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ABSTRACT: Reinforced concrete (RC) frames, exhibiting non-ductile behavior, have been widely used in
low-to-moderate seismic zones in the US. Several retrofits schemes and techniques have been developed to
address deficiencies in these structures. However, the efficiency of these retrofits depends on several factors.
As part of a large scale project that aims to validate classes of retrofits for these buildings, this paper presents
the risk assessment of three sample buildings. The buildings represent (1) an as-built, pre-1970s RC frame,
(2) said frame with retrofitted columns to address deficient lap splices, and (3) the frame with a retrofitted
beam-column joint region to prevent slip of inadequately anchored beam reinforcement. Fragility curves are
developed using nonlinear time history analysis and are used to evaluate and compare the vulnerability of the
frames. Results show that retrofitting the columns improves the seismic performance, while retrofitting the
joints without addressing column deficiencies decreases performance.

1 INTRODUCTION

Reinforced concrete (RC) gravity frames (Fig. 1),
exhibiting non-ductile behavior, have been widely
used for building construction in low-to-moderate
seismic zones in the US (Celik & Ellingwood 2009,
Jeon et al. 2012, Ramamoorthy et al. 2006). Over
past decades, retrofit schemes and techniques have
been used to address ductility, strength, and stiffness
deficiencies in these structures. Some conventional
schemes (FEMA 2006) used in the practice include
addition of new elements (e.g. braces, shear walls)
and strengthening/stiffening of existing elements
(e.g. column wrapping). While proven effective, the
degree of efficiency of these retrofits varies depend-
ing on factors like seismic risk, building accessibil-
ity and occupancy.

The present study is part of a project that aims to
validate retrofit techniques for RC buildings via
large scale testing. The objectives of the analysis
presented in this paper are (1) to aid in the selection
of retrofits for experimental testing by identifying
vulnerable components and possible retrofit tech-
nigques, and (2) to provide a basis for refined vulner-
ability models updated with results from aforemen-
tioned experimental tests.

This paper presents the seismic risk assessment of
as-built and retrofitted non-ductile RC frames. The
analytical modeling of an as-built frame and two
frames considering retrofitted vulnerable compo-
nents is shown. Nonlinear time history analysis is

performed to develop fragility curves for all build-
ings. The results from the analytical fragility curves
are used to compare the seismic performance of the
three frames.

Figure 1. Typical central US pre-1970°s RC frame building.

2 ANALYTICAL MODELING OF
VULNERABLE RC FRAME COMPONENTS

The full-scale experimental test setup that will be
built as part of this project (hereby referred to as
‘test frame”) consists of four identical 2-story, 2-bay
RC frames designed to resemble typical RC frame
construction in the central and southeastern US



(CSUS) prior to the 1970’s. The ACI 318-63 Build-
ing Code (ACI 1963) and the CRSI Design Hand-
book, Volume I1, 1963 ACI Code (Reese 1965) were
used throughout the design process. In this study, all
modeling parameters are selected to match the test
frame design. Frame elevation is shown in Figure 2.
Geometry and reinforcement layouts of beams and
columns are shown in Figure 3.
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Figure 2. Test frame — elevation view.

In accordance to typical practice at the time
(Bracci et al. 1992), no consideration was given to
lateral loads during the design. While structures de-
signed for gravity loads still possess inherent lateral
strength that may be capable of resisting moderate
earthquakes (Hoffmann et al. 1992, Kunnath et al.
1995), potential deficiencies in detailing of members
may result in poor performance during seismic ac-
tivity (ACI 2002, Beres et al. 1992, Bracci et al.
1995). For example, Beres et al. (1992) identified
the following details as potentially critical to safety
during an earthquake: (1) longitudinal reinforcement
ratio in columns not exceeding 2%, (2) lap splices of
column reinforcement at the maximum moment re-
gion, (3) wide spacing of column ties that provides
little concrete confinement, (4) little to no trans-
verse reinforcement within the joint region, (5) bot-
tom beam reinforcement with a short embedment
length into the column, (6) construction joints near
the beam-column joints, and (7) columns having
bending moment capacities close to those of the
beams. All deficiencies except (1) and (6) were con-
sidered in this study.

