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1 Introduction

The Kutch region in the western part of India is seismically active and has been
struck by destructive earthquakes in the past. The M,, 7.6 earthquake which struck
Kutch on 26 January 2001 was the largest intraplate earthquake to strike in India [1].
Post-earthquake damage surveys reported intensity levels up to X on the Modified
Mercalli Intensity (MMI) scale [2]. The epicentre lay about 9 km southwest of the
village of Chobari in the Kutch district of Gujarat, India [3]. The earthquake caused
widespread damage in the province of Gujarat. Overall, over a million structures
were damaged, and the consequent economic loss was close to US$10 billion [4]. In
the Kutch region, the earthquake destroyed several towns causing major devastation
of low-rise unreinforced masonry (URM) structures [5]. Typically, URM structures
in the region consist of load-bearing masonry shear walls made of low-strength
bricks. The performance of shear walls greatly affects the vulnerability of masonry
buildings, and it is imperative to assess their seismic fragility.

In India, 69% of buildings are constructed using unreinforced brick masonry [6].
However, barring a few classical studies [7, 8] the in-plane behaviour of URM walls
has not received much attention [9, 10]. The research reported varies widely due
to inconsistency in test practices [11]. While researchers have conducted nonlinear
time-history analyses of URM structures, there is no available literature presenting
the correlation between ground motion parameters and URM structural response.
Also, the lack of recorded seismic data from major earthquakes of the Kutch region
presents a major challenge to the seismic assessment. Even the available information
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following the major Kutch earthquake (M, 7.6 at 8:46 a.m. on 26 January 2001)
is limited to recorded peak ground accelerations (PGA) at selected towns. Since
the accuracy of seismic assessment depends on capturing the local soil effects, the
absence of seismic records from the Kutch region complicates our understanding of
the actual seismic hazard.

In this study, ground motions are generated at rock level by the modified stochastic
finite-fault method. The PGAs of these synthetic ground motions generated at rock
level are compared with bedrock-level PGAs, which are available at thirteen stations.
After validation, strong ground motions are generated at surface level by accounting
for varied local topography by using site amplification functions for various towns
available in the literature [12]. The ground motions are generated at bedrock level
and amplified to surface level using the soil amplification functions corresponding
to each particular site. The cyclic response of masonry, which is generated using an
analytical-based model for the shear response of masonry, is used to investigate the
vulnerability of the masonry to different parameters of the ground motions.

2 Material and Geometric Properties of URM Walls

Under lateral forces, a URM wall may fail due to sliding, flexure/rocking or shear.
Sliding occurs along bed and head joints under low values of normal stress. Masonry
can also crack under direct tension. Walls with high aspect ratios typically exhibit
flexural or rocking behaviour while those with moderate aspect ratios fail in shear.
In shear failures of URM walls, pre-cracking behaviour is characterised by mild
hysteresis. Flexural cracks originate first, and then diagonal cracks start close to the
ultimate shear strength. Diagonal cracking is visible when the peak lateral force is
achieved, followed by a degradation in strength. In the post-peak regime, strength
and stiffness drop rapidly, and high level of energy is dissipated. The wall collapses
by stepped cracking along mortar joints. Cyclic response of the wall is bounded
by the monotonic shear—deformation (V — A) envelope. To obtain the monotonic
envelope for URM walls, an incremental procedure available in the literature [13,
14] is used, where the lateral force is increased in increments, and at each step, the
shear and flexural deformations are combined to obtain the load—deformation curve
(V — A curve). The flexural strength is computed [7] as:

_pbt( p

where p = P/H?t is the vertical compressive stress and P is the vertical compressive
force. H, D and ¢ represent the height, length and thickness of the wall, f; is the
masonry strength in compression, k is a coefficient which accounts for vertical stress
distribution at the compressed toe, @, = M/(V D) is the shear ratio. The shear
strength can be computed [7] as:
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T.s 1S the shear stress corresponding to the cracked section and is given by:
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Ty is the shear stress based on brick cracking and is given by:
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where c is the joint cohesion, w is the joint friction coefficient, fi is the tensile
strength of brick. The expressions for joint cohesion and joint friction have been
defined [15] as ¢’ = kc and i’ = ku where k is:

1

k= ———
1+ 2
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where A, and A, are the height and length of the brick unit, respectively. Due to
the absence of experimental data on shear walls from India, two shear walls [16,
17] were selected from literature, which are representative of the typical masonry
construction in Kutch [18]. Table 1 shows the properties of the two URM walls. The
monotonic backbone envelope is computed for both the walls.

