (M-f) relationship representing the shear response of R/C beam-column
joints in an intermediate floor of a building (the 0.5 factor for the moment is replaced by 1.0 for a roof
joint in the building).

3. Example Application of the Proposed Numerical Simulation Procedures

The accuracy of the present numerical simulation methodology is investigated through
the analytical evaluation of the seismic response of the SPEAR test building that was
constructed and tested in the European Laboratory of Seismic Assessment (ELSA) at the
Joint Research Center (JRC) in Ispra, Italy. This testing was conducted within the framework
of the Seismic Performance Assessment and Rehabilitation (SPEAR) European research
program (Fardis [42]; Negro et al. [43], Jeong and Elnashai [44]).

3.1. Geometric and Loading Characteristics of the SPEAR Building

The SPEAR building was a full-scale, three-story, 2 x 2 bay, torsionally sensitive
R/C building which is considered representative of the structures that were designed and
constructed throughout southern Europe from the 1950s until the mid-1980s (Figure 6).
The building was designed for gravity loads alone, in addition to the self-weight of the
R/C structural elements, as well as for 0.5 kN/m? and 2.0 kN/m? gravity loads on slabs
accounting for finishing and live loads, respectively. All stories had an identical plan
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configuration with external dimensions of 12.825 m x 10.75 m, comprising eight columns
of a 250 mm rectangular cross-section and one strong column of 250 mm x 750 mm
cross-section. The columns were connected to beams having 250 mm x 500 mm web
cross-sectional dimensions. Slab thickness was 150 mm, while story height in all cases
was 3.00 m o.c. The columns had longitudinal reinforcement 12 mm smooth bars (see
Figure 2), which were lap-spliced over 400 mm at the base for all three levels with a hook
formation at the end of the bars. All columns had @8 mm perimeter stirrups, spaced at
250 mm o.c. which did not continue in the beam-column joints. Longitudinal reinforcement
at both ends of all beams was 4 @?12 mm bars at the top and 2 @12 mm bars at the bottom.
Exceptions were: (i) beam B4 with 4 @20 mm plus 2 @12 mm bars at the top and 3 @20 mm
bars at the bottom of both ends; (ii) beam B8 that was reinforced with 2 @20 mm top
bars plus 4 12 mm top bars at the connection with column C4, 4 @12 mm bars at the
connection with column C7 and 2 @12 mm bars at both ends; (iii) beam B10 at the top
had 4 @20 mm plus 2 @12 mm bars at the connection with column C5, 2 @20 mm plus
2 @12 mm bars at the connection with column C8 and 2 @20 mm bars at both ends; and
(iv) beam B12 had 3 @20 mm plus 2 @12 mm bars at the top and 2 @20 mm bars at the
bottom of both ends. The mean concrete compressive strengths f.;,;, obtained from tests on
cylindrical core specimen taken from the building after completion of the experiment was
found equal to 24.73 MPa, 26.70 MPa, and 25.32 MPa for the first, second, and third story
columns, respectively. Finally, uniaxial tensile tests on steel bar coupons yielded stress of
reinforcement fy that was equal to 479.45 MPa, 474.11 MPa, and 396.87 MPa in the cases of
the @8 mm, the @12 mm and the ?20 mm bars, respectively.

| 3.00 | 5.00 |
[~ == *
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7 & = e =
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Figure 6. Typical story plan of the SPEAR test building at ELSA-JRC, Ispra, Italy (units in m).
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The testing protocol at JRC consisted of a series of simulated ground motions of
increasing intensity which were applied to the R/C structure through a pseudo-dynamic
procedure. The basic accelerograms used were the two components of the Montenegro 1979
(Herceg Novi) ground motion, sequentially scaled upwards to 0.02 g, 0.15 g, and 0.20 g,
labeled as the 510, s11, and s12 pseudo-dynamic tests. These accelerograms were applied in
both the X and Y plan directions and were normalized with respect to the peak ground
acceleration (PGA), as shown in Figure 7.

