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Abstract. Recent devastating earthquakes around the world have shown the vulnerability and
deficiencies of existing reinforced concrete (RC) frame structures. In particular, recent re-
search on seismic risk analysis have highlighted that nonductile concrete frame structures are
much more susceptible to collapse than modern code-conforming frames. Therefore, for this
type of structures, it is necessary to accurately model materials and members to capture the
flexure, shear and flexure-shear failure modes in members and the potential collapse of the
structure. In this paper, alternative retrofit methods are evaluated for these older frame build-
ings using a nonlinear structural performance assessment methodology. As a case study, the
longitudinal frame of an existing building is modeled, including the effect of flexural-shear-
axial load interaction and the bar slip deformational component in order to be able to cap-
ture column shear and axial failures. A probability-based framework is implemented in order
to assess the structural performance and safety at each chosen performance level. This study
shows that it is crucial to choose the most effective retrofit strategy based on the assessed per-
formance of the bare frame.
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1 INTRODUCTION

Recent devastating earthquakes around the world showed the vulnerability and deficiencies
of existing reinforced concrete (RC) frame structures. The research of efficient methods for
estimating the collapse risk of these structures is a crucial point in seismic regions [1,2]. This
paper focuses on buildings with design details that do not comply with current seismic code
requirements and structural members of these buildings include poor reinforcement details
such as widely spaced transverse steel with 90-degree end hooks. Post-earthquake reconnais-
sance and recent research on seismic risk analysis have shown that these nonductile concrete
frame structures are much more susceptible to collapse than modern code-conforming frames
[3,4]. Effective retrofit methods are needed to improve the structural performance of these
buildings, preventing collapse. Depending on the desired performance, conventional retrofit
methods, such as concrete jacketing of the columns, addition of shear walls or strengthening
beams and columns using new materials, e.g., fiber reinforced polymers (FRP), can be used to
meet the new seismic code requirements.

In this paper, alternative retrofit methods are evaluated for older nonductile frame build-
ings using a nonlinear structural performance assessment methodology. Performance-based
assessment paradigm has been a persistent research theme over the past decade within the
earthquake engineering community in order to develop seismic fragilities for nonductile exist-
ing buildings [5-7]. Nonlinear dynamic analysis procedures can be used to perform perfor-
mance based seismic assessment, using recorded ground motions. These procedures can be
used to estimate parameters required for specific probabilistic assessment criteria, such as
Demand and Capacity Factored Design (DCFD, [8]), and also to make direct probabilistic
performance assessment using numerical methods [8-12]. In particular, Cloud Analysis is
chosen here by applying simple regression in the logarithmic space of nonlinear dynamic
structural response versus seismic intensity for a set of ground motion records. Cloud Analy-
sis method is particularly efficient since it involves nonlinear analyses of the structure sub-
jected to a set of un-scaled ground motion time histories. The simplicity of its underlying
formulation makes it a quick and efficient analysis procedure for fragility assessment and/or
performance based safety-checking [5,6,13-15]. Nevertheless, the Cloud Analysis has some
limitations, such as the assumption of a constant logarithmic standard deviation for probabil-
ity distribution of the structural response for a given intensity. Based on this probabilistic non-
linear dynamic analysis framework, a risk based retrofit strategy optimization has been
developed in this study. The structural performance is the main parameter taken in to account
for the optimization. Following the methods in ASCE 41 [16], three different performance
levels have been considered in this work, i.e., immediate occupancy performance level, life
safety performance level and collapse prevention performance level.

A seven-story hotel building in Van Nuys, California, is used as a case study in this re-
search. The RC frame building suffered significant damage during the 1994 Northridge earth-
quake. Detailed seismic evaluations performed by Islam [17] and Browning et al. [18]
confirmed structural vulnerability of the nonductile moment frame resisting system of the
building. Krawinkler [19] also performed a detailed performance based assessment of the
building and compared the effectiveness of different retrofit options. In this research, the
north longitudinal frame of the building is modeled, including the effect of flexural-shear-
axial load interaction to be able to capture column shear and axial failures.

This study shows that it is crucial to choose the most effective retrofit strategy based on the
performance assessment of the bare frame. Each retrofit strategy can lead to different failure
mechanisms when the nonductile members are retrofitted to improve their ductility, strength
and/or when system ductility is improved while the lateral displacements are limited.
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2 BUILDING DESCRIPTION AND MODELING

2.1 Building description

One of the longitudinal frames of the seven-story hotel building in Van Nuys, California, is
modeled and analyzed in this study. The building is located in the San Fernando Valley of
Los Angeles County (34.221° north latitude, 118.471° west longitude). The frame building
was constructed in 1966 according to the 1964 Los Angeles City Building Code. The building
was damaged in the M6.7 1994 Northridge earthquake. After the 1994 earthquake, the build-
ing was retrofitted with addition of new RC shear walls. Columns in the longitudinal frame
are 356 mm wide and 508 mm deep, i.e., they are oriented to bend in their weak direction
when resisting lateral forces in the plane of the longitudinal frame. Spandrel beams in the
north frame are typically 406 mm wide and 762 mm deep in the second floor, 406 mm wide
and 572 mm deep in the third through seventh floors, and 406 mm by 559 mm at the roof lev-
el. Column concrete has a compressive nominal strength f’c of 34.5 MPa in the first story,
27.6 MPa in the second story, and 20.7 MPa in other floors. Beam and slab concrete strength
f’c1s 27.6 MPa in the second floor and 20.7 MPa in other floors. Grade 60 (f,=414 MPa) rein-
forcing steel is used in columns. The specified yield strength, £y, is 276 MPa (Grade 40) for
the steel used in beams and slabs. Figure 1 shows the longitudinal frame modeled in this re-
search and some of the damaged columns in this frame after the 1994 Northridge earthquake.
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Figure 1 Holiday Inn hotel building longitudinal frame and some of the damaged columns in this frame after
the 1994 Northridge earthquake [20]