The cyclic behaviour was modelled in SAP2000 [19] where the link element is
chosen to model the URM wall. The multilinear-plastic pivot model is used to define
the hysteresis loop. The four pivot parameters, «, oy, 81 and B, govern the shape of
the cyclic loops and the degradation in strength and stiffness. The optimum values
for the four parameters were obtained using the least-squares method to minimise the
error concerning the values obtained from experiments. For the wall with lower axial
stress, o1, B, op and B, are 0.90. The symmetrical response and no pinching resulted
in the parameters to be equal in magnitude. The hysteresis behaviour obtained from
the experiment matches well with the loops obtained from the pivot model (Fig. 1a).
For the shear wall having higher axial stress, «, 81, @, and 8, were computed to
be 0.90. Figure 1b shows the match between the experimental hysteresis loops of
the wall and the loops obtained from the pivot model. Limit states corresponding to
cracking, ultimate strength and collapse are noted for both walls.
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Table 1 Properties of the two URM shear walls considered in the present study

Property Wall-1 Wall-2
H (mm) 1350 3000
D (mm) 1000 1500
¢t (mm) 250 380
p (MPa) 0.6 1.24
fb (MPa) 16 19.7
for (MPa) 1.22 1.07
fm (MPa) 3.31 4.33
fu (MPa) 6.2 7.9
¢ (MPa) 0.23 0.21
¢ (MPa) 0.17 0.14
n 0.58 0.81
w 0.43 0.55
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Fig.1 Comparison between experiment and pivot model. a URM wall with diagonal shear cracking
through mortar joints; b URM wall with shear—tensile cracking of bricks

3 Nonlinear Time-History Analyses Using Synthetic
Ground Motions

Seismic records for the 2001 Kutch earthquake are not available. In such regions
where a rich database of historical strong motions is unavailable, modified records
may be obtained either by generating artificial records or by altering natural records.
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The modified stochastic finite-fault method [20] has been used by researchers [21]
to generate surface-level synthetic ground motions for the 2001 Kutch earthquake.
From these synthetic accelerograms, ground motion characteristics such as PGA,
PGV, predominant period, mean period, significant duration and response spectra
are computed. Figure 2 shows the ground motions generated at surface level. At
each site, ten synthetic ground motions were generated by conducting trials. The
modified stochastic finite-fault method is extended to derive synthetic ground motions
at surface level, for towns across various seismic zones. These synthetic ground
motions are used for nonlinear time-history analyses.

