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In 2014, a moderate earthquake occurred in Chiang Rai. This event took place within a
populated area leading to high numbers of damaged buildings and infrastructures in
epicentral area. It is proved for the first time in modern Thai history that destructive
earthquakes not only occurred in neighbor countries but also seismogenic sources
inside the country could capable of generating destructive earthquakes. Based on local
authorities, more than 10,000 damaged buildings were needed to be assessed. One
causality and numbers of injured people were reported. All hospitals in epicentral region
need to be evacuated and forced to operate in a field hospital with a wide tent-like
shelter for more than a month. Though being a seismic country, earthquake-resistant
standards have not been effectively applied and guidelines have not been published
and practiced for healthcare facilities in Northern Thailand. The possibility of hospital
buildings not being functional during a large seismic event is very high. Examples of
non-structural vulnerability assessment were shown from site specific surveys at Mae
Lao hospital and information was gathered from local health authorities. A systematic

structural and non-structural vulnerability assessment of healthcare facilities in Thailand



and mitigation strategy would need to be developed. The preliminary findings show that
there is necessity to develop such a methodology arose because of the non-applicability

of similar methodologies used in other developed countries.
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gﬂﬁ 1. Observed cracks on infill wall if the ground shaking was larger this wall would

collapse inside the buildings.



g'ﬂﬁ 2. Observed cracks between two adjacent buildings since there is very minimum

distance between these two structures.
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ABSTRACT ARTICLE HISTORY

On 24 August 2016, Mw 6.8 earthquake occurred near Chauk, Central Received 12 November 2016
Myanmar. This earthquake caused a significant amount of damage Accepted 13 April 2017
over a very large number of historical monuments. After providing a KEYWORDS

general summary of the regional tectonic settings and seismicity, the Myanmar Earthquake;
observed ground motion has been discussed, and performance of Ancient Monument; Strong
structures in the epicentral area is addressed, focusing on the ground motion; Seismic
damage observed in both historical and recent constructions. The Fragility Curve; Seismic
observed damage patterns and their extent are analyzed and inter- reconnaissance

preted in light of observed damage that was found. Lastly, seismic

fragility curves of local buildings have been derived.

1. Overview of the 2016 Chauk Earthquake

Historically, Bagan is an ancient Myanmar capital city from 9th to 13th centuries. Over
10,000 Buddhist pagodas and temples had been constructed during that time. Based on
available literatures, Bagan suffered damage from historical earthquakes since the 4th
century [Tint Lwin Swe, 2015], but over 2,000 temples and pagodas still remain to date.
The last earthquake that caused severe damage to historical structures in Bagan is the Mw
6.9 event on July 8, 1975. This tremor was located about 34 km northwest of Bagan with a
hypocentral depth of 100 km. More than 70% of historical religious monuments were
affected with at least 15 collapsed pagodas [Shwe Gaig Tha, 1976].

Forty years later, an Mw 6.8 earthquake occurred on August 24, 2016 at 10:34:54 UTC
with 85 km focal depth, 26 km west to Chauk and 48 km southwest to Bagan, a rural town
of 180,000 inhabitants in the Magway Division, Myanmar. This earthquake was widely felt
throughout Myanmar, as well as people in high-rise buildings in Calcutta and Bangkok (at
epicentral distance of 500 and 1,000 km, respectively). Soon after, the damaged reports
inside Myanmar started to emerge, and they showed 3 casualties, severe damage to some
historical structures, mud volcano and very few structural damages corresponding to
Modified Mercalli Intensity (MMI) about VI in Chauk Township. Despite severe damage
to ancient pagodas in Bagan, the observed damage for residential and government build-
ings in Bagan and Nyaung U are relatively less intense corresponding to MMI about V.
The large numbers of buildings within epicentral area are still intact with minimal

CONTACT Teraphan Ornthammarath 8 teraphan.orn@mahidol.edu @ Department of Civil and Environmental
Engineering, Faculty of Engineering, Mahidol University, Nakorn Pathom 73170, Thailand.
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structural damage. They were reported to be in service immediately after the earthquake.
Most damaged buildings in Chauk seem to represent those buildings featuring seismic
vulnerability and bad configurations.

