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Chaptetr NTRODUCTI ON AND OBJECTI VES

1.1lntroducti on

Assesemeneéi nforced conctrredesisgm ulcitfue eiss t dmiotuigd
antdo provi dea bionufto svhaetuiibkemr es require intervent
Asconcrete structures | ike bridges tamat bued Wl t
from meguloar from extrem€racé&nt $ nl ishe ucewtr e u @
visible and quantinfgii alelee sparaamatser ¢ ot hhasts es st
Shear cracks are particularl y aimportsamrctant ®oec &
occur withoutAdmdudch owat hyngt he shear provisior
substantially over the | ast 50 years and ther e

of membersotmarsti ¢iwlaarldpy not meet modern desi

Reinforced concrete beams categorized as sl en
2.5, are commonly used as beams in buildings
pl ane secti omyp atdhvds Hhe wel vaenre, unli ke deep bean
cracks are typically approxi mated 5byt hae sgt eroamegtl
of shesdrm csrlemkder beams is more compl ex. Exper
sl ender beamst hhea vaen gsldd® nvgpe $ haatlgoan d itchaentdryi t i c al
meaning the ciintis¢td@®hdshageememsaddly not Al ssd,ngilre
Shearitical sl ender beams, arhdcrter aokedo of t ebutmuh
to the memldeompbem®mhegr cracking i n -areiitnifoalc e
beams | radsmpoes@aarch qoastischirecarHawack i nform
conclhreeams be tinteestyassstteiTal addfesyg this,e the p
reseiasr ctho devel op a framewost haspeasdshedl | gyr 4d ok

i nf or mataipamd a sosfe ssshmeearrt scr i ti cal me mber s

Mechamodal s t hatmedaisruecatdl aschienaprufc @rmmpsautt eam rtya n g

componami@srkea dh f or cbeeda nssl ehnadveer | bszteuddlsfCampana et a
[ GHuber [ eédndalCavalg@llhseeest adikdess iwWgamredansoste s s me nt
S| emdkearms wana cusre devasbhaear ntneahahies ms i n shea

me mb.dres r es eldthtahtsohtoawc asd ceudrat ed using twasshear



close to the .dapwpewme ragditrdeligauwmeelawagr ed cr atclkke i nf o
computation ofi s hehesad Gcsp ooeeqausi Freecamemea odthse r
parameters | i ke preinsganigbead mesttdreatd aniislt, s cdeolwell o adi n
Sucshudegeexi emensar embert mepbhrametders from hig
datam a | abormaloerhye spedootitnsgsul t i nfoo etlrdanap @ltiec a |
Additionally, the ability to estimate the she
safety assessments.

c

n conhTewaPat a mkKitree mehteioar y @2 kK Th)e,matcioenbmoddl| wi t

onstitutiveefrieneas itomes hsipsar carrying compone
ust the two degrees of freedom: the¢ly aaged age |
h
9

J

the verticalt hcei ispil @a& le mig)o.& dliomh gt leeo nreedent st udi e
[ 9,, 10he wuse of t he measur edsiinnh2® Kma troalse | o f
provi dedemat tcaarpaci ty cal cublaasteidomasreakcnkasd @ sngman
deep beams. Mor e r[elcfelnotploys, e cdMiabcakyabpdsve sestmeanlt met
to determine the residual shear capacity of di
measur garhdeeptsh of the critical | oadi ngi ZEloeme ( C
CLZ and a single veati talt elagkk oihseplrapeéhe rats s
met hod, resi dual shear capacity is expressed

di spl acement armm@LZ hei epltaomdbdh@P&Kdp aeliCiLyre s

as the highly compr ess ed n2Pesdghil ggnoorve are st laes sluangpd
mo dtethicer i t i cal anmasdi rMaCGleinepl acement captahcei ty i
r apirdabcaksaesds e sstineeap bpamsi bl et hGeLaZzwe vselv € & ing &

not yetodlee erd pcarnddesfiirmeldar assessment framewor

exi st .

To devel mpl ar -baped asB&alk ment approach fier S
necedvaruyndteh st o adiphdei sdes loefndewi bbdamg i tical S h e
Establishing a simplifienmdd CdsZt imoalteil n o oirt ss | deinsdj
woul d enabl éoas eda @isd e ctslapetketdti mectetaasthierag capaci
with onimgasurf.emeddist { b@L 2h@d e [fiunrgumeler st &aedi ng
compl ete defodmagoaonl plge T e awmlmdamsa dbeavseil so pfionrg



a simplified |kikreeemMHEAsc mmloidfeil encho kg maetmapi €edi ct s
deformed s-bapeiocbhlsbBéander beams with shear ci
coul d extend stehreviacsesaebsigsimetoytt hetehowe cekpsp |l i cat i ons.

The st udgr aadk skiemamati cs and -dreiftoiranelt i roeni mpfad rt ce
sl ender beams i s essenti ali dfeort i€ syti antigé gaspépersogoor tti
freedolmmeéesrCurrent studies evaluating the she
fuflileld field of view data capable of capturi
beam |l ength throughout | oading ar-sc agiecrismmeellsy |
i's necessary to acesbenat Bhod s$bzensutect-hei fin
l'ife | arge sttrhet brienstt h3i bse preef soa aert, ®h | caomgre ic @ m

testing of reinforced concrete slender beams,
| i ke-di measi onal Digital | matghee Cdblar ér @aem laret & sopno n(sDel
shear crack kinemat i csA adcertoasisl etdh ei nevnetsitrieg abte aomm
t he eval uatdiedmr onfat gobbotbag lantetde rfmreanm a é x pdeart a c an
devel opment corfabcaksferdampelwofrikedf or assessing sl end

Thleothgrm goal of itrhplse meenste aarcahc ki smotnoi t or i ng t
iservice reinforced concrete structures and
l'imitationstofol ®¢ @Whik €£thi caarteedpr i mar i |l 'y siunted f
| aboratory, temive s @anmeeinmsd etvoel op a shiamspelde, c riancak
me asur enlemits ttoood! wi | | (wne ags),ui rgefd)gamaic v @wa d o la |

horizont al créwkisdngpli anmgreesntcsapt ur eduamwh tas ac
smart phmeeas, andsebjechavi hy ascbBemeastaedements
crack mealsturaelnmseontesmpowers | ess experienced ins
can be conveyed toTaéegpnepbaedprceawa&lku ateit@mrct i
identifies critical -sbaae copatkasby Bmnal mageg
This tool supperwstmyrtcghreo iodilngfatmreacti cal, acc
f ocompuctci agk kitrheamatdearmrs bienfcioraicakge dt sthear asse

framewor k for sl ender beams.



1.Qbjestive

Theverar chi nge geast ctloof atdhviasn cbea stehdeb emseacdhkaansi scess s m
of schreiatri c al reinforcedTaoacglhriee \we st Rinded ol jaecs

foll ows:

aaConducschhegetesdriintgi wmdl srheiamf or ced concrete ¢
tests usi mgngihoral Digital | mage Corrfealldti on
def or mati on r es paolnosneg otfh et heen tmmerneb eboresam | engt h.
and evaluate the crack kinematics computed al

view DI C dat a.

b) Creabasadcranaclkssfmemtsiiie@mimeaMorrkei nf orced con
by:

(i) Modeling the critical | oading zone (CL
of I ts displacement c-h paxeddes dinvartda s@rhé ki crta

remaining 9Hear ackpabistaywar criti cal

(ii) Deriving simplified displacement eque
predict the deformed shape of slender beam

with the experimentally obtained defor mat.
c) Devel op a-bsaisnepdl icfriaecck inmeaagseur ement t ool to d
including crack width, slip, angle, lan@egveatei
t ool I n tboa stehde acsrsaecsks ment fr amewor k.
1.8cope and Outline of thesis

The scope of thisveheagiadsxaks adf Dt a@asewdielke t sameda r
behavior of reinfor Theed fcoocnucsr eitse tsol eunnddeerr sbteaannds
crack geometry and kinematics influence the g
information can be i ncorporated into simplifi:
devel opmefnt a nnefwotr ik wi t hb atsheed rsahpeiadr carsasceks s me n't
simplified kiegemaitnghClmod dien s| ander dsa anpd yiifnged

degrees aefanfbeediesmd iTrhet Ffasaememetrtkodss. desi gne



futdiewvel opsmemts ki nematic focused ekhpeamitment al
become avVme |l dbksertation also i nclbhwmkbed tcheacd

measur emeontd etroonistirmplee meacabieakdofisseashknent s.

Chaptiemmtrbduces t he -bmeoste dv aa 9 oens-sfnoern tccradfc ks lhemd e
and hi ghchiaglhltesn gtehse wi t h .lexn e dtehmetgsosbh eeacrt i mede losf

al omigt sxope and outline.

Chaptperrovd des the necessaryubdekgnesddindeanmé h
practi cebsadeod agaeksment . 't probetdasha@agriees e\
anal yti cahdmpohdaetsliseesneed f or a simplified kin

incorporates measured sheacxrctachlisfenmari be
Chaptperesnts the extpheeSBmateaslsi gsthoegagra inh e gl
scal e reinfsdreadvedcdmmeso ntcerse tgab i nnnt d dé re ah td hroeaps t 3aDg
Digital | mage tQaroruglhaotuit.d hi eh(eblb@®)adiefh or mati on p:
crack development, and detailed crack kinemat
analyzed to underisnfalntdbsehcaezerssphoenasre corfacskksender b

Chaptperopédseapi d assessmesrets fcrmr am&wtoeesat sittrieetnee nt s
resi dual s hsehaecarc Bpealdey bkams. Bme ech aphtee ® h O
di spl acement ciapasiégptbifobgbem&nal yt iCea&l Thedel
estismeceoempar ed wi tfhi nvietcéemseuldetnse natn,d wi t h t he meas

KSB series.

Chapter 5 gsinmpioedyacseesibb measure crack kinemat |
processing. The algorimdamsucsemahnt siatamnd aigtas n1
i s also demonstrated by using tbasmdasassensme:

Sheari ti cal s| tekKebBBr slereamsfr om

Chaptepl®res the formulation of simplified ki
Twd®#ar amet er Ki nematriacme™oExkp ¢ r i( BPKITg! ©Tedmr mat
t hkeSB tagset sused to identify a@mdheexknshgndedrieases$a
equati amzPKafremmodi fied to estendethbeamplicab



Chaptermroviides the summary of t hecoamrt lasnedo h & e s

suggestions for future worKk.



