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This paper presents experimental and numerical studies carried out on two-story reinforced concrete (RC) frames having weaker
beam-column joints, which were retrofitted with reinforced concrete haunches to avoid joint panel damage under seismic actions.
The design philosophy of the retrofit solution is to allow beam-column members to deform inelastically and dissipate seismic
energy. Shake table tests were performed on three 1:3 reduced scale two-story RC frame models, including one model in-
corporating construction deficiencies common in developing countries, which was retrofitted with two retrofit schemes using RC
haunches. The focus of the experimental study was to understand the seismic behaviour of both as-built and retrofitted models and
obtain the seismic response properties, i.e., lateral force-displacement capacity curves and time histories of model response
displacement. The derived capacity curves were used to quantify overstrength and ductility factors of both as-built and retrofitted
frames. Finite element- (FE-) based software SeismoStruct was used to develop representative numerical models, which were
calibrated with the experimental data in simulating the time history response of structure roof displacement and in predicting
peak roof-displacement and peak base shear force. Moreover, the FE-based numerical models were subjected to a suite of
spectrum natural accelerograms, linearly scaled to multiple intensity levels for performing incremental dynamic analysis. Lateral
force-displacement capacity and response curves were developed, which were analyzed to calculate the structure ductility and
overstrength factors. The structure R factor is the product of ductility and overstrength factors, which exhibited substantial
increase due to the proposed retrofitting technique. A case study was presented for the seismic performance assessment of RC
frames with/without RC haunches in various seismic zones using the static force procedure given in seismic code and using
response modification factor quantified in the present research.

1. Introduction

Non-seismic design or poorly built RC frames have
exhibited significant vulnerability in recent earthquakes, and
in experimental tests, against seismic actions [1-14]. RC
frames having lower concrete strength, improper rein-
forcement detailing, and beam-column joints lacking ties
have experienced joint damage under lateral loads that have
resulted in brittle shear hinging at local level and soft-story
mechanism at global level [15-21]. Various more or less
sophisticated strengthening and isolation techniques have
been investigated for seismic performance improvement of
structures [22-31]; however, a low-cost and less invasive
haunch retrofitting technique for structures has exhibited
better seismic performance under seismic induced strong

vibrations [32-35]. Despite the recent work on haunch
retrofitting technique, there is still lack of significant amount
of data to help the structural engineers design or validate
haunch-retrofitted structures using static force procedure
given in national seismic codes. One such piece of infor-
mation required is the response modification factor R, es-
sential for structural design and assessment in various
seismic zones.

2. Description of Test Frame Models

Static force-based procedure was used for seismic analysis of
a two-story special moment resisting frame (SMRF) struc-
ture for a design base shear of 0.12 W, where W is the seismic
weight of the structure. The design was carried out for SMRF
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structure located in a seismic zone 4 on rock site “type B
soil,” with design base ground motion of 0.40 g and response
modification factor R=8.50. Concrete with compressive
strength of 3000 psi (20.68 MPa) and Grade 60 rebars with
yield strength of 60,000 psi (414 MPa) and ultimate strength
of 90,000 psi (621 MPa) were considered for analysis and
design. Beams and columns were designed for seismic ac-
tions using the seismic design provisions of ACI 318-05 [36]
for SMREF. Such design is commonly practiced in Pakistan in
areas with high to very high seismic hazard. However, ex-
ecution of constructions as per the specification in the field
still remains a challenge in most of the developing countries;
hence, significant building stock can be found in these
countries possessing construction deficiencies like lower
strength of concrete, low quality and reduced size rebars,
reduction in the longitudinal and transverse reinforcement,
poor anchorage details, and beam-column joints lacking
confining ties.

Therefore, the present study considered two typologies
of deficient frames: a noncompliant SMRF Model-Mgc and
Model-Mgc,. The first model Model-Mgc incorporated
deficiencies like lower concrete strength, beam-column
joints lacking confining ties, and beam/column members
having reduced longitudinal and transverse reinforcement.
This model was retrofitted with RC haunches applied below
the beam. The second model Model-Mgc, incorporated
similar construction deficiencies, which was retrofitted with
RC haunches applied both below and above the beam.
Figure 1 shows the details of the RC frame, which was
considered for retrofitting using RC haunches, and exper-
imental and numerical investigations.

