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Abstract:Thefailuremechanismoftheancientpagodaundercompressionwasanalyzed,basedonthetotal
andpartialdeformationcharacteristicsofthepagodamodelstructure,andtheevolutionofthedamagewas
calculated.Takingthefirststoryofapagodaastheprototype,threemodelspecimensweregeneratedby
theuseofoldbricksatdifferentscales:theoriginalbrick,the1/4and1/8scaled modelbrick.
Compressiontestswerethencarriedout.Thecharacteristicsofthestructuralcracksdevelopedduringthe
loadingprocesswereobserved.Numericalsimulationwascarriedout.structuralload,displacements,and
strainsweredetermined,andthestressesandfailuremodesofthethreemodelswerecompared.The
compressionfailuremechanismsandcharacteristicsofthedamagevariationofthemodelswereanalyzed.
Theresultsindicatethatthemasonryfailureofpagodasundercompressionoccursinthreestages,the
initialcrackingalongthemortarjoint,theexpansionandextensionofthecracks,andtherunningthrough
ofthecracks.Thecrackingofthepagodastartsatthetopfourcorners,graduallyextendsdownwards,and
finallyrunsthroughtheentirestructurewiththeincreaseinloading.Smallsectionsofbrickcolumns
deformed,leadingtostructuralfailureowingtoinstability.Inaddition,horizontaldeformationoccurred
alongboththeinsideandtheoutsideofthepagodawall,andsomebrickswerecracked.Theinitialdamage
andstiffnessofthemodelstructurevariedduetothedifferentsizesofbricks.Thecrackingloadand
ultimatestrengthdecreasedastheunitblocksizedecreased,whilethestrainfollowedaninversetrend.
Keywords:masonrypagoda;mechanicalproperties;failuremode;failuremechanism;damageevolution

竖向荷载下砖石古塔的损伤性能
卢俊龙,李传立,韩鑫,王振山

(西安理工大学 土木建筑工程学院,西安710048)

摘 要:以玄奘塔首层为原结构,分别采用原砖、1/4和1/8模型砖制作了3个1/8缩尺结构模型,
进行受压试验,观测加载过程中结构裂缝发展特征,测试了结构荷载、位移及应变;并通过数值模

拟,对比了3个模型受力及破坏形式,分析了古砖塔的受压破坏机理和损伤变化。研究结果表明:
砖塔受压破坏过程包含沿灰缝开裂、裂缝扩展和延伸、裂缝贯通破坏3个阶段;塔体破坏始于四角

顶部,随荷载增加逐渐向下扩展并贯通,形成小截面砖柱,砖柱失稳导致结构破坏;塔壁沿平面内及

平面外产生水平向变形,部分砖块开裂,因砖块尺寸不同导致模型的初始损伤及刚度不同,开裂荷



载和极限承载能力随砌块尺寸减小而降低,应变随块体尺寸减小而增大,并根据模型的整体变形和

局部块体变形特点,分析古塔的受压破坏机制,计算出古塔受压损伤演化趋势。
关键词:砖石古塔;力学性能;破坏模式;破坏机制;损伤演化
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1 Introduction
Masonrypagodasweremainlyconstructedin

ChinaduringtheTangDynasty (A.D.689to
907).Theyareusuallyconsideredancienthigh-rise
buildings,amongwhichthefamouspagodasin
Chinaincludethe84 m high Kaiyuan Temple
pagodalocatedinDingzhouCity,HebeiProvince
andthe87mhighChongwenpagodainJingyang
County,ShaanxiProvince.Theancientmasonry
pagodaswereconstructedofbrickorstoneblocks,

withglutinousricemortarorloessmud.Becauseof
lowmortarstrength,thestructureseasilycrack
underlongperiodsofhighpressure,andthe
interiorsbecomedamaged.Thestressresultsin
the masonrypagodasbeing weakenedintheir
bearing capacity or even in their collapse.
Therefore,forthesafetyassessmentofancient
pagodastructures,itisessentialtoanalyzethe
processbywhichthemasonrygetsdamagedunder
compression.
Inthestudyofthecompressivestrengthofbrick