Chapt eBAEZKGROUND AND LI TERATURE REVI EW

There is a significant gap I modHmy axsaielbalcial i
reinforced concretemesbaeatdedr beamskt hat oumaetti b
remaining shear resi.Btantce tmhd Ithaoul afssesch smad
cracks are detected during inspections, the i
the remaining structdhakecapeaciat wide asasnges os
predictisnmomncsrea,c kbute when those cracks do not
chall enging for engineers to decide on the sa
information | i ke shape, widths, sm.i pAsd,dian do naan
research conduc{ &dh cdbws Ttrhaantd aifnccoregoradt.i ng cr ac
of deep beams I mproves the predi ct iaosns ebsys nreendtu

opeak response foomt hbd%memb8r 89%hey examined.

According to the ASCE Report Card of 2021, th
with 42% of those being at | east 50 years ol d
stiopen pda.dhre most recent analysis of National
ARTBA Br i d[gleB iRgehploirgght s t hat, although the perc
is decreasing at a slow pace over the years, &
Concrete bridges, i n particul ar, hiarv et aleleant iro

during operation, or et cAvwa rpdesr tthhee e2n0d2 40 fNBsl e rdvait

al |l Uu. S. bridges are concrete bridges, among
i mportantly, 4% of t he ctoemkcrienepdboi dgesadi hi d
structur al deficiencies and safety concerns.
to defects | i ke ther mal and shrinkage <cracks,
fatigue, amd ekamege dcwentts | i ke earthdbhaekes a
Nati onal Bridge I nspection Standard assesses
superstructures, and substructures, correl ati
cracks, corr ¢gsdi4dgn, and erosi on

Shear cracks in struchteucraeubseegrqlend spechabahbsat

wi t hhouucthn di codt iionmpendAngodablger examplteh ei sDet hea
Concorde overtphdasas | ied Canadvae ar .loms Bec tScerpst eathxea
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aclkpproximately 0.5 tadbodSt6dengnr evesle( antdy minga
2004. The crack was Hewmsedmeds snevad aleyertrileec
om t lod apublnigc concrete chunks, a road patrol
e obsekvaendd submitted an anomaly report r e
agically, t he overpass fian sl peeflcltbi hd dseh eiama bailtif
terpret t h g uiodlnleytvhesde gchrlaicgkim i sniete &lle aopki hde a r

sessment tool s.

2001, the Missour.i DoT reported cracking i
ec@istddrs. The types of cracking observed i
d reverse diagohiaguyce amlds t(hes esltowmrc kisn wer e
ctors: t her mal gradi ent stresses, prestres:
adequate sh&vai l eetheodc amgemtal cracks identi
t®encludedmmedpaste BOructur al ri sks, the rep
om t hlel.&c]rTehek = f or e, t heraeseids asseasasdehor met &
alsuhaetaer cr ac ksf ttoh ed eptreorgmiemssesi on of e»piostei ng

gsmnuctural concerns.
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Note: The right girder demonstrates a typical crack due to b Akalid

diagonal tension. and the left girder shows a typical vertical crack 21 gitles tabedted i aptmgrm

(b)
Figit(aea) Shear Crack reported before the col |

(Repr odu[cled] 6fbre@am srCerpaocrkt ed i n concrete girdei
(Reproduddyp]from

Furt hetrm@reegon DoT reported diagonal cracks i
reinforcedgicoder ebrei dgapl.ihepeepedti ng2004t he
resulrtoeadd icnl osur es, detours, and costly emer ge

most bridges had adequatyd hamai miemgi c@apaoiptey a
and r apbasecd acksessments are necessary not |

unnecessarily disrupting the operations of th



of remaining capacity based on the crack info
the cracks, reducing unnecessary intervention

continuity.

FigkBbaear cracks on MR&Kpmaded & YyferomBr i dge

2. Gui delines ankKFr dMainsiiad s widh Crack Assessment

The current practices for evaluation of the ¢
the experience and judgement of the inspector:
i n codnamaun@ulisdadmcenpeunbtisbyhadt horities MB&EHh as A
FWHANd I[AEBA 118

For exAaOmpl2e2l4 R ffers quantitative | imits on cr a
condi[t2iloomM®wever, the guidance is irrespective
the crack pattern, so the decision of sever.i

expeAddseionally, this table is only intended

safety assessments.

Tabl@uide for crack width in conderfcaklJeandler s

Crack width
Exposure condition in. mm
Dry air or protective membrane 0.016 0.41
Humidity, moist air, soil 0.012 0.30
Deicing chemicals 0.007 0.18
Seawater and seawater spray, wetting and drying 0.006 0.15
Water-retaining structures 0.004 0.10
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suggest s

ng

Section 8 in ACI 562
durability, performance,
nondestructive test

201. 2R, and ACI 364.

evalup20png2t helé

calculating structur al capacity

AASHTO Bridge EIl ement [aPpovi ders

i mprove consistency i n i nterpretd.i

observations during the

condition state definitions and

Tab2l@ondition State and Defect
Bridge Element I ngag®ddtion

Element Definitions

1R

S I i mi

and

( NDTs)p etcot icoonnsp.| eTnmeonutg ht rA
do provide

t ed i

i nspectTaobh? ehfoivk & e

Delaminations

than 6 inches in
diameter

Defect Hairline - Minor | Narrow-Moderate | Medium-Severe
< (L0625 inches 0.0625-0.125 =(.125 inches
Cracking (1.6 mm) inches (3.2 mm)
(1.6 —3.2 mm)
Spall less than 1 inch Spall it |
Spalls/ (25 mm) deep or less T () o) EieeP or
pa N/A P greater than 6 inches

in diameter or
exposed rebar

Cracking Density

Spacing Greater than
3.0 feet (0.33 m)

Spacing of 1.0 - 3.0
feet (0.33 — 1.0O'm)

Spacing of less than 1
foot (0.33 m)

Efflorescence

NA

Surface white
without build-up or
leaching

Heavy build-up with
rust staining

Condition State Definitions

t aki

desi ser vi

gualitatiyv
nf or mat

struct

Gaibd e s Mamu a

def ect

d e fAmNSIHTIO n

Defect Condition State 1 | Condition State 2 | Condition State 3 | Condition State 4
Cracking None to hairline (I;Jarrfjw size and/or M((:Lc{hur; S1ze The condition is
ensity and/or density beyond the limits
Spalls / Moderate spall or Severe spall or established in
Delaminations/ | None patch areas that are | patched area condition state
Patched Arcas sound showing distress three (3) and/or
warrants a
Efflorescence None Moderate without Scn.*crc with rust structural review to
rust staining determine the
strength or
Load Capacity No reduction No reduction No reduction S::}I:: f;";]illrl;yo‘:f
bridge.
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Earlier document s, such as the Recording and
Apprai sal of the NatifdmMausBdi dagesathynwgt par & RV
"Sufficiency Rating." This rating provided a
used to evaluate the bridge condition. The scc
adequacy aedvisad abiyl, i ty, fuusnec,t | amd ¢ & ypablshod rhess. C ¢
addition, the Recording and Coding Guide of tt
Bridges by FHWA also has section specified as
gui detlo n,ecsde the structur al member in 10 poin

excellent .

AASHTO Manual for BrjdgetlEvmesatsiomg (MB8&J r at
the reduced-cmaxiyimmnmg Icapédcity of bridge. The f

for effects of l'ive | oad, dead | oads, overl o
condi ti onurftahcetrorasc ctoounft effect of daeamgreyimg b
capathe yall owabl e | oad in the bridge is also

for good or satisfactory, 0.95 fdoesfproviadd Qe
guidelines for inspecting and documenting cr a
does not provide a direct, g weaemnotmathadtyi dveet amiel tsh o
l oad rating calcul aheoaglsenvaeld!| dfs detserdi ornd tyi com.

2. 2he@apacht Reinforced Concrete Beams

The undersheaamdireg né6forced esabhst eotveeirh & thyee walste @
with early research providing foundational i
upohhi s section provi des some background i nf
component s I n shear cri t.iThhals rbaicrkfgaroauuendd owan

understanding -haeepraprssesdmemtachket hods di scus:

2. 249egree Truss Model

Emi I°rsMh intr-ddgced &ar[usss] TMadelmodel simpl i fi

interplay of stresses in a cracked reinforced
compression in the concrete stNegleamidndg etnlse o
stresses in crackedacaofntceret er ankdi mg,sutmhexgdi ag

rematndedgbee angle provided a straightforward

12



despite its iMChresscemaméd mi hat i @amtser cracking t}

shear ¥ tEOrpsaed {(herefore all members required
Mat hematically, the shear, V, is resisted by t
di agonal struts. From the transverse equilibri

by Q —where s is the spaciredfefcttitvee ssthierarru pse pa

equation to calcul ate shear capacity of the <c

() LM @ QQ
2. 2Vax.i-Abhgee Truss Model

By allowing the angle to vary, this model pr c
behavior under difWerkenthéoadghg ocbDnpgr,is=honpal

t sehear based-amglteheé raassi smblde | is as foll ows:
., 'OREA . .
W - Al—©O

Experi ment al observations showed that these a

more efficient use of transverse r ei[nXZ%]r ceme

However, t-hreg | wartirabd € model introduced addi
indeterminate problem, requiring the simultan:t
compressi vesstieneslsgt ht ernesiinfeor cement s, and the
Whil e this approach increased accruatawrye oft ta

problem inherent it reedeweialr ie bauncabigosress n avhes a f f i ¢

solving the four .unknowns of the system

2. 2T.h3e. Modi fied Compression Field Theory ( MC

The Modified Compression Field Theory (MCFT)
represents a milesshaarsipmnsedorfstranadifrog cteldle c ¢
combi nat-plbase o$ t[i2edsjse sstmdaersed rotating crack
fortmse basis of the general AlhIRaa8d dAeASSIHITNO nheRtFhD

reinforcing its practical significance in mod

13



ThMdCFT, accounts for the tensile strength of ¢
l'i ke CFT, RitteM? risSfcnsss maeédé!l, a@indl sforfo ma ctchoeu n
equapirons dedi by FMGHBaénegl3e of <crack changes thr
|l oad increases in an el ement, secondary crack:
rotation of the &hagnoeu nits oafl sroeaaredf ournecet thmenin eorf n

it is to beacnkost eédn tMalddmdrdoedratl pamtenage crack w

the el ement. The three sets of equations sho\
average stresses in concrete and reinforcemen
concrete and reiwnmdorekmenbteashicpan)lstatatiutil i z

behavior o f cracked -diemerf piedredllhec oplce rd menan K
compr essi pdne csroefatseeniimg t he compressive strength
strleas been t aken tihrethosahesd cacothrett i on of pWd.i nci pa
| mpor,t ®MCHT promgdaesi on for averagkaltensknewrs:t
as tension stiffening equatawvaerpatséetc hcraacrkd inde rt
stressoincrebhe with the increase in prtimeipal
tendiedoween therticmtagk®8hexgeression for shear i s
contributi onav(edreapgees d Ert rsdacloendc r ieh e ) and steel