Since local buildings in epicentral area are largely undamaged, and situation in epicen-
tral area appeared to return to normal after 2 weeks after the main earthquake, a
significant amount of damage occurred over a very large number of ancient monuments.
In this context, a brief overview of the damage that was observed over the course of a 5-
day reconnaissance mission that took place 2 weeks after the earthquake is presented.
After providing a general summary of the regional tectonic settings and seismicity, the
observed ground motion is discussed, and the performance of heritage structures and local
residential and government buildings is evaluated. Lastly, seismic fragility curves of local
buildings have been derived based on observed damage.

2. Seismotectonic Settings and 2016 Chauk Earthquake

Myanmar lies in the part of Indo-Australian and Eurasian boundary convergence plate,
including the Myanmar oblique subduction zone, Andaman thrust and Sunda arc, to the
North West, west and south, respectively. The plate kinematics of the Indo-Australian and
Eurasian region is, in a broad sense, the simple interaction of the convergence plates (Fig. 1).
However, in detail, it is much more complex than that. Deformation rates across these plate
boundaries are variable. The observed seismicity and seismotectonic settings of these plate
boundaries clearly indicate the capability of producing large events, where the December 26,
2004 earthquake occurred. A convergence rate of 65-70 mm/year as a result of Australia
moving toward South East Asia is reported by McCaffrey [1996].

The distribution of active deformation in Myanmar is partitioned between the right-lateral
Sagaing fault slipping at 18 mm/year and the Burma subduction zone accommodating
20 mm/year of oblique convergence oriented N30° [Socquet et al., 2006). The Sagaing fault
is a major fault running from north to south in Myanmar and believed to be responsible for
several earthquakes with magnitudes greater than 7 that occurred in the last century.

For Northern and Central Myanmar, an eastward-dipping Wadati-Benioff zone extends to
about 180-km depth and the majority of intermediate-depth earthquakes have east-trending
down-dip T axes and along-strike P axes [e.g., Fitch, 1970; Frohlich, 2006]. Therefore, these
earthquakes occurred not along the plate boundary, but within the subducting Indian Plate,
reflecting its negative buoyancy or slab pull. The maximum depth of intermediate-depth
earthquakes becomes shallower when passing southward into southern Myanmar. Southward
from 18 Latitude, no intermediate-depth earthquakes occur in the area between the Andaman
Islands and Myanmar [e.g., Sinvhal et al, 1978]. Intermediate-depth earthquakes reappear
farther south, as is clear from the existence of aftershocks of the 2004 Sumatra Andaman
earthquake, which was a subduction earthquake (Fig. 1) [e.g., Engdahl et al., 2007].

Despite Bagan’s historical earthquake damage, major earthquake that occurred in this
region since 1900 is relatively low. The 1975 Mw 6.9 event is the biggest tremor that occurred
near Bagan in the last 100 years and was the most damaging one until the 2016 event. Based on
available seismicity, seismic hazard in and around Bagan is mainly controlled by intermediate
and deep earthquakes. The 2016 event took place in an area previously characterized as
moderate seismic hazard. The seismic hazard of Bago and Chuak has been estimated with
estimated peak ground accelerations around 0.2-0.3 g for 475-year return periods at bedrock
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Figure 1. Distribution of shallow (focal depth less than 50 km) (red circles), intermediate (focal depth between
50 and 100 km) (yellow circles), and deep earthquakes (focal depth greater than 100 km) (green circles) in
Central Myanmar. The red star displays the location of Mw 6.8 on 24 August 2016. Recorded seismic stations
are displayed in black rectangles. Active faults in this region are shown as red lines.

conditions [Shedlock et al., 2000; Myo Thant et al., 2012]. The 2016 event was located 50 km
south of the 1975 event. The rupture length of the 2016 event would then occur on different
rupture zone compared to the one in 1975. The fault plane solution of the 1975 event shows
that it resulted from in-slab event with strike-slip focal mechanism [Storchak et al., 2013]. In
contrast, the fault plane solution of the 2016 tremor shows that it resulted from in-slab event
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with thrust focal mechanism. The strongest aftershocks occurred on August 24, 2016 at
10:57:16 UTC (mb = 4.5), located 10 km east to the mainshock with 92 km focal depth.