The earthquake hazard in the province of Gujarat ranges from low to high. Based
on the estimated hazard level, the seismic zoning map of India IS1893:2016 [22]
has assigned four seismic zones to Gujarat, ranging from Zone 2 (low) to Zone 5
(high). The Kutch region has the highest earthquake hazard and lies in Zone 5 (SA
at DBE level of 0.45 g), and intensity levels more than IX may be expected in this
region. Zone 4 (SA at MCE level of 0.30 g) comprises regions from Saurashtra and
Kutch, within a belt with a width of 60-70 km around Zone 5 and intensity VIII
may be expected in this zone. Mainland Gujarat is assigned Zone 3 (SA at DBE
level of 0.20 g) where intensity level of VII may be expected. Table 2 shows the
characteristics of the surface-level synthetic ground motions generated for various
towns in Gujarat. These towns are situated across various seismic zones as per the
seismic zonation map of India (IS1893:2016). The epicentral distance of the station,
the PGA, PGV, the significant duration and, the mean displacements for both walls
are tabulated. The MMI data as observed from the earthquake isoseismals [23] to
indicate the overall damage to structures in each town is also tabulated in Table 2.
Additionally, in this study, two scalar measures, the predominant period, 7}, and the
mean period, Ty,, were used to assess frequency content in ground motion. Both scalar
frequency parameters exhibited a weak correlation with the structural displacements
of the two walls. Nevertheless, it is observed that ground motions at most sites
exhibited very low predominant periods. From Table 2, it is observed that the mean
periods of the ground motions are higher than predominant periods but higher than the
natural periods of the walls. Observation of experimental hysteresis loops for wall-1
shows that the stiffness decreased by nine times, causing the fundamental period
to increase three times. For wall-2, experimental hysteresis loops indicate that the
stiffness decreased by three times. The increased natural period of both walls is close
to the frequency content, indicated by 7},, in the ground motion. The low values of
both frequency parameters indicate that the seismic energy of the ground motions
generated due to the 2001 Kutch earthquake was concentrated in the low time period
range. This makes the masonry structures vulnerable to collapse once there is an
increase in time period due to damage in the walls.

From Table 2, it is observed that URM walls in Seismic Zone 5 witnessed high
displacements which caused collapse. Most ground motions from Zone 5 have PGV
values > 0.1 m/s and PGA values > 0.1 g and caused the walls to reach the collapse
displacement levels. In Figs. 3 and 4, the PGA and the PGV are correlated with
structural displacements of the two walls. The three limit states are marked for
reference. Ground motions in the epicentral region, with PGAs > 0.1 g, caused a
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Fig. 2 Synthetic ground motions generated at surface-level using site amplification functions
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Fig. 3 a Displacement versus PGA (wall-1), b displacement versus PGV (wall-1)
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Fig. 4 a Displacement versus PGA (wall-2), b displacement versus PGV (wall-2)

collapse of the walls: this observation matches well with reconnaissance survey
which reports catastrophic damage to low-rise masonry structures in this region.
Figure 3 and Table 2 show that most towns in Seismic Zone 5 were assigned high
MMl levels (X, IX and VIII) due to extensive damage observed to masonry structures
[2, 5]. On the other extreme, ground motions from Zone 3 had very low PGA values
and did not cause the collapse of the two URM walls. Some ground motions caused
the walls to reach the cracking limit. This also corresponds well with data from
reconnaissance surveys [2, 21] which show little or no damage to low-rise masonry
construction in the 2001 Kutch earthquake. It is to be noted that the MMI levels for
some towns in Zone 3 are higher due to high damage levels of mid-rise concrete
buildings due to poor construction practices [2]. Ground motions in towns situated
in Zone 4 caused the walls to exhibit displacements not exceeding the limit state
of peak strength. Substantial damage to masonry structures was reported [5] in one
particular town, Morbi, which is situated in Zone 4. In the current study, it is observed
that surface-level ground motions in Morbi had high PGA values of 0.16 g, causing
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both URM walls to collapse. The high PGAs observed in Morbi town are primarily
due to site amplification [21].

The method of maximum likelihood has been recommended by several researchers
[24-26] for fitting fragility curves for displacement data. The fitted fragility function
is a lognormal cumulative distribution function, with a median, 6, and dispersion, 8.
Table 3 shows that for wall-1, the median values for cracking, ultimate strength and
collapse are 0.01 g, 0.02 g and 0.06 g, respectively. For wall-2, the median values for
cracking, ultimate strength and collapse are 0.01 g, 0.03 g and 0.12 g, respectively. In
IS1893:2016, the peak spectral acceleration for design basis earthquake for seismic
Zones 3,4 and 5 are prescribed as 0.20 g, 0.30 g and 0.45 g, respectively. The median
values are lower than expected seismic intensity indicating the high vulnerability of
both walls.