(which depends on theastehell ewstress in stirr
O O O=0QAI-6 —QAIT-O

whefries the average Tshe emassihrmsandes stsh & r omp & kh e
concrete agommmnEqQuatiisonwhllLibh aff MCHtTi on of t he
@, and the co@dhese egbhaserghipins exper isheynt al [
Wal r gdnwhich demonstrated the significant ro
transfer Aggalegrmitemi nterl ock enabl es concrete
after cracking, which is an i mporstcaanlte cnoempboenres

14
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Equilibrium: Ci Straii
Average Stresses: Average Strains: Reinforcement:
1. [, =P Sk Jy = v COtO b watee Stz M4, =E€ES],
€.+€, %
2. f.=p. S+ [~ vtanb 7. €,=€,+ €46, 12.5.=E €</,
3. v=(f+f)/(tanf + cot) = Concrete:
i+ 1) 8 Y,.=2(€,+E,coth LI lz & ((A )2]
18./2= Ga+170e,1° € T\E!
Stresses at Cracks: Crack Widths: 14, £,=0 33/1.'/(1 +/500 E‘) MPa
4 =(f+ v cotf cotf)/p, Ww=s5g€
focer = U+ v ot +v,, cotB)p, 9, 061 ; g, Shear Stress on Crack:
5. f., = (f+vtanf - v tan6)/p. 19 \HT‘/(g *g) T
. : v, 8 ————— MPa, mm
031 24w
+16

Fi gBMEFT eqlab]lons

2. 2She.ar Transfer Mechani sm

Sheacr aankeeidnf or c e aens n c mefrogperd mayr y mechani sms:
interfMcgpiskhear i n t he cVochhpdroenses i oanc ta come  off t he
reinforleamedt contr i buteiionnf o oitfe mphredski| ReBTH N ¢

contribution of each mechanism can be summed t

by:
V=VcitVcit d¥ sV
VcLz;
AFvi o
v o
—————— ¢——PT
I
v
Fig&6bear Transfer Mechanisn 2.80] Rei nf or ce
Aggregate interlock is one of the shear <carry
component in most studies off 2®4inblTehres swhietalro urte s
in this mechanism is provided by opposlTihties f ac
mechanism involves the interlocking action of
component of aggregate interlock stresses pr e\

applied sihhedrs fhdrgdhdsy. i nfl uencseur feppc s hdependéan
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on t he pcroonpceniettyeamfd sd qig rmeoga b gnprdeed ast, e i nter |l ock
iexpreasegsends of the opening (crack wisdgth)aaas s
Some onfodtthehe s cirntbeer| ock stresses ar el ZITaMpod Phas
Co n t RecntsMot dye | byl 3L2] et al

ThEBw®ar amet er Ki,n epmadbpyocsvaTdh @ yIriSgjlor ed eap . be ams ,

the uncracked r egi oma umidgehmpyr e e g.le @laldii sn gr epd iad e 1 ¢
totaceri tical | oading zone ( CLEZhCL ZT hiesr e daertach edzi ef
studies exploring .s hSiamra et ruabncsifezecikoemed e b pn bk a ms
contribution of this zone to shear can be det e
i f sttreannshe zo[n33,iTsBidgn oovenc hani sm wi | | be disc

subsequent chapters.

Shear byanmofwedV)iast aomegul t of interaction of
| ongitudinal TkhRenfbeaemeasi baasce i s provided
when 1t is subdiespleadccermmasstic S viee sdowel action

in beams with short shear |sompanresr, baetasnsise gac al €

bars relative to the spedi3m¥tnudsiiezse hlaivnei tcsaltch

contribution of dowel action assuoci agkathas t
symmetrical d&uyubl3d]curvature
| f the transverse reinforcement i n the beam

transverse reinforcement significantrleysicsonitnrgi
mechanism is due to the 't enscrloesssitnrga)itnh dahge roa c
contribution of this component is based on th

kinematics of. the crack opening

2. 2Shbe.ar Model based on Critical Shear Crack
Critical Shear Crack Theory (C&®CThouorreliahde:r

which was developed originally for stp8y]of p
st attheast t he shear resistance is determined by
ki nemati cs. For | ower | oading, the pure openi
el ongation of fl exural rei nfker bemeome drddtftaer

16



combined crack opening and lsldio@itmgondafionme d t dx
the crack. The basic relation in CSCT is that

width and its roughness wif8®&8}he following ge

Ve ]
i = o s(w.dy)

wheftiesoncrete compwiesscvetistalknghdias ma@aicumwi

aggreg.ate

For Bheway members, CSCT also provides an est|
crack as a function of | ongitudinal strain ca
dept h08(-iQ e. Accordi nggt [BlRjGavhgni cal model for
based on the CSCT has shear cr@m.ck opening geo

17



(a) Overview

Xy

(b) CSC geometry (c) CSC kinematics (d) crack opening (e) crack sliding

center of
rotation™ ]
, Wyl

wl ccos(B, -f5,,)

2y

('P'("’c 1 eos(B By,

c=d.p.§[\1+;'Ec—1] equati on

with E, taken as E, = 10'000f*’* in MPa.

Uy = g-lp = FUE d=C  quation
A, -E, d—c/3
e — Mg MF
o AS.ES'Z B AsEs(d_C!JB)
MF = Vp'ﬂ}:
d—c 1/3
by = —— = 7 uati on
A sing, Ba 4 {1+ 3 ] &«
— Ma
U= Vd

g _5b dp=dec ot lpsing, equatlion

dr dr

FigbtCeitical Shear Crack Theory (CSCT) <crac
(Reprodufc3d] from

The depth of compressbion dehiendd)byw hegqumat ino i

of concrete in compression is considered | ine

opening ofuytdbeti medchky equat ilbaink(wBh)e tliess rmthlet i

reinforcemdgits dthreaitms bautdary | ength extending

the cracking openingb5bhmeC8Ci tAsadhaewre airn cFiagKkr

has been approximated as bilinear with | ine Al
Equa(i)on The segment BF ilssddadsmeéedBhe® tHiep odf | &
crack i s considered astathenc eamtgdre afs raotf aitnicd n

18



strain given by equation (D). I n terwmandf Kir

rot ay)ihmmeen calculated as a functi o olfhester al

ki nematic parameters form the basis for cal cl

aggregate interl ock, dowel actoincm,eta&ndun é gii de

form design expr ebsesaiwosn hfoaurnt tshteallr3.F]ee aarf oirc e men
p T QA

Thsl osedm design expression has been i@cl ude:

Structures (Eur ocoofdes|2)n dfeorr bsehaerasr [ wdOtlshiogunt r ei n

2. Bublished emmenirmBetbhaveal e Sl ender Reinfor

Beams

The shear behaviobealmas ebh @é onrr@ascddacgiomwtcfene ur vy,
with numerous research efforts con[d4adc3t]li Ag ex
notable &8BabycsfFadys Concbheyr natndgi] eShpelaar edaitl hue ee
variables such as cohrNetengbpmpdesal veeshfeng
spamept h a)dtwiot h( findings highlighttamngshbhar s
strength. Early 1investsicgaaltdg 4tResst sion cd ruadv indge dK afne
study into phenomena | ike size ccdfgaosittityhwhidelpt
of a choerdcm et eases. Over | & ne,advéel merl d Wsat =tdu daind:
the understanding of size effects aamsh/ thave
l ongi tudi nal reinforcement r at isot,r eanngd uhn tc oonfc r s

shear strength.

Dat abase studies have distingho32s.h5e)d anhde dbeecehpa vi
@/<®. 5%hawn i 6f rFoinguar ed at a b asscea |oef tle s2t@0 ochoanmpgi &l e ¢
all. 49herseesul tesstrate the decrease ai,m psahretairc url eas
for a&abwevihi | e af,drt hheirgeheirs | i ttl e effectal/lan sheez¢

19



Shioya (1989)

Shear Span-to-Depth Ratio (a/d)

Fig&Peot showing variati[odh5]Jof a/d on s
Further investigation of asy)y mMnetorwiecdalt hlad a dsipnag
hi gdh/lgdoverns the failure, as it has | ower shea
with dal/ssdhemwenrdt di stinct crack pdtg@bwpsBrowdwnsét
al[.45] Herb4alhdo documented these variations i

Leonhardt and Walther series, and highlighted

P

5 — -
al = i J l \‘$

. P
T
S e
71 : *
‘ o
= —wmV o e’ di/ANNIE \1\'\\“‘ \f\\.‘ A

Failure Craoks\-—/—————

‘ Specimen W - 3 (a/d,q = 5.8; aldygy = 1.7)

%
LT %1\\\ AR

d)

FiguaCeack pattern bwBrndown hdt kals Ha[gh7ald od
Col |l i n[s4 &pkseatb|l ed a database of ekke@awmBtmeanuts o
stirrups from refA&lendoas nmublbiestweeni 1948 to 2
tests among which sb0® 9 & IbweeadesF s8peya eCofl dii[lmM8 Jeet a
provides an overview of the timeline of t he
reviAed equantddo d n €9 replr e BiseiThdeory ( MGF3) r utandnd t

mo d e |
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Number of reported

tests per biennium

350 Kani's
paj

pers w
l [RRRRRYTIRaLLN
N |

300

250

ACibasic
aquation for V,

200F  ACI-ASCE 326"

Air For
150 warcho
P

D
MCFT ACi strut-
Fenwick t
100 and Paulay l and-ie

model

l l—~ CSAA23304
d<2zin.