masonry,Shietal.[1]exploredtheeffectofthe
variationoftheratioofheighttothickness.They
performeduniaxial,biaxial,andtriaxialtestsonclay
brick,mortar,andmasonryspecimensandanalyzed
thefailurecriteriaofmasonryprisms.Severalscholars
havestudiedthemechanicalpropertiesofvarioustypes
ofmasonryintermsofthemechanicalproperties,the
strengthandformofthemasonrymortar,andthe
changeinblockform[2-5].Usefulapplicationindices,

whichprovidevaluablereferencesforthecalculation
andnumericalsimulationofmasonrybearingcapacity,

have been presentedin theliterature[6-11]. The
constitutiverelationshipof masonryisderivedto
analyzethevariationofthestress-strainrelationshipfor
theintuitivedescriptionofthecompressivestrength,

whichhassignificantvaluefortheoreticalresearchand

practicalapplications[12-15].Currently,theestablished
constitutiverelationshipofmasonryisprincipallybased
ontherelationshipduringtheexperimentalprocess,

andtwotypesofcurveformsareidentified,namely,

theascendingtypeandthefullcurvetype[16-18].Wang
etal.[19]presentedanovelperspectiveforinvestigating
thefailureprocessofmasonryunderpressure,based
onthedamagemechanicsandelasticbrittlenesstheory,

andsimulatedthedamageandcrackingstagesof
masonrystructuresunderloading.Yangetal.[20-22]

introduceddamagemechanicsintheanalysisofthe
pressurefailureofmasonryunderuniaxialpressure.
In summary, studies concerning the

compressivestrengthofmasonrystructuresmostly
analyzedtheeffectof masonry materialsand
masonryblocktypesbasedontheexperimental
results.Owingtothelow-strengthmasonrymortar
andhighpressurestressatthebottom ofthe
pagoda,localdamageoccursincylindricalblocks.
Compared with ordinary masonry structures,

ancientpagodamasonryhasuniquecharacteristics
intermsoflowstrengthin masonryandbond
form.Therefore,itisimportanttodevelopamodel
ofancientbrickpagodasfortestingthecompressive
strengthandanalyzingthefailuremodeandfailure
mechanism. The model can provide reliable
referencesforthesafetyassessmentofancient
brickpagodas.

Basedonthemicromechanicaldamagemodel
ofmasonry,takingthefirststoryoftheXuanzang
pagoda located in Xingjiao Temple as the
prototype,threestructural modelsconstructed
withblocksofdifferentsizesweretested.The
basicfailuremodeandcharacteristicsoftheancient
masonrypagodaweredeterminedfromcompression
testresults,andthedependenceoftheinitialdefect
rateonthecompressiondamageofthepagodawas
obtained.Thestress-strainrelationship ofthe
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blockandthecompressiondamagecurveofthe
pagodaweredetermined,providingthebasisfor
thesafety evaluation ofthe ancient masonry
pagodas.
Inthisstudy,thecompressivestrengthofthe

bottomstructureofancientmasonrypagodasis
investigated.Basedonthedamagetheory,the
pressuretestresultsshowthefailuremechanism
andthestress-strainrelationshipforbrickmodels
ofmasonrypagodas.

2 Materialsandmethods

2.1 Pressuretest

2.1.1 Testmodel
TheXuanzangpagodaof Xingjiao Temple

selectedastheprototypestructureislocatedin
XianCity,ShaanxiProvince,China.Thepagoda
istherestingplaceoftheBuddhistrelicsofMaster
XuanzangoftheTangDynasty,andissquarein
plan.Thereisaroomonthefirstfloorandastable
structureabovethesecondfloor.A five-floor
building,the pagoda body gets progressively
narrowerwitheachfloor.Thepagodahasaheight
of21 m andabottom edgeof5.2 m.The
Xuanzangpagoda,showninFig.1,wasamongthe
firstgroup ofkeyculturalrelicsselectedfor
protectioninChinain1961.