1.0
0.8
0.6
04
0.2
0.0
02
04
0.6
038
-1.0

(norm.)

Accel/PGA

0 1 2 3 4 3 ] 7 8 9 10 11 12 13 14 15
Time (s)
—Diction X —Direction ¥

Figure 7. Time-histories of the two components of ground acceleration used in the testing of the
SPEAR building at ELSA-JRC.

3.2. Numerical Simulation and Analysis of the SPEAR Building

In order to evaluate the seismic response of the SPEAR test building, the structural
system was simulated as a 3D-FE model comprising linear and zero-length elements as
described in Section 2, using the OpenSees platform [41].

At first, the flexural response of the columns was modeled using two equal-length non-
linear Beam-Column element objects with a longitudinal fiber section discretization along
the column clear length H; (see Figure 1). The reinforcing steel material properties were
represented by the uniaxial, bilinear stress-strain relationship with kinematic hardening
(Steel01 Material) with an initial elastic modulus equal to 200 GPa and a strain-hardening
ratio of 3.3%. and 5.3%. in the cases of the @12 mm and the @20 mm bars, respectively. The
inelastic concrete behavior was modeled using the uniaxial Kent-Scott-Park stress-strain
envelope with degrading unloading/reloading hysteresis loops and no tensile strength
(Concrete01 Material). Specifically, the concrete had an initial tangent modulus of 2 - f, /ecy
(ecy = 0.0022) and an ultimate strength and deformation capacity of fo, = 0.2 - for, and
€cy=0.0035 according to Park, Priestley, and Gill [45,46]. Details of the fiber discretization
of the column cross-sections are depicted in Figure 2.

Next, the modeling of the flexural response of beams was similar to that of columns,
using the nonlinear Beam-Column element objects with longitudinal fiber section discretiza-
tion. The cross-section of beam elements was a T-shape for all beams with effective width
equal to by, + 2 - d (by,: beam web width; d: beam static height), except for beams {B1, B2,
B5, B6, B7, and B8} which had an L-shape cross-section with effective width equal to b, + 4.
Beam finite elements spanning areas within the beam-column joints were modeled as rigid
zones (see Figure 1).

Finally, the brittle response mechanisms of column failure (shear failure of the column
web, of the anchorage, and lap-splice failure of column longitudinal reinforcements) were
all simulated using Zero-Length element objects in the locations shown in Figure 1. Me-
chanical properties of the Zero-Length elements were defined according to the discussion in
Sections 2.2-2.4, further considering column shear strengths corresponding to the different
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response mechanisms as calculated from Equations (A1)-(A6). The normalized average
axial load v in the columns that were used in Equations (A1)-(A6) was calculated from a
static analysis of the FE building model under the self-weight of the structural elements
and the additional gravity loads applied to the SPEAR building during the tests [42—44].
It is noted that the true axial load is variable, fluctuating about an average value due to
overturning effects in the ground motion, with maximum values recorded in the columns
that are furthest from the center of mass. Table 1 presents the normalized average axial load
and the shear strengths of the SPEAR building columns corresponding to the mechanisms
considered in the RSA system [30-32], whereas Table 2 presents the parameters defining
the multilinear M—6 relationships used for simulating the responses of the zero-length
elements parallel to the two principal plan directions.

Regarding the building mass needed for conducting a dynamic analysis, the numerical
simulations used lumped masses defined at the centroid of each structural element (i.e., the
slabs, the clear length of columns and beams, and the beam-column joints). Lumped masses
were also added at individual nodes which were inserted at locations on the building
floors where water tanks were placed during the tests for simulating the operational
loads. For more information on the location of these tanks in the SPEAR building see
References [42—-44].