For this study, nonlinear finite element analysis
was performed in OpenSees (McKenna et al. 2010).
Finite element modeling allows for explicit consid-
eration of column and beam moment capacities. To
capture the effects of other deficiencies, component
and material models validated by previous research-
ers were incorporated into the structural frame. A
general overview of these models is shown next. For
detailed descriptions, the reader is referred to the
corresponding studies.

Lap splices in regions of maximum moment (e.g.
just above the foundation — Fig. 3) have been shown
to contribute to strength and stiffness degradation in
columns (Aboutaha et al. 1996, Melek & Wallace
2004). Barkhoradary & Tariverdilo (2011) devel-
oped an analytical model to capture this degrading
behavior. The model was validated with experi-
mental tests from Melek & Wallace (2004) and
Aboutaha et al. (1996). These tests had column ge-
ometry and reinforcement layouts comparable to
those of the test frame columns (e.g. 24” lap splice
length, #8 rebars). Therefore, the model of
Barkhoradary & Tariverdilo is used in this study.
The spliced reinforcement backbone relationship is
shown in Figure 4. Corresponding parameters are
shown in Table 1.
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Figure 3. Beam and column geometry and reinforcement de-
tails (not to scale).

To assess the performance of the beam-column
joint region, joint shear behavior and poor anchorage
of beam reinforcement are considered. The model
proposed by Celik & Ellingwood (2008) is used to
establish a joint moment-rotation (M-6) relationship.
The M-0 backbone is derived from the shear stress-
strain relationship of the joint using the joint geome-
try and equilibrium as described in Equation 1:

v. A
M-: ] ’
T Wb, /L) jd, —a/ L,

ej: Vi 1)



where M; = equivalent joint rotational moment; v;
joint shear stress; b; = joint effective width; Aj
joint area; L, = beam total length; L. = column total
length; j = internal moment arm factor (assumed to
be 0.875); d, = beam effective depth; a = constant
equal to 2 for the top floor joints and 1 for the oth-
ers; ¢; = joint rotation; and y; = joint shear strain.
Since the joint rotation is the angle change between
the two adjacent edges of the panel zone, the joint
rotation equals the joint shear strain. Figure 4 de-
picts the joint rotational spring M-6 retlationship.
Joint rotation (0) values are shown in Table 2.
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Figure 4. Element discretization around interior column. Mate-
rial constitutive curves (not to scale) shown for joint rotational
spring, lap-splice reinforcement, and zero-length section bot-
tom reinforcement.

Table 1. Lap splice reinforcement parameters
fomad Ty & f./f, &
0.71 0.0047 0.39 0.035

Celik & Ellingwood calibrated their model against
a series of experimental sub-assembly tests with no
transverse reinforcement in the joint. The tests in-
cluded joints with well anchored beam reinforce-
ment (Walker 2001) as well as beam reinforcement
with short embedment lengths (Pantelides et al.
2002). For beams with poorly anchored bottom rein-
forcement, the joint M-6 envelope was reduced to
account for the decreased beam negative moment
capacity. However, additional rotation due to rein-
forcement slip was ignored.

Table 2. Joint rotational spring parameter, 0 (rad)*
Cracking Yielding Ultimate Residual
0.0007 0.006 0.02 0.065
"0 values chosen from empirical data (Celik & Ellingwood
2008)

Unlike the Celik & Ellingwood model, no strength
reduction factor is assigned to the joint rotational

spring in the present study. Instead, the behavior of
beam reinforcement with short embedment length is
considered using a bond slip displacement model
formulated by Berry & Eberhard (2008). In this
model, the OpenSees zeroLengthSection element is
assigned to beam ends at the joint face. The
zeroLengthSection allows for explicit modeling of
the section geometry and reinforcement, but the ma-
terials are given a stress-displacement (c-A), rather
than stress-strain, relationship. The concrete ¢-A en-
velope follows the formulation of Berry & Eberhard,
while the bottom steel reinforcement o-A (values
shown in Table 3) was formulated using bond values
proposed by Mitra & Lowes (2007). Figure 4 shows
the stress-displacement curve for the beam bottom
steel reinforcement.