2.1. Design of Haunch Retrofit for RC Frames. The installation
of haunch stiffens the beam-column connection and shifts
the inelastic hinge in beam at distance from the beam-
column interface and consequently reduces shear stress
demand on the beam-column joint (Figure 2). The proposed
analytical formulation of Pampanin et al. [33] was used for
the preliminary design of haunches, which were verified
through nonlinear finite element based analysis of beam-
column assemblages.

Figure 3 shows the geometric details and pictorial view of
the designed RC haunches for 1: 3 reduced scale test frame.
RC haunches consisted of 6#2 bars provided in diagonal
pattern. Fabrication of RC haunches involved cutting steel
bars to desired length and then bending them to L shape.
Holes were drilled in beam and column distributed over 1 h
length, where h is the depth of beam/column depth. The
required rebars were inserted in epoxy-filled holes. The SIKA
Latex R grout, meeting the requirements of ASTM C-882,
was used as bonding agent to develop bond between anchors
and concrete. One end of rebars was embedded and an-
chored in column while the other end was embedded in
beam. The minimum requirement for development length of
rebars was satisfied to ensure the rebars remain intact during
closing/opening of connections. Experimental pullout tests
conducted on embedded rebars in concrete cylinders with
similar epoxy suggested the minimum embedded length of 6
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inches (152.40 mm) in prototype that reduced to 2 inches
(50 mm) in test model. The development length requirement
of rebars was based on the actual pullout tests. The rebar
insertion followed pouring of concrete in a special fabricated
formwork. The haunches were cured for 28 days to attain
their desired strength. Figure 4 shows the RC haunch ret-
rofitted schemes investigated in the present research.

3. Shake Table Testing of RC Haunch
Retrofitted Frames

3.1. Preparation of the Test Models. A 1:3 reduced scale
simple idealization was adopted to prepare shake table test
models. This considers only geometric scaling of beam/
column member dimensions and diameter of steel rebars.
All the linear dimensions were reduced by a scale factor of
Sy =3. Concrete having mix ratio of 1:3.50:2.87 (cement:
sand: aggregate) with water-to-cement ratio of 0.80 was used
to prepare the test model. The mix was used to simulate the
field condition found in recent constructions in Pakistan.
The test models were provisioned with additional floor
masses as suggested [37] to simulate the required static stress
and dynamic mass for a 1 : 3 reduced scale model. Additional
floor mass of 1200kg was provided on each floor by
mounting steel blocks of 600 kg on each side of beam, which
was firmly secured by means of anchor bolts. Figure 5 shows
the final prepared model mounted on the shake table. The
test model was instrumented with five displacement
transducers and accelerometers to record the time histories
of response acceleration and displacement at floor levels and
base of the model. Two instruments were installed at each
floor for averaging the floor response.

3.2. Acceleration Time History for Input Excitation. The 1994
Northridge earthquake acceleration time history recorded at
the 090 CDMG Station 24278, which was obtained from the
PEER strong motion database, was selected for input ex-
citation of the test model (Figure 6). This time history has a
maximum velocity of 518 mm/sec, maximum displacement
of 90 mm, and a maximum acceleration of 0.57 g. The ac-
celeration time history was linearly scaled to multiple in-
tensity levels, i.e., 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, and 100% of maximum acceleration of the record.
The model was tested incrementally from low to high input
excitation till the model reached the incipient collapse state.
The observed damage of model was recorded after each test
run.

3.3. Observed Seismic Behaviour of Haunch Retrofitted RC
Frames. In comparison to the as-built models tested by
Rizwan et al. [19], the application of RC haunches at the
beam-column connection altered the initial damage
mechanism. Flexure cracks were observed in beams and
columns at distance from the beam-column interface, which
were distributed over significant length (Figure 7). In case of
Model-Mgg, slight vertical cracks were noted at the haunch-
column interface of ground-story columns, indicating
haunch rebars slip and pullout. Diagonal cracks also
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FIGURE 1: Geometric and reinforcement details of the considered RC SMRF structure. (a) Beam long section. (b) Beam cross section. (c)

Column cross section.

appeared in columns on the outer side behind the haunches
on both the ground-story and top-story, which was due to
haunch strut action. It is worth to mention that the joint
panel did not receive any crack throughout the loading. In
case of Model-Mgc,, minor flexure cracks were observed in
ground-story columns at the top ends. Substantial horizontal
and vertical cracks were also observed in haunch at the
beam-haunch and column-hunch interfaces, respectively.
Propagation of significant vertical and diagonal cracks was
observed also at the ends of first-floor beam due to haunch
strut action. Only slight cracks were observed in beam-
column joint panel under extreme shaking, because of the
pullout of haunch rebars from beam.