Diaphragm action at the floor levels was simulated by slaving the translational and
rotational degrees of freedom acting parallel to the floor plane of all nodes located at the
mid thickness of the building’s slabs. This was done by employing the rigid-Diaphragm
multi-point constraint object at each floor level, in order to connect all intersected column
nodes, all nodes located at the centroid of the corresponding R/C slabs, and all nodes
simulating the aforementioned water tanks representing the SPEAR building operational
loads. Furthermore, gravity loads associated with the SPEAR building and used for static
analysis of the FE model were simulated as uniformly distributed loads along with the
frame elements of the model.

The first step was to investigate the accuracy of the numerical simulation procedures
proposed in this research. To this end, the SPEAR building FE model was subjected to time-
history dynamic analyses for the cases of the s10 (PGA = 0.02 g), the s11 (PGA =0.15 g),
and the s12 (PGA = 0.20 g) earthquake records. Damping in the FE model during the
dynamic analyses was represented by Rayleigh damping coefficients using the principal
translational mode with the greatest period of vibration and the first torsional period of
vibration in the X-Y plane. These were computed from a modal analysis of the FE building
model, to which the standard 5% viscous damping was applied.

3.3. Evaluation of the Analyses Results

In order to evaluate the accuracy of the results obtained from a third-tier seismic
assessment of substandard R/C buildings simulated according to the proposed modeling
procedures, the computed response of the FE building model of the SPEAR building is com-
pared to the actual response recorded at ELSA-JRC during the testing. To demonstrate the
significance of simulating the brittle mechanisms of failure in substandard R/C buildings,
these comparisons considered modifications in the structural response as follows: (i) a first
FE building model of the SPEAR building accounted only for the inelastic flexural response
of the R/C structural elements, while (ii) in a second FE building model, zero-length el-
ements simulating mechanism {M2-M>5} along column lines according to Section 2 were
also included.

Figures 8-13 present a comparison between the computed time histories of the horizon-
tal displacements along with the X and Y plan directions, Uyx and Uy, versus those recorded
at ELSA-JRC during the s10, s11, and s12 pseudo-dynamic tests (black lines). Specifically,
the numerical responses obtained from the time-history dynamic analyses of the FE build-
ing model using the proposed simulation procedure (dark grey lines) and those of the FE
building model, accounting only for an inelastic flexural response, are plotted concurrently
(light gray lines). These displacements correspond to the vibration of the center of mass
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(CM) of the three floors of the SPEAR building. Note that the overestimation of flexural
stiffness leads to very low estimates of displacements and a stiffer overall structure, i.e., a
lower natural period leading to unconservative results for the displacement demands and
the anticipated damage. In the s11 earthquake case, the displacement demands estimated
from analysis of the FE building model accounting only for inelastic flexural response
are downgraded by 24% to 58% in the X plan direction and by 16% to 37% in the Y plan
direction as compared to the response of the test building. In the case of the s12 earthquake
case, the estimated displacement demands according to the analysis results of the same FE
building model are downgraded by 32% to 61% and by 51% to 57% in the X and Y plan
directions, respectively, as compared to the actual building response. On the other hand, the
addition of the zero-length elements seem to have lengthened the natural period, leading
to convergence of the displacement response and damage as compared to the response
of the test building. Decisions made based on these two bounding estimates respectively
would lead to little or no retrofit in the former case, and excessive and invasive retrofit in
the latter case. It is also noted that as the intensity of shaking and damage accumulation
from previous shaking increases in the structure, the waveforms of the more compliant
model where all mechanism formations have been activated converge to the experimental
response. This primarily occurs during the duration of the response pulses, which suggests
convergence in the fundamental period computation.

Table 1. Normalized average axial load and shear strengths of the SPEAR building columns calculated
according to the RSA system [30-32].

