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1. Introduction

Earthquake ground shaking is one of the environatemttions to be considered in structural
design. In regions of high seismicity, the desigrstouctural elements is usually governed by
load combinations which include seismic loadinge Hffects of an earthquake on non-structural
elements such as damage to facades, glass, plagteegrs, gas and water pipes, etc. can also be
a significant issue even in the regions with lowxtoderate seismic activity.

The Wenchuan Earthquake with the moment magnitdideQo(reported by USGS) occurred in
Sichuan Province in China on May 12, 2008 at |tica¢ 14:28. As of July2 2008, 69,195 people
have been killed, 373,606 injured, 18,389 missthgjillion homeless, and 79,852 rescued (Ref.
3). To investigate damage to infrastructure calmethis earthquake, a group of 8 researchers (2
from The University of Melbourne, 1 from Swinburbaiversity of Technology and 5 from The
University of Hong Kong) was sent to Sichuan, Chim&ate June-early July 2008 (about 50 days
after the event) for visiting the city of Chengdbuyjiangyang, YingXiu and Mianyang cities
which have suffered different degrees of damage.

This report is mainly on the observations of thendged area. The aim herein is to classify
damage based on building types, modes of failuigance from the epicentre and relevant
ground motion parameters.

2. The Wenchuan Earthquake

The Wenchuan earthquake of May 12, 2008, occursetha result of motion of a northeast
striking reverse (or thrust) fault on the northveestmargin of the Sichuan Basin. The earthquake
is indication of tectonic stresses resulting frone ttonvergence of crustal materials slowly
moving from the high Tibetan Plateau, to the wagginst strong crust underlying the Sichuan
Basin and southeastern China. On a continenta stted seismicity of central and eastern Asia is
a result of northward convergence of the Indianepdayainst the Eurasian plate with a velocity of
about 40 mm/year (Figure 1). The Longmen Shan nthkks$ectonic contact between the Sichuan
Basin to the East and the mountains of westernu@ittand the eastern Tibetan plateau to the
West (Ref. 1) as shown in Figure 2. The lengthheffault has been found to be some 300 km in
length and had a focal depth of some 19 km (RefTBg northwestern margin of the Sichuan
Basin has previously experienced destructive eaakes, e.g. the magnitude 7.5 earthquake of
August 25, 1933 in which more than 9,300 peoplesvkdted.
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Figure 1: Map showing the location of the 2008 Whran earthquake (white star) as well as the logatioall
earthquakes occurring between 1964 and 2004 witininades between 4.6 and 9.0 (Ref. 4).
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Figure 2: Diagram showing the Longmen Shan fautiez@ref. 6).
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The ground motion parameters published by UniteateSt Geological Survey (Ref. 5) and
Chinese Seismic Information Network (Ref. 2) arespnted here in Tables 1 and 2.

Table 1: The intensity, PGA and PGV for differeittes based on information provided by United StaBeological

Survey(USGS)
City Intensity Dist.  from | PGA (%Q) PGV (cm/s) | Location
(MMI) the epicentre
Chengdu VI-VII 80 km 22.24 20.48 N30.67
E104.07
Mianyang VI 145 km 50.39 48.52 N31.47
E104.77
Dujiangyan VII- IX 20 km - - -
YingXiu XI 0 km - - -
Table 2: The calculated PGA and PGD based on irdtiam provided by Chinese Seismic Information Netwo
City MMI Dist. From | E-W N-S Z
the fault

Chengdu VI- VI 80 km 110 gal 90 gal 55 gal

225 mm 180 mm 17 mm
Mianyang Vi 60 km 130 gal 145 gal 100 gal

225 mm 115 mm 5 mm
Dujiangyan | VII-IX 20 km 142 gal 175 gal 120 gal

700 mm 500 mm -70 mm
YingXiu XI 0 km 170 gal 205 gal 155 gal

1000 mm 750 mm -220 mm

Figure 3 shows the map of Sichuan Province alorlg thie epicentre and fault of the Wenchuan
Earthquake and the cities that have been visitetidyesearch group.
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Figure 3: Map of Sichuan province (Ref. 3).
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3. Observations from the damaged area by the Wenchuabarthquake

A damage assessment was carried out in the ciugiingyan by the Institute of Space and
Earth Information Science of the Chinese UniversitiHong Kong collaborated with the Beijing
SPOT Image Co., Ltd. It was found that more thafo9&f the buildings in this city were
damaged and about 15% of them experienced (fowmjasettlement. Northeast and centre of
Dujiangyan was reported to be the most damaged iardz city with more than 20% of the
houses collapsed, while damage in Eastern Dujiangygae less serious (Ref. 7).