Figure 8 shows the extent of damage observed in beam/
column members and beam-column joints upon subjecting
the model to extreme level shaking. Such damage was rel-
atively more severe in model where haunches were applied
only below the beam, because the strain in the longitudinal
rebars of columns at the bottom ends penetrates through the
joints under tension load that results in stress demand on
panel zone. The shaking induced stress demand in joint
panel can result in joint damage upon exceeding the joint
principal tensile strength [16, 17, 38]. This was creating a
hinge at the base of column, likely to promote soft-story
mechanism. It can be observed that the application of
haunch applied either below or both below and above the
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FIGURE 2: Modified bending moment and shear actions in a haunch retrofitted beam-column sub-assemblages under lateral load. (a)
Bending moment diagram. (b) Shear force diagram.
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FiGURE 3: Geometric and reinforcement details of RC haunches for 1:3 reduced scale models. (a) Details of RC haunch (1:3 scale). (b)
Pictorial view of the model haunch.
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F1GURe 4: RC haunch retrofitting schemes considered for investigation in the research [33]. (a) Model-MRC RC haunch below beam only.
(b) Model-MRC2 RC haunch both below and above beam.
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FIGURE 5: 1:3 reduced scale model prepared for shake table testing.
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FIGURE 6: Natural accelerogram of 1994 Northridge earthquake used for shake table testing. (a) Northridge 1994 acceleration time history.
(b) 5% damped acceleration response spectra. (c) 5% damped displacement response spectra.

beam can avoid joint cracking; however, damage in the joint
is inevitable due to concrete pry-out failure and pullout of
anchored rebars in case of concrete having low strength. The
same is also dependent on the quality of epoxy (i.e., anchor-
concrete bond) and embedded length of rebars. In present
case, the rebars embedded length was based on experimental
pullout tests; however, analytical models may be used to
select an appropriate development length for embedded
rebars.

The model floor displacement was multiplied by a
scale factor S;=3.0 while the base shear force was

multiplied by a scale factor $? = 3% to obtain the corre-
sponding prototype model response. Figure 9 reports the
lateral force-displacement capacity curves of the retro-
fitted RC frames. Capacity curve of as-built structure
tested by Rizwan et al. [19] is also reported. It can be
observed that the retrofitted frames have exhibited in-
crease in stiffness and lateral strength in comparison to
as-built frame. In case of Model-Mgc, the stiffness in-
creased by 120% while the corresponding lateral strength
was increased by 20%. In case of Model-Mgc,, the
stiffness increased by 160% while the corresponding
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FIGURE 7: Observed damage in deficient models retrofitted with RC haunches, scheme-1. (a) Damage observed in columns during 30% run.
(b) Damage observed in beam and columns during 40% run. (c) Damage observed in columns, respectively, under 50% and 70% run.
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Figure 8: Continued.
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F1GURE 8: Observed damage in deficient models retrofitted with RC haunches, scheme-2. (a) Damage observed in beam-columns connection
during self-check run. (b) Damage observed in beam-columns connection during 80% run. (c) Damage observed in beam-columns
connection during 80% run.
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FIGURE 9: Lateral force-deformation response of as-built and RC haunch retrofitted frames.

lateral strength was increased by 28%. It is worth to  calculating global structural ductility. Later, it will be
mention that the as-built frame deformed to relatively =~ demonstrated that the strengthening also increases the
larger displacement in comparison to haunch retrofitted  transitional ductility of frame. The increase in stiffness,
frames; however, the seismic code suggests maximum  strength, and ductility indicates increase in the response
displacement capacity corresponding to 2.50% drift for =~ modification factor of structure.