The column and beam reinforcement details are provided in [19]. In the frame modeled in
this study (Figure 1), end columns include eight No.9 longitudinal bars between ground and
second floors and six No.7 bars in other stories. The No.3 column ties are spaced at 310 mm
on center between ground and second floors and No.2 ties are spaced at 310 mm on center
above the second floor level. All middle columns are reinforced with ten No.9 longitudinal
bars between ground and second floor, six No.9 bars between second and fourth floors and six
No.7 bars above the fourth floor (with the exception of columns 11, 17, 20 and 26, reinforced
with eight No.9 bars between second and fourth floors). The No.3 and No.2 column ties are
spaced at 310 mm below and above the fourth floor level, respectively. Beams are reinforced
with two No.6 longitudinal bars at the bottom, and top reinforcement varies between two
No.8 and three No.9. The stirrups are No.3 at 310 mm on center above the ground.

2.2  Modeling of materials and building frame

The Holiday Inn hotel building experienced multiple shear failures in the columns in the
fourth story during the 1994 Northridge earthquake [19]. The amount and spacing of the
transverse reinforcement in most columns do not meet the requirements of current seismic
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design code. Therefore, for this type of buildings, it is necessary to accurately model materials
and column members and to choose the most suitable shear capacity model for assessment in
order to capture the different failure modes in columns and the potential collapse of the build-
ing [21]. The material and component models implemented in OpenSees [22] can capture the
column failures and potential collapse of the frame. In particular, columns with deficient
seismic details such as those found in this hotel building are vulnerable to brittle shear or axial
failure during earthquakes. Setzler and Sezen [23] presents a procedure to predict an envelope
of the cyclic lateral response that includes the lateral displacement and corresponding strength
predictions at the peak strength, onset of lateral strength degradation, and loss of axial-load-
carrying capacity. The model also considers the rigid body rotation of the column due to slip
of column longitudinal bars from the anchoring concrete. This rotation due to bar slip is not
accounted for in flexural analysis, where the column ends are assumed to be fixed. In this
work, as in [23], specific rules have been set in order to predict the flexure critical, shear criti-
cal and flexure-shear critical failure mechanisms of the members.

2.2.1 Flexural model

Unidirectional axial behavior of concrete and steel materials are modeled to simulate the
nonlinear response of beams and columns. Concrete material behavior is modeled using the
Concrete01 material in OpenSees, which includes zero tensile strength and a parabolic com-
pressive stress-strain behavior up to the point of maximum strength with a linear deterioration
beyond peak strength. This model is chosen as the best approximation combining the uncon-
fined concrete material model by [24] in the post peak region and the confined concrete model
by [25], where the uniaxial stress-strain relationship includes the effect of confinement pro-
vided by transverse reinforcement (as shown in Figure 2a for f°=20.7 MPa). Because the
transverse reinforcement in beams and columns is relatively low and poorly detailed, all con-
crete is modeled more close to the unconfined model with peak strength achieved at a strain
0f 0.002 and minimum post-peak strength achieved at a compressive strain of 0.006. The cor-
responding strength at ultimate strain is 0.05:f"¢ for f"c=34.5 MPa and f’=27.6 MPa and 0.2-f.
for /°c=20.7 MPa (as shown in Figure 2a in Concrete01 model). Longitudinal steel behavior is
simulated using the Steel02 material in OpenSees. This model includes a bilinear stress-strain
envelope with a curvilinear unloading-reloading response under cyclic loading (as shown in
Figure 2b). The previous research indicates that the observed yield strength of reinforcing
steel exceeds the nominal strength (17,19). Following the recommendation of [17], yield
strength of 345 MPa (50 ksi) and 496 MPa (72 ksi) are used in this research for Grade 40 and
Grade 60 steel, respectively. Both Grade 40 and Grade 60 reinforcement are assumed to have
a post-yielding modulus equal to 1% of the elastic modulus, which is assumed to be 200 GPa.
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Figure 2 a) Uniaxial stress-strain model relationship for concrete with /°.=20.7 MPa and b) Longitudinal steel
stress-strain model relationship for bars with £,=495 MPa
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Flexural response of beams and columns is simulated using fiber cross sections represent-
ing the beam-column line elements. Uniaxial fibers within the gross cross section were as-
signed to have the property of either concrete (Concrete0O1 in Figure 2a) or steel (Steel02 in
Figure 2b). A typical column cross section included 30 layers of axial fibers in the longitudi-
nal direction of the column. Effective slab width was included in beam cross section. Figure 3
shows the moment-curvature relationship for a selected column (second column on the left in
the second story and third column on the left in the third story in Figure 1a), obtained from a
fiber cross section analysis. In Figure 3 four critical points in the moment-curvature relation-
ship are shown. The first steel yielding occurred when the bottom tensile layer of steel
reached the yield strain of 0.00248 (Figure 2b). Concrete cover spalling occurred when the
extreme compressive fiber reached the maximum unconfined concrete axial strain at 0.006
(Concrete01 in Figure 2a). It is assumed that the ultimate flexural deformation capacity is
reached when the peak strength is reduced by 20% at a curvature of approximately 0.1 1/m.
The failure of cross section is defined as the axial compressive failure of the last layer of con-
crete near neutral axis. Beyond the last concrete layer failure, where analysis stops, sectional
strength is only contributed by longitudinal steel.
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Figure 3 Moment-curvature relationship for a single column (second column on the left in the second story
and third column on the left in the third story in Figure 1a)

In OpenSees, flexural beam-column members are modeled as force-based in which a spe-
cific moment distribution is assumed along the length of the member. An internal element so-
lution is required to determine member deformations that satisfy the system compatibility.