Iig

I§ - ®22in

Year

50

h

1948 1960 1970 1980 1980 2000 2008

Fig&mfemeline for 60 y&aempg odfuoddgregBslear ch i n

Additionall vy, as the wunderstanding-safal i z2esé
became evident, a notable increase FgnmBespeci m
However, only 1.2% of the [tdo&¢arle tselsetnsd e rn ch euadnes
depd>h (000dMmm) compari son of the predicted shear
actual experi ment al capacity from 4m thick s/
effects could | epd91 0o unsafe estimati ons

Sher wobdithde a significant contribution by tes:

ranging from 280 mm to 1.51 m height. These t
maxi mum aggregate si ze, concrete edrlecmrggiht,udio
reinforcement, and 5®dPnel eiedctggr8hgatwooadter|
mechani sms for shear strength in | arge, sl end
associated the decrease in shear capacity wit

t he mebhaerdcanal ysis of shear strenBgtghwOroef t he
Sher ydbbddd so examined crack details I|Iike crack
specimens, validating the iex@l eisnsotmhneo fCCSHAhad ied
A23c®8de provision for shear strength. With so

by technologies |ike acoustic emil[s50 JohnowWeAE)r ,n
mo £tx i ssttiundg es on shear behavior in slender <col
capture detailed crack #bnafscerdmaitnisonr,u noefntteant iroenls

targets, LEDs) at discreteMpoieotveror tfimaaludl k c
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ofvi ew di spl acement data and conti nuoulsi smotni t o

a comprehensive understanding of the -sschaclaer b e

Ssheari tical sl ender beams.
Steel Strain, ¢, (x10°) _"”"(;%w 0 20 40 60 80 100 120 (in.)
0.0 0.5 1.0 15 20 25 Vi (1415005, b } + t b - t
] M M v 14 1 v oMP 0.5MP:
e ) %" GEA, ~ PuVOE, | DB 0w )
280 *
. mm (o3
12 4 b 1400mm ] o
_ 35s,
<§ s,,,mﬂgzo.sss,
~ 075 104 s, =0.9d
3
E *
£
2 08+
; d=1400mm :
g 0.50 ;
£
H 06+ Ma
8 -
H
0.4 + Experimental
0.25 Average / B
Simplified MCFT
02+
0.00 0 + + + t 4 } +
00 02 04 06 08 10 12 14 0 500 1000 1500 2000 2500 3000 (mm)

Shear Stress, v (MPa) Effective Crack Spacing, s,

FigaaCeack Par amet(eRre plrnovdeufctiedy af trioam
Furtabemprehensive database for shear tests on
haseen expakedPBAf Stsb dat abaselhahenai cnami Genc bgt e
ACland Deutscher Ausschuyasmnsd ftulre Savaail Ibaeltiolni,t yD Ad 1
has hel ped investigate ahB8f.lulpmdar ec erhte ay e alress,i ¢
reinforced concrete slender beams i ncorpor at
Correlation (DIC) and distributed fiber optic
compl ete crack koitrhe ngd toibcad ; aenrda b loicrad hbanal ysi s

Campand 6@er fadr. med tests on 4 s pxeldiOmamm /wd ft hdi m
3.5 wutaiDleimeicngdevi ce and metallic measuring ta
measurements of cracking patterns and kinemat
testing. The crack measurements wer esffeurrtender
through aggregaVaggy, i mtomrclredle acetsiiadmu\ads, t doswiel e
action of Vgbwexuamd tbraamns v(acs a/oyn e({(wiftohr ceanretnrti b
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inclined compression &€lhbDhea sthwdvwnw alss melgil g lgli ibd h

crack geometry the

hi gher aggregate i
t hpeoea nt tests on

contr.i

bution of the compol

nterl ock contri bjutlpoduthand t

20

rei nf akt=d3e. d0 4c)o n clrne tteh es | set nuc

carrying components Vy omr agigad eaglateensalpe | sc ke

dowel Wgtiand(transyv¥®rs everreei rcfoampaugd medntus(i ng t h

obtained by monitori

ng

the failure surface wi

constitp?] Heeltld zaM]s e dTwoRh @ Me d e | by [ Wd&7lpr anemrgr at e

shear and nor mal stresses

from residual t en
el at bgn Hholr a/jjaka s
inding the dowel

e ——]

contribution of st

[ 7]

V.1V, VWi

tot

1-0 e

i = = T
~ | =
A I

0-4 -

02k

si |

due t & Mmaagsg roeaglact kel aitr

e stresses in Ssbétdémiamgdgu

evaluated!|wsibomngdbheamn model

crack

i rrups,

[ Ve
[ Vi
/= v,
- VEQQ

SC12b SC13b SC16b

1.2

1.0
08
06
04

oad ap5dleRi Viagslsltwme t i ¢

was calculated by s

R500m60 R500m351

Fi gb@lei stri buti on coinp o libgCatmpcaanrdr Gdkd weble.r [ €1  a l

Similar analysis for
details using DI Cetwasl, wibmih begmlhrasaigmneds t he i m
Il compmpebusghaeatheclsdalelae n ¢

geometry and det ai

existing mechanical

straight l' i ne for

| s

c al

c

ul ating shear carryi

model s t hat assume unifor

cal cul at bea@msFuweratrh ecra p alca s gyc

experiment al observations

[ 33, 5#%]t ended t he

beawist hout shear r

approach defined crack

study

t

on sl ender eeiaforec

o verify the hypothe

einforcement wusindg3BiJ]Thhnsar

23
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was related to strains in fITérursdtodmrgd-ibmfdamr cem
shear desifgpmr eduwatdieansbheams wi hhoet mshe&r shear
compoHermmt]s

The experiment al elr 9 @ ri «cabtle acanisse nfdrébcem dsehteaairl e d me
of crack kinematics have contri bultaese d omotdheel s
including recent cpbhHpr@Gwati [o&6.] anyd Nalra2n et al

Despite these advancements and ongoing studie
of shear cracks i nscreelienfsolrecnedde rc obnecane taen d airtgse g
t o deasil oplikadhemat ifcotrime delof podsevel opi hbgasedr ect

assessment met hods.
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Chapt eEXBERI MENTAL EVALUATI-OS9QADE BKEREGHR | CAL

REI

NFORCED CONCRETE SLENDBRUBEAM®EUBW NG
DI GI TAL | MAGE CORRELATI ON SYSTEM

3.1lntroducti on

Numerexperi ment al vVabweent i gartri ioends  duwat t o eval

mechani sms such as aggregate interlock, dowel
schreiatri c al sl ender r[&i8nf 03rlc, e d4.7c, & nschh, e tsh 8u, lol € 5299

S
p
I

- @

o

n
h

own

t hat the contribution of shear carryin

atterns and by the | ocati ongEx psehra pree na md keivmadr

afsgeal e reinforced concrete slender beams wi

S
n
r

S

e
n
(0]

n

sent
terg
ack

Sess

udi e
ende
crea
d it

it h f

i nfo
ape
ngit
cati

ial to undmembearnds g dan fisirhdelaarrearceksspmfin s e o f
F ehathigb n&ke depat theotgnesiher wi th better un
ki nematics can provi drao dfealnsd d atbiacsna dtko

me nt framewor k for sl ender beams.

s by Mué6@pai CavadpRdapakylze@dr crack devel
r reinforced concrete members without sl
se in | oading, one of the cracks develo

gover nsoft hteh es hsel aern dsetrr ebnegatnh WwWidB8hoB388, shd
urther evaluation of c¢crack kinematics o
rcement[s3pBiCapaged sa eldi lailnear approxi mat.i
and also provided an estimate for the ¢
udi nal strwinhanheepfeséenve depshear re
on of the major shear c¢cracks, and its ki

shear r[eé In,f o6Faule mérretr , the study of shear

i nfo
it
tati

fl ue

rced concrleate] dhelaingsh tbeyd Memeo ucdo mp |l exi ty ¢
due to multiple degrees of freedom creatl
on among 6.1 h€hesrpeefcormee,nsundeeselampimeamgt tth

nces thel seshdaeaer behattbocedf concrete beam

Thichapter pr es einhksS Bae rtieesst.s Tsheer i KSB | saesrrieeelse c or
sl ender r ei rbfecaent p dr itemsetelrde tuerpebretni damele moni t or e
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c

singditrhereei onal Digital |l magdeCodmut ¢ ati ispn ace
esponse throughsheadi amga alé riwiefgdhmaid iothdgeade b

-

| obhead pofn stdheenderdbébeaimsedacompari son of shear

g

ki nemati one alsauy ejfle eamdémteesd cr ack parameters suc
angl es, and displ adchaviEmeare alacs od et ¢ hmit it sawke t
p

aranedamrrise si rgleicftiievde | ayn dbeesesle dh sfsers samreand k

3.Bxperi ment al Program

The details of the speciTimengxpeeidentril beetiump
capture and i nvest i gsautcelt rsahsela r wic @ tia licgr satcakm asaniagtl ie
and gl obabkuddheafgoiromme d( s h-ape) i odl srheianf or ced

specimens. The specimens are intendedmay repr

-

equire .assessment

3. 2Spleci men Design

Si x -$aalbe rei nf or c ehda vadginnce negtleb @ssprent ixmedrbss mm X
23 ft Il ength x 1. lJwerfea ovdrddthr xct3ed 3atl tt thee i @Qdirt
North Carolin&Za$thacbdedni e@prR®RI DYy. t he six speci

f oat ot al o f 12n ek per K@®8ntseTh essd aadrfey etda smesnsi ons
speci mens, with heights exceeding 1000 -mm, we
| i f es,i Zfeulbleams. Size effect, which influences

the behaviperciaonfensmavlilt h®ut tr ansvelrisfee rsetirnu ocotru
Using-stalrge di mensi ons i n t he experi ment i s

representation of the shear behavior of actua

Th2&8 agoncrete cyf@ ndamgeor 8n @Bk 8( MPhe speci me
were designed with varying rsaitsiamcshan d alt ondg ivteu c
failures with different crack patterns <coul d
l ongi tudi nal reinforcemarst8i##naggeddf nam 0ebabbs
of type HRC 555) were used as flexural woeinfo
USS5KHongi tudi nal headed bars were Baeedd aotntope

coupon tests conducted at the Constructed Faci
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bars had a yield strength of 603 MPa,edmred t he

section 3.2.2.1. .for the stress strain plot)