Plan Direction X Plan Direction Y
StOl‘y Column v Vﬂex,X V‘(J,X Va,X Vlup,X Vj,X Vﬂex,Y Vv,Y Va,Y Vlup,Y Vj,Y
(kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN)

C11 0.06 24.50 39.36 24.50 18.17 32.64 24.50 39.36 24.50 18.17 32.64
Cc2,1 0.06 65.75 39.46 65.75 40.51 65.74 208.03  128.81 208.03 11355 105.58
C3,1 0.10 28.80 50.58 28.80 22.60 36.77 28.80 50.58 28.80 22.60 36.77
C4,1 0.14 32.44 59.60 32.44 26.36 40.27 32.44 59.60 32.44 26.36 40.27
1 C51 0.29 42.69 87.76 42.69 37.06 51.07 42.69 87.76 42.69 37.06 51.07
C6,1 0.23 38.60 79.50 38.60 32.79 46.65 38.60 79.50 38.60 32.79 46.65
Cc71 0.08 26.33 38.99 26.33 20.06 34.46 26.33 38.99 26.33 20.06 34.46
C8,1 0.16 34.14 64.27 34.14 28.12 4191 34.14 64.27 34.14 28.12 41.91
9,1 0.18 35.14 67.43 35.14 29.18 43.04 35.14 67.43 35.14 29.18 43.04

C1,2 0.03 22.38 40.06 22.38 16.23 31.36 22.38 40.06 22.38 16.23 31.36
C2,2 0.04 59.49 39.95 59.49 34.52 63.58 189.69  130.38  189.69 95.49 102.52
C3,2 0.06 25.51 39.48 25.51 19.45 34.47 25.51 39.48 25.51 19.45 34.47
C4,2 0.09 28.18 38.90 28.18 22.21 37.11 28.18 38.90 28.18 2221 37.11
2 C5,2 0.18 37.40 70.81 37.40 31.70 45.75 37.40 70.81 37.40 31.70 45.75
C6,2 0.14 33.50 60.33 33.50 27.68 42.09 33.50 60.33 33.50 27.68 42.09
C7,2 0.05 23.71 39.67 23.71 17.63 32.79 23.71 39.67 23.71 17.63 32.79
C8,2 0.10 29.70 51.38 29.70 23.76 38.47 29.70 51.38 29.70 23.76 38.47
C9,2 0.11 30.28 52.74 30.28 24.38 39.10 30.28 52.74 30.28 24.38 39.10

C13 0.01 19.79 40.35 19.79 13.40 28.06 19.79 40.35 19.79 13.40 28.06
Cc2,3 0.02 52.10 40.25 52.10 26.53 57.29 167.86  131.36  167.86 71.95 92.84
C3,3 0.03 21.36 39.97 21.36 15.03 29.76 21.36 39.97 21.36 15.03 29.76
C4,3 0.04 22.76 39.78 22.76 16.46 31.15 22.76 39.78 22.76 16.46 31.15
3 C53 0.11 30.04 53.06 30.04 23.94 38.21 30.04 53.06 30.04 23.94 38.21
C6,3 0.08 26.50 39.02 26.50 20.31 34.90 26.50 39.02 26.50 20.31 34.90
c73 0.02 20.41 40.16 20.41 14.04 28.76 20.41 40.16 20.41 14.04 28.76
C8,3 0.06 24.32 39.40 24.32 18.07 32.78 24.32 39.40 24.32 18.07 32.78
9,3 0.05 24.17 39.59 2417 17.89 32.52 2417 39.59 24.17 17.89 32.52
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Table 2. Moment-Rotation relationships used in the zero-length elements of the SPEAR FE building
model. Note: Symbols (-) indicate that brittle fracture was not considered and (;) separate values
between the X and Y directions.