4. Numerical Modelling of RC Haunch
Retrofitted RC Frame

4.1. Calibration of FE-Based Numerical Model. In the present
study, inelastic modelling technique proposed and
employed earlier by Ahmad et al. [39, 40], for RC frames
having weaker beam-column joints retrofitted with steel
haunches, was adopted and extended for modelling of RC
frames retrofitted with reinforced concrete haunches. The
numerical models were prepared in finite element based
software SeismoStruct employed for nonlinear static and
dynamic seismic analysis [41]. The numerical model
comprised fibre-section based flexure elements for mod-
elling beam/column members, inelastic lumped hinges to
simulate joint shear hinge, and a rigid link along with
inelastic truss element to approximate response of
haunches (Figure 10). The RC haunches were applied
continuously over a length of 1h (where h is the depth of
section), as shown in Figure 4; these primarily resist the
axial compression and tension forces. For this, the nu-
merical model used inelastic truss elements that only resist
the axial forces. The width of truss was equal to the width of
column (i.e., 12 inches) while the depth=12 inches was
selected through trial analysis. Alternatively, the area of
truss can be calculated directly from the axial force de-
veloped in the truss member under the lateral loads de-
veloping plastic moment capacity in beam.

Inelastic force-based flexure beam-type element with
fibre-section was used for modelling of both beam and
column members (Figure 11). The fibre-section element
uses the finite element formulation [42, 43] to relate the
section stress-strain response, which is based on the ma-
terials uniaxial stress-strain behaviour, with the element
actions (axial, shear, bending) and deformations (dis-
placement, rotations), and able to model both the geo-
metric nonlinearity and material inelasticity of members. It
can simulate both the softening and hardening behaviour
of beam/column members [44]. Since the flexure capacity
of beam/column members was relatively less, and these
members were observed with flexure mechanism during
shake table tests, the shear modelling for beam/column
elements was ignored for simplification of modelling
technique.

To model RC beam-column connections, there are
different modelling techniques proposed [45-49], most of
which work on the concept that moment is transferred
through rotational spring simulating joint shear deforma-
tion. In the present study, a simplified numerical modelling
technique used by Ahmad et al. [39, 40] was adopted, which
was extended herein to model the RC frames retrofitted with
reinforced concrete haunches. The modelling technique
accounts for shear hinging of beam-column joint panel,
which is essential for RC frames having weaker panel zone.
The technique comprised idealizing beam-column joint
panel with a stiff elastic flexure beam-type element, which
are provided with zero-length link elements at the centre of
joint. This connects the joint horizontal element with the
vertical elements through a rotational spring (Figure 12).
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The longitudinal rebars slip that causes fixed-end rotation at
the ends of beam was modelled by introducing a zero-length
link-element at the beam ends.

Joint panel is provided with moment-rotation spring,
which was assigned with multi-linear constitutive law of
Sivaselvan and Reinhorn [51] in order to simulate joint shear
nonlinearity. Alath and Kunnath’s [45] model proposed for
scissor type joint for simulating joint shear was used for
calculating rotational spring moment capacity. This basically
relates the joint shear with moment capacity of shear-hinge
spring based on the equilibrium consideration of
connection:

1
(U =bIL,) jd) - (1 - L),

M;=1,A (1)
where Ajhzbjxhj represents shear area of the joint, M;
represents moment capacity of the rotational spring, h; and
b represent depth and width of joint core respectively, L. is
the total length of column above and below the panel, L, is
the total length of beam on left and right side of joint be-
tween the contra-flexure points, j; is the internal moment
arm for the corresponding moment at the beam ends, and 7,
is the joint shear strength corresponding to diagonal tensile
strength of joint and between the contra-flexure points. The
maximum shear strength of joint was obtained using the
analytical model of Priestley [38] and Pampanin et al. [17]
for nonseismic joints.

To model rotational capacity of spring for various limits
of damage state, the model additionally specifies deforma-
tion limits proposed by Magenes and Pampanin [50] for
modelling of spring limit state rotational capacity. This is for
the purpose of developing the multi-linear constitutive law
assigned to moment rotation spring [51], as reported in
Figure 13. Experimental studies have shown pinched shear
stress-strain behaviour for beam-column joints lacking ties
in joints. Peak shear strength of 146 kN was calculated for
the joint.

Beam-ends rotation, which contributes to the additional
deformations (chord-rotation) of beam member, is caused
by longitudinal reinforcement bar-slip and inelastic exten-
sion of rebars. Beam-ends link-element provisioned with in-
plane moment-rotation spring was used to model the ad-
ditional deformation of beam member. The spring was
assigned with bi-linear constitutive law having post-yielding
hardening behaviour, as suggested by Ahmad et al. [40].