3. Observed Ground Motion

Ground motion records were obtained from Department of Meteorology and Hydrology
(DMH) and Ministry of Transport and Communication (Fig. 2). The ground motion
records from mainshock and aftershock were processed by applying the standard zero-
order correction. Each recorded ground motion is visually inspected for obvious errors or
multiple earthquakes. From August 24, 2016 event, the nearest accelerograph station is in
Nyaung U seismic station, located 48-km distance from 2016 epicenter. At this station, the
observed Peak Ground Acceleration (PGA) in North-South (NS), East-West (EW), and
Up-Down (UD) reaches 0.08, 0.08, and 0.12 g, respectively. Figure 2 displays the accel-
eration and velocity time histories and Arias Intensity at Nyaung U station. Arias intensity
(AI) provides a measure of the total energy content of ground motion. The seismic station
is located at the base of sand stone hill, and it is classified based on existing geological test
as rock type.

The acceleration time histories contain two separated parts, which could be clearly
identified. The initial part of the acceleration trace corresponds to high-frequency body-
wave phases, which occurs between 10 and 16 s. And the long period waves begin to arrive
between 22 and 40 s. It could be clearly seen that the vertical acceleration energy is concen-
trated only in the first part, where sixty percent of Al is contributed. In contrast, for horizontal
acceleration, Al is rapidly evolving when the S-wave begins to arrive. Moreover, several
differences could also be observed between horizontal and vertical axes in the velocity time
history. Both horizontal components (NS and EW) contain a long period wave that increases
up to 5 and 7 cm/s, respectively, while the vertical direction is 3 cm/s. Despite the similarity
between both horizontal components, the significant duration, which is the interval between
the 5 and 95% percentage of Al (the first and the third dash lines, respectively), seems to
indicate different energy releases over time. A short significant duration of the EW component
is accumulated in 16 s while that of the NS component is about 22 s.

Figure 3 also shows the spectral acceleration at Nyaung U station, and at short
vibration periods, there is pronounced difference between vertical and horizontal
accelerations due to the effect of body wave. However, for moderate periods (0.5 < T
< 1.0 s), the horizontal spectra contain large energy with largest observed spectral
ordinates almost 0.3 g. The same level of damage to similar historical structures in this
region due to similar level of seismic intensities has been observed in the past
[Ornthammarath, 2013], which could explain the severe damage in moderate-to-large
ancient monuments in Bagan. Based on comparison of spectral acceleration and
velocity, spectra in EW component is relatively higher than NS component spectra in
moderate periods, which is due to the fact that the energy concentrated in a shorter
duration is observed in the EW component. Figure 3 also compares the horizontal
components of the recorded spectral acceleration, the predicted spectra of deep in-slab
event based on Zhao et al. [2006; Z06], and the design spectra for a return period of
475 years as stated in the Myanmar National Building Code (MNBC12). The design
spectrum is for rock type corresponding to site class B with average shear wave velocity
of Vg3 from 760 to 1500 m/s, and the spectra at Nyaung U station did not exceed the
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Figure 2. Acceleration and velocity time histories and Arias Intensity percentage over time observed at
Nyaung U seismic station from Mw 6.8 August 24, 2016 event with an epicentral distance of 48 km.

MNBCI12 spectra. Observed horizontal spectra ordinates at the Nyaung U station are
similar to those predicted by Z06 in short period; however, the recorded spectral are
larger than those predicted by Z06 at moderate periods. This moderate period content
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Figure 3. Response acceleration and velocity observed at Nyaung U seismic station from Mw 6.8
August 24, 2016 event with an epicentral distance of 48 km. GM stands for the geometric mean of the
two horizontal components.

is seen in both the recorded horizontal components of motion; however, it could not be
observed from aftershock spectrum, which could partly explain that it is not due to site
effect. In addition, the characteristic of vertical ground motion seems to be a strong
function of periods with short periods exhibiting higher ratio than long periods. The
observed vertical to horizontal (V/H) ratios varies from 1 to 2 between 0.01 and 0.2 s.
This confirms that the standard engineering rule-of-thumb of assuming V/H = 2/3
when estimating vertical ground motion for design at short periods should not be
considered for near source region of large earthquake with deep focus.