As mentioned earlier, a group of 8 researchers wegatched to visit the damaged area in a
four-day period. This section summarises what waserved during this expedition. Pictures
available here were selected from more than 20@@ogitaken during the trip. The intention was
to include as many photos as possible to show waupatterns of damage that had occurred to the
buildings. Damage to the buildings, roads and lesdgan be attributed to the low quality of
construction, improper design and apparently thersy of the ground motion.

Photographs taken from Chengdu, Dujiangyan, Yingnad Mianyang show that non-damaged
buildings and damaged buildings were in some caserore than ten meters apart. This implies
that with proper application of current structugailthquake engineering knowledge in the design
and construction, buildings can be protected ag@wsn more severe earthquakes. It has been
attempted to depict various kinds of damage throtigh images provided hereinafter. The
captions further explain what has been observedjitiymg more information on the damage
shown through the pictures. The damage, thougbrdift from a region to another, has been later
classified in section 4.
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A. Chengdu (MMI: VI - VII)

Figure 4: Examples of non-damaged buildings.
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Figure 5: Examples of non-damaged tall buildings.
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Figure 6: Damage to plaster, and crushing of theomgy infill panel of RC framelties.

Figure 7: Cracks on the facade along the gap betivee adjacent residential blocks.
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Figure 8: Cracks in the plaster on masonry infilhpls (RC frame with masonry infill).

Figure 9: Cracks in the plaster in the interior arag panels (RC frame with masonry infill.
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Figure 10: Collapse of chimney in a masonry buidin

Figure 11: Cracks along the joint between two asljabuildings.

Figure 12: Strengthening of the building by consting masonry walls and RC ties beneath the camstitewhich
does not seem to be effective as they are nottstally connected to the building.
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B. Mianyang (MMI : VII)

Figure 13: A multi-storey RC frame with masonrfilirpanel under construction with no visible dareag

Figure 14: Damage to the facade tiles. FigureAbbexample of a building collapse.
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Figure 16: A slightly damaged building with columnkich are supported by deep beams at the growedl le
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Figure 17: Examples of non-damaged/slightly damdmeldiings.

Figure 18: An example of damaged tiles and non-dga@lass in the facade.
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C. Dujiangyan (MMI: VII- IX)

a) b)

c) d)

Figure 19: An example of a soft-storey RC buildimigh masonry infill; a) the soft storey at the gnolulevel; b) the
inclination of the column at the soft storey; cpahand tensile cracks in the masonry panel irditextion of the
soft storey; d) horizontal cracks at the interf@edween the beam and infill panel perpendiculathto soft storey
direction (out-of-plane behaviour of the infill-fre) and cracks at the connection of two perpenaidudams.
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Figure 20: An example of a damaged RC structuré wiasonry infill; a) an overall view of the buildinb) x-
pattern (tensile) crack of the masonry resulteshi@ar cracks in the top and bottom of the coluhepttapse of the
masonry infill- a combination of out-of-plane insility and in-plane degradation.

Figure 21: Collapse of the infill panel and the di@RC column/tie.
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a) b)

e) f)
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9) h)

i) )

Figure 22: An example of a soft-storey building endonstruction; a) and b): view of the buildingy; iaclination of
a column in the direction of the soft-storey witlagtic hinges at top and bottom; d): two rows ofuoms with
plastic hinges; e) and f): plastic hinges on topghaf columns including crushing and spalling of aete core and
concrete cover, buckling of the horizontal reinfogcbars and displacement of stirrups; g): x-pattenack in the
masonry infill in the direction of the soft-storeym the first floor; h): undamaged interior masopgnels in the
direction of the soft-storey in upper storeys. Th@sonry panels in perpendicular direction to thie-sorey were
almost fully intact. The masonry panels in the dien of the soft-storey were also generally intxatept for a few
number of them in the first storey of which an epdaris shown in g); i) the displacement in therstat the ground
floor (soft-storey) which can be used to measuedéhel of horizontal displacement at the groundifland also the
collapse of the masonry stair well as the resulingflane lateral loads mainly at the joints betwelee masonry
blocks and mortar; j) collapse of the veneer tilscks and crushing of the masonry infill and sh&acks at
supporting points of the deep RC beam.
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a) b)

Figure 23: Two examples of tall buildings (of oestoreys) with masonry-RC frame structural syst@mx-pattern
damage to the infill panels, spalling of the maganaterial and deflection of the first floor prothabs the result of
plastic hinges/shear failure at the supporting {soafi the beams and/or slabs; b): masonry failuméniy on the first
floor.

a) b)