4.2. Testing and Validation of the Proposed Numerical Model.
A representative prototype model of the tested RC frames
was developed using the finite element-based software
SeismoStruct (Figure 14) for testing and validation, and
subsequent calibration, of the aforementioned modelling
technique in predicting the roof displacement response and
base shear force. Acceleration time histories recorded at the
base of model during experimental testing were applied on
respective FE model and its response in the form of roof
displacement, base shear, and local damage mechanism was
studied.
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It is worth mentioning that numerical models always
exhibit numerical damping in addition to the elastic and
hysteretic damping. Due to this, the total damping of
structure increases compared to the actual. Various studies
have been carried out that suggest taking lower value of
damping from 0% to 2% [52]. In a previous research, the
authors have found that taking 2% elastic damping was fair

in simulating the time history response of frame displace-
ment. Therefore, elastic damping of 2% was taken, which was
assigned to the model using tangent stiffness proportional
Rayleigh damping model. Figures 15(a) and 15(b) show the
roof lateral displacement response of the structure predicted
using SeismoStruct, which was compared with the experi-
mentally observed roof displacement response. The



10 Shock and Vibration

6 DOF link element (zero length)
with in-plane inelastic moment
constitutive law

o 4

Roof joint Floor joint

FIGURE 12: Idealization and modelling of joint shear simulation hinge.

My My Deri by by
0.7 Mj Mj 0.0001  0.001 0.028
M
Myl
M, oo _ |
Yj | :
Mcr,j - 1 : :
1 : :
I
~— @i |
¢cr,‘
by 9, ¢

FIGURE 13: Moment-rotation hysteretic response of spring simulating shear hinge in joints.

(a) (®) (©

FIGURE 14: Numerical model of haunch retrofitted RC frame prepared in SeismoStruct.

proposed technique was efficient in predicting the response ~ was efficient in predicting the trend of time history response
of model-1 Mgc. However, the same technique was found  of roof displacement but the numerical model missed
less accurate in case of model-2 Myc,. The numerical model  predicting the exact peaks. One possible reason seems to be
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FiGuRre 15: Simulation of roof displacement time history response in SeismoStruct. (a) Model-Mgc having RC haunch below beam only. (b)

Model-Mgc, having RC haunches both below and above beam.

the elastic modelling of haunch anchors, which experienced
anchors-slip and pullout under strong shaking. This phe-
nomenon was prominent in case of model-2, Mgc,, as
observed during shake table tests (Figure 8). The error in
predicting the peak roof displacement was 1.54% for Model-
Mgc and 9.06% for Model-Mpc,. Similarly, error in pre-
dicting peak base shear force was also calculated for each
model and was found to be 6.40% for Model-Mg and 4.63%
for Model-Mgc,.

5. Response Modification Factor

5.1. Based on Experimental Shake Table Tests. The present
study included both the analytical and numerical procedures
to calculate response modification R factor. The analytical
approach involved the derivation of lateral force-deforma-
tion capacity curve of models based on the experimental
shake table tests, and using the analytical formulae of
Newmark and Hall [53] to quantify R. Similar approach has
been used in a number of recent studies [19, 54]. By defi-
nition, R factor of a structure is the reduction required for
reducing elastic base shear force of a structure used for
seismic design of structures:

Ve
v

R= ‘R

Ve Ve
:V.VZRH . (2)

N

Here, V, is the elastic force demand, V) is the idealized
yield strength, V; is the design base shear force, Ru is the
ductility factor, and Ry is the overstrength factor. Rg was
obtained from lateral force-deformation capacity curve of
the structure directly, which is the idealized yield strength
divided by the structure design strength. Ry was calculated

using the analytical formulae of Newmark and Hall [53]:
short period: T'<0.20sec R, = 1.0,

intermediate period: 0.2sec <T < 0.5sec /2, — 1,

long period: T >0.5sec R, =y,

structure vibration period: T =2n

"
;
(3)