Speci mens KSB4, KSB5, and KSB6 with [ ongitudi
2.13%, respectively, were provided with diff el
presented in Table 3. KSB6, rwietmenthenhtitdgleser:i
l egyé8stirrups38s @mceRoratreference,t wohanesi & heq
mi ni mum shear reinforcementlY.eqluha emmepadi meres i
reinforcements wer eexda Diignendorex pselceearngc rtaoc k s

propagation and branches before shear failure

To praodegrat e devel opmemterlee dgsh . ntsmepop & ch ;d |
762 MmHdgwdy om t,her eesnal stsihreq r2i 7rel B a9 ri(adm@m /rdat i o
ofappr oxidnat ecloynf i ne t he tlhohegietl wpimealt keergd oinms
suppowloesgyg8#d3 st i rr ulp5s2 .s4qpamne dp ddvwei pead.amet er s |
mi ni mum cover requirement (clause 25.4.4.1),
of reinforcement (Clause 25.4.4.1 and Tabl e :
25.4.4.2) wer e 3pkBOv ifdoerd tahsRe psepfeocAdCiaeenmesndti nga c h

speci smkbawhi g urle
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Tab3ldt Summarn yKe®B Seri es

Speci mens

Test|depla/(28&al jx( %) Long 1z2( %)

Speci|d(mm f0 Reinforcl Transverse r
(MP R

KSB1| 939(2.928. 0.6#%8(dot 0

KSB7

KSB2| 845(3.2428.]1.2&8(®dot 0

KSBS8 125 di st

KSB3|[895./3.(028.] 0. 9&#8(®bot 0

KSB9

KSB4|(895.[3. 28. 0. 9&#8( ot 0.0460@® cmnt o

KSB1( |l egged

KSB5|850(3.7426.] 1.528(®ot 0.08%0@® cnnc t

KSB1] |l egged

KSB6[(806.3.426./2. 13#9§ 1RRo 0.130&@. &/ mm |

KSB1]} |l egged
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2743.2

2743.2

1524 | ==304.8 152.4 /2 #5 bars
35
10158 ! 4 #8 bars
£3.5
" {50.8—304.8 —304.3 | 1508
7010.4 355.6
KSB1
1524 —304.8 152.41 12 #5 bars
762
]
1016.0 e
635
{l50.8—304.8 —304.8 | *'f8:2
7010.4 355.6
KSB KS8
152.41 ==304.8 152.41 2 #5 bars
35
1016.0 . . J6#8bars
= {150.8—304.8 —304.8 L:ys.2
' 7010.4 : 3556
KSB KS8
2 P #3 @ 508 mm c/c
5240 | 2743.2 27432 |
1016.0
B35 -+
{150.8—304.8 —304.8
7010.4
KSBO KS8
#3 @ 508 cff
1524 3048 5080 @™ 45 bars
1016.0 9 #8 bars
o 150.8—304.8 —304 .
i - 7010.4 % [ ssse
KSB KSB1
15241 —304.8 —304.8 #3 @3048mmcic 2 #5 bars
35
fofe.0 12 #8 bars
= 50.8—304.8 304 '
1= ' 7010.4 8 L lasse
KSB?2 KS8
FiglbibDeetai ling of KSB Series Specimens
mm) .
3. 2Mazt.er i al Properties
The sprcovtolme sdet ail s for the propertd.i
the speci mens.
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Gr ade

ai ded
Secti on

fl exur al

Single

4s hows

shown

.2 R2ihforcing Steel
60 #5 and Grade 80 #8
reinforcements and Grade 60 #3
KSB series. The #5 and
to decrease the devel opment

25. 4.

| egged

t he

i h2 Figur e

capacity

and

ul ti mat e

accor danele9 wsietcht i AoOnl

and

4. 2) .80%8 hiearifgdr
dnd eh eleg od ea bhaire we ed e aarg . f a

doubl-cdedregg elle mtpeaaindsthookip s
2351.83 we r er euisnefdo.ffaobrimeGrta d
yi eltdian gn tl roea n gtohr cefac

TabstSummardfy Rei nforcing

Bar As(mn?) | f,( MPa| fu( MP g
# 3 71 498 719
#5 200 47 8 672
# 8 509 603 772

30

def or med steel

deformed steel
tgpéoHBCt 6G8Dbnah
| endtoh

stt @ reqniglt en r( &Gir mfdeer ¢

St eel Propert



120 ] #8 bar

#3 bar

Stress (ksi)

0 50 100 150
Strain (x103)

Fi gb2Set reetsrsain curve for steel
[0. 145 ksi = 1 MPa]

3.2CdDnzZzrete

The spedihKeeBissami es wer e c absatticnhol Bdbdt spesi mé&h
and KSB6, KSwer eandada KtS Bidn, tared skeSBhihdarbdekhBmI t b
The maxi mum aggregate size i n TthleeaenBowedt @ omi
vVisible voids, honeycombimgdaegorgret @ncgyloirnad
% ranged from 2608 gMPadi ma28s8rMPa. of the cyl
strength testing was recorded using extensome!
(LVDT) asF ghlodwnT hien compressive strength of <con
dasy anged from 33 MPa to 37.9 MPa. The summary
is provided in Tabl e
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TabSt@oncrete cylinder strengths for KSB1 t

Test dayf'c
Test (MPa)
KSB1 35.7
KSB2 33.0
KSB3 37.9
KSB4 33.7
KSB5 33.1
KSB6 32.3
KSB7 35.7
KSB8 33.0
KSB9 37.9
KSB10 33.7
KSB11 33.1
KSB12 32.3
45 -
* P \\-\
391 ; \
30T // \
oo /
%720 4
. 2 \
10 1 //
05 &
0.00.0‘ - I-1=.0‘ - I-Z}.O‘ - I-SI.O‘ - I-4}‘0‘ - '_5?.0‘ . I-GI.O

Compressive Strain (x1073)

Fi glB8Set r-etsrsain curve fo(28o0dayseje from (
[ 0. 145 ksi = 1 MPa]
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3.25p3.ci men Construction

The specimens were built at the Constructed F

Ral eigh, TNE€, pUSBAess began byeassemdgemegtBndst )

1

top #5 Il ongitudinal bars were placed across s
secured in place at appropriate intervals. W
bet ween the |l ongitudiralt hrarsiadrndrwement e nayge

bottom #8 | ongi ttudinreal ihasrdewdrhee pPddirrups onc
tied. These bars were then tied to the stirru
during the process. Concrete formwork from Fol
70Immoh g4 Oxbmwi d & 2 & 9 hmgeh7-6(h-t b k8 n-wh kd8 nch). hi gh

Onen-thiinlksul ati on foam wwabhtthehtdr Bhgalsbes hown
to obtain smooth concrete surface of the beam
i n t hweorfkossrrm Bef ore placing the cages i%lsalde, t

bol sters6®&,medé limbingnhgegbadt positioned at the bo
support the bottom |l ongitudinal bars and ens
assembeliend ocagenenwere then carefully positione
a forklift. Tbi gnmamerntai angrppevi de adequate c
bol sters were placed vertically along the sioc
secured to the tops of the forms to maintain
casda sinngle batch of concrete from ARGOS. To e
of the concrete was i mportant, and a concrete

Concrete cylinld®eZ smmfx 42 6k 8mmmw@e scast t o obtair

and test day compressive concrete strength.

33



FighbCGasting KSB Speci men

3. 2T.eds.t Setup and | oading protocol

The test s estuuppp cwatdb as,ilwepalys | oadedaat shbwlRmgdspa
16 The | oad was -kapp lhiyeddr awd ii ncgi aec thdudesdt o ro kwei. t M ha
was vertically skuisppenagaciftryo m ocaa d5 0fOr a me . The
anchored to the strong f 1l oor upso-snegn sfioounri nDgy wi odr
445. kWNhe | oad w&snbhad@Bt hendkit et ael bearing pl at
355. 614nm d.nd | e B@Ptdh 8bd Inmp I(Tahtee s u p p 05r0t. 8 I12ramii ens ,) e
t hi ck, 3vbebr.e§ lafinmionl ey @4md§ 1 21 iomg) A thin | ayer of

was cast between each plate and the concrete

point an88sf@gdgmaméeser steel roll ers were place
stock was welded on both sides soifownrhei Ir7oH il geur,
These rollers were positioned on steel pl at es
strong floor. Additionally, to create a | evel
was cast under these plates as wel |l
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Figub8Rhot ograph. of Test setup
The first series of test spoiKnStB1lb & md iKniSEB 6s, e twmaps,
of the shear span to fail under |l oading. The

changes throughout test iennge.ntTsh ea nldo awda sw apsa ui snecdr

increments as |l oad stages to mark and measur i
preliminary predictions of capacity wusing cod
The increment nofl otahde sltoaagde sbh ewwanse esfuclho a chadt d& diees
during each test. The | oad was incrnremsepdtées t|
and reduced by around 10% before approaching
of the beam, a significant drop in | oad was o
After the failure of one spanpftbkeepkbeamewas a
|l abeled as KSB7 to KSB12. In this series, the
failed span could be subjected to | oading unt
was achieved usihAg urdeeT et w8 Bh@Bmibnsliguzaerde st ee
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tubes of6 tmmi ok nseescsur ed with SAS bars with nuts
posensioned to 20 kips using Enerpac jacks. F
previously failed span at the spacdid4nsg koW¥hils2 i
ensured that the cracks i n t he -fparielveido ussplayn fwaaisl
to fditl srheould be noted that from equilibrium
i nfl uenced bnyd tchlea ndpaenda gsehde aar s pan (ot her than
span). The | ocal-tdefedmaheanss pantwedderea |gd m bmadt
deformations wil |l be influenced from the init