My x 60.005r_v,x M, x 00.005+_a,x Migpx  Booosriapx  Mjx 60.005r_j,x
Story Column My 00.005r v,y M,y 00.005r 4,y Miapy  6Gooosr 1apy — My 60.005r_j,y

(kN-m) (rad) (kN-m) (rad) (kN-m) (rad) (kN-m) (rad)
C1,1 - - - - 22.71 0.0037 - -
49.33 0.0030 - - 50.64 0.0031 - -
21 ; ; ; ; ; ; ; ;

161.01 0.0031 - - 141.94 0.0027 131.98 0.0025
1 C3,1 - - - - 28.25 0.0039 - -
C4,1 - - - - 32.95 0.0041 - -
C5,1 - - - - 46.33 0.0043 - -
C6,1 - - - - 40.99 0.0042 - -
Cc7,1 - - - - 25.07 0.0038 - -
C8,1 - - - - 35.15 0.0041 - -
9,1 - - - - 36.47 0.0042 - -
C1,2 - - - - 20.29 0.0036 - -
49.94 0.0034 - - 43.15 0.0029 - -
C2,2 ; ; ; ; ; ; ; ;

162.98 0.0034 - - 119.36 0.0025 128.15 0.0027
2 C3,2 - - - - 24.31 0.0038 - -
C4,2 - - - - 27.77 0.0039 - -
C5,2 - - - - 39.63 0.0042 - -
C6,2 - - - - 34.60 0.0041 - -
C7,2 - - - - 22.04 0.0037 - -
C8,2 - - - - 29.70 0.0040 - -
9,2 - - - - 30.47 0.0040 - -
C1,3 - - - - 16.75 0.0034 - -
50.32 0.0039 - - 33.16 0.0025 - -
23 ; ; ; ; ; ; ; ;

164.20 0.0039 - - 89.94 0.0021 116.04 0.0028
3 C3,3 - - - - 18.78 0.0035 - -
C4,3 - - - - 20.57 0.0036 - -
C5,3 - - - - 29.93 0.0040 - -
C6,3 - - - - 25.39 0.0038 - -
C7,3 - - - - 17.55 0.0034 - -
C8,3 - - - - 22.59 0.0037 - -
9,3 - - - - 22.36 0.0037 - -

Table 3 summarizes the peak displacement values obtained from the sequence of
analyses for the center of mass of the three floors to the different intensity ground motions.
Relative lateral drift ratios were obtained by dividing the relative floor displacement values
by the clear floor height. Peak values, as well as the time instant of their occurrence, are
also given in Table 3.

It is observed that the results of the flexural analysis (Fiber Model), where all the
other premature local failure mechanisms were omitted in the model, fail to reproduce
the salient characteristics of the response including the intensity of the drift demands by
systematically underestimating them. In the s11 case, the analysis results of the fiber model
lead to an underestimation of the actual drift demands by 24% in the first and by 69% in the
second and third story with regards to the vibration in the X plan direction. These numbers
respectively are 16%, 40%, and 53% in the first, second, and third stories in reference to the
vibrations in the Y plan direction. In the s12 case, the drift demands obtained from analysis
of the fiber FE model in the first, second, and third stories were underestimated by 32%,
73%, and 75% in the X plan direction and by 51%, 63%, and 64% in the Y plan direction as
compared to the drift demands recorded during the testing of the SPEAR building. On the



Appl. Sci. 2022,12, 1602 12 of 22

contrary, the complete model where local mechanism formation was enabled showed an
increased rate of convergence with the experimental values as the intensity of the shaking
and damage accumulation increased. In the s11 earthquake case, the results obtained from
analysis of the complete model deviate by {+17%; —5%; +9%} in the X plan direction and
by {+37%; +25%; +43%} in the Y plan direction with regards to the drift demands recorded
at the first, the second, and the third story of the SPEAR building. Furthermore, in the
case of the s12 pseudo-dynamic testing, the corresponding deviations of the analytical and
experimental results were {—18%; —46%; +27%} in the X plan direction and {—43%; —32%;
+35%]} in the Y plan direction.