where T'is the pre-yield vibration period of idealized single
degree of freedom (SDOF) system and y is the ductility ratio.
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For this purpose, the experimentally derived capacity curves
were bi-linearized using the energy-balance criterion; i.e.,
the area under the idealized force-displacement capacity
curve is equal to the area under the curve of the actual force-
displacement response. Figure 16 shows the bilinearization
idealization while Figure 17 shows the obtained elastoplastic
capacity curves for both as-built and retrofitted RC frames.
The classical vibration period formula was used for cal-
culating structure vibration period, which was greater than
0.50sec. The ultimate displacement capacity of model was
based on the minimum of the allowable story drift capacity of
structure given in code or the displacement capacity corre-
sponding to the life safety (LS) drift limit of structure. The
Building Code of Pakistan [55] suggests story drift of 2.50% for
the considered low-rise structures. This corresponds to a
displacement capacity of 7.20 inches (183 mm). The dis-
placement capacity corresponding to the LS limit states was
computed in accordance with the FEMA 356 [56], ie.,
Drfit; s = 0.75 Driftcp, where Drfit; g is the drift corresponding
to life safety performance level and Driftcp is the drift cor-
responding to the near collapse state. The ultimate displace-
ment capacity was divided by the idealized yield displacement
to calculate the ductility ratio y, which in the present case is
equal to the ductility factor Ru. The ductility factor Ry was
multiplied with the overstrength factor Ry to quantify the
response modification factor R. The calculated seismic response
parameters are shown in Figure 18. The calculated R factor for
as-built frame was found to be 2.90 (R = 3.0, approx.). In case of
RC retrofitted frames, the calculated R factor increased to 4.09
(R=4.0, appox.) in case of Model-Mpc and 7.76 (R=7.50,
approx.) in case of Model-Mgc, (Figure 18). This indicates an
increase of 41% and 167% using RC haunches just below the
beam and both below and above the beam, respectively.

5.2. Based on Incremental Dynamic Analysis (IDA) of Nu-
merical Models. The seismic response modification factor R
calculated experimentally is dependent upon the capacity
curve derived for a single and specific accelerogram through
shake table testing on model structure. Also, the analytical
models developed earlier are based on calculations in which
the energy dissipation for the considered structure is not
clearly taken into account. Therefore, a numerical model
(discussed above in detail) was also analyzed for calculation
of R factor. This will enable taking into account the vari-
ability in structure response due to differences in ground
motions and also taking into account the actual energy
dissipation capacity of the structure. For this purpose,
structure response and seismic capacity curves were derived
using the incremental dynamic analysis (IDA) procedure
employing different natural acceleration time histories.
The PEER NGA strong ground motion database was used
to retrieve a suite of seven accelerograms (Table 1), for this
search criterion was prespecified to meet the regional tec-
tonics of Pakistan for high hazard zones. The tectonic pa-
rameters considered from NGA-West 2 ground motion were
the following: moment magnitude My, was from 6.0 to 8.0,
the considered soil type was stiff “type B” having VS, from
500 m/sec to 750 m/sec, the closest distance to fault rupture
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Rj, and Ry,p was from 10 km to 30 km, and faults mechanism
was considered to be reverse/oblique. Each accelerogram
retrieved from the database was analyzed very carefully for
selection, considering region-to-region and event-to-event
variability. Wavelet-based approach employed in Seismo-
Match was used for scaling and matching of the selected
accelerograms to the design spectrum for seismic zone 4
having design PGA =0.40 g (Figure 19).

The IDA procedure was used to derive the structural
capacity and response curves by subjecting the numerical
models to all the selected accelerograms. The matched ac-
celeration time histories were linearly scaled to multiple
levels of PGA. The capacity curves were obtained by relating
the obtained peak demand in each run with the respective
base shear force while the seismic response curves were
obtained by relating the peak drift obtained in each run with
the corresponding PGA. The capacity curves were analyzed
for identifying the yielding point, and the overstrength R;
was calculated as the ratio of the lateral resistance corre-
sponding to yielding to the design base shear. The ductility
factor Ry was calculated by analyzing the seismic response
curves, which is equal to the ratio of PGA at ultimate drift
limit to the seismic intensity corresponding to the idealized
yielding displacement of the model [57, 58]:

_ PGAA,Ultimate

R = .
“ " PGApyied

(4)

The ultimate displacement capacity corresponds to the
code allowed drift capacity of 2.50% for low-rise structures.
Other recent studies have also adopted the above approach
to calculate the ductility factor [54, 59-62]. The calculation
of R as an example for a single earthquake record for Model-
Mpc is shown in Figure 20. In the same way, R was calculated
for other selected earthquake records for the same model
and for Model-Mgc, An average value of 4.03 and 7.75 was
obtained for Model-Mgc and Model-Mgc,, respectively.