4. Field Survey of Ancient Monuments
4.1. Structural System of Ancient Monuments in Bagan

An overall description of monuments in Bagan can be classified generally to 2 types. The
first one is the stupa-style solid structures such as Bupaya and Shwezigon Pagodas, which is
a mound-like or dome-shaped structure containing relics. The base of stupas is made either
of bricks or sandstone to support a hemispherical dome with a parasol placed on top. Its
function is considered as a site of worship, rituals, and ceremonies. Their presence even-
tually attracted other constructions including monasteries. In contrast to the stupas, the
second type is the gu-style hollow temple, which is a structural masonry arch, which
transfers vertical loads laterally along the arch to the abutments at each end. The base of
temple is generally made of bricks as a very large square solid core to support superstructure
weight. A single-story temple is widely observed such as Ananda temple, but multistory
temples are also common such as Thatbyinnyu, Htilominlo, and Sulamani Temples. The use
of regularly dressed well squared and graded sandstone blocks was for quoins and plinths. A
majority of these structures are made with bricks and earthen plaster, and they are massive
without earthquake resistance design constructed from the 9th to 13th centuries.
Although most temples have rectangular plan shapes, some of them, such as Sularmani or
Hitominlo temples, exhibit vertical irregularities due to the existence of several roof levels
located at different heights, which cover different liturgical spaces. Moreover, both the
organization and the height of the interior spaces of temples are such that it gives the idea
of a dome shape despite the fact it is rectangular. It is also noted that some of the specific
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architectural features of temples can play a significant role in their behavior under earth-
quakes. For example, multistory temples with large liturgical space on the upper level can
suddenly decrease the lateral stiffness along the height, such as Sularmani temple. However,
some multistory temples with good symmetrical design on the upper level by putting rows of
solid cores separating aisles to the central core can still maintain the lateral stiffness along the
height while creating ritual space to the pilgrims such as Thatbyinnyu temple.

Heavy damage or collapse of top spire or bell is a typical damage pattern for both
pagoda and temples. This part of ancient monuments can be significantly damaged even
on low-intensity earthquakes due to the dynamic amplification of the ground motion as a
result of historical monument characteristics. The collapse of top bell can also be the
source of additional damage to other structural parts. This situation was observed in
Sularmani temple. In general, most monuments had been retrofitted following earthquake
damage in 1975 Mw 6.9 event; however, observed damage during earthquake reconnais-
sance indicated same patterns of damage and lack of proper engineering or seismic
retrofitting details, which increase seismic vulnerability to some ancient heritages.

4.2, Observed Damage of Heritage Structures

The earthquake caused extensive damages to Bagan historical monuments, but the effects
were seen to vary for each structure. Given Bagan’s past seismic history, the damage that
occurred to historical monuments during the 2016 event is highly expected. The field
survey had been carried out by Myanmar Earthquake Committee (MEC) with staffs from
Department of Archeology. Over 270 monuments had been identified with different
degrees of damage during the period from 3rd to 6th September, 2016. The assessment
is based on damage level of primary structural part (such as major load bearing system
and main masonry arches) and secondary structural system (such as local masonry
arches), and the results were identified as red tag for severely damaged to primary and
secondary structural system, yellow tag for moderately damage to primary and secondary
structural system, and green tag for lightly damaged for primary and secondary structural
system with no immediate danger of collapse and little secondary impact from collapse.
According to survey results, the statistical data were tabulated in Table 2, which repre-
sented the damage situation that was found in order to facilitate the recovery and retrofit
process. In addition, the survey monument is further classified to three sizes depending on
the base width. For small monuments, these represent monuments with base width less
than 12 m. For moderate monument, the base width is generally between 12 and 25 m.
Finally, for large monuments, the base width is greater than 25 m.

From Table 1, it is quite clear that the heaviest damaged historical monuments are, as
expected, large and medium monuments (base width greater than 12 m). Out of 2,000
ancient monuments in Bagan, 50 of them (2.5%) are classified as heavy damage (red class).
In contrast to 1975 event, there is no report of collapsed pagoda from 2016 Chuak
earthquake. In addition, Fig. 4 displays spatial distribution of damaged pagoda (red,
yellow, and green tags), and it could be noticed that the distribution of red and yellow
tag pagodas in Old Bagan area uniformly distributed and extend entirely across the city,
from Irrawaddy River to the north into the flat plain in the south. Plotting the tags on
Fig. 4 is also overlaid by ShakeMap of the August 24, 2016 mainshock, and the MMI V has
been assigned to the entire Bagan and Nyaung U area. In addition, microtremor analysis
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Table 1. Damage statistics of damaged ancient monuments in Bagan.