Storey 1

W ke

ra

(mm)

-

AN '
‘.7‘/“4\-’4-'4)» q\ -H—HH‘- mu—,:-f\rv-nhro H‘Vﬂ-* -’b\ /H-t’ﬂo-r ‘1‘ "*ﬁﬁ’*""f"’“"‘f""""l

v

(=]

Ux
c_:

-3
-4
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
S
6 Storey 2
4
g 2 \\ I\ Iy f
g. pavh) .c‘\ ‘\ ../-I | \ jl I A (\'\ PRTA WA
~ -
-4
-6
-8
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
12
9 Storey 3
6
i 2 9
| APAPA “VHV“ ) ‘T’V\f\v Ao
5 -3
-6
-9
-12
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (s)
Test Results F.E. Model - All Mechanisms F E. Model - Flexure

Figure 8. Comparison of the horizontal displacements in the X-plan direction measured at the SPEAR
building during the s10 earthquake case and the corresponding response estimated from a dynamic
analysis using two different FE building models.
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Figure 9. Comparison of the horizontal displacements in the Y-plan direction measured at the SPEAR
building during the s10 earthquake case and the corresponding response estimated from a dynamic
analysis using two different FE building models.

In reference to the instant of maximum horizontal translation of the centers of mass of
the three floors, the analysis results converged to the experimental values in the longitudinal
(X) direction (both in terms of the instant of time of occurrence as well as in terms of the
magnitude). There was, however, a deviation in the transverse (Y) direction, particularly in
the higher intensity earthquake motions s11 and s12. This deviation in the convergence
of the estimated responses of both FE building models with the responses recorded at
the SPEAR building in the Y direction is mainly due to the degree of accuracy prescribed
in simulating the flexural response of the columns of the SPEAR building through fiber
discretization. A discretization of the core of the building columns that is finer than the one
used in the two FE building models (Figure 2), combined with the use of more advanced
stress-strain relationships from the OpenSees library for simulating the inelastic response of
steel and concrete materials, would most probably result in a better convergence between
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the analytically and experimentally obtained responses. However, such fine-tuning of the
flexural behavior of the FE building models would have not affected the degree of influence
that the simulated brittle mechanisms of response along the column lines of the SPEAR
building have on the overall seismic response of the FE building models.
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Figure 10. Comparison of the horizontal displacements in the X-plan direction measured at the
SPEAR building during the s11 earthquake case and the corresponding response estimated from a
dynamic analysis using two different FE building models.
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Figure 11. Comparison of the horizontal displacements in the Y-plan direction measured at the
SPEAR building during the s11 earthquake case and the corresponding response estimated from a
dynamic analysis using two different FE building models.

Finally, with regards to the additional computational cost incurred from implementing
the present analytical-numerical methodology for simulating the brittle mechanisms of
response along the column lines of sub-standard R/C buildings, the conclusion is as follows:
No significant difference was observed in terms of convergence rate and time requirements
by either simulating the brittle mechanisms of failure in the FE building models according
to the proposed methodology or by simulating only the nonlinear flexural response of the
same buildings.
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Figure 12. Comparison of the horizontal displacements in the X-plan direction measured at the
SPEAR building during the s12 earthquake case and the corresponding response estimated from a
dynamic analysis using two different FE building models.
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dynamic analysis using two different FE building models.



Appl. Sci. 2022,12, 1602

18 of 22

Table 3. Peak floor displacements and inter-story drifts in the two plan directions of the SPEAR build-
ing were obtained from the test and the analyses (ID = Inter-story drift; FD = Floor Displacement).

Test Results FE Model-All Mechanisms FE Model-Flexure Only
Analysis Story Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
Case PlanStory No. at Peak :"1‘;}; Ba)d at Peak at Peak :i‘gg f‘]a)d at Peak at Peak i’e{;l; :-?d at Peak
FD 1D FD ID FD ID

1 5.17 0.591 5.17 5.10 0.385 5.10 12.03 1.049 12.03

X 2 5.17 1.127 5.16 5.10 0.544 5.11 12.05 1.335 12.06

3 5.15 0.943 5.14 5.11 0.487 5.11 12.07 0.937 12.13

s10 1 4.86 0.674 4.86 3.07 0.279 3.07 11.01 0.899 11.01
Y 2 4.49 1.028 4.49 3.07 0.358 4.47 11.01 1.324 11.01