6. Seismic Performance Assessment of As-Built
and Retrofitted Frames

Most of the seismic codes suggest static force-based pro-
cedure for the seismic analysis and design of structures. The
BCP [55], which is based on the UBC-97, included equations
for calculating base shear force:

V=CsxW, (5)
where
CyI
Co=——. 6
ST RT ()

However, it should not be greater than the maximum
allowed:

2.5C
CS)max = R tl’ (7)

where W=weight of the structure, Cs=Dbase shear coeffi-
cient, I =importance factor, R =response modification fac-
tor, and C, and Cy =seismic coefficients for seismic zone.
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FIGURE 16: Bilinear idealizations of force-displacement capacity curves. (a) Model-5, as-built [19]. (b) Retrofitted, scheme-1. (c) Retrofitted,
scheme-2. Elastoplastic idealization of capacity curves. First, the maximum displacement capacity of models was identified. The yield force
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Ficure 17: Bilinearized lateral force-deformation response of as-
built and retrofitted RC frames.

Equations (5)-(7) were used to calculate seismic design
base shear force for both the as-built and retrofitted structure
for various seismic zones: 1, 24, 2B, 3 and 4, and site soil type B
“rock.” For as-built RC frame, R factor of 3.0 was considered
while an average value of R factor 7.50 was considered for the
retrofitted frame, considering that frame is retrofitted with RC
haunches applied both below and above the beam. The demand
on structures was calculated in terms of base shear coefficient
(Cs, Demand), which was compared with the design level base
shear coefhicient (Cs, Capacity) of the structures. Cs, Capacity is
the design level base shear coefficient for which the considered
frames were designed. Tables 2 and 3 report the factor of safety
(FoS) for both the as-built and retrofitted frames. It can be
observed that the as-built RC frame can perform better in all
seismic zones; however, the structure will not be able to
perform better in seismic zones 3 and 4. On the other hand, the
haunch-retrofitted frames can perform satisfactorily in all
seismic zones with significantly higher factor of safety.
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TaBLE 1: Details of selected acceleration time histories for incremental dynamic analysis.

Record no. Year Event Station/component Moment magnitude (Mw) Matched PGA (g)
1 1999 Duzce Turkey Bolu 7.14 0.418
2 1989 Loma Prieta Hollister-South & Pine 6.93 0.24
3 1995 Kobe Japan Abeno 6.90 0.327
4 1988 Spitak Armenia Gukasian 6.77 0.300
5 1971 San Fernando LA-Hollywood Stor FF 6.61 0.346
6 1979 Imperial Valley-06 El-Centro Array #12 6.53 0.291
7 1980 Victoria, Mexico Chihuahua 6.33 0.235
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(a) IDA-based capacity curve. (b) IDA-based response curve.

TaBLE 2: Seismic performance of as-built RC frame in various

seismic zones.

Zone C, Cy Cs(,Rd:er;S;ld ca;:c)i ty FoS Remarks
1 0.08 0.08 0.06 3.45 OK
2A 0.15 0.15 0.11 1.84 OK
2B 0.2 0.2 0.14 0.20 1.38 OK
3 03 0.3 0.22 0.92 N.G.
4 04 04 0.29 0.69 N.G.

TaBLE 3: Seismic performance of haunch retrofitted RC frame in
various seismic zones.

Zone C, Cy C(s},{ (ie;nEaOr;d cap(;sc)i ty FoS Remarks
1 0.08 0.08 0.03 7.88 OK
2A 0.15 0.15 0.05 4.20 OK
2B 02 02 0.06 0.20 3.15 OK
3 03 03 0.10 2.10 OK
4 04 04 0.13 1.58 OK

7. Conclusions and Recommendations

The following conclusions were drawn on the basis of ex-
perimental shake table tests performed on as-built and
retrofitted RC frames with reinforced concrete haunches:

Noncompliant RC frame incorporating construction
deficiencies, i.e., having concrete with low compressive
strength, beam/column members having reduced
longitudinal and transverse reinforcements, and joints
lacking lateral ties, was observed with extensive damage
in beam-column joints and columns. This reduced the
lateral strength and ductility ratio of RC frames. The
overstrength factor (), was found equal to 2.15 and
ductility factor Ry was found equal to 1.35. This in-
dicates a reduction of 23% and 56% in overstrength and
ductility factors, respectively, in comparison to the
values suggested in the Building Code of Pakistan.