It is assumed that accounting for joint shear be-
havior and reinforcement slip separately (as de-
scribed above) allows for more flexibility when
modeling the test frame in a retrofitted state. To en-
sure that appropriate behavior of the joint region was
captured, analytical and experimental results of inte-
rior and exterior joint subassemblies were compared.
The joint model described above (rotational spring
plus zeroLengthSection o-A element) was compared
to results from Celik & Ellingwood (2008), and the
corresponding experimental tests (Walker 2001,
Pantelides et al. 2001). Analytical results from this
study’s joint model are well correlated with afore-
mentioned analytical and experimental results.

The model of Mander et al. (1988) was used to
account for differences in ductility and compressive
strength of confined and unconfined concrete. Only
the sections with closed stirrups (cross-sections 1
and 5 in Fig. 3) were assumed to have confined
cores. Joint moment-rotation relationships were cal-
culated using moment-curvature analysis for every
connection and the effective slab width was defined
according to the recommendations of ACI 318-05
Building Code (ACI 2005).

Table 3. Zero-length section reinforcement (beam
bottom rebar) parameters

Stress

Tf,  Tulf,  Tlf, G, G, T,

0.64 0.64 0.15 -0.78 -1.25 -0.15
Displacement
A Aoy Aszy Ay Ay As.

(in) (in) (in) (in) (in) (in)

0.0049 0.1181 0.4143 -0.0049 -0.1181 -0.4143

3 AS-BUILT TEST FRAME FRAGILITY

This section covers the seismic vulnerability as-
sessment of the as-built test frame. It includes de-
scriptions of the ground motion suite and probabilis-
tic parameters used in the seismic demand analysis,
and the development of fragility curves.



3.1 Probabilistic analytical models

The full analytical model of the test frame was built
in OpenSees. In addition to component models de-
scribed in the previous section, distributed plasticity
elements were used to model columns and beams.
For dynamic analysis, mass was lumped at every
beam-column connection. Mass and stiffness pro-
portional Rayleigh damping was considered in the
first two modes. The critical damping ratio was as-
sumed to follow a lognormal distribution with a
mean value of 0.04 (Newmark & Hall, 1982) and a
25% coefficient of variation for a corresponding
normal distribution (Healey et al. 1980). Mean con-
crete compressive strength and steel yield strength
were increased by 25% from their nominal values to
account for conservatism in nominal to in-situ
strength and apparent strength increase under seis-
mic loading rates (Aslani & Miranda, 2005).

The test frame was designed (and will be tested
experimentally) assuming two-way slab action. A
concrete unit weight of 145 pcf was assumed for
self-weight calculations. A triangularly distributed
load was assigned to the beams during the design
process. OpenSees only allows modeling of uni-
formly distributed loads. Thus, triangular gravity
loads were discretized into uniform loads for each
individual beam element as shown in Figure 5.
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Figure 5. Gravity load discretization. Note that this arrange-
ment corresponds to the beams on the left bay of the test frame.
The frame is symmetric about the interior column.

Uncertainty in modeling parameters was consid-
ered using a Latin Hypercube sampling technique
(McKay et al. 1979). The concrete compressive
strength (fc), steel yield strength (fy), and damping
ratio () were treated as random variables with the
associated probability distributions shown in Table
4. Considering the uncertainties, eigenvalue analysis
revealed a range of fundamental periods from 0.42 s
to 0.64 s for the 240 frames.

Table 4. Modeling uncertainties

RVs Mean COV  Distribution
fe (ksi) 5.0 0.18 Normal Healy et al.
f, (ksi) 75.0 0.11  Lognormal  (1980)
¢ 0.05 0.25 Lognormal =

“Damping ratio parameters were chosen for agreement with
those suggested by Healey et al. (1980), Newmark & Hall
(1982), and Nielson & DesRoches (2007).