Red Yellow Green Total
Large 18 31 21 70
Medium 18 43 64 125
Small 14 22 39 75
Total 50 96 124 270

has been performed in Bagan. The result indicated that the average shear wave velocities
from surface to 30-m depth were about soil type D with average shear wave velocity of
V30 about 250 m/s.

In addition to damage statistics of ancient monuments, damage description, and basic
information of six important monuments visited during the earthquake reconnaissance pro-
vided in Table 2. The information included name, construction period, structural type, height,
number of stories, etc. To compliment the data presented in Table 2, additional details are
provided in the following with respect to the damages that were observed in some of these
monuments.

Ancient monuments that did not suffer extensive damage generally exhibited a symme-
trical pattern both in horizontal and vertical planes with good-quality construction material
and good maintenance from local authorities. Shwezigon is a very large solid stupa made
from sandstone in contrast to other monuments generally made from brick masonry. It was
constructed during the middle of 11th century. This stupa has a square base of 55 m and
height of 53 m. In the 1975 earthquake, considerable damage was mainly concentrated at the
spire and dome. In contrast, no observed damage is reported from the 2016 event. The
proper symmetry both in horizontal and vertical directions with height per base width ratio
(around 1.0) might partly explain low observed damaged of this monument.

The Ananda temple (see Fig. 5) has a large, single-story temple with four vestibules and
long corridors and is an example of a structure with moderate damage. It was first
constructed in 1086 AD making it one of the oldest monuments in Bagan. The temple
has symmetrical planes in horizontal and vertical directions. A large solid core, approxi-
mately 30 by 30 m, in the middle is responsible for the load bearing of the superstructure,
which is about 51-m height. Observed damage was the damage of the top part of main bell
and in one of the approach corridors from the temple’s main entrance. Minimum damage
has been observed in the main structure system. It is worth mentioning that similar a
damage pattern has been observed from both 1975 and 2016 events.

The other moderate damage is Thatbyinnyu temple, Fig. 6. It is a four-storied temple with a
large solid core constructed in 1144 AD. The height of this temple is 61 m and is considered as
the highest historical monument in Bagan. The solid core, approximately 44 by 44 m, is designed
to bear the loads from the top structural part. All four sides of the walls at the base of the
“Kundaung,” the 3rd story, were slanted outward with large cracks. The arched halls below those
walls were also damaged with peeling of plasters and stuccos and with large cracks at the crown
of the arched roof. In some parts, a small portion of bricks on the roof were even pushed down
about 5-7 cm. Similar damage patterns were also found in Dhammayangyi and Htilominlo
temples. Toppled spire was found on the upper level of Htilominlo temple, causing additional
damages to other parts. Its retrofitting during 1990s could be observed with a few numbers of
longitudinal bars without lateral ties; however, it did not seem to be effective to prevent damage
from future earthquake. Mostly, the structure at ground floor was basically unharmed. The
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Figure 4. Spatial distribution of damaged pagodas (green, yellow, and red tag) from Mw 6.8 earth-
quake on August 24, 2016 following structural assessment by Myanmar Earthquake Committee (MEC).
Nyaung U seismic station is located at the top right corner.
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Figure 5. Ananda temple cross-section and ground floor plan damages to Ananda temple.

intervention works of reinforced concrete corner ties installed after 1975 earthquake were intact
and had worked very well noticeably.

Among the visited ancient monuments, Sularmani is the most severely damaged one due to
the collapse of the top bell and extensive damage to the roof in the second story, Fig. 7. Since the
construction system of this structure was seen to be similar to that of Thatbyinnyu and
Htilominlo Temples, the level of observed damage was surprisingly high. The difference
between observed damage of these three temples might be due to the fact that the vertical
irregularity of Sularmani temple, which differs from the more regular shape of Thatbyinnyu
temple. Additional factor that might be able to explain the differences in observed damage is the
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Figure 6. (a) Cross-section of Thatbyinnyu temple. Damages to Thatbyinnyu temple including, (b)
observed wall damage in the third story due to high acceleration on top part, and (c) concentration of
cracking at the central part of masonry arch in the fourth story.