In force-based column elements, distributed plasticity model is used in OpenSees in order
to allow for yielding and plastic deformations at any integration point along the flexural
member length under increasing loads. In order to characterize the numerical integration op-
tions for the force-based column element and to accurately capture plastic deformations along
the members, Newton-Cotes integration [26] is selected in this research. Newton-Cotes meth-
od distributes integration points uniformly along the length of the element, including one
point at each end of the element (Figure 4a).

Beam member force-deformation response is computed assuming that inelastic action oc-
curs mainly at the member ends and that the middle of the member remains typically elastic,
but this is not necessary. Plastic hinge integration methods are used to confine nonlinear de-
formations in end regions of the element of specified length. The remainder of the element is
assumed to stay linear elastic and it is assumed that the length of the plastic region is equal to
the depth of the cross-section. The modified Gauss-Radau hinge integration method is used
for numerical integration in OpenSees to capture nonlinear deformations near the ends of the
force-based beam elements [26]. The modified two-point Gauss-Radau integration within
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each hinge region is implemented at two integration points at the element ends and at 8/3 of
the hinge length, Lo=h, from the end of the element (Figure 4b), where / is the beam depth.

Zero length slip

rotation spring
V—
N Zero length shear

( a) spring (b)
Flexural member with Lo=h Flexural member with Lo=h
fiber section 2 3 j— fiber section —
L M ;83 B S5 _

Integration point

/

3 2

N

/1
OZero length slip
rotation spring

Figure 4 Spring model used for a) column with fixed ends, and b) beam with fixed ends.

2.2.2 Shear model

Recent earthquakes have shown that columns in older RC buildings with poor seismic de-
tails, including the hotel building considered in this paper, experience shear or flexure-shear
failures. The shear model by [23] defines the lateral force-shear displacement envelope in-
cludes three distinct points corresponding to: 1) maximum shear strength, 2) onset of shear
strength degradation, and 3) axial load failure. The maximum shear strength, V5, is predicted

using the model by [27]:
A-f -d 0.5-{f
v f;’ +k( fc .

P
1+ )-0.8-
s ald \/ 0.5- /f'C.Ag

where Av is the transverse reinforcement area within a spacing, s, in the loading direction; f,
(MPa) is the transverse reinforcement yield strength; d is the effective section depth; f°c (MPa)
1s the compressive strength of concrete; a is the shear span of the element; P is the axial load;
Ag is the gross area of the section and £ is a factor to account for ductility-related strength deg-
radation. Shear displacements are calculated using a combination of two existing models
[23,28]. The shear displacement corresponding to peak strength, Av,n, is calculated as:

A, -2

5000- <. \/P,
d\4, f,
where p is the longitudinal steel ratio and L is the length of the column.
As described in [28], the procedure for the calculation of shear displacement at the onset of
shear failure is adopted from [29]. Shear displacement at axial failure is obtained using the

procedure given in [23], which requires the calculation of total lateral displacement. Total
lateral drift is calculated using the equation proposed by [30].

Vo=V, 4V =k

A, (1)

~0.0004)- L )

2.2.3 Bar slip model

When a reinforcing bar embedded in concrete is subjected to a tensile force, strain accumu-
lates over the embedded length of the bar. This tensile strain causes the reinforcing bar to slip
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relative to the concrete in which it is embedded. Slip of longitudinal column bars at column
ends (i.e., from the footing or beam-column joint) will cause rigid body rotation of the column.
This rotation is not accounted for in flexural analysis, where the column ends are assumed to
be fixed. The bar slip model used in this study was originally developed by [29] and presented
in [23]. This model assumes a stepped function for bond stress between the concrete and rein-
forcing steel over the embedment length of the bar. The bond stress is taken as 1-Vf’ MPa for
elastic steel strains and as 0.5-Vf’- MPa for inelastic steel strains. The rotation due to slip, &,
is calculated as slip/(d-c), where slip is the extension of the outermost tension bar from the
column end, and d and c are the distances from the extreme compression fiber to the centroid
of the tension steel and the neutral axis, respectively. Steel strains and neutral axis location,
determined at each step during the moment curvature analysis, are used here to determine slip
rotation under increasing moment or column lateral force. The column lateral displacement
due to bar slip, Asip, is equal to the product of the slip rotation and the column length
(Aslip: O L) .

2.2.4 Total lateral response

The total lateral response of a RC column can be modeled using a set of springs in series in
OpenSees. The flexure, shear and bar slip deformation models discussed above are each mod-
eled by a spring or element. Each spring is subjected to the same lateral force. Initially, the
total displacement response is the sum of the responses of each spring. The combined column
spring model is shown in Figure 3. A typical column element includes two zero-length bar
slip springs at its ends, one zero-length shear spring and a flexural element with five integra-
tion points. The shear behavior is modeled as a uniaxial hysteretic material defined for the
spring in the shear direction (i.e., transverse direction of the column or direction 1 in Figure 3).
The bar slip rotation is modeled with two rotational springs at the column ends using a uniax-
ial hysteretic material (i.e., direction 3 in Figure 3). Finally, same vertical displacement is
maintained between nodes of zero length elements in the vertical direction (i.e., direction 2 in
Figure 3), using the equal DOF option in OpenSees.