3.2 Ground motion suite

A suite of 240 synthetic ground motions devel-
oped by Fernandez & Rix (2006) are used to per-
form NTHA. These probabilistic ground motions
were generated for eight cities within the upper Mis-
sissippi Embayment. The suite contains ground mo-
tions consistent with hazard levels of 10%, 5%, and
2% probability of exceedance in 50 years and is
considered representative of the seismic hazard in
the CSUS.

3.3 Probabilistic seismic demand model (PSDM)

The 240 Rix-Fernandez ground motions are random-
ly paired with 240 test frame models to create 240
frame — ground motion pairs which are statistically
significant and nominally identical. A full NTHA is
performed for each frame — ground motion pair and
the maximum structural demand (e.g. interstory
drift) is recorded. A seismic intensity measure (IM)
is chosen. Then, assuming that the median seismic
demand can be predicted from a power law model
(Cornell et al. 2002), a linear regression of the de-
mand-intensity measure pairs is performed in the
log-transformed space. The regression is used to
formulate the so called PSDM in terms of a lognor-
mal distribution. Several researchers have studied
the effects of using different IMs. A summary may
be found in Padgett et al. (2008).

In this study, the peak ground acceleration (PGA)
and spectral acceleration at the fundamental period
of the frame (S,.11), at 1 s (Sa-10s), and at 0.2 s (S,
0.2s) are chosen as IMs for the as-built frame. Figure
6 shows the PSDMs for maximum interstory drift
(Omax) as a function of the aforementioned IMs.
Comparing the IMs shows that S,.; is the most effi-
cient (lowest dispersion, Bqum). Thus, this demand
model will be used to develop fragility curves for
the as-built frame, as well as the frame with compo-
nents in a retrofitted state. For a detailed description
on the choice of optimal IM, refer to Padgett et al.
(2008).
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Figure 6. PSDMs for as-built test frame.

A total of 10 NTHA failed to reach a convergent
solution for the as-built frame. There were 7 such
cases for the test frame with retrofitted joints and
none for the frame with retrofitted columns. Follow-

ing the recommendations of Taftali (2007), these
cases are considered structural “collapses” and are
excluded from the data set on which the regression
analysis is performed.

3.4 Capacity limit states

The capacity limit state for maximum interstory drift
(%) is also assumed to be lognormally distributed.
The median values obtained from HAZUS-MH
(FEMA, 2003) are 0.5, 0.8, 2.0, and 5.0 for the
slight, moderate, extensive, and complete damage
states, respectively. The prescriptive capacity dis-
persions for the lower and higher limit states are
0.25, and 0.47, respectively.

3.5 Fragility Curves

Fragility curves consider the probability that the
seismic demand (D) placed on the structure exceeds
the capacity (C) conditioned on the chosen IM. Hav-
ing defined the PSDMs and limit states as described
in the previous sections, the fragility is evaluated as
in Equation 2:

In(S, /S,)
B + B2+ B

where Sy and Squm = median value and dispersion of
the demand as a function of IM, respectively; S; and
Sc = median value and dispersion of the capacity
limit states, respectively; S is the modeling uncer-
tainty (assumed to be 0.2, Celik & Ellingwood 2010)
and ®[-] = standard normal cumulative distribution
function. Figure 7 illustrates the fragility curves for
the as-built test frame using Sa.1.0s as the IM.

P[D>C|IM]=® )

—S8light
------- Moderate

Extensive -
o Complete

1.5 2

Figure 7. Fragility curves for as-built test frame



4 FRAGILITY ESTIMATES OF RETROFITTED
TEST FRAME

To aid in selection of experimental retrofits, several
cases of a retrofitted building must be analyzed and
compared to the as-built test frame. Two fragility es-
timates of the test frame in a retrofitted state are pre-
sented in the following sections. Section 4.1 presents
the PSDM and fragility curves for the test frame
considering a retrofitted column lap splice region
(Fig. 3). Fragility of frame with a retrofitted beam-
column joint region (Fig. 3) is shown in section 4.2.

