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Abstract

Reinforced concrete deep beaoften carry heavy loads as transfigrders in highrise buildings pile

caps in bridgesr other important structural membeBue to their small slenderness, they exhibit shear
failure with disturbed deformation patterdifferently from slender beams. Many experiments have
revealed the guplexity of the shear mechanisms of deep beams, and a number of formulations and
models have beenproposed attempting to explain their behaviour. However, up to the présent
accurate prediain of the shear response of deep beaemsainsa challengeConsidering the importance

of such kind of structural element, this thesis is dedicatedaikea furtherinvestigation on the shear
mechanisms and provide a useful tool to predict the entire shear response of deep beams.

More than seventgnodels for deefpeamsare firstly summarized and classified irtifferent categories
according to their main characteristics. Detailed evaluation is made on ten models amongtthtra
help ofa database of 574 deep beam tests. It is found that sesgmirical stut-andtie model (STM) and

a twoparameter kinematic theory (2PKT) for deep beams produce the least scattered préuictions

of shear strengtlexperimentato-predicted ratio ¥4V, Further studies are conducted to explore the
effect of varioudmportant parameters, e.g. shéasspandepth ratio (a/d), size effechnd other While

the 2PKT produces uniforie,/V peq across the entire range of experimental daid captures wethe
effects of all studied parametetse semiempirical STM exhibits certain bias with respecthie beam
slendernesanddoes not account for the importaite effecin shear

In order to evaluate the serviceability, safety and resilience of deep bbantisedis continues witthe
devebpment of a 1D macroelement based on a theeameter kinematic theory (3PKT) which is an
extension othe 2PKT methodto continuous deep beams. This macroelement aigepatring theentire
response of deep beams including hibtpre and postpeak rgimes.One macroelement represents a
deep shear spay usingonly two nodes with two degrees of freedom per n&teh smply-supported

and continuous deep beams are modelled with the proposed 1D macroel¢nseshown that the
macroelementaptures welthe force redistributionbetween shear spairscontinuous members, and in

this way predicts their enhanced ductility as compared to simply supplagptieams. It is also shown

that the model captures the opening of the critical shear <natlerincreasedloading. The crack
predictions can be compared with field measurements to accurately evaluate the safety of the, structu
and in this way to avoid potential costly strengthening measiises result of the compatibility between

the promsed 1D macroelement ardassical 1D slender beam elementa mixedtype modelling
framework isproposed to overcome the high costaoflysison large frame structures including deep
transfer girdersnodelledwith 2D hightfidelity finite element procedes.The framework is implemented

in an existing nonlinear analysis procedure and is used to model eighteen deep beam tests &nd a twen
story frame. It is shown that the proposed framework provides similarly accurate predagénkigh

fidelity proceduwes but requires a fraction of the time for modelling and analysis. Furthermore, the
macroelement improves the pgaak predictions, and therefore throposedramework is suitable for
evaluating the resilience of structures under extreme loading.

Although the full shear response of solid deep beams can be well captured with the proposed
macroelements, it is still an open issue to understand the behaviour of deep beams with weh bpenings
practice, veb openingare inevitably installed in deep transfer girders to allowwfiordows, doors and
different conduitsThey maydisrupt the flow of forces from the loads to the supports<iguificantly

reduce the shear strength ddepmembes. To address this issue,n@w model for deep beams with

Vil



rectangular openings proposedased on thePKT methodfor solid beamsit is established based on an
analysis of the shear behaviour and failure modes of test specimens using nonlinear finite elément a
strutandtie modés. In the new modekwo sub deep beams form above and below the web opening.
Each sub shear span msodelled withtwo kinematic parameters as in solid shear spans, and the
deformation pattern of the entire shear span can be described by these faes deffeedoms (DOFs).

The model is validated witB7 tests from the literature showing adequate shear strength predititisns.
shown thashear strength of deep beams with web openingwisaffected by the depth of the opening
than by its horizontal dimension. Also, the transition from deep to slender beam behaviour inamember
with openings occurs amalleraspecratios than in solid members. These experimental observations

well capture by the 2PKT approach.
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1. Introduction






1.1. Deep beams in concrete structures

Characterized by relativegmall shear spato-effectivedepth ratioga/d ” , reinforced concrete deep
beams arestiff and effective in resistingarge shearforces As a result,they are commonly used as
transfer girders in highise buildings to create open, coluinae spaces, or as foundation elements (e.g.,
spread footings, raft footings, and pile caps) in strustwaeof concrete, steel, or timbéseeFig. 1.1).

Many buildings with deep beams play important roles in communities, such aertfnal station of
Leuven in Belgium shown ifig. 1.2, where deep beams are used to create paskageassengers and
trains Another example is Tour CBX located in the major business district of La Défense in Paris (see
Fig. 1.3), which includes a dedpansfergirder at the fifth floor to allow for a large space from the ttord

the fourth floor. As a large part of loads in the structure is transferred through deep beams, the
performanceof deep beams is often critical for the safety of the entire structhesfailure of deep
beams in these structures niewecatastrophic consequences suclpaal or completecollapse of the
structure.

Upper Storey

oo
oekerulll I

Ground level t
AR EEREEREE

Fig. 1.1 A typical building elevatiorwith deep transfer girdefadapted fromKong, 2006)

Different from slender beams, deep beaxkibit disturbed deformation patteymhich do not obeythe
classic planesectionsremainplane hypothesis The difference between these two types of beams is
further demonstratedn Fig. 1.4 with experimental results of eleven RC beams tested by &taal?
(1979. With a constant section depth 8540mm the tested beamsdha/d ratie ranging from 10t0 6.8,

The size of the loading and support plates was varied as well. All the beamsnfateshrbefore the
yielding of longitudinal reinforcementt is found that he normalizedshearcapacityincreases rapidly
from 0.05 to 0.25%henthea/d ratio decreases from approx. 2.3.1@ while only 25% decrease of shear
capacityis observedasaM increasegrom 2.5 t06.8 These two different trends are dominated by two
different shear resisting mechanisms: afeh strut) action in deep beams and beam action in slender
beams.



With beam action, slendeeans carry shear forcethrough the uncracked concrete in the compression
zone, by means of aggregateterlock along the sheacracks as well asby dowel actionof the
longitudinal reinforcementAccording to Yang the failure of slender beams without stirrupgginates
from the unstablecrack propagation along the longitudinadinforcementwhich results in considerabl
openingof the major crackandtherefore loss of aggregdteerlock action across the crack. In contrast to
beam action, strudction relies omirectcompression ithe concrete frontheloading point to the support,
and due tdhe large compression capacity concrete, deep bearsan resist much higher shear face
than slender beam$o maintain equilibrium, the longitudinal reinforcemémtdeep beams works with a
nearlyconstantensile forcealong the shear spdtied arch)

(&) During Construction (b) After Construction

Fig. 1.3 Deep transfer girders in Tour CBX in Paris, Fra(BEeSIX Group S.A.)

Recognizing the importanad strut action, deep beams aypically designed with struandtie modes
asshown inFig. 1.4. In these models the struts represent the compression in the concrete and the ties



representhe tension in the reinforcemerior deep beams with web reinforcement, streitandtie
model can be more complex incorporating additional horizontal or verticaBtiasandtie modek can
be either staticallydeterminateor indeterminateandin the latter casextra conditions are required.g.
assumingherelative importance aéach load pattDue to their simplicity and clear physical basigut
andtie modelshave been widely adopted by researchers and engiaadrBave beenincluded in
differentdesignstandard®’ startingwith the Canadian code of 1984h Fig. 1.4, the currenstrutandtie
provisions of the Canadian code CSA A.2848 were used to obtaithe solidpredictioncurve which
follows well the experimental pointdhis curve is combined with curve based on the CSA shear
sectionalprovisions for slender beams (dashed limegoverthe entire range of a/d ratidRegardlessf
the accurate predictions in Fig. 1.4, it should be noted thatastdite code provisions tend to
significantlyunderestimate the shear capacity of deep beams when apiéatge number of tests with
different variable¥.
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Fig. 1.4 Effect of memberslenderness on the shear strerajtheams- testsby Kani, 197%°
(adapted from Collins and Mitchell, 189

1.2. Motivation for research

The ability of current codes and models to predict the shear capacity of deep beams was tested in 20
when a largescaletestwas performed at the University of ToroftdThe test consisted of loading to

failure of a 4mdeep beam with one slender and one deep shear span. The deep shear span had an a/d ratio
of 1.8 and failed along a critical diagonal crack as showkignl.5. Before the tesB3 engineers and3
researchers provided their predictiasfsshear strength obtained based on a variety of motiekhe
experiment the deep shear spdailed when the piat load P reached 2182\, while the predidbns
variedfrom approx.800kN to 4000kN. One quatepof the prediction€anbe considereddequatenith
experimendl-to-prediction ratis Pep/Pye betweenl.0 and 1.2while 35% of the participantprovided



more conservative predictionshe most unconservative prediction overestimated the shear capacity of
the beam by a factor ¢£85

P =2162 kN
----------------- - w (self weight) = 24.4 kN/m

fc=40 MPa ag= 14 mm

West W\ Kg East d=3840mm b=250m
d A AN N N ‘ | =0.656% f, =573 MPa

Fig. 1.5 A 4m-deep RC beam tested in the University of Toront20h5 (adpted from Collins et &)
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Fig. 1.6 Predicions participated in theontest(adapted from Collins et &)



In terms of code provisionghe ACI sectional modebroducedan excellent prediction; howevethe
predictions based on either the stantitie model or the sectional model in tBanadian standard were

very conservativeThese results show thayenthough a large number ekperiments were conducted

and many models were proposed to investigate the shear behaviour of deep beams in the pass,sixty yea
it is still a challenge tohibroughly understand the shear mechasismdeep beams and to provide
reliable predictios of the shear responséleverthelessas a number of models produced adequate
predictions, there is a need for a more thorough evaluatiwhcomparison ofdifferent modelling
approaches by usirtelargenumber of tests available in the literature
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(a) Deep beam with web opening (b) Principalcompressive stress from
(adapted fronSchlaict et al., 198*?) linear elastic analysis with VecTdr2

Fig. 1.7 Strut actiondisturbed byaweb opening iradeep beam

In addition to solid deep beams, it is also of interest to study the shear behaviour of deepitieaets w
openings.Fig. 1.7 shows an example afuch a membetogetherwith the distribution ofprincipal
compressive stregssobtained from a linear elastic analysis. The stress distribution shows that in the shear
span without an openintfpe load is transferred directly to the support throwgjrut action while in the

shear spamith an openindhe compressive strefiew divergesinto twoload paths above and beldiae
opening. The disturbance ofhe stress flow caused by the web openimgst be investigatedand
understoogconsideringhatin practice deep trafier girders often incorporate openings to accommodate
windows, doorsand various conduitdHowever, although greaesearchefforts have beemnlevoted to

solid deep beams, few investigations have been carried out taking into account web openings.

Finally, deep transfer girders are typically part of complex structural systems in which fort#reutin

can occur under overloadingig. 1.8 shaws that a deep beam in a lhesminal failedduring the March

31, 1983earthquake of Popayan iGolombia However the structure remained standing due the
redundancy of the structural systehine residual loadbearing capacity of the beam in combinatiath

the capacity of the rest of the structure was sufficient to prevent a complete c@iaptse cases were
observed in the February 22, 2011 earthquake in New Zealand which devastated the city of Christchurc
Fig. 1.9 shows the22-storey Grand Chancellor Hotel (GCH} the city centrevhich was severely



damagedand had to be stabilized in the days after the earthqiileelower 14storycar parkstructure
comprisedRC shear walls and caist-place flat slab®n columns andthe eastern bay was cantilevered
using several deep transfer girders between levels 12 affthd dipper 15storeystructure compriskof
perimeter moment frames with a prectha@dr system and the eastern bayascantilevered by beams at
each level and grid lineAlthough the magnitude of the earthquakes notexceptionallyhigh, the
epicenter washallow andclose to the cityand the verticaground accelerations reachadforeseen
values of up to 1.8¢As a result, ahear wall located in the soudast corner of the buildinexperienced
brittle shear failurgseeFig. 1.9b-c), while at the same tim#his wall wasresponsible for roughly one
eighth of the structural masBollowing the failure ofthe shear wall other significant damageas
observed in the building, e.ghear and axial failusef columns supporting the southern transfieders
(see sedig. 1.9b-c). Finally, load redistribtion occurredin the entire structure and the structbezely
avoided a complete collapse and was demolished in the months after the earthquake

Fig. 1.8 Shear failure of deep beam in a basninal in theMw5.5 earthquake of Popayan in Colombia
on 31/03/1983H(itps://www.eeri.org/1983/03/popayan/0a))

These examples demonstrate tirabrder to evaluate the resilience of structures undermegtteading,

it is necessary to model the entire structure with slender members and deep transfer girderaoFeirthe
in order to capture the complex redistribution of forces in the structur@dtéssaryo model accurately
the complete behavior dfi¢ structural membersncluding the stages of large damage in the-peak
regime.There exist efficient 1D frame element formulations for slender beams and columns, but the only
availablemodelling option for deep beams is higidelity 2D finite element formulations. While these
formulations are suitable for modelling individual members, they require significant time for imgpdell
and computations when embedded in models of entire complex structures. In additioreldmigat
formulations are rtowell suited formodelling the pospeak behavior of deep beams when large sliding
deformationoncentratalong diagonal cracks. Theregpthere is a need for differefdrmulationsthat
combine relative simplicity with adequate accuracy both in teegod post{peakregime of deep beams
These elements need to be integrated in a conmmmfelling framework with existing elements for
slender members which are equally as efficient and accurate.


https://www.eeri.org/1983/03/popayan/04-10/)

West €—> East

South Cantilever
beams

Transfer
girder

Shear wall

Wall

X =location of critical failures

(a) The southern elevati (b) Schematic elevatic

North €——> South

Cantilevered frame Collapsed RC wall
Il I I I ‘
Transfer [T 1) I ﬁ H
girder igl\LWLJ‘JN' | N |j bCantilevered
i L — ay
|[j/|[{ = i |
i T
!UI I_IC I d | - lEil
ollapse =
stairs / Failed 7/