The three deformation components are simply added together to predict the total lateral re-
sponse up to the peak strength of the column [23]. The rules are established for the post-peak
behavior of the springs based on a comparison of the shear strength Vi, the yield strength V)
(the shear strength corresponding to moment capacity M, at first longitudinal steel yielding,
Vy=2M,/L), and the flexural strength V,, (V,=2M,/L for a fixed ended column with maximum
flexural strength of M)) required to reach the plastic moment capacity. By comparing Va, V),
and V), the columns can be classified into five different categories, as described in [21]: 1)
Category I: Va<Vy: the shear strength is less than the lateral load causing yielding in the ten-
sion steel. The column fails in shear while the flexural behavior remains elastic. As the col-
umn strength decreases, shear deformations continue to increase according to the shear model,
while the flexure spring unloads along its initial elastic response; 2) Category II:
Vy<Vu<0.95-V,: the shear strength is greater than the yield strength, but slightly less than the
flexural strength of the column. The column fails in shear, but inelastic flexural deformation
occurring prior to shear failure affects the post-peak behavior. As the column strength de-
creases beyond peak strength, shear deformations continue to increase according to the lateral
force-displacement shear model, but the flexure and slip springs are locked at their values at
peak strength; 3) Category III: 0.95-V,<V,<1.05-V,: the shear and flexural strengths are very
close. As the column strength decreases, all deformations continue to increase according to
their individual models; 4) Category IV: 1.05-V,<V:<1.4-V,: the shear strength is greater than
the flexural strength of the column. The column experiences large flexural deformations po-
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tentially leading to a flexural failure. Beyond maximum strength, flexural and slip defor-
mations continue to increase according to their models and inelastic shear deformations can
affect the post-peak behavior. Shear failure may occur as displacements increase; 5) Category
V: Va<l.4-Vy: the shear strength is much greater than the flexural strength of the column. The
column fails in flexure while the shear behavior remains elastic. If the column strength de-
creases, flexural and slip deformations continue to increase according to their models, while
the shear spring unloads with an unloading stiffness equal to its initial stiffness.

Figure 5 shows the three different deformation components and the total lateral displace-
ment for columns 11 and 21 of the frame (Figure 1a), belonging to two different categories
described above (Category I and Category 1V). This procedure of comparison and identifica-
tion of failure mode are repeated for all of the columns of the frame. Table 1 compares Vu, Vy
and V), for the columns in the first four stories, which typically affect the collapse mechanism
due to characteristics of the frame.
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Figure 5 Three different deformation components and the total lateral displacement for columns 11 and 21 of
the frame, belonging to Category I (left) and Category IV (right)

0

Bare frame Retrofitted frame

Column (k?l) (k?l) (k?l) Vo /Va Vy/V, Category | RC jacketing WrEII){pPing
1,9 201 233 210 0.90 0.86 v A" A%
2,8 212 | 245 244 1.00 0.87 111 V v
3to7 212 | 245 244 1.00 0.87 11 \Y v
10, 18 158 189 176 0.93 0.84 v v Vv
11,17 295 | 279 325 1.16 1.06 I v v
12to 16 | 248 | 281 266 0.95 0.88 v v v
19, 27 143 171 162 0.95 0.84 v v A%
20, 26 268 | 260 309 1.19 1.03 I v v
21to25 | 224 | 260 249 0.96 0.86 v v v
28, 36 138 164 154 0.94 0.84 v v V
29, 35 163 175 168 0.96 0.93 I v A%
30to 34 | 163 176 168 0.96 0.93 I v A%

Table 1 Comparison of the shear strength Vn, yield strength Vy and flexural strength Vp and category classifica-
tion for the columns in the first four stories in the longitudinal frame

3 MODELS FOR RETROFITTED FRAMES

The main goal of the retrofit design is to prevent premature failure of brittle elements and
to increase their ductility and strength. In addition, the lateral displacements need to be dis-
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tributed relatively uniformly over the height of the structure to avoid concentration of inelastic
deformations in a story mechanism. To control lateral drifts and to keep them below the target
displacement, one of the effective strategies for moment frame concrete structures is to add
lateral stiffness, e.g., by adding a shear wall, to reduce the period and decrease the resulting
building displacements. Another effective way to increase overall ductility and strength of the
frame is to increase flexural and shear strength and additional deformation capacity of indi-
vidual lateral load resistant members. This can be achieved by better confining the columns
and shifting the failure mode from brittle shear to ductile flexural mode. Enlarging the cross
section of concrete jacketing can increase lateral stiffness and strength and ductility.

The selection of the retrofit scheme and the level of intervention is a rather complex pro-
cess because many factors need to be considered. To avoid and reduce the restriction of use of
building for a long time, addition of new lateral load resistance system, member replacement
or local or global modification (addition of stiffness, strength and ductility) of elements and
system may be difficult or impossible to implement. The ease and quick application of fiber
reinforced polymers (FRP) composite materials makes them attractive for use in structural
applications, especially in cases where dead weight, space or time restrictions exist. The goal
of this research is to evaluate the effectiveness of common retrofit strategies mainly in terms
of improvement of the structural performance. Three different retrofit options are considered:
1) all columns of the frame are RC jacketed, 2) a new shear wall is added to the frame (near
the center of the frame and doweled into the existing columns and beams), and 3) all columns
of the frame are wrapped by carbon FRP.