3 4.82 0.952 6.63 3.07 0.267 5.87 11.01 1.054 4.61

1 11.41 5.026 11.41 11.52 5.904 11.52 4.81 3.812 4.81

X 2 12.12 12.052 12.13 12.28 11.487 12.27 4.82 3.731 5.19

3 12.16 8.054 13.02 12.27 8.762 12.25 4.83 2.511 5.19

s11 1 13.11 3.877 13.11 11.79 5.294 11.79 3.13 3.252 3.13
Y 2 13.09 6.648 13.04 4.59 8.319 4.63 3.14 3.975 3.15

3 13.00 6.076 6.02 4.65 8.716 4.69 3.14 2.849 3.16

1 10.13 8.197 10.13 10.84 6.723 10.84 4.83 5.595 4.83

X 2 10.92 19.022 10.95 10.87 10.308 10.91 4.84 5.140 7.82

3 10.97 11.931 11.04 12.39 15.164 12.46 4.85 3.031 7.81

s12 1 11.80 10.185 11.80 3.17 5.760 3.17 591 4.985 591
Y 2 11.88 15.737 11.92 4.63 10.750 4.66 5.92 5.832 5.92

3 11.90 10.857 11.96 4.75 14.613 4.78 5.92 3.895 5.94

4. Conclusions

This work investigates the validity of a proposed methodology for the performance
assessment of older, substandard moment-resisting R/C frame buildings following an
earthquake event. The classification ‘sub-standard’ comes from the fact that R/C con-
struction prior to the mid-1980s did not benefit from the findings of subsequent research
regarding pertinent seismic detailing of R/C structures which has now filtered into contem-
porary building codes. The proposed methodology is based on the earlier work by two of
the authors leading to the development of a procedure known as Rapid Seismic Assessment
(RSA) which hinges on whether or not the local drift demands can be tolerated without
failure along the load resistance path. Guidelines are provided here for modeling all brittle
localized strength mechanisms that may occur in the load path of frame structures under
lateral loading which is manifested in substandard R/C buildings subjected to seismic
loads. An application example using test data from a well-documented experimental
program helps to clarify the importance of these mechanisms in a realistic evaluation of the
seismic response for this category of buildings.
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Appendix A

The individual strength terms of an R/C column for an RSA are calculated using
closed form expressions which lend themselves to easy spreadsheet calculations. These
expressions represent the current state-of-the-art information in the field and may be subject
to revisions as the knowledge base in R/C leads to improved models for the individual
resistance mechanisms.

The first step towards the calculation of the individual strength terms of an R/C
column is the determination of the normalized depth of the compression zone, ¢ = x/d, at
the ultimate limit state, which is estimated for a specified axial load ratio v = N/(A. - fc)
from the following interpolations:

. U — Opgl
if Opal < U < Umax, ‘;I = Cbul,u + (1 - gbal,u) : p _ Z‘jb | (Al)
max a
ifo. . < -5 _5 U~ Umin_ A2
if 0,50 < 0 < Vpar, § =02+ (Sparu — 02) - (A2)
Opal — Omin

The values of v,,;,, Vys1, and vy correspond to characteristic values of the depth of
compression zone x, for &, = 0.005, and are given as follows:

Vi fi

forx =dy = & = 6y, M = 0.72:6y — —2— [0 + Pp- (1 —2:8 A3
or 2 =8 =0 A f 2" A= a)f, [0s1 + po" ( 2)] (A3)

for x = —06d D (o0 oy Y 0460 102750, 02 Ad
or X = Xpgj = Cpalu = 0 Af (ps2 — ps1) - 7 +0.462 +0. oo (A4)