H
i

/

Bis

/f

1 &

>
1%

Fi gbe&l ampi ng Setup

3.2l.n5s.t rument ati on

The | oad was measured using the 440 kips hydr
data acquisition system (DAQ) and string pote
and centered with the widtht ofodudobteatmhe ol onae
the Il ength, 3 string potentiomet er slame rcee ntoecra

okfashear span.
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Fi gRPRot enti ometer placed under the s
To acquire high qutawtetcyh noowl eoogdd eussifdraarr neadt iloing ht
di odes (tLicrfDsegnea®id gnalal i mage correlations (DI
moni tor-eidmdrmgieen-afvifewl Idi sipélad ement s throughou

manu al crack measurements at di fferent | oad s

3.2D5.glital |l mage Correlation

Digital | mage Cor-frieeladi opt i(®OalC) j st rfuonkelnetlaattie
Sol utwaosn su,tHi ghzeeésol ution digital reamdarad (12
used i n.Olh@ass suesteudp t o measure and analyze the
surface of the concrete beam. These speckl es
a test article. A stamp roller andrfselt Forpth
KSB series ofsitzestwastapprsprickdtel y 0.1 i n. (
the full field of view data, speckling was ap
The random speckle pattern enabl es the baeam t
uni que patteamer athkedsuhsotugrantdha siehadeos dted lee
di spl acements ofsptelte mMeas Caceelodt edheSol uti ons
compdiepl aaemesns st he entire fiesdtofovglowubyt
reference image (refeOpncEBEacmabeCi syseéematohs
positioned at appropriate anlpl esasteaqecaatpet urrees alf
for accurate cr7dddl0 (ngftpbo magt,befddCorsy st eems (8
resol uti ovrer @easuemalst)yaneousl y. A common coordine
al |l 4 systems by mergi ngvieaw hr eqgfi sttlreatd yomt amsor
body rotation2lksapwaer éedhe PBilgursetup for the sp
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cameras and | ights setup. The DIwe rsgyrsd lermo rainale c

by passing voltage signal to both the system

#r I
T DIC system
LED optical
g tracking §
system

| -

p Pi Suport

Fi gRBiTeest Setup with DIC system

3.20ptdDtrack LED System

The OpQGerttriak HD system, manufactured by Nort h:
technol ogy to accurately measure the 3Dmgosit]
It was used to track the 3D pomatkemsoifninhe at
all tests, the LED position te®tTwowaQptamdedhest e
were used to capture the position$78fmmhe LEB®
mm (7 insquar7e ignr.i)d covering the entire west
cameras to operate in conjunction with each o
fields of view must overlap. Thene&ogke f aciwa
beam to achieve the required overlap and capt:
grid of LEPD HaBBetsguwre pattern containing a
speci men as 23bhowWwBDiep&tigdg)wa.s( used. The dat a
systems were manually started at the same tim
the LED data with the | oad dat a.
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Fi gRBR2leED gri d tphpkeEBes pe€t omens

3. 2.05aY.e AcugsuiinsgplhDnoaar t

During the | oadi ngnagte&g esseagcnké agshs srheoswonl wvtnir @ni giu r
t akuesn ng s mappilfgdhonfe (W8lt2WPc ameWsai mgr s phooaeisdes
a convenient wawi tthoo ucta pdtiusrmes tribnuamgehse &8 Bieo mages w

taktencreate a database of i mages -basedlevebdob
measuremgmop o ®»edes a(awthdiicsh i s di scusseldhe nusdeet a
of a smartphone was intenti oesnpadc itaol isziendu,| adteev irc
be used by engineers and inspectors in the fi

Before capturing t hemair kesgiersg < har pcireasc. k sT hwee rce

measured manually wusing c¢crack comparafoors an
example, 0.7 mmepns23Fhewn fnd&cigal markers wer ¢
the cracks. Fiducial markers served as the re

x10 mm as suhroejvn2t3SonpFobygi de a spatiahdreé@kerbnate
for theasedhger ack meadkwmroavme rdti mewnsli .onBhainrd or i
vertiaomal |lhyr)i zosnttadlliysh scale and a coordinat €
crack wi dt hsThaenyd alroec agdlisolmsused to pemagipesctoifve
adequate r &saddeund Haottnhlasearset 4 t @ vEOc mahoeldlt 1 s pann
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Fi duci al ma¥ X emm

Fi gRBlemage Acqui shasead doack magasur ement

3.Bxperiment al Resul ts

3. 3Exlperi ment al Observation
Tab6lpg ovi des the peak | oad and failure span fo
setup and |l oading protocol section, the speci
point bending test setup, whanmde diotalda m go fwatsh e
could fail. The speci measi sthi ndhester detsdrsaldi dr

as occurrence of first fl exur al dcrréapcdirraendh es h e
appendiThe obsépbeasi on comparing how cracking
gat hering of the shear crakksad faggmads meantt.o b
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TabtSummary of experi mental peak
Testffdepl f° | a/ 1x( %) 12( %) Pea PealFali
Specifd( mnf( MP Longi't Transvijapp| she|Spa

Reinforreinforlog for
(kN (kN
KSB1 939(35]2. 9 0. 6-#8 ( 0 430 215/Sou
botto
KSB2 845(33]3. 4 1. 2&8( 0 737368 |Sou
bott o-m
#5
di stri
KSB3895.[37]3. (¢ 0. 94 8¢ 0 528§ 264/Sou
botto
KSB4895,33]3.0Q 0.9#8(] 0.04 @ 529264 |Nor
botto| mm c/ c
| egge
KSB5 850(|33]3.4 1.528( 0.08 @ 95§ 479|Sou
botto| mm c/ c
| egge
KSB6/{806.32)]3.4 2. 13#§| 0.13 @|122 613 |Nor
botto| mm c/ c
| egge
KSB7/ 939|35] 2. 0. 6-#8 ( 0 371185 |Nor
botto
KSB8 845(33] 3. 1. 2&8( 0 834 417/Nor
bott o-m
#5
di stri
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Tab6l(eont.i nued)

KSB9895,37] 3. 0. 9& 8¢ 0 578§ 289|Nor
botto
KSB1{895.,33{ 3. 0. 948(| 0.04 @ 673336|Sou
botto| mm c/ c
|l egge
KSB1lf 850(33] 3. 1.528( 0.08 @105 526|{Nor
botto| mm c/ c
| egge
KSB1{806.,32f(3.] 2.13#§(0.13 @|117 589lSou
botto| mm c/ c
|l egge
Fi ga@dsehows tdhies pll made ment pl ots for each
highlighted. Wi th the increase in amount

i ncreased.
1227 ThNugh
di ffered

assessment .

shapes
accurate

Speci fically,

t he

failure

KSB6

|l oad of

significantly,
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3.3Résponse of tkSB3s to KSBS3

KSB1, KSB2, and KSB3 did not contain transver s
and brittle due to critical shear crack that
the earl i Armpplemad xstsdhhpevs. t he photographs of ¢t
the principal compressive Ansdi ntgelnes id oemisnta nati ns h

to failure, as sBé&dwn in images in Figure

KSB3

Fi ghbkSB1l to KSB3 tests after failu
| KSB1 and ek$BBe critical shear crhrackK adfimpear e
reacthhegpeak | oad. Becauseappdacti ngd tdshtka ggebhsa aa 1
before thetpeskult @at ctt Hoee a ebkaesdehdeaesrs e s s ment s .
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Though shear cracks appeared only close to fa

at the bottom of the speci mens. With additio
di stinct, and some f Il exur ani tchr atchkes ienxctle nndeedd cfr
shows the progression of flexural cracks (cir

from 311 kN (1l eThi sd lomlBsce6r wvkeNsl §5(8rfi gthot )R&EBSG ogr aph
and mappi mg ko fp astiecetrinssded i n the appendi x of t |

Fi gRBBRrogression of flexural. cracks with

3.3 ReEsponse of tkSB4 to KSBG6

The formation of shear c¢cracks was influenced
the speci mens, see Figure 27. I n tests KSBA4,
KSB5, anwi tKis@8léer amount of shear reinforcemen

approxi mately 40% remaining shear capacity, p

I n these speci mens, shear failure occurred a
increasing | oad. Speci men abomal, f hafvi nlge simieair m

requirement19by wA@Ile gl3gle8dg lUS #3 stirrups spaced

shear cracks before peak | oad.
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KSB6

FigRlvkSB4 to KSB6 tests after failuwu
From the manual measurements and observations

cracks were observed at approximately 445 kN
KSB6. For KSB5 and KSB6, therenwdrialt wd agtea gvea
the first shear <c¢cracks appeared, and further
increase in | oading. The second stage was whe
new shear crack f or9matdieosnc.r i Zbaekda rtihae este caoln.d (s2t0a
phase where the concrete between the shear ci
wi deni njg6.dccur s

FigR&e for KSB4, which had shewdtdweest healkar

cr afcokr med aobtdeleadtthel oad stage. ekhendedt iaonal ws
rapidly, leading to a sudden dFriog® &@¢gn d hboavws ctahp
principal tensile and compressive strain fiel
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of high strain regions in the

Al so shown by the strain plots

principle tensi

at the peak 1o
both directions, reachphgteeat tbp aeddeioheth
plate in the bottom.
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©
x fre)

g o -
Ao )

Principal compressive strain field at peak load (KSB4)
(b)

Figh8eea) Devel opment of crack pattern with | o

compressive strain field at peak 1o
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As additional cracks (including shear cracks
reduces with incrceasknggl oadpoibe pasies acroc
containing more shear reinforeemertduex hobhbhi taint

warning.oKSB&i amde KSB6 exhi bited a more distr

cracks, 29&mrd.F3Thuirse observation aligns with nur
the increase in the amount of shear reinforce
wi dehb&8g G4k variation in shear crack format.i
of shear reinforcement in crack growth.

Figkokevel opment of crack pattern with |
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Fig8bkevel opment of crack pattern with |

3.3RésBonse of tKeSsBt7s t o KSB1l2

I n KSB7 to KSB12 tests, specimens previously
section. I n specimens KSB8 and KSBY9, failure
appeared only near peak | oaat (wWiSdBe/n ehda df warnt heexri )s
KSB10, KSB11, and KSB12 exhibited faexusei hgr
shear. cracks
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(mm37>

» S~

( K)SB9

(e&K)SB11

(fK)sB1l2
Fi gBtkeSB7 to KSB12 tests after
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3. 3Gl20.b al Behavi €apo ur Sple @®artoeenn s

Al ong with generdatsipn @celmetng Ipil lodg sl,oschear forc
and -proidnt def(a&stslbowmRiontshFe gauw aei-fliaeblid iafy wife w
di spl acement data also all owed plotting of th
| oad (sRiagBerse

Peak =118.9

Applied Load (kips)

0 0.2 0.4 06 08 1
Displacement {inches)

o 05 1 15 2 25

——Midspan stringpot O Loadstage ——MidspanDIC Shear Strain, y, (x107)

Fi gB2leoad di splacemerrsusdagheahe@orserain re
test.
[0.225 kips = 1 KN; 0.039 in = 1m
The plot of the deformed shape (magnified 25 t
in a grid of 200 mm x 200 mm.