Figure 5a, b show seismic demand fragility curves for both walls. The seismic
intensity is represented by PGA. Figure 6 shows the fragility curves for the two walls,
with PGV as the seismic intensity measure. The graphs provide a means to visually
assess the vulnerability in terms of probability of exceedance of various limit states
of the masonry shear walls, considering variability in demand. The damage state
displacement thresholds were identified earlier, in Fig. 2, from the cyclic hysteric
curves. The median values for achieving strength limit states for wall-1 and wall-2

Table 3 Fragility curves: median and dispersion

Damage state Wall-1 Wall-2
Median, 6 Dispersion, 8 Median, 6 Dispersion,
Cracking 0.01 0.10 0.01 0.41
Strength 0.02 0.40 0.03 0.23
Collapse 0.06 0.52 0.12 0.26
a 14 —m—mo—m—m—m————— — b 1 - -
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Fig. 5 a Seismic fragility curves (w.r.t. PGA) for wall-1, b seismic fragility curves (w.r.t. PGA) for

wall-2
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Fig. 6 a Seismic fragility curves (w.r.t. PGV) for wall-1, b seismic fragility curves (w.r.t. PGV)
for wall-2

are 0.05 g and 0.1 g, respectively. The median values for achieving cracking limit
for wall-1 and wall-2 are 0.01 g in both walls. The seismic fragility of the wall with
higher axial load (wall-2) is only slightly lower than the wall with lower axial load
(wall-1).

4 Anomalous Displacements/Outliers

In general, the wall displacement is observed to increase linearly with PGA, till
collapse. However, it is observed that for two cases, Radhanpur (Zone 4) and Rajkot
(Zone 3), the wall with lower axial load, differs slightly from the overall trend as
the limit state of peak strength is reached at low PGA. These two outliers were
shown, marked in Fig. 3. Figures 7 and 8 show velocity pulses from Radhanpur and
Rajkot. Although the two records had low PGA, the occurrence of sharp velocity
pulses triggered the collapse of the URM. The displacement time history in both
cases shows that the velocity pulse imposed a high strength demand on the walls.
Subsequently, there is a degradation in strength and stiffness of walls, leading to high
displacements.

5 Summary and Conclusions

The 2001 Kutch earthquake was one of the most destructive intraplate earthquakes
ever recorded. It had a moment magnitude of 7.6 and caused heavy damage to
URM structures in the Kutch region. Unfortunately, no strong ground motions were
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recorded in this earthquake. Only PGA values from structural response recorders at
thirteen sites are available. In this paper, nonlinear time-history analyses of URM
walls are performed using surface-level synthetic ground motions. Characteristics of
the ground motions such as PGA, PGV, frequency content and duration are tabulated.
Itis observed that ground motions have low values of predominant period. Such high-
frequency ground motions could be particularly damaging to low-rise structures. A
mechanics-based technique is used to develop the monotonic load envelope for two
masonry shear walls. Using stress-based criteria, various displacement limit states
are identified. Results from the dynamic analyses performed on calibrated hysteretic
models were used to derive seismic fragility curves. Examination of the fragility
curves indicates that the collapse limit state is reached for most towns in Zone 5, the
highest seismic zone as per IS1893:2016. Most ground motions from Zone 5 have
PGV values > 0.1 m/s and PGA values > 0.1 g and cause the walls to reach the collapse
displacement levels. These results confirm satisfactorily with reconnaissance studies
which report catastrophic damage to masonry structures in Zone 5, particularly in the
epicentral region. Results from NTHA for towns situated in Seismic Zones 3 and 4
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vary between no damage to collapse, which correlate well with post-earthquake field
surveys carried out in these two zones, where varying levels of damage intensities
were observed. The wall displacement is observed to vary linearly with PGA and
PGYV, until the collapse of the wall. Pulse ground motions from two distant sites,
Radhanpur and Rajkot, had a destructive effect on the walls. It is concluded that
URM structures with shear walls are highly vulnerable for expected ground motions
in the Kutch region. Such URM structures existing in the Kutch region need to be
upgraded to resist the expected level of seismic forces.
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