C C C C
forx=d=¢; =1, Z’"“j’j :0.852+J;y~ (ps2 +0.8:0,) (A5)
C C o

With the interpolated value of ¢, the following strength terms are now determined:
Flexural shear demand:

h b-d?-
Viw = [ tts 1= 04 + o (5 - 08) | S (A6)
c
Exhaustion of shear strength:
If v< 010:V, = Atr-fst-w- cotd, (A7)
If v > 010:V, =v-bd -fo-tana + Atr~f5t~W~ cot 0, (A8)
Anchorage failure of longitudinal reinforcement:
ind %Lafo .
min D+ Qnook50-fp 5 fy h b-d?*-
Vo= [Pf,tot' { - 2 } (1-04¢) + v (d - 0.8-§> Hlfc (A9)
C
Lap failure of longitudinal reinforcement:
Ap . . — . .
min{ ( i Liap | 3+ (b= NyrDy)-f | + ) i Np-Ap-fy }-d-(l —048)+
+06hook'50'Nb‘Azb'fb
-b-d*-f.-(0.5-h/d — 0.4
o fe:(0.5-h/ ¢) (A10)

Vlﬂp =

H,/2
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Unreinforced or lightly reinforced joints :V; = ')/j-O.S-\/]TC w14+

Well reinforced joints :V; =

Shear capacity of joints:

ZJj‘fc 'bj‘d‘dbeum
0.5\/fc  Hu
Z)]"fC .bj'd'dbeam

fst
A1+ 0 poriz A12
0-5'\/7(: H, Oj,horiz i ( )

In the above expressions, the following terms appear:

(A11)

7j-0.5-\/fery [1+

Pe ot = Asyot/ (b - d) is the total longitudinal reinforcement ratio of a column with
external dimensions i X b,

As ot is the total area of the longitudinal reinforcement at the column’s critical section,
d is the column effective depth,

fy is the longitudinal reinforcement yield stress,

fc is the concrete compressive strength,

¢ (= x/d) is the normalized depth of compression zone,

v is the axial load ratio acting on the cross-section (Ng.0.34/(b - d - fc)),

H,; is the column’s deformable length,

tanx = (h/d — 0.8 - §) - d/H, where a (<6,) is the angle of inclination of the diagonal
strut created between the centroids of the compression zones at the top and bottom
column cross-sections of the column. This represents the strut forming by the axial
load acting on the column according to Priestley et al. [44],

0, = {45° when v < 0.10, 30° when v > 0.25, whereas for 0.10 < v < 0.25 6, is calculated
from linear interpolation} is the angle of sliding plane. Specifically, 8, is the angle
forming between the longitudinal member axis and a major inclined crack developing
in the plastic hinge region of the column. It determines the number of stirrup legs that
are intersected by the inclined sliding plane,

hs; is the height of the stirrup legs,

Ay is the total area of stirrup legs in a single stirrup pattern, which are intersected by
the inclined sliding plane,

s is the stirrup spacing,

fst is the stirrup yield stress,

L, is the anchorage length of the longitudinal reinforcement,

Dy, is the diameter of longitudinal reinforcing bars,

Kpook 15 @ binary index (1/0) to account for hooked anchorages («j,00x = 0 = no hooks),
fo =2 fy, is the concrete bond stress, where f;,, = n7 - (f./20)*>, n; = {1.80 for ribbed
bars; 0.90 for smooth bars},

Her is the friction coefficient {0.2 < He < 0.3 for smooth bars; 1.0 < He < 1.5 for
ribbed bars},

Lysp is the lap-splice length,

ap is a binary index {1 or 0} depending on whether ribbed or smooth reinforcement
has been used,

Ny, is the number of longitudinal bars in tension,

Ay is the area of a single tension bar,

fir =0.3 - £.2/3 is the concrete tensile strength,

7j = {1.40 for interior joints; 1.00 for all other cases, whereas, for joints without stirrups
these values are reduced to 0.4 and 0.3 respectively},

vj is the (service) axial load acting on the bottom of the column adjusted at the top of
the joint (compression is positive),

bj = (b + bpean) /2 is the joint width, where by, is the web width of the adjacent beam,
Apeam is the beam depth, and

Ojhoriz = A/ (s - b])
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