slenderness ratio of Sularmani Temple (height per width of solid core) is about 1.6 (55/34),
which differs from the slenderness ratio of other monuments (e.g. 1.4 for Thatbyinnyu temple
and 1.3 for Htilominlo temple). The collapse of the top part seems to have similar damage
patterns as have been observed in the previous Mw 6.8 in 1975. Based on a local interview, the
upper part “Kundaung” was reinstalled in 1990s with reinforced concrete and that upper part
fell down on the roof of the upper terrace making a large hole at the top. The viewing stair and
railing walls were also damaged significantly as a consequence. However, the base of the Pagoda
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Figure 7. Damages to Sularmani pagoda including (a) Sularmani cross-section, (b) Sularmani ground
floor plan, (c) collapse of top bell, and (d) severe damage to the eastern side roof at the second story
due to falling of the top part. Soe Zeya Tun/Reuters.

and structure below the upper terrace were intact and strong despite the large impact of falling
upper part. At the time of the reconnaissance survey, the team was not able to get inside only this
temple due to the ongoing restoration operation.

For other heavy damage monuments, the damage on the upper level found on the arches
was significant and, at the time of the reconnaissance mission, an emergency retrofit of such
masonry arches by replacing new bricks to the damaged elements was also in place to
prevent their collapse. It could be understandable that these arches had been retrofitted
before due to 1975 earthquake since new layers of brick tend to have thick mortar compar-
ing to thin layers of mortar during Bagan’s period. The renovation and rebuilding efforts
made during 1990s did not seem to be effective to prevent it from future earthquake damage.

5. Observed Structural and Nonstructural Damage of Buildings

The damages of buildings and nonmonumental structures were also assessed visually in
Chauk, Bagan, and Nyaung U. A detailed survey had been done by MEC emphasizing on
schools, hospitals, and administrative institutions based on the damage report. Detailed
information was collected from various sources and personal interviews. In general, small
structural damage was found in Chauk, whereas in most structures in Bagan and Nyaung
U, the damage was insignificant or none. Most damaged buildings in Chauk seem to
represent those buildings featuring nonengineered design, bad configurations, or poor
maintenance. It is worthwhile to mention also that these building types are commonly
found in Central Myanmar. Predominant structural system used for buildings in Bagan,
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Nyaung U, and Chauk consists of the following four categories: reinforced concrete
building, timber frame, unreinforced masonry, and bamboo frame.

5.1. Low-rise Reinforced Concrete Building

This type of building is quite common for government and commercial occupancy classes.
Most of them are two stories or less. The reinforced concrete frame is the main lateral
force resisting system, and column cross sections are between 300 and 350 mm.
Unreinforced Masonry (URM) infill at the ground story is widely observed to contribute
significantly to reducing the vertical and torsional irregularities. The contribution of the
URM infill panels leads to less seismic demand on the components in the structural
system. Construction materials might be low in quality since river stone had been used as
a concrete mixing material. No significant structural damage was noticed during the
reconnaissance survey; however, nonstructural damage is observed in few buildings.

URM walls, generally single-layer 100-mm thick (including 15-20 mm cement plaster-
ing on each face), are extensively used as nonstructural partitions, with a small number of
dowel bars connecting the panels and the boundary reinforced concrete (RC) frames.
Bricks for infill panels and mortar are of low quality since they are used as nonstructural
elements. Both interior and exterior infills are generally made up of brick masonry (6 cm
thick). Diagonal cracks in nonload-bearing unreinforced masonry walls occur in some
buildings (Fig. 8). The damage pattern observed in unreinforced masonry walls in RC
frame buildings was in-plane shear cracking, which is characterized by diagonal cracks. In-
plane shear cracking occurs when the masonry tensile strength is exceeded due to the
effect of combined shear and gravity loads. This type of damage was observed at the
ground floor level of three-story building in Chauk.