TakingthefirststoryoftheXuanzangpagoda
astheprototype,amodelscaledto1/8sizewas
designed and constructed. The model has a
quadrilateralshapewithasidelengthof0.7m.
ThedetaileddesignsizeisshowninFig.1.

Abandonedbricksgatheredfromoldhouses
demolishedinthe1980s,andagedabout40years
withdimensionsof240mm×115mm×53mm
characterized by theirregular appearance and
favorablequalitywereusedinthemodels.As
showninFig.2(a),rawbrickswerecutusingthe
cuttingmachinetoproducethemodelbrickwith
ratiosof1/4and1/8.Thesizeofthemodelbrick
atascaleof1/4was115mm×53mm×53mm,

andthesizeofthebrickscaledat1/8was115mm×

53mm×26mm.Todrawacomparativeanalysisof
theeffectofinitialdefectscausedbythemortar
jointsonthefailuremodesandbearingcapacity,

threemodelsweregeneratedinthistest,which
wereoriginalbricks,1/4bricks,and1/8bricks.
Model1wasmadeoforiginalbricks,Model2was
madeof1/4scaledbricks,Model3wasmadeof
1/8scaledbricks.Thewater-limeratioofthe
masonrymortarwas0.8,andtheconcentrationof
glutinousricepastewas5% (glutinousrice(g):

water(g)=0.05:1).Theblocksareshownin
Fig.2(b).AsshowninFig.2(c),themodelwas
builtona700mm×700mmsteelplatewitha
mortaljointsizeof5 mm bythesameskilled
worker.Theconstructedspecimenmodelisshown
inFig.2(d).

Fig.1 TheXuanzangpagodainXingjiaoTemple
 

Fig.2 Constructionofthemodel
 

2.1.2 Testprogram
A5000kNelectro-hydraulicservopresswas
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employedforthe modeltest.Preloading was
performedbasedonthedisplacement-loadingmode
toeliminatetheassemblinggapbetweenthesand
cushionandthebottomplate.A10kNpreloading
forcewasappliedtotestthedisplacementgauge
andfoilgaugeperformanceduringloading.When
thevalueinthedisplacementgaugestartedto
increaseslowlywiththeloading,thepreloading
wasstopped.Theloadingwasappliedataconstant
speedof0.15 mm/minandwasstoppedwhen
instabilityoccurred.Duringthetest,thebehavior
wasnoted,andthedisplacementmeterreadingsat
differentstageswerereadandrecorded.

Averticaldisplacementmeterwaspositioned
intheeasternandnorthernfacadesatadistanceof
420 mm.Similarly,a horizontaldisplacement
meterwasplacedinthesouthernand western
facadesat530mm,andahorizontaldisplacement
meterwassetinthewesternandnorthernfacades.
Horizontalandverticalresistancefoilgaugeswere
fixedonthesurfacesoftheupper(about5cmfrom
thetop(S3-1,S3-2,S3-3)),middle(about30cm
fromthetop (S2-1,S2-2,S2-3)),andlower
(about5cmfromthebottom(S1-1,S1-2,S1-3))

bricksatthecornersofthesouthernfacade,as
showninFig.3.

Fig.3 Foilgaugemeasuringpoints
 

2.2 Theoreticaldamageanalysis
Ancientpagodamasonry mostlyconsistsof

glutinousricemortarandclaymortarwithlow
bondingstrength,andcracksinmasonryusually
occuralongthemasonryjointsundertheactionof
externalforces.Basedontheanalysisofthe

pressureandtensiondeformationcharacteristicsof
thebrickmasonrywallsorcolumn,theoverall
stressformofthemodel,thefailureoftheancient
pagodaunderpressurecanbesimplifiedtothe
meso-failureformillustratedinFig.4.Themodel
isdividedintocylinderswiththeareaequaltoSi,
theheightequaltothemodelheight,whereSiis
theequivalentareadecidedbythenumberof
cylinders.Respectively,thesmallcylindersare
connectedthroughspringstoillustratethetension
formsofblocks(Fig.4).