Figure 24: View of three adjacent buildings. Twarfgtorey buildings with minor damage such as tlaelc along
the joint between them and an RC framed tower midisonry infill which has been damaged in the fofrmasonry
cracking, masonry spalling and separation betweemtasonry and RC frame. Damage can be observetficglby

around the openings. Two different types of masamiys have been used which are clay bricks andreta blocks.
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a) b)
c) d)
e) f)

Figure 15: An example of a soft-storey at the fiesel (not ground level); a): a general view o Birstorey building
with a soft storey at the first floor. As can bersdrom the picture there are large openings atufiper storeys
which make the storeys structurally similar to greund floor. The infill-panels in the back franmen be seen in
either the ground or upper floors; b): soft stoa¢yhe first level; c): x-pattern crack in the masoinfill resulted in
separation between the masonry units and mortdrabso crushing of the masonry. This infill withesping is along
the direction, and at the level of the soft-stor€lie horizontal crack was not caused by the eastkejfelectric
cables were pulled out after the earthquake supippdmcause they were considered as valuable raberd):
diagonal cracks in the plaster on infill panel la¢ tsecond storey (above the soft-storey) alongstfestorey
direction; e) and f): both pictures show examplemfill panels with openings along the directiondaat the level of
the soft-storey with diagonal and bed-joint failimehe panel.
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a) b)

c) d)

Figure 26: An example of different damages occutoedn RC frame with masonry infill; a): out-of-pkacollapse
of masonry panels as a result of long spans edlyeaiaupper storeys with higher values of accedlera b):

concrete cover spalling and concrete core crusairipe top of column with masonry crushing and Isgalat the
top corner and detachment of the masonry panel tlmmcolumn; c¢): masonry crushing and spallinghat top
corner and detachment of the masonry panel fronofndeam; d): crushing of the masonry at bottormeo
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c)

Figure 27: The effect of masonry infill panels ¢ twhole structural system under the combinatiogra¥ity and
lateral loading; a): 9-bay structure including filiframes and 2 bare-frames along the transvdistion showing
the structural benefit of the infill-panels to cobtite to take the gravity load when there aretpldsinges in the
frame members as the result of lateral earthquade; Ib) and c): deflected shape and settlemeriteobtilding as
the result of the plastic hinges at the ends otttiiamns leading to spalling of the concrete coré @educe in axial
capacity of the columns.

a) b) ©)

d) e)

Figure 28: An example of the soft-storey effect;g@neral view of the building; b): shear crackhe column with
tapered-beam connection; ¢) and d): insufficientccete cover and/or inadequate stirrup distancdirigato the
buckling of the vertical reinforcing bars; e): agbe of the masonry partition, insufficient horidrbars in the tie-
beam which are located at the neutral axis of #snh and no integrity between the tie and the migsarpport.
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c) d)
Figure 29: An example of inadequate foundation giesa) and d): foundation settlement/punching as rttain
reason of the damage to the building. Consequertifdl damage to the beams, failure of the pamiedonry infill
panels and axial failure of columns; b): foundatsattlement/punching; c): shear cracks in the atecand flexural
crushing of concrete along with reinforcement yiredd

a)
b)
Figure 30: Diagonal and bed-joint crack in the nmagowall. The diagonal crack has propagated throtigh
masonry units but mainly through the bed/head $oistepped-crack).
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a) b)
Figure 31: Bed-joint crack in two directions in @aling masonry wall a): bed-joint crack in the wdalction of the
wall; b): bed-joint crack in the strong directiohtbe wall.

Figure 32: Bed-joint cracks in the masonry beavimads.

Figure 33: An example of stair slab and infill pefadure.
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c)

Figure 34: Different crack patterns in masonrylirdanels; a): diagonal crack through both mortad #he bricks,
bed-joint crack in the mid-height, separation beméhe frame and the infill and masonry crushintpattop corner;
b): diagonal crack mainly in the plaster on the gdgrerpendicular to the panel shown in a) and déngsbf the
masonry at the top corner; c): diagonal crack, ldngs and spalling of the masonry and separatiomdsen the
masonry panel and the frame (beam and column).

Figure 35: Out-of-plane stability of the infill-pahin a soft-storey building
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Figure 36: Eccentricity of the beam-to-column (lorital and vertical ties) connection with colummtioal
reinforcement without concrete cover.

a) b)

Figure 37: a): Failure of a relatively deep beamppropriate aggregate (stones instead of appte@@ggregate), no
reinforcement cover and probably insufficient sheapacity of the section; b): stones rather thapr@miate
aggregate in concrete material.

Figure 38: Diagonal shear cracks at the ends dbélaens and spalling of the veneer tiles.
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Figure 39: Different examples of column failuresimhabecause of low shear and vertical strengtthasresult of
insufficient number of stirrups leading to buckliafreinforcing bars and concrete core crushing.