The application of reinforced concrete haunches at the
beam-column connections increased the stiffness and
lateral strength of structure and altered the damage
mechanism. However, due to the intentional simplicity
involved in the haunch installation and low strength of
structural concrete, the haunches detached from the
beam/column members under extreme shaking. This
was followed by cracking in joint panels. Nevertheless,
the technique significantly increased the structural
stiffness and strength. Although the technique reduced
the structural deformability due to stiffening effect of
the retrofitting technique, the structural ductility was
increased considering the ultimate deformation cor-
responding to the LS performance level or drift limit
given in the seismic code. The increase in the structural
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seismic response parameters indicates enhancement in
the structural performance against frequent and rare
earthquakes.

The retrofitting increased the overstrength factor to
2.64 and 2.76 in case of reinforced concrete haunch
applied only below and both below and above the beam,
respectively. Similarly, the ductility was increased to
1.55 and 2.81, respectively. The enhancement in
overstrength and ductility increased response modifi-
cation factor of retrofitted frame to 4.09 and 7.76 in case
of RC frame retrofitted with RC haunches applied only
below the beam and RC haunches applied both below
and above the beam, respectively. Haunches installed
both below and above the beam performed relatively
better than haunches provided below the beam only.

The following conclusions were drawn on the basis of
numerical analysis performed on as-built and retrofitted RC
frames with reinforced concrete haunches:

The finite element based model developed by authors for
deficient RC frames retrofitted with steel haunches was
extended for numerical modelling of deficient RC frames
retrofitted with reinforced concrete haunches. Since an-
chors pullout was observed under extreme displacement
demand and also this did not cause any substantial de-
crease in the lateral force carrying capacity of the model,
the anchors in numerical models were considered intact
throughout the loading. The truss idealization reinforced
concrete haunch was considered as an inelastic axial ele-
ment. The cross section of truss element was approximated
as rectangular with width equal to the width of column.
The depth of section was selected after trial analysis. Section
with depth of 12 inches (305 mm) provided relatively better
result in simulating time history of response displacement,
peak displacement, and peak force.

The proposed technique was efficient in predicting the
response of model-1 Mgc, in case haunches when
applied only below the beam. However, the same
technique was found less accurate in case of model-
2 Mpcy, in case when haunches were applied both
below and above the beams. The numerical model was
efficient in predicting the trend of time history response
of roof displacement. But, the numerical model missed
predicting the exact peaks. One possible reason seems
to be the elastic modelling of haunch anchors, which
experienced anchors’ slip. However, the error in pre-
dicting the peak roof displacement was 1.54% for
Model-Mgc and 9.06% for Model-Mgc,. Similarly,
error in predicting peak base shear force was also
calculated for each model and was found to be 6.40%
for Model-Mpgc and 4.63% for Model-Mp,. This seems
to be reasonable for global assessment of structures for
quantification of response modification factor.

The numerically calculated response modification
factor was found reasonably in good agreement with
the experimentally/analytically calculated response
modification factor. Slight difference was due to the
variability in ground motions.

Shock and Vibration

The following conclusions were drawn on the basis of
static force procedure used for seismic performance as-
sessment of as-built and retrofitted RC frames with rein-
forced concrete haunches:

Noncompliant RC frame was only able to perform
better in low-to-moderate seismic zones (i.e., zones 1,
2A, 2B); however, the structure was found “No Good”
in the seismic zones 3 and 4.

The retrofitted RC frame was found “OK” in all seismic
zones, indicating beneficial role of local retrofit in
improving global seismic performance of structure.

Data Availability

All data, models, or codes generated or used during the study
are available from the corresponding author upon request
(Naveed Ahmad, naveed.ahmad@uetpeshawar.edu.pk).
Items that may be requested are as follows: shake table tests
data of both as-built and retrofitted models (raw and pro-
cessed data) and SeismoStruct numerical models.
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