4.1 Fragility of frame with retrofitted lap splice

Previous research has shown that retrofitting col-
umns with deficient lap splices via column jacketing
along the splice length may effectively prevent lap
splice failures (EIGawady et al. 2010). Thus, a retro-
fitted column was modeled by assigning a reinforc-
ing steel material with strain hardening (i.e. Steel02
in OpensSees) to the lap splice region, rather than the
constitutive relation shown in Figure 4. Figure 8 and
Figure 9 show the PSDM and fragility curves, re-
spectively, for the test frame with retrofitted lap
splice regions.
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Figure 9. Fragility curves for test frame with retrofitted lap
splice region

4.2 Fragility of frame with retrofitted beam column
joints

For the purpose of an initial fragility estimate, it is
assumed that a retrofitted beam-column joint region
may prevent additional beam rotation due to rein-
forcement slip. Such a retrofit may also allow the
beams to develop a larger fraction of their flexural
capacity (FEMA 2006, Bracci et al. 1995). For mod-
eling purposes, this behavior is achieved by remov-
ing the zeroLengthSection element (Fig. 4) from the
analytical model. The PSDM conditioned on S;.1 05 IS
shown in Figure 10. Fragility curves were calculated
for the same four limits states described in Section
3.4. The fragility curves are shown in Figure 11.
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Figure 11. Fragility curves for test frame with retrofitted joints

4.3 Comparison of fragility curves for as-built and
retrofitted test frames

Table 5 shows the median spectral acceleration val-
ues for all limit states in the three structures present-
ed in this paper. It can be seen that retrofitting the
joint region without retrofitting the column worsens
the seismic performance. The median ground motion
that will exceed the complete damage state decreas-
es from 1.137g for the as-built frame to 1.074g to
the frame with retrofitted joints (a 5.5% decrease).



Conversely, a retrofit in the lap splice region signifi-
cantly improves the seismic performance across all
limit states.

Table 5. Median spectral acceleration values

Slight Moderate Extensive Complete
Structure

(9) (9) (9) (9)
As-built | 0.124  0.195 0.471 1.137
Retrofitted | (155 191 0.453 1.074
joints
Retrofitted | 155 (223 0.585 1.536
splice

5 SUMMARY AND CONCLUDING REMARKS

The seismic fragility assessment of a 2-story, 2-bay
non-ductile RC building was carried out using
NTHA. This structure is representative of pre-
1970’s construction in low-to-moderate seismic
zones in the US. Thus, several reinforcement detail-
ing deficiencies were considered in the as-built
frame analytical model. To aid in the selection of
retrofits for future experimental testing and establish
a basis for further modeling of retrofits, two of these
deficiencies, namely short lap splices near the col-
umn foundation and inadequate anchorage of beam
reinforcement, were also modeled in a retrofitted
state. Preliminary fragility estimates were developed
for the structure in three conditions: as-built, with
retrofitted column lap splices, and with retrofitted
beam-column joints.

Under the assumed interstory drift-IM relation-
ship, the 5% spectral acceleration at 1 s provided the
most efficient PSDM. This is indicative of global
stiffness degradation since there is more dispersion
in the PSDM conditioned on spectral acceleration at
the fundamental period of the undamaged structure.
That said, there is a large amount of dispersion in
the upper range of ground motion intensity for both
IMs. Several data points in this region lie outside the
one-standard deviation value of the regression model
and above a 10% interstory drift level. Further re-
search and updating with experimental data is re-
quired to improve the accuracy of these values.

Retrofitting the column lap splice region im-
proved the seismic performance for all limit states.
This result indicates that the as-built structure is
strongly affected by an inadequate beam-to-column
strength ratio (i.e. a ‘strong-beam weak-column’ de-
sign).

The probability of exceeding the complete dam-
age state increased slightly for a structure with retro-
fitted beam-column joints. Further research is need-
ed to determine if this result is a product of the
chosen PSDM, or if the increase in the beam-to-
column strength ratio (due to the beam developing a

larger proportion of its ultimate strength) caused a
corresponding increase in the drift demand.
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