A2- 26



EJSE Special Issue:
Earthquake Engineering in the low and moderatersigisegions of Southeast Asia and Australia (2008)

Figure 40: Inadequate (no) connection betweenahamm and the beam leading to sliding of the column

Figure 41: Out-of-plane buckling of the RC colunman infill-frame: buckling of the vertical reinfding bars,
spalling of the concrete cover and crushing ofciecrete core.
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a) b)

c) d)

Figure 42: An example of the structural interactimtween the infill and frame under both gravity dateral loads;
a): the view of the damaged 5-storey building;tb damage to the infill and the frame at the gdolevel mainly
diagonal cracks and crushing in the infill in badlrections with the damage to the surrounding calsinc):
propagation of the diagonal cracks into the columhrihe top leading to decrease in the vertical cigpaf the
column, crushing and collapsing of the masonnylinfider gravity and lateral loads; d): crushingtod infill at the
top corner, failure of the column in the form ofchling of the reinforcing bars and concrete crughspalling.
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Figure 43: Examples of total collapse of the stites; the top-left picture shows two buildings whare almost
intact in vicinity of a collapsed building. Theseat buildings seem to be examples of new buildinghk wrobably
better design and construction.

Figure 44: Examples of shear cracks in the beams.
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Figure 45: Structural and non-structural damage srhool building. The earthquake occurred durbrey lireak-
hour.

Figure 46: Examples of temporary accommodatiorr #fie earthquake.
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Figure 47: Examples of intact/slightly damaged dinis
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D. YingXiu (MMI: XI)

Figure 48: Examples of building collapse.
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Figure 49: Examples of intact/slightly-damaged dinifjs.

Figure 50: Severe damage to an RC frame with mgdofil. Diagonal cracks, crushing and spalling tbg infill
and flexural failure of the slaps/beams.
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Figure 51: Damage to the bridge as the result efual support settlement.

Figure 52: Examples of land-slides, cracks in thegments (bottom-right) and collapse of retainiradisv(top-left).

A2- 34



EJSE Special Issue:
Earthquake Engineering in the low and moderatersigisegions of Southeast Asia and Australia (2008)

Figure 53: Collapse of a transmission tower. Figure 54: Falling big pieces of rock from
the mountain on the roads.

Figure 55: Soft-storey building and separation leetmthe infill and frame and pattern of the crack
in out-of-plane direction.
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Figure 56: Damage to an industrial structure witiglat roof.

a) b)
Figure 57: Damage to infill-frame structure; a)pilane diagonal and bed-joint cracks and masorughing in the
infill; x-pattern cracks in the infill panel arourtde opening which can be related to either ileudrof-plane failure;
b): low quality of masonry work.

Figure 58: Temporary accommodation.
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Figure 59: Pieces of three construction mater@iscrete, stone and wood.

E. Examples of Masonry Materials
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Figure 60: Examples of masonry units: hollow clégcks and solid clay bricks.
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Figure 61: Different patterns of masonry wallslinfianels with different masonry units and mortar.

4. Closing Remarks

The damage to building structures in four citiegimy the Wenchuan Earthquake has been
reported. A variety of damage has been shown byplie¢ographs in section 3. Different patterns
of damage can be categorised as follows:

a) Masonry part of the structures:

- Damage to plaster and veneer tiles which aregrdzed as minor damage which might be
dangerous regarding the falling particles

- Masonry crushing as the result of strut-action

- Masonry shear (bed-joint) and tensile (diagonedks

- Separation between the masonry infill and theé&a

- Masonry out-of-plane collapse

b) RC components:

- Cracks at the connection between two perpendit@ams

- Crushing of the concrete core in RC columns/ties

- Spalling of the concrete cover/core in RC framamhers (mostly columns)

- Buckling of longitudinal reinforcing bars as thesult of either nollittle concrete cover or
inadequate stirrup spacing

- Shear cracks/failure of RC columns and beams

- Failure of beams/horizontal ties supported by anag bearing walls due to inadequate
supporting length

- Foundation failure due to punching

- Failure of concrete due to inappropriate mategalch as using stones instead of appropriate
aggregate)

- Column buckling
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- Flexural failure of beams/slabs
- Non-uniform settlement of columns (bridges anddmogs)

c) Roads and other structures:

- Cracks in the road pavements

- Land sliding

- Collapse of transmission towers
- Failure of retaining walls

Damage to buildings, roads and bridges was maitthbated to low quality of construction,
improper design and apparently the severity of ghmund motion. It can be seen that non-
damaged buildings and damaged buildings are in si®es no more than ten meters apart. This
implies that with proper application of currentustiural/earthquake engineering knowledge in
design and construction, buildings can be proteatginst even more severe earthquakes.
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