3.1 Reinforced concrete jacketing

The first retrofit scheme considered is the reinforced concrete jacketing of all columns in
the longitudinal frame of the Holiday Inn hotel building. RC jacketing is a traditional method
for seismic upgrading of damaged or poorly detailed RC construction. The main goal is to
prevent shear damage in columns and to achieve flexural yielding and sufficient ductility.
Figure 6a shows the retrofitted cross section for a central column in the fourth story. The size
of all columns of the considered frame increased from 356 mm x 508 mm to 508 mm by 660
mm with a jacket thickness of 76 mm. Column concrete used for jacketing has nominal
strength of f°c 34.5 MPa in the first and second stories and 27.6 MPa from the third story to
the seventh. All steel reinforcement in jackets has a yield strength of 414 MPa (Grade 60).
Columns jackets include ten #9 bars between ground and second floor; eight #9 bars between
second and fourth floors; ten #7 bars between fourth and fifth floors; eight #7 between fifth
and seventh floors. The ties are #4 bars spaced at 305 mm on center between ground and third
floor and # 3 bars spaced at 305 mm on center above the third floor. The retrofit design and
reinforcement details meet the seismic provisions of ACI 318 [32]. Previous reinforcement in
existing columns is neglected in the analysis. Table 1 shows the change in failure mode cate-
gories defined in the previous section. It is noted that all retrofitted columns tend to have flex-
ural critical mechanism. Moreover, the first period of the frame shifted from 1.17 seconds for
the bare frame to 0.93 seconds for the RC jacketed frame model.

3.2 Shear wall

The second retrofit method involved addition of a new shear wall into the frame to increase
the strength and stiffness and to reduce demand on the unstrengthened columns, by limiting
the lateral frame displacement. The wall is centered on the frame and is doweled into the ex-
isting columns and beams. Figure 6b shows the shear wall cross section in the fourth floor.
The boundary elements of the wall over the height of the entire frame are designed to be the
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retrofitted existing columns. After the RC jacketing, all boundary elements are 508 mm wide
by 660 mm deep, i.e., oriented to bend in their weak direction when resisting lateral forces in
the plane of the frame. Column concrete used for jacketing has nominal strength f’c of 34.5
MPa in the first and second stories, and 27.6 MPa from the third story to roof. Grade 60 col-
umn reinforcing steel is used for jacketing (f,=414 MPa). The shear wall outside boundary
elements has a constant thickness of 200 mm. The horizontal and vertical reinforcement ratios
are determined following the minimum requirements in ACI 318 [32]. The fundamental peri-
od of the frame with shear wall is 0.46 seconds.

3.3  FRP wrapping

In the third retrofit application, the nonductile concrete columns of the frame are wrapped
with carbon fiber reinforced polymer composite (CFRP) as shown in Figure 6¢. All columns
are wrapped with only one layer of uni-axial transverse CFRP, with a thickness of 0.164 mm.
The most common goal of use of CFRP retrofit is to increase shear strength and to prevent
shear failure in columns. In addition, the CFRP can improve the deformation capacity, by
providing confinement. Nevertheless, the improvement in the ultimate deformation and con-
crete strength maybe not be significant compared to increase in shear strength. The calcula-
tion of the shear strength and ductility increase are calculated using the Eurocode 8 [33] and
Italian Guidelines [34]. The first period of the FRP retrofitted frame is 1.13 seconds. The FRP
retrofitted models do not include fracture or debonding of the fiber wrap since these failure
modes are assumed to be prevented during design and detailing. Table 1 shows that FRP wrap
shifts the brittle failure modes to more ductile flexure failure. It is noted that, however, all RC
jacketed or FRP wrapped columns have flexure dominated failure mechanisms.

el
a - | 1
L -~
-~ . r 2603 mm - =356 mm-—~
=356 mm— =356 mm~
508 mm—= =508 mm—=
(a) (b) (c)

Figure 6 Retrofit options considered: a) RC jacketing of columns, b) shear wall addition and ¢) FRP wrap-
ping of columns

4 NONLINEAR ANALYSIS PROCEDURE AND RESULTS

As described in [13], for each nonlinear time-history analysis, the corresponding critical
demand to capacity ratio (DCRpL), equal to the mechanism that brings the structure closest to
the onset of the performance level PL, is adopted as the structural response parameter. The
DCRpr, parameter is defined as:

D,
C,(PL) ®)
jl
where Nmecn 1s the number of considered potential failure mechanisms; N is the number of
components taking part in the /" mechanism; Dj; and Cji(PL) are the seismic demand (ex-
pressed herein in terms of chord rotation fuemand) and capacity for component / at each (time)
step j of the analysis, respectively. Cj; is calculated from the total capacity curve for each
member end, corresponding to a prescribed performance levels PL (described in detail below).

— Nonech i Vi
DCR,, =max;™ min;
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Seismic capacity in this work is characterized by: 6Oyiciaing Which is the deformation capacity
corresponding to the point in which the longitudinal steel rebar in the member starts to yield
in tension; Gurimaze Which is the deformation capacity corresponding to the point in which there
1s a 20% reduction in the strength on the softening branch in the total lateral response of the
member; Oaviar Which is the deformation capacity corresponding to complete loss of vertical
load carrying capacity of the member.

The potential failure mechanisms considered here correspond to the achievement of the
columns deformation capacities mentioned above and are the following: a) yielding of the
columns: Gdemand™>Oyielding; b) ductile or brittle failure of the columns: Qdemana™>Ouitimate, depend-
ing on if the column is flexure or shear critical; and c) collapse of the columns: Gdemand™>Oaxial.
It is important to highlight the relationship between the failure mechanisms described above
and the performance levels chosen in this work as suggested in Table C2.1 of ASCE 41 [16].
Performance levels are related to the achievement of objectives: a) yielding of the columns
correspond to Immediate Occupancy performance level corresponding to hazard level identi-
fied with return period 7x=72 years; b) the ductile or brittle failures of the columns corre-
spond to Life Safety performance level corresponding to hazard level identified with return
period Tr=225 years; and c) the collapse of the columns correspond to Collapse Prevention
performance level corresponding to hazard level identified with return period Tr=975 years.