55



Deformed Shape for DIC Index 311
Magnification Factor: 25
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a X Cnaldl.n.llu () . .
Fi gBBkef ormed Shape of KSB4.from DI C di s
The goal is to explore different parameters t
ki nematic model s. Gl obal pr epearnt ideesf | efc tti loenss p
along the span, and over alalt daffdremedts Hamas sw

ofdef or med s h &fgheesl piend Fiigswrad i ze t he changes wi
influence of the shear crack in the defor med

3. 3Cr3ack Kinematbhi ¢ 9 | fadannkDttaC

Aut omated Crack Detecti on Meoausrucree nteonctl (dAeC/DeM)o p
et [®#5]J]was used to map t h-&i @®ivd cekw pDd tCt edran sa fcragm
4 DI C systems simultaneously for the KSB seri e
processing are input into the AEPMonoodf Hihgh
tensile strain as crack | ocd8dwli)omsdroavrsd trhaep < rtalkc
for KSB5 mapped by ACDM tool using the DI C da

FigBde and b) show the crack patterns on the
(prepared kEyrpercspeagt ianed combining photograph
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ACDM were compared to the patterns captured i

the beam and the patterns were found to be in
the ACDM tool provide a clebeavisvatkeratgiecml e
reinforced concret3®4lys| enderpaeabesns| shbwgsregni
angles along the shear crack | ines and some Vv
features mabkbe bht seheraet a&tr acks <chall enging, ar
shear crack i s r éeémwierde & hteamra dhwasrecses merna sk

a)KsB5 at failure in LED/west side

b)KSB5 at failure in DIC/east sid

-140 -70 0 70 140

c)KSB5 at fail upreodeoan g C post
—

v & f[/’f!l PN

d)KSB5 crack mapping using ACDM
Fi gBdCGr ack Pattern from DIC data using ACDM a
KSB5
After mapping the crack patterns using the ACI

small er segment s. The crack lines were discr e
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angle was calcul ated | ocally for each of the

data points of the crack | ine were obtain
retize the crack | ine riebt3o straight segme
size of the crack segments influences the

uences the computation of crack kinemati c:
hear resistance compotniequqatsed Trlhrendaémsi teitv
egate Wt ewiltolt kr sqipaact (to the crack segme.]

segment gt eay, 4 eavdagafrsreotnh e0 .NM2abx i mum ddPeasedaggr

hese observations, crack segments af | eng
selected, considering the size of aggrega
ation of the angle or crack parameters 1is
process of discretization began by identi
t. A circle with a radius equal to aggreg
, the point of intlkrbkeonei wasofdehei ciedl e
circle's center to the intersection point

aken as the center for &heThiextsecomrd eci rag
crack | ine at another point, and the | ini
rsection point is considered the second ¢
k diiisce eit $ zed IFndthalrieegtmeat ss t he process s
and the discretization is done by red d:
t, center, l engt h, and angl e weuier dcabfud at

ulating crack kinematics of each segment.

-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200
X-coordinate (mm})

Fi g8b5C&r ack Discretization
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The crack kinematics for each crack segment w
either side of the crack. Two speckle points
referend@8&hobkfvMsguriggi d body 1 with points P11 and
body 2 with points P3 and P4 on the other side
of fset 16f masr wuwan t he crack segment so that th

by the noiedgeaobunbet beack.

Rigid Body 1
P2
® /b4
Pl (I, fy)
® P3
Rigid Body 2

|
Crack Segment

FigB6lki agram for crack kinematic calc
As derivefl6BbnpndLapgeref3bdjyt PalDIpGndi spl acement
points on the rigid body were used to find th
direction and the rotation of each rigid body
t he <c eéehnet ecrr aocfk tsegment for rigid body 1 and fo
in Latd@d¢pendi x A Crack kinematics3fet honoot bgsy
di spl aced coordinates of the wenmtnedr cosja ctkaes | drp

be cal cul at ed.

Fig8mwel ow shows the crack width calcul ated foc
Fi g3Yyefort é&S3tB4 he peak | oad. The thickness of
width in mm (with magnification of 25 times t

l engt h) .
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(awest face (mirrored)

R NI RN

(be)ast f ace

Fig8vreCrack Pattern for KSB4 at peak |
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200 |-
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o
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Wig—

~

_600 1 | 1
-500 0 500 1000 1500 2000 2500 3000 3500
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Fi gB8keSB4 Failure crackmbagnief wc aptei ackn a soka2dw ) ( dbaz2to
As expected, the crack width was observed t
reinforcement and near the co®anpavwes svami ateigdrmn
width for KSB4 at different | oads over the be
towards the top part, varies in the middle he
l ongi tudi nal r e ii dfdd rec ehneei ngth)t. rlengitome mhe <cr ac
change in the c¢crachkatantghee , b f laantdt eirt cwaasc ks eseeng nie
top had hi ghTehre crreascukl twsi dftohrs .t he rest of the KS
section.

60



600 T

400 §
—
—
1 -
200 A - —
. ——————
£ N
E = , —
£ _ﬁ&é’?»
5 —
S =
T { 2 =5 8 10 12
IS
®
[)]
)

-200 +

-400 +

-600

Fi gB89Cr ack

Wi

——85% Peak
—100% Peak
——098% Post Peak
——97% Post Peak

14 16 18

Crack width (mm)

dt h vari

61

at

on al ohgvéaksght

f

0]



500 ——85% Peak
—100% Peak

98% Post Peak

== 97% Post Peak

A
(-

LIl

(9]

o

o
PRI ey
t t

]
o
o

= 1
é 100 ¥
p— j
= ]
N -
Q
™5 20 15 -10 5 1 20 25 30
g 1
3 100 +
o2 5
]
200
3oojL

-500
Crack slip (mm)

Fi gdbGrack Slip Variation along the he
The pH gturGemesents crack slip vapeabmam, al show
increasing slihpigoawarfraos KIES84misgpeci men. I n gei
along the height of the specimens aretheifficu
value due to the changeSi minl arh ef lancgtl waife s aicn
been reportfed4d]cyonHFalrinpmannga t hat the observed ve
datThe results for other KSB tests are reporte

The | ocal crack kinemajt,i cglpiapp afhemy @ radnjdc etoa @ kz ow
Wy <crack displacements were calcul at edag,f or ea
10 mm along the criticaWw canmndkcs)aem@atdl.isprgei Tti
even between the adjacent crack segments (| oc.
4B) and b) for beam KSB4. Such fluctuations w
patterns were more complex with branches and |

rapidly chana@gidpj@cwaltuess® galeommig ari ses from rap

6 2



Therefore, the values of crack width and sl
|l ocation along the crack. The apparent rapidl\
i nconsi stent assessments amasegueasrnta naldsestadef are
assessments. Additionally, shear transfer me
guantified using models where aggregate inter
width) and slidinge(crack sbuifpacbdbet weElkkins make:
dependent on precise measfu27e.mehz] toiesdé ugamname
computed with sufficient detail, assessment m

a more rigorous analysis that considers appro
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Furt her awwa sy sdasr roifed out by plotting a4ross t
for KSB4 and KSBS5 (whidl ehetilgdrt r e maismeitngasr eds)u l
appendWixt h only one domi nawwafainlkearéyskcoeastamna

height region across the beam (i.e. appr oxi mi
KSB6 had branches in thewdfai tacke cshaak bracd&lk
the failure shear crack weweacradssso tahded Elbe atno hde

arithmetwics seaqualf o nt hfeaiswmeofshear crack (r
cracking2)nwmhdgerack branches attached to the
KSB5 shear cr4&9ki md ewfrsrudam gaflrle br anches may he
def ormation or provide representative measur e
requires further investigati onhasead damrefatmd ity

conducted.

K584 shear cracking
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Fi gd2wertical <crack, dhempil acretmaint ¢, avcakn dd irsepslual ct
di spl acement (d) across the beam height for
crack branchesf amdK$h® (sruing hotf) .w
Resultant displacement, d, wé&s aomp utoec afpdrurees
the tot al relative displacement across the crze
t hat the values of resul tant diw)pl acemehe an
segments were ned2r Ifyore gkuSaBl4,. sTehee Fhiogruwgpo nwtaasl cr
smal | compared to the resultant di spl acement

supporwal arheatmay be sufficient to represent t

65



for the |l oading sewmayuded momet hies i asbiagyedandr

assessment .

3.@ompar i Beoae e ponshMo dverteldi c(tMieacnfor 2 and Respons

prediction)

The shear strength of the KSB specimens was

demonstrated diffags eanhdavbrlveeh s of accuracy

Since plane secti oni srecansaoinoash lpet ameoassdmpomnomnet
the | ayered sectiona20@®&hgsiusi pragdamoRespgam
the designed KSB speci mdds st aheesawayomnalomr ¢
| oading plate was consider ed-2@09 0c raintail yasli ss e c tF
2000 provided better agr eemdrhtanwitthhe toh e eex pere
shown in ®Babnid aél vy, VecTor 2, a nonlinear fin
i mpl emented to evaluate the capacity and to pr
[ 6&hs devel oped at the University of Toront o,
with alternative models for tension stiffenin
KSB specimens were model ed wi tapfauenacttanunwtl,lae e
el ement size wamam seT@cmmdwittoh beaxXiOmum aspect r

respomiKeSBofseri es spekiigdedne i s shown in

Howeveth bhpproaches provided very l i mited in
information for predicting cr a&alcasahcakp eisn f ofrhneart
from the experiment could provide information

tools to i mprowvtedarr edret modeoantdhpossibly c¢cra
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Tab7tRr edi