5.2. Timber frame

Timber columns, beams, and slabs are the loading members to resist both the lateral and
gravity loads. This structural form is used for one- to two-story building heights, and its
occupancy is varied from single-story commercial to residential and office buildings. Infill
panels are generally placed inside the secondary timber frame with typical dimension of
each panel about 1 m by 1 m. Partial out-of-plane of brick noggin walls were found, but
full collapse of entire walls was not reported. One example was a partial collapse of infill
wall concentrated at upper level in local government offices in Chauk, as shown in Fig. 9.
The building had timber floors and a timber truss roof. The wall parapets at upper level
are also felt down. This out-of-plane damage was mainly observed in the transverse
direction of the buildings. In addition, timber buildings with mat infill wall are also
widely found, which is mainly used for residential purpose and is less likely to be damaged
since it is light and more flexible (Fig. 10). However, older buildings of this type are
vulnerable, as the quality of wood has deteriorated over time. No structural damage has
been reported for this type of structure in epicentral area.
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(b)

Figure 8. Light damage observed in reinforced concrete building in Chauk. (a) The vertical crack line
occurred at the joint between main structure and concrete shaft causing pounding against each other
during the earthquake and (b) observed in-plane shear cracking in URM infill. Depending on the wall
geometry, in particular, the height/length aspect ratio, this URM infill is classified as flexural shear wall
subjected to shear force and bending moment.

Figure 9. Timber frame with brick noggin is widely observed in Bagan and Chauk without any
structural damage; however, nonstructural failures such as out-of-plane failure of brick wall and ceiling
were observed in Chauk.

5.3. Unreinforced Masonry (URM)

Brick load-bearing structural system is mostly built during British colony period. Most of
them are two-story or less. In Chauk, only light damage could be observed to URM
buildings. The most importantly observed damages for this kind of structure are the
cracking developed in the main fagade, namely around the first store windows and
openings, and the extensive shear cracking in the second story, which indicated that the
facade was in an initial stage of failure (Fig. 11). Very few observed damage for this kind of
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Figure 10. Wooden frame with mat infills is widely used in Chauk and Bagan without any structural
and nonstructural damage since it is light and more flexible. Most of these kinds of structures are
usually one- or two-story buildings.

Figure 11. Moderate damage to unreinforced brick masonry building built during British colony era. The
extensive shear cracking in the second story indicated that the fagade was in an initial stage of failure.

structure in Bagan and Nyaung U. However, there was a report of one collapsed URM
building in Pakoku (around 70 km epicentral distance). These types of buildings are the
most vulnerable to earthquakes in the epicentral area; however, URM buildings with good
maintenance seem to perform well with minimal damage.
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5.4. Bamboo

Bamboo building is considered to be the largest building stock in the epicentral region.
Most of them are one-story building and are generally used for residential purpose with
few of them serving as local schools. The bamboo-framed houses, with bamboo mat walls
and floors and thatched roofing incorporate key points of earthquake-resistant construc-
tion, and are less likely to be damaged since they are light and more flexible. No damage
has been reported for this type of structure in the epicentral area.

6. Quantification of Observed Damage and Seismic Fragility Curves

Based on the field observations, it is possible to quantify the observed damage by type and
class of building in the vicinity of the most affected villages. For quantification of damage,
we employed the European Macroseismic Scale [EMS; Griinthal 1998]. The EMS scale
provides damage grade charts separately for masonry and RC structures. Damage grades
range between 1 and 5, with the former representing negligible to slight damage and the
latter representing total collapse or destruction.

According to the field observations in Chauk, a few of the URM buildings (Class A
according to EMS) were moderately damaged (Grade 2 according to EMS), most of the
RC buildings (Class C according to EMS) were moderately damaged (Grade 1 according
to EMS). However, few RC buildings have moderate nonstructural damage (Grade 2
according to EMS) due to the presence of vulnerable construction such as pounding effect
(Class B according to EMS), and most of the timber buildings with brick noggin and mat
infill wall (Class C according to EMS) were negligible to slight damaged (Grade 1
according to EMS). Comparing the observed damage with the definitions given in the
EMS intensity scale, it is observed that EMS Intensity VI (slightly damaging) can be
assigned to Chauk for the August 2016 tremor (Fig. 12). The EMS scale is somewhat
similar to the MMI scale used in the United States. Both scales have 12 intensity degrees
expressed in Arabic numerals. The principal difference between EMS and MMI is that it is
more clearly written and structured in such a way as to make it easier for different
investigators to obtain consistent results.