Fig.4 Themasonrypressuremeso-modelofpagoda
 

Duringtheearlystagesofloading,thestress-
strain curve is expressed as a straight-line
relationshipwithadecreasingtensilestress,andit
isassumedthatthereisnodamageinthesprings,

andnofailureoccursinthecylinders.Withthe
increaseinload,thespringsbegintobreakand
internalmicrocracksappearwhilebucklingstarts
intheuppercolumn,whichisexpressedasthe
non-lineargrowthmodeofthestress-straincurve.
Whenthespringbreakageincreasestoacertain
numberofforms,thesteadyvariationofcrack
appearanceinsmallcylindersgraduallyincreases
randomlywiththeoccurrenceofinstability.Atthis
point,thebearingcapacityofthesmallcylinders
increases,whiletheoverallcompressivestress
decreases,withthestress-straincurvereachingthe
ultimatebearingstress.Therefore,amesoscopic
approachwasadoptedtodescribethemacroscopic
failure mechanism of ancient pagodas under
pressure.

Based on the theoretical analysis above,

ancientpagodasunderpressurearedamagedowing
tothefailureofsmallprismsasaresultofthe
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gradually broken pagoda structure.From the
modeldiagram ofthepagodastructureunder
pressurewiththemesoscopicconditionsillustrated
inFig.4,thedamagevariationDcanbedescribed
bytheclassicaldamagemechanicstheoryproposed
byRabotnovetal.[23].

D=AD

A
(1)

whereADisthearea withoutbearingcapacity
owingtofailure,andAistheundamagedblock
area.FromEq.(1),AD=0andD=0meansthat
nodamageoccursinthepagoda;AD=AandD=1
indicatesthedamagetotheancientpagodaunder
pressure.Therefore,thedamagetotheancient
pagodasvariesfrom0to1.

Thedamageevolutionequationofmasonry
representedbyaWeibulldistributionfunctionis
usedtocalculatethedamagevariationofpagodas
underpressure.Theequation,withtheconvenient
referencetophysicalquantityandsimpleformula
form,isexpressedasfollows[21-22].

D=1- a
a+(1-a)(ε/εm)

; (2)

a=1
η
,b= 1

1-a
(3)

η= E
fm/εm

(4)

Wherea,b,andηarecoefficients,εisthestrain,

fmandεmarethelimitingstressandcorresponding
strain,respectively,andEisthe modulusof
elasticityofthemasonry.
2.3 Numericalsimulation
2.3.1 Numericalmodel

Basedonthesizeofthestructuremodel,a
finite element method (FEM) model was
establishedwith10-nodehexahedronelements.The
blocksandmortarareequivalenttoacontinuum
materialthecalculationparametersofwhichcanbe
definedbasedonthetestresults.Thedensityofthe
structurewasselectedas2100kg/m3,andthe
Poissons ratio was 0.15[24]. The damage
constitutionlaw wasadoptedforthecalculation
usingEq.(5).

σ
fm

= η
1+(η-1)(ε/εm)η(η-1)

ε
εm

(5)

whereσisthecompressivestressofthemasonry,εis
thecompressivestrain,ηhasanumericalvalueof
1.633.Thefmandεmaredecidedbasedonthetest
resultsofmasonryblocksasFig.5shows.Andthefm
canbedefinedas5.6MPa,εmcanbedefinedas0.04.

Fig.5 Thepressuretestofmasonryblocks
 

Basedonthevalueoftheparameters,Eq.(5)

canbeexpressedas

σ= 228.62ε
1+2559ε2.58

(6)

2.3.2 Numericalresults
Thecalculationresultsoftheequivalentplastic

strainarepresentedinFig.6.From Fig.6,the
maximumstrainsmatchtheexperimentalresultsof
thecracksinthemodels,whichcanbeseeninFig.
7.The numerical modelcapturesthe overall
deformation ofthe structure with reasonable
accuracy.Thevaluesaroundtheholeandthe
intersectionofthetowerandeavesarelargerthan
thoseoftheotherparts,indicatingthatthe
sectionscrackeasily.
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Fig.6 ThePEEQcontoursofthestructure
 

Fig.7 Typicalfailurestagesofthestructure
 

3 Resultsanddiscussion
3.1 Failurephenomenon

Thefailurephenomenonoftheancientbrick
pagoda under pressure was characterized by

brittleness.Basedonthefailurephenomenon,the
crackingmodeofthemodelissimilartothefailure
characteristics.Threestageswereidentifiedforthe
deformationcharacteristicsofModel3.

Duringthefirststage,at40%~60%ofthe
ultimateload,cracksweregeneratedattheinitially
appliedpressure,andtheverticalcracksoccurred
attheedgeofthemortar.Astheloadapproached
approximately40% oftheultimatevalue,cracks
firstappearedontheverticalmortarjointsatthe
cornerofthepagodatopwithsmallcracksinthe
adjacentbricks,asshowninFig.7(a).During
thisperiod,crackingoccurredinthebrickinterior
ontheverticalmortarjoints,andonlythesingle
blockswerecrushedunderpressure.Underthe
sameload,thecracksextendedspontaneously.

At60%~80%oftheultimateloading,atthe
crackexpansionandextensionstage,withthe
increaseinloading,thecracks werestretched
furtherwithcrackingsoundsintheinnerbricks.
Atthesametime,newcracksoccurredrandomlyat
differentpositionsinthe bricks,with cracks
extendingalongthemortarjoints.Theexpansion
andextensionofthecracksincreasedinwidthand
lengthandledtotheformationofsignificantcracks
inthelaterstage.Withthecontinuousincreasein
loading,themaincrackseventuallycontributedto
theformationofpenetratingcracks.Somebricks
disintegrated,andstaggeredjointsoccurredatthe
cracksofthestructure,asshowninFig.7(b).
Duringthisperiod,newcracksrandomlyoccurred
in the bricks, which presented upward and
downwardexpansiontrends.The maincracks
penetratedwithincreasingcrackwidth.

At80%~100%oftheultimateload,during
thefailurestageofthepenetratingcracks,the
maincrackspenetratedallthrough,andthepagoda
structure wasdividedintoseveralsmallbrick
prisms.Withtheincreaseinloading,thewidthof
themaincracksexpandedfurther,andstaggered
layersappeared atthecracksonthe bricks.
Moreover,duetotheswellingdeformationofthe
pagoda,thetestwascompletedwiththefailureof
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the modelcaused byinstabilityand decreased
bearingcapacity.Fig.7 (c)presentsthefinal
failurediagramsofthethreemodelsunderloading.
Duringthisperiod,nonewcracksappeared,which
indicatedtheexpansionandextensionoftheinitial
andpenetratingcracksaswellastheincreaseinthe
main crack widths. Consequently,instability
occurredasthemodelwasdividedintonumerous
smallprisms.

Regardingthethreemodels,thefailuremode
oftheancient brick pagodasis described as
follows.Thecracksatthetopedgeandcornerof
the pagoda expanded downwards to form a
penetratingcrackwiththeincreaseinloading.In
addition,staggeredlayersoccurredatthecracks
withadivisionintomanysmallprisms,which
furtherledtotheinstabilityofthepagoda.
3.2 Structuredeformationunderload

Theequivalentaxialstressandstrainofthe
whole structure at different positions were
calculatedbyEqs.(7)and(8).

σce=FN

AE
(7)

εce= Δ
HE

(8)

whereσce,εceistheequivalentaxialstressand
strain,FNisthevalueofthepressureforce,AEis
thesectionareaofthefirstfloorofthemodel;Δis
thetotalaxialdeformationofthefirstfloor,His
thetotalheightofthefirstfloor.

Thenthestress-straincurvewasdetermined,
aspresentedinFig.8.ItcanbeseenfromFig.8
thattheslopeofthecurveshowsanincreasing
trendexceptforsomeshortstages.Theinitial
stage of the model compression shows the
compressionandextrusionofinternalgrayjoints.
When the strain increases rapidly, the
deformationsunderstressaresmall,andtheslope
ofthecurveisequallysmall.Whenthegrayjoint
issqueezedandcompacted,thestructureentersthe
stageofjointforcebetweentheblockandgray
joint.Duringthisperiod,theslopeofthecurve
increases,andthestress-straincurvehasalinear
growthtrend.Whenthestressreachesthepeak

value,thecurveexhibitsanupwardconvexform
untilthemodelisdamagedwhenthestressreaches
themaximumvalue.Afterward,thestress-strain
curvedisplaysadownwardtrend.

Fig.8 Theoverallload-displacementcurveofthemodel
 

Withthedecreaseintheblocksize,thepeak
stressvalueofthestress-straincurvedecreases,
andtheultimatestrainvalueincreases.These
trendsindicatethattheinitialdamagetothe
structureaffectsthedecreaseinthepeakstressand
theincreaseinthecorrespondingpeakstrainofthe
pagodaundercompression.Theslopeofthecurve
decreaseswiththeincreaseintheinitialdamage,
suggestingthatboththeelasticmodulusandthe
structuralstiffnessofthetowerdecreaseswiththe
increaseintheinitialdamagetotheancientpagoda.

Theresultsofthecompressivestrengthofthe
modelundercompressionarepresentedinTable1.
FromTable1,theratioofthecrackingloadtothe
ultimateloadofthemodelrangesbetween0.4and
0.6.Thecrackingloadandultimateloadare
positivelycorrelatedwiththeblocksize,which
demonstratesthattheultimatebearingcapacityof
theancientmasonryundercompressionisclosely
relatedtotheinitialdamagestateofthestructure.

Table1 Testresultsofcompressivestrength

Model
Pcr/

kN

Pm/kN

Experimental Simulation
Pcr/Pm fm/MPa

No.1 286.3 521 533 0.56 2.17

No.2 218.5 475 488 0.48 1.98

No.3 175.6 439 417 0.40 1.83

  Load-displacementcurvesweredeterminedfor
thethreemodelsunderdifferentloads,asdisplayed
inFig.9.ItcanbeobservedfromFig.9thatatthe
initialstageofthemodelcompression,themain
deformationofthetowerbodyisvertical.When
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theloadenterstheinitialcrackgenerationstage,

thehorizontalandtransversedeformationofthe
towerbeginstoincrease.Themodelchangesfrom
compressiondeformationtohorizontaltensionand
outwardbulgingdeformation.Whenthe model
finallyfails,thehorizontaldeformationofthe
modelbecomesthelargest,followed by the
transverseandverticaldeformation.

Duetothelowstrengthoftheglutinousrice
mortarusedinthemodel,thecompressivebearing
capacityofthemortaratthemortarjointswaslow
during the initial compression stage, which
demonstrated compression and extrusion
phenomena.Whencracks wereformed,micro
cracksappeared onthe blockleadingtothe
complexstressstate;thetensilestresscontinuedto
increasewiththeload.

Thehorizontaldeformationofthetoweralso

increaseswithcrackwidthanddepth.Itisclear
from Fig.9thatthedeformationsindifferent
directionsofthepagodavarywithblocksize.The
verticalandhorizontaldeformationsofthetower
increasewiththedecreaseintheblocksize,which
indicatesthatthechangesinthecompressive
failureoftheancientbrickpagodaarerelatedtothe
initialdamageformsofthetower.

Thedisplacementvariationsofthethreetest
modelsinthreedirectionswereanalyzed.Withthe
increasingload,thetransversedisplacementofthe
pagodaincreasedgradually,showingtheoutward
expansion phenomenon. The horizontal
displacementofthepagodawashigherthanits
vertical displacement, indicating that the
transversedeformationofthepagodawaslarger
thanitsverticaldeformation,andthebulging
phenomenonofthetowerwasapparent.

Fig.9 Load-displacementcurves
 

3.3 BlockStrain
Theload-straincurvesoftheblocksaredrawn

fromthetestresultsofthestraingaugesonthe
bricksurfaces,andthedeformationcharacteristics
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oftheblockareanalyzed,asdepictedinFig.10.
Attheinitialstageofloading,theincreaseinthe
compressivestrainislarge,andthechangeinthe
tensilestrainissmall,indicatingthatcompressive
deformationisdominantduringtheinitialstageof
compression.The modelpresentstheform of

overallcompressionatthisstage.Whentheload
reachesapproximately60% oftheultimateload,

thetensiledeformationofthebrickatthemodel
topstartstoincrease,whichincreaseswiththe
load.Thetensiledeformationoftheblockbegins
toextendtothelowerpartofthetower.

Fig.10 Partialblockload-straincurve
 

  Asthemodelwasnotuniformlycompressed
undertheeffectofnon-uniform fillingofthe
verticalmortarjoints,therewereseveralstress
statesbetweenthegrayjointsandtheblock.
Becauselow-strengthglutinousricemortarwas
used as the masonry material,the strength
behaviorofthe brick and mortar were quite
different.Whentheverticalgrayjointswerefilled,

themodelwasnotuniformlycompressed.After
compressionfailureofthemortaroccurredatthe
joints,transverse deformation started in the
interior,which resulted in transverse tensile
deformationofthebricksinthemodel.

Thestrain deformationsofthe blocksat
differentpartsinthethreemodelsshowninFig.9
canbedescribedasfollows.Thehorizontalbrick
strainofModel1increasesfromtoptobottomwith
theincreaseinload,andthereisanincreasein

tensionofthebrickatthetowertop.Withthe
increaseinload,thetensilestrainincreasesatthe
middleandbottomofthetower.InModel2,with
thepostedstraingauges.Theresultsshowthat
whenthetensilestrainincreasesintheupperand
middlepartsofthetower,theloadisthesameand
extendstothelowerpartofthetower.The
horizontaldeformationofthebrickin Model3
variesslightlywiththeincreaseintheload.This
slightvariationshowsthatwhenthetoweris
damagedundercompression,theinternalblockis
moresusceptibletodamagewiththeincreaseinthe
initialdamage,andtheup-downelongationrateat
whichcrackingoccursbecomesmorerapid.

Moreover,acomparisonoftherelationship
betweentheblockstrainandtheload(Fig.10)

showsthattheblockstrainvariationisconsistent
withthetestresults.Whenthemasonrypagodais
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compressed,thestressamplitudevalueoftheblock
aroundtheedgesgraduallyincreaseswiththeload,

andthestressincreasessharplywhentheultimate
bearingcapacityisreached.Thesimulationvalueis
lessthanthemeasuredtestvalue.Becauseofthe
significant difference in mechanical properties
betweenthe mortarandblock,thebondand
contactrelationshipexistingbetweentheblocksis
complex.Aftercompressionoccurs,themortar
area is partially cracked, and the stress
concentration occursaroundthe block,which
increasestherelativedeformationbetweenblocks.
Thecontinuousapproachisusedinthenumerical
simulation.Neglectingtheeffectofthefactor,the
calculationvalueoftheblockstrainislessthanthe
testvalue.

3.4 Damageanalysis

From the compression experiment, the
equivalentstressandstrainofthestructureand
someblockswerecalculated,andthecompression
failure mechanism ofthepagoda masonry was
analyzed.Theancientpagodaiscomposedoftwo
different materials:low-strength mortar and
block.Thestructurehadlowtensilestrength.
Becauseinsufficientashjointswereusedinbuilding
thestructure,therewereseveralstressstatesat
theashjointsundercompression,whichresultedin
theverticalcompressiveandtransversetensile
stressesofthebricks.Whenthetensilestrain
inducedbytheverticalcompressionexceededits
ultimatevalue,parallelloadingcracksoccurredin
theinnerpartoftheblock.Thetransversetensile
stressofthemortarincreaseswiththeincreasein
load.Then,thecracksintheinnerpartofthe
blockextendfaster.

The damage curves of the three
modelspresentedinFig.11arecalculatedusingEq.
(2)basedonthepressuretestresultsofblocks.As
showninFig.11,threedamagecurvesvaryrapidly
withtheincreaseofstrain,andthestructureis
severelydamagedwhenε=(0.1∶1.5)εm;however,

thedamagecurveschangeslowlyafterward.In

addition,undertheinfluenceoftheinitialdamage,

thedamagedslopeofModel3undercompressionis
higher,thedamagespeedishigh,thecrack
penetrationspeedundercompressionisfaster,and
the model is more easily damaged under
compression.Theseobservationssignifythatthe
damagespeedofthebrickpagodaispositively
correlated withtheinitialdamagestateofthe
structure.

Fig.11 Pressuredamagecurvesofthemodels
 

4 Conclusions
Three1/8scaledmodelsofthefirststoryof

Xuanzangpagodawerebuiltusing1,1/4,and1/8
scaledoriginalblack,andcompressiontestswere
performed.Theconclusionsarepresentedinthe
followingparagraphs.

Ancientmasonrypagodasarebrittleunder
compression.Thefailureprocesscanbeclassified
intothreestages:crackofgrayjoints,crack
propagationandelongationandcracktransfixion.
Thecompressivefailure mode ofthe ancient
masonrypagodaisinfluencedbythecross-sectional
areasoftheeavesandthetowerstructure.During
thecompressivefailureoftheancientmasonry
pagoda,cracksappearintheblockatthetop
cornerofthetowerbodyandextenddownwards
alongtheverticalgraycracks,formingpenetrating
cracks.Thetowerbodyisdividedintoseveral
smallprisms,resultingintheinstabilityandfailure
ofthetowerstructure.

Theratioofthecrackingloadtotheultimate
loadoftheancientmasonrypagodarangesbetween
0.4and0.6fromtheaxialequivalentstressand
strainoftheentirestructure.Theultimatebearing
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capacityoftheancientmasonrypagodaispositively
correlatedwiththeinitialdamagetothemodel.
Beforetheloadgeneratescrackpropagationand
elongation,the modelisdominatedbyvertical
compression deformation, followed by the
appearance of outward tension and bulging
deformationofthetowerstructure.

From the load-strain relationship of the
internalblocksofthestructure,theinitialstageof
compressionoftheancient masonrypagodais
characterizedbythecompressiondeformationof
theblocks. Whentheload entersthecrack
propagationandelongationstage,thetensilestrain
ontheblocksincreases.Withtheincreaseinload,

thetensilestrainontheblocksincreasesfromtop
tobottom.Thedamagechangetotheancient
masonry pagoda under compression is most
significantwhentheequivalentstrainreachesa
particularvalue.Cracksinthetowerbodydevelop
rapidly and the tower structure is severely
damaged.The damage speed ofthe ancient
masonrypagodaispositivelycorrelatedwiththe
initialdamagestateofthepagodatower.
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