ct ihkehB dSerri es

Tes| Vexp VaasHT| Vaci|VRespo VvecTd Vexlp | Vexlp| Vexlp | Vexlp
( K) ( K) ( K) (k N (k N | VaasuT| Vaci|VRespo| Vvec Td
KsSB|21% 201,158 185|260 1.0] 163 116 | 083
KSB|368 329,182 331,405 112 2.0 111 | 091
KSB{26.4 228.183 226, 319 116 | 1.44 116 | 0 .38
KSB{264 278.235 289, 455 095|112 0.19| 0.85
KSB{479 420.407 464|514 114|181 130 0.9
KSB{(613 503,457 560, 5614 122|134, 1.1 1.0
KSB|185 201,158 185|260 0.9/1.1 1.0| 0.7
KSB{417/ 329,182 331,405 1.2} 2.2 1.2} 1.0
KSB{289 228.183 226,/ 319 1.2 1.5 1.2 0.9
KSB1336] 278.235 289 455 1.2} 1.4 1.1 0.7
KSB1526] 420.1407 464|514 1.2}1.2 1.1} 1.0
KSB1589 503./457 560/564.] 1.1 1.2 1.0 1.0
Avg| 114 | 164 111 | 0. 8
COV| 9.%3232%| 89% | 16.6%
3.6onclusion for Experimental Observations ano:¢
The plots generated wusing the crack paramet el
experiment al results have provided preliminar
patterdo,cadgrninamégniacafudeacmarcamekke s o, the abilit
compute crack parameters for every shear craclik
evaluation of how changes in crackC Cosrhmlpexiitny |
of shear crackl ipaytefnsraok propabbiasedsbkbwad
assessment methods that use real Tbeavikrshadpéi
the crack width and crack silsihpp.wanl bnbgi ghéei ghae!
traditional assessment met hods relying on th
assessments. Therefor ew) Wehratti ceaxlh i cbria cekd dmosrpel as
crack regions i s proposecaH#aass eaad nog e g erhe mth | eef p
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critical reinf @deyocddcomer etoenplu ¢, atdsh.cero r onfe dc rsahak
from the capmihll esd PrOvdaeaviadwabde itnd olwimjaled
ki nemati cs mmalrelt s cfaderi aslf emddd amencr et e
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Chapt eFRAMEWORK FOR RAPBBSEBASKEAR ASSESSMENT
SHEARRI TI CAL REI NFORCED CONCRETE SLENDER BEA

4 . 11lntroducti on

Reinforced concrete sl-eddpt2hlbg ams e(asa @ier g cH [uier a
el ement s,biun | Wrn mdygge ot haeemrd sarreu cafutreems subjected t
t hat can | ead tDpe pva rstinbd net ss hoefa r Tfr caenascpleosr st hagt ai roenp o
cracks in bridges duWri ngl 7ramubtipn ea giomaap @ csthi esaor s
documertued diohgoswi ng event  70DBkh ssgsclRrasthgabkae
are significant c oexiesstiisnugaebsopuerositahlielsys &dratck so f
are foleddiem hbheadtst ceutr rmend t sphrevavri osd eosai sgnotkr o |

requi rgdeint ismanray | gL derhas@rmicttewdriedsé b a mh it mgn, ar
assessment wpgrismaruicltyw roers caaeddec kt hnee aj suudrgeemmeenntts o f
For -shearcal sh ee ndlea | |beemagres ,| ites i n interpreti
rapidly evalasmearpabetyeanduabksess the safety
ChaptensBesifstpresented the -expercmensbakentieha
measthedcr ac ko fp atrhaene tcad sf ohr aneerd KrsadBkkh d etr e shte a m
serlimsthis chapter,t hséle nrdeesrii hueaalsnsd aymatedbdh ¢ no fr e

d et asihlezadrgpcakr a nmed eesisne Chapter 3

Wi dely useadppamalddascgamad oonsei nforced dhmadcr et e
i ncorpor amheiplcee d it hienpd e aarrbeaedponsadvamoddl| sons
and framewbhks Meodchi ad Comp(rMGHT@ANH REiIFellad sTheo
smear ed r ontoadteil nowhasmmees ks meared and represent a\
el ememdr.e have also been significant devel opm
anRlesponsw@2@00si mul at e t Iseh exarriatcik ¢ aldge aramadp raertee
based on [t6he. M®@AwWe v er , t he cr ackt babnaarlaycttiecrails ta
computational methodsob$éeéeewedocnatkapagnewhnshi
slendedubeamsthe compl eximnysliend®drdi bd@®mal ty ac
tools give fovercape&kVv awk wda thisan wi dt,hswhalcohn gc aan sv
signi fAscahagrmognstrated in Chapter 3, shear cr a
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i ntersecti owmaroifalelre ckrsa ccla natniga aelgcadhlecarirg atdlde f u r |
compl exairheyt aadptthuenseatie |by

|l deep (Joeams ccalacklsearr e typically approxi mated
Si nglee aanhdegtxe askti n e mat inca mmd dvedPahr ea mEit neer mEhteioa y

RPRT hadaefines the dedormaganiadthyparwmekmdoidaeéy b
degrees of freedom: the averagdqlthapditbesvent |
di spl acement of (@@ 5Tlk@aPKilTnoadao mjgu nlccata dotni twit ti hv
rel at icams hbhiemau awtdhiet oshear carrying components |

j ust the tiwoeedlgmees! mfreceheusgéamseasured cr

i nf or ma b2ePoKhTo r mu |haassh omwvsmpr opeetdheti o esfi stt mer cel
componentadgkiedp Oeamsaf Sihoewsadal i ncorporating cr
into analyses of deegbybeaemauciimgr dwves cwred dii «tiie
peak response flroml 5% dtdoaddh .sl30r%.tagdd on | i ke cr a
nominally identical speci mens have resulted i
deep Rexzmnt wor ks pyBiEsaadadi highlaghted the
vertical craictindesptl aceimeqgt shdeees,bdmantth ecra ptalc
traditional c¢crack kinemat.ic parameters such a
Theval uati ons lodcarme &s praetmet er asandst dPK&ct i n

for munlaatlsiai d founpgeabacbhncdtoos amppd-ba@s ad kasosfess met
di agonally cr acokedl 0doesetp3 Fbeecaenmst wor k[ bl Mi hay
established direshecamlckt iogpebrhamg i bmentadmge esaifear ¢
deep BOd@empi d assesdsatrremitnhmetr lecd dual shear capaé
cracked deep beams from only three simple mea
(Q ), the angle dqk.yghe arsingalk oveadwk khdesr ack
nNo r engeua srer e mentoguardt icloerieod feaxs ceaniems, adibevamm | en
reinfodetatehinatn gar ee & @ pcdocneplultyi ngs heai ve did@aed ne nt
Cri tliocadlizomge (iICll&¢p besamnmssfti m@PAKKTbyas the highl.y
uncr accoknecr et e zone 1 n t heThreegiaoph ale &cdlaecekd e a p mé |
deep beams follows the 2PKT aseummpmtiilamr et hodt t-
| oadi noC)zZIohneer etfhoer e, nputosn bar ¢ hlea sneidrs WL&ame nt s
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The remainingnshadar rappaciaspecssmmeneéd mas hadper
original shear.Fotrr ex@tmp | ef, tfloe medmam with an
k N i f 30kN of shear | oad I s i appPMlohYe df oltlhewirn
mat hemati cal equation|[ ppbpvwiseas bgudll heaijskear et
funcadfi ome as urveed tarrcdatlk cdil swp )cacdenpee rddE et acement

c apacti Hog Db ).

s o~ 2 oA~

f e o & s @
2 AOEZABANOD A AE OUp o Ppmm

8o p P P = pmmreEquation (i)

For a beam wditsp laa cperneednitart ealpsdhoebahrp aci tcyame ur v e
gener agleat thryegi t el scheerarr e scpaopnadci infigy; ¥ @| .(Ada& ang e
critical verti ogaghvacfirecsdmuo ot tyoprleadciecmeendt di spl acem
of hGelZconsideringdf hata ¥ya.6s fgaibled wé&, showssaduppi

capaci tgeduf amreabsaksgesdsdie s s me wh etcleen cregpsi dual capac
when the crack displacement is Uzpeappr aamdhes de

Residual Shear Capacity Curve
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Fi g4 5Sa mpIRe safdual Shear Capaltasegd casyvessment

Mi hayl o/ 1®ut lailhfesod | dwigsregefpogrer f ot me n g apbiads edr ac k
assessment

Stépdentifyl ohei ocgi toocal
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Thregabotviee cri ti aald siteemar tdreadkoiad e mtopriiiiteidctanl ® |

| oadi ng ZTohree z(oGileZ )mu sftoprbes e aei ok dcr acks.

Accor PK,§ hGdoZ crusfaesuate DODhEidelipe bévamshows a t
CLAef i nkeede @ olre a ms .

0.5l b1eﬁ l b1e ;

(b)
Figd6ea) CLZ in deep beams aftetrn2P&iTl ¢ Adapahed

fréomil
St eMedsure the geometry of the CLZ:

Firsttocate the peldagyiee wdi ntheB.l oRldemgtdoanelmat] i ne
point on the whidch ciads Is@lgadr.&e gmekt OB i s appr.
perpendicul acr atxokdtimie & s o r kdrfeiordesptttheof the crit|
zonk )(

Next, draw a circle ceeqtualbb@ddbapoipot nichi@rcaviet e
intersects themar keAlacnade ppesamprsoxidmet @ef t he C
Laséanlgyl,e of | ine OArmaskmaeaglueed as the

Il n this watyhCGlgZe oinse tdrey® iomféd .usi ng
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* 1@ X

Fi gd7&GLZ measurement paramebasesddassaesmémntr
beaMmAdapt ¢d)lffr om
Step 3. Compute predi ¢th@®&dZ:di spl acement capaci

Th2PKpir ovi des t he & ol lecwidmgstpe cadcdepraeatithGL Z i n
deep Odampredi Eunonhi oa of hGeLhZ@ (galdme.t ry of
Y 8t m@ #110

T YR

The equation i s dtehGLZe dgh ysaws®humigmg e tf hhahteur e
strain asitbeobot hemzocnreu sshdi anegh @ sOe adBESTr ¢ D e

St eMedsure the criticalbwyp:ertical crack displ a

The verftickaldi spl acement measur edc oants i paeirretd A s

critical wvertical c r abcaks eddi sapslsaecsesnmeenmntt foofr dreaeppi

Il @ h2ePKT, t he degrded itanfesfdreefeodrormat i on of t he CL 2
rapi d assessmentdenfectrhnoadt i iogt otpaar edenleréeecetsl y me a s
guantithwas been shown that nmehaes wanteerdh o icmti A ralc
mat c h essh edadn@r ee o,f> ifrr eddal®ph lleaniBhler ef or e, vert

di spl acement at point A is takédmapisd-bax ssmuatikt ab

assessfmecheaep beams

St efolhpute the resiidual shear capacity

Thpredicted displ acement capacity and atrlree me s
i nputhe nfoll owi ng etqghueetmaomi cqpadiefee anfs a

percentage of .its original capacity
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