According to survey results, almost 15,000 buildings were investigated. Only light
damage (green tag) could be observed to very few buildings in Chauk, and these buildings
could be immediately used without any structural retrofitting with some nonstructural
damage. No observed damage was reported in Bagan and Nyaung U. This might partly be
explained by the deep focus of mainshock, which produced lower ground motion com-
pared to same types of structures that have been damaged in the previous Mw 6.8 Tarlay
earthquake on March 24, 2011 [Ruangrassamee et al., 2012; Ornthammarath, 2013]. The
statistical building damage data are shown in Table 3 with each damage level. Seismic
fragility curves will be developed for light damage buildings and compared among
different structural systems with observed MMI.

The building damage probabilities for light damage level were calculated and shown
against MMI. Linear regression analysis was performed to develop the fragility function.
The cumulative probability P of occurrence of damage is given either by Eq. (1) or by (2):
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Figure 12. Isoseismal map for the Mw 6.8 Chauk earthquake of August 24, 2016, 10:34 UTC. Contour
intensity lines had been drawn according to observed damage from this field survey.

Table 3. Damage statistics of damaged structures in Bagan, Nyaung U, and Chauk.

Timber frame Timber frame
URM RC buildings  with Brick Noggin ~ with mat infill Bamboo
No No No No No
Green damage Green damage Green damage Green damage Green damage
Chauk 4 80 1 61 5 617 0 1,151 0 5,036
Bagan & Nyaung U 1 161 1 676 0 1281 0 2,202 0 3,559
XU
P(x) = ¢[ } (1)
(4
In(x) — ¢/

P(x)=¢ [T (2)

where @ represents the standardized normal distribution function, x stands for MMI, and p
and o (i and ¢’) represent the mean and standard deviation of x (In x), respectively. Two
statistical parameters of fragility function, u and o (W’ and ¢’), are obtained by plotting x (In
x) against the inverse of @ on normal or lognormal probability papers and by performing
least-square fitting of this plot. Consequently, two parameters are obtained by taking the
intercept (i or ) and the angular coefficient (o or ¢’) in Eq. (3) or (4):

=0¢p ' +u (3)

In(x) =d¢ ' +4 (4)

Throughout the regression analysis, the parameters are determined to obtain the best
fit (in the least squares sense) of fragility curves with respect to MMI. The statistical
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parameters that were derived and used to construct the seismic fragility curve in this
study are summarized in Table 4. Due to limited damage in Bagan and Nyaung U,
only damage statistic of 2 structural types could be able to develop seismic fragility
curve, i.e, URM and RC buildings. Figure 13 illustrates the fragility curves for URM
and RC buildings constructed in epicentral area. In addition, damage probabilities of
three damage levels of historical monuments in Bagan (Table 1) were also shown.
The main findings of this study and their applicability are summarized as below.

o At slightly damaging ground motion level (MMI VI), the results show a better
resistant performance of timber with brick noggin over RC and URM buildings.

¢ Only poorly maintained URM buildings and RC buildings with the presence of
vulnerable construction such as pounding effect could be damaged.

e Historical monuments in Bagan performed badly compared to other existing
structures even at low ground motion intensities (MMI V, PGA 0.08 g). Around
6% monuments were classified as light damage, whereas 5% and 2.5% ancient
monuments suffered moderate and heavy damage, respectively.

Table 4. Summary of parameters for constructing seismic fragility curves based on observed damage
from the 2016 Mw 6.8 Chauk earthquake.

W o
RC 2.0917 0.1622
URM 2.2164 0.2545

10.0%
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Figure 13. Damage probability of light damage level for different existing structures and monuments
against MMI for Bagan, Nyaung U, and Chauk with different building types.
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7. Conclusion

Based on available seismotectonic information and instrumental data, a summary of the 24
August 2016 Mw 6.8 Chauk earthquake has been presented. The earthquake occurred along
an eastward-dipping Wadati-Benioff zone at 85 km focal depth. Observed strong ground
motion has been recorded in Nyaung U seismic stations at 48 km epicentral distance. In
addition, the observed earthquake damage to historical monuments and local buildings
stocks has been discussed. The majority of retrofitting work to ancient monuments after
1975 tremor did not improve overall performance to resist a future earthquake, and same
pattern of damage could be widely observed. From surveys and damage reports, minimum
damage has been identified in Chauk corresponding to MMI V1, while patterns of damage
states are similar to previous moderate earthquakes in this region. Lastly, seismic fragility
curves of local buildings have been derived based on survey damage.
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