The structural fragility is calculated based on the critical demand to capacity ratios DCRp;
for a suite of un-scaled ground motion records for the above-mentioned three performance
objectives (a.k.a., the Cloud Analysis). For a suite of ground motions, the cloud data encom-
passes pairs of ground motion intensity measure (IM) and its corresponding structural perfor-
mance variable DCRpr (see Eq.3). Herein, IM is adopted as the spectral acceleration at the
first-mode period, S«(77). When predicting nonlinear response of structures, it is necessary to
account for the possibility that some records may cause collapse of the structure at higher lev-
els of IM, which sometimes is manifested by numerical non-convergence in the analysis soft-
ware. It is however important to note that achieving a DCRpr greater than unity at ultimate
limit state does not necessarily entail structural collapse. In this research, the criteria estab-
lished by [35] for defining global structural collapse is adopted, where the structural collapse
occurs when one of the two following conditions has reached: 1) 50% +1 of the columns in
only one story reach Ouaia; and 2) the maximum lateral interstory drift exceeds 10%. There-
fore, the cloud data is divided into two parts: a) NoC data which correspond to that portion of
the suite of records for which the structure does not experience global “Collapse”, and b) C
data for which the structure will experience “Collapse”. The fragility, defined as the probabil-
ity of exceeding the limit state PL given IM, more conveniently expressed as the probability
that DCRpL exceeds unity given IM, can be expanded with respect to NoC and C portions of
cloud data using total probability theorem [12,36]:

P(DCR,, >1|S,)=P(DCR,, >1|8,,NoC)x P(NoC|S,)+P(DCR,, >1|S,,C)xP(C|S,) (4)

The probability terms in Eq. (4) are described as:

O The NoC term P(DCRpr>1|Sa,NoC) is the conditional probability that DCRpr. exceeds
unity for a given value of spectral acceleration S. conditioned on NoC. It can be described by
a lognormal distribution, where various studies have illustrated that this assumption is ade-
quate for describing a displacement-based engineering demand parameter given /M [37-40]:

ﬁ%c&ﬂggwc

In
P(DCR,, >1|8,,NoC)=P(InDCR,, >0|S,,NoC) :@{MJ (%)
where @ is the standardized Gaussian cumulative distribution function (CDF), #7pcrerisa.Noc

and fpcreisaNoc are conditional median and logarithmic standard deviation (dispersion) of the
natural logarithm of DCRpr given NoC. Based on the standard Cloud Analysis procedure,
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these two parameters can be obtained by performing a logarithmic linear regression (i.e.,
linear regression in the logarithmic scale) on the NoC portion of data:

> (InDCR,, ~Ina-bIn(s,))’

Qy,
D ﬂDcRPL\ S,,NoC = = N (6)

NoC _2

IN77pr 15, 0 = Ina+bIn(S,)
where Nnoc 1s the number of non-collapse-inducing (NoC) records.

O The term P(DCRpr>1|S4,C) is equal to unity, i.e., in the cases of global dynamic insta-
bility (global Collapse), the performance level PL is certainly exceeded.

O The term P(C|Sa)=1-P(NoC|S.) is the probability of global dynamic instability (global
Collapse), which can be expressed by a logistic regression model (a.k.a., logit) on the Sa val-
ues of the entire cloud data [41]:

1

1+ e_(/g0+ﬁl‘sa)

where [ and i are the parameters of the logistic regression. It should be noted that the
logistic regression model is particularly useful for cases in which the dependent variable of
regression is binary (i.e., can have only two values 1 and 0, yes or no, which is the case of C
and NoC herein). Eq. (5) can also be used in order to calculate the demand value, DCRpL,
corresponding to percentile p of the distribution Ppcrisa (i.€., the p% demand value) by setting
the left side of the Eq. (5) equal to p and solving it for DCRPp [42]:

- pP

where @' is the inverse function of standardized normal distribution. In particular, consider-
ing only NoC data where P(NoC|S.) becomes 1 in Eq.(8), while taking into account collapse
information (C data), P(NoC|S.) is estimated based on the logistic regression model Eq. (7).

P(CIS,)= )

4.1 Pushover results

Nonlinear static or pushover analysis of the frame is performed to determine its overall
frame stiffness, strength and damage progression under increasing lateral forces. In this re-
search, lateral load is applied using an inverse triangular load distribution using a force base
approach in OpenSees. The response in terms of lateral loads (e.g., base shear) and maximum
interstory drift is monitored.

In Figure 7, the static pushover results are presented for the bare frame and the three retro-
fitted frame models. The events of the first column yielding, attainment of the first column
ultimate capacity and the axial failure of the first column are shown in Figure 7 for each mod-
el. As explained above, the failure mechanisms of first yielding, first ultimate capacity and
first axial failure can be defined to correspond, respectively, to immediate occupancy, life
safety and collapse prevention performance levels, as described in [16]. According to FEMA
356 [43], these three performance levels are identified by the lateral drift thresholds of 1%,
2% and 4%. Figure 7 shows that, in particular for the bare frame, these limits at first yielding,
first ultimate capacity and first axial failure, match relatively well with the pushover results.
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Figure 7 Pushover curves for bare frame and retrofitted frames (circles show the first member yielding, stars
show the first ultimate capacity achievement and squares show the first axial failure in the frame)

Table 2 shows the calculated yield strength, Vy; maximum strength, Viax; ultimate strength,
Vu; axial strength, V. and global ductility for each of the frame model. Ductility, u, is calcu-
lated as the ratio of maximum interstory drift of the frame at the collapse level and maximum
interstory drift corresponding to the first member yielding. Table 3 compares strength and
ductility at first yielding, first column ultimate capacity and first column axial failure for bare
and retrofitted frames, where u. and u. are the ductility values at the first ultimate capacity
achievement and at the first axial failure in the frame. This allows for direct comparison of
structural performance of each of the retrofit strategies. Table 3 shows that the addition of
shear wall increases the strength most while the largest ductility increase is achieved when
columns are jacketed. Both strength and ductility increase (can decrease at axial failure) is the
smallest for FRP retrofitted frame.

Case 7, (KN) Vinax (kN) V. (KN) Va(kKN) Ductility p
Bare frame 1499 1744 1603 1152 3.38
RC jacketing 2252 3385 3265 3033 9.03
Shear wall 3525 4169 4125 4102 10.75
FRP wrap 1759 1863 1776 1768 2.75
Table 2 Yield strength (V}), maximum strength (V,.4), ultimate strength (7)), axial strength (Va) and global duc-
tility for each model
First yielding First ultimate failure First axial failure
Case Strength Strength Ductility Strength Ductility
Vy/ I/y bare frame Vu/ Vu bare frame ,uu/ Hu bare frame Va/ Va bare frame ,ua/ Ha bare frame
RC jacketing 1.50 2.04 4.00 2.63 2.66
Shear wall 2.35 2.57 1.20 3.56 1.08
FRP wrap 1.17 1.11 1.47 1.53 0.82

Table 3 Comparison of response of bare and retrofitted frames in terms of strength and ductility at first yielding,
first ultimate capacity achievement and first axial failure in the frame

4.2 Cloud Analysis

A set of 70 strong ground-motion records are selected from the NGA-West2 database [44]
in order to implement cloud analysis. This suite of records covers a wide range of magnitudes
between 5.5 and 7.9, and closest distance-to-ruptured area (denoted as Rrup) up to around 40
km, as illustrated by the scatter diagram in Figure 8a. The spectral acceleration spectra for the
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selected suite of ground motion records are shown in Figure 8b. Since the shear wave velocity
in upper 30 m of soil, Vs30, at the structure’s site is around 218 m/sec, all selected records are
chosen to be on NEHRP site classes C-D (where C: 360<Vs30<760 m/s and D:
180<Vs30<360 m/s). No limits have been set (in this selection) on the number of recordings
from a single seismic event, while only one of the two horizontal components of each record-
ing, with higher spectral acceleration at around 1.0 sec, is selected. By setting the lowest cut
off frequency equal to 0.25 Hz, it has been ensured that the low-frequency content is not re-
moved by the ground motion filtering process. There is no specific consideration on the type
of faulting; nevertheless, the selected records are from strike-slip or reverse faults (consistent
with active tectonic zones). The records are selected to be free field or on the ground level
without consideration of station housing.

(a) W (b)
= =
2 £
5 g
& =
~ 8
g
E
g
0 10 20 30 C%
Magnitude
30r
201 g
10+ 10 -2 ‘-I ‘ 0
— 10 10 10
0 .
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Figure 8 a) Scatter diagram, and b) response spectra, for the suite of ground-motion records used for cloud
analysis.

The “cloud” method provides estimates of the two statistical parameters of demand given
the spectral acceleration, namely the median given spectral acceleration 7pcreisa and the
(constant) logarithmic standard deviation given spectral acceleration fpcrpejsa. The “cloud”
response is obtained by applying original ground motions (as recorded) to the structure. Once
the ground motion records are applied to the structure, the resulting DCRp.=D/C are calculat-
ed for each performance level. As explained above, it is necessary to account for the possibil-
ity that some records may cause collapse of the structure at higher levels of IM. To account
for these collapse cases, the cloud data is partitioned into collapsed and not-collapsed cases.
In particular, in the case that none of the ground motion records selected leads to collapse, the
fragility defined as P(DCRp.>1|S.) can be estimated from Eq. (5) based on the logarithmic
linear regression on the entire cloud data. Alternatively, if C data exist, the fragility is calcu-
lated by implementing Eq. (4) where the logarithmic linear regression is applied to the NoC
portion of cloud data and the logistic regression is applied to the entire cloud data. Figures 9,
10, 11 and 12 show the cloud analysis results for the different performance levels for each
model and illustrate the 16™, 50" and 84" percentiles of the performance variable as a func-
tion of spectral acceleration and calculated from Eq. (8). The figures also report the parame-
ters of the logarithmic linear regression (considering only the non-collapsed cases), namely,
log a, b and standard deviation [Spcreiisa, NoC =p.
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4.3  Performance-based safety-checking

As described in [45], a framework for probability-based demand and capacity factor design
(DCFD) seismic safety evaluation is implemented in order to verify the structural safety at
each performance level. The DCFD format is based on a closed-form analytical expression
for the mean annual frequency of exceeding a structural performance level. The threshold for
each performance level is identified by a critical demand to capacity ratio DCRpr calculated
for the prescribed performance level (e.g., immediate occupancy, life safety or collapse pre-
vention) and set equal to unity. According to DCFD, the structure in question satisfies the
safety requirements for a prescribed performance level PL if the seismic demand correspond-
ing to an acceptable probability/risk level is less than or equal to the seismic capacity for that
PL. Herein, an intensity-based version of this format is adopted where the safety criteria is
expressed in term of the seismic intensity measure [see 46]:

S.(B)<S,™ ©)
where S«(Po) or the IM-based factored demand (denoted generically later as DpL, where
PL=I0, LS, CP) is the spectral acceleration value corresponding to the acceptable probability
level Po, based on the site-specific mean hazard curve (https://www.usgs.gov) for the funda-
mental period of the frame (Figure 12). The hazard curve is approximated by a power-law
type of expression in the region of spectral acceleration values of interest:

S.(B)=2"5(R) ; A, (S)~k,-S," (10)
where ko and k are the fit parameters with & that is the slope of this approximate curve. S./*

(denoted generically later as Cpr, where PL=I0, LS, CP) is the IM-based factored capacity
and is calculated as:

_ k _
S, =n(s," " 1)-eXp(—5ﬂ(SaDCR”" 1)2J (11)

where S.PCRr=! is the spectral acceleration at the onset of performance level PL (i.e.,
DCRpr=1); n(SPRr=1y and S(SLR=1) are the median and logarithmic standard deviation of
the fragility curve for performance level PL. The fragility is defined as P(DCR,, >1]|S,) or

equivalently in IM-based terms as P(S.”R»=/< S,) is assumed to be a lognormal cumulative
distribution function (CDF) with median 7(S.°“®"*=7) and logarithmic standard deviation
SA(SLPCR=T) estimated as:

DCRp; =1 50th DCRp; =1 1 S s

n(S, ) =875 S, )=51HW (12)
where S./%%", S0 S.84" are the values of S, corresponding to probability values equal to 0.16,
0.50 and 0.84, respectively. As it can be seen from the precedent equation, the capacity factor,
exp(kF(SPCR=1)/2) is a reduction factor that takes into account the record-to-record variabil-
ity in the structural performance capacity (expressed in IM-based terms). In other words, the
factored capacity is always less than or equal to the median capacity. Figures 13, 14 and 15
show the hazard and the fragility curves and the calculation of Dpr Sa(Po) and Cpr=S." for
each performance level for each modeling option. Tables 4 and 5 show the statistical parame-
ters for fragility curves and the comparison between Dpz and Cri, respectively, for each mod-
eling option in each performance level. Based on these results in term of structural
performance, it is possible to evaluate the effectiveness of the different retrofit options. More-
over, in Miano et al. [47], a cost analysis is also presented in order to compare the estimates of
expected life cycle cost for each of the retrofit methods considered in this case study.
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Figure 15 Hazard and fragility curves for collapse prevention performance level (PL=CP)
Immediate occupancy Life safety PL Collapse prevention PL
Model 1(g) s 1.(g) B 1(g) B
Bare frame 0.30 0.29 0.55 0.32 0.82 0.27
RC jacketing 0.37 0.28 1.61 0.23 1.81 0.22
Shear wall 0.84 0.57 2.12 0.44 2.84 0.29
FRP wrapping 0.34 0.29 0.68 0.29 0.82 0.27
Table 4 Statistical parameters for fragility curve
Model Sa(T)(g) | Dio(g) | Cio(g) | Dis(g) | Cis(g) | Dep(g) | Cer(g)
Bare frame 1.17 0.27 0.27 0.45 0.48 0.78 0.73
RC jacketing 0.93 0.30 0.34 0.51 1.51 0.89 1.68
Shear wall 0.54 0.44 0.61 0.75 1.65 1.28 2.48
FRP wrapping 1.13 0.27 0.32 0.45 0.62 0.78 0.73

Table 5 Comparison between DPL and CPL for each modelling option in each performance level
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S CONCLUSIONS

In this paper, alternative retrofit methods are evaluated for older nonductile frame build-
ings using a nonlinear structural performance assessment methodology. As a case study, the
north longitudinal frame of an existing hotel building is modeled including the effect of flex-
ural-shear-axial load interaction to be able to capture column shear and axial failures. As a
probabilistic nonlinear dynamic analysis framework, cloud method is used since it is particu-
larly efficient, involving nonlinear analyses of the structure subjected to a set of un-scaled
ground motion time histories. A framework for probability-based demand and capacity factor
design (DCFD) seismic safety evaluation is implemented in order to verify the structural per-
formance and safety at each chosen performance level. Based on this cloud analysis frame-
work, a risk based retrofit strategy optimization is developed in this study. The structural
performance is the main parameter taken into account for the optimization.

This study shows that it is crucial to choose the most effective retrofit strategy based on the
performance assessment of the bare frame. A fundamental point in the assessment is the ne-
cessity to accurately model materials and column members (considering also specific shear
and slip models) to capture the flexure, shear and flexure-shear failure modes in columns and
the potential collapse of the building frame. Another important point is the possibility to use
the critical demand to capacity ratio (DCRpz) as structural performance parameter for each
performance level, which is defined by the mechanism that brings the structure closest to the
onset of the specific performance level PL.

The final results show that it is crucial to choose a retrofit strategy based on the safety as-
sessment of the bare frame. Each retrofit strategy can improve the performance of the existing
building differently based on how much it can increase the ductility and/or strength and avoid
the brittle mechanisms. Considering most columns in the hotel building analyzed are not like-
ly to fail in pure shear, FRP retrofit is expected to be less effective than the other retrofit op-
tions. This is because FRP wrapping generally leads to a significant increase mostly in shear
resistance. On the contrary, both RC jacketing and shear wall retrofit options provide the bare
frame with additional strength and stiffness and lead to a factored capacity that is approxi-
mately four times that of the bare frame, for both life safety and near collapse PLs. However,
for the immediate occupancy PL, RC jacketing does not lead to a significant increase in ca-
pacity, while the frame with shear wall achieves a factored capacity about four times that of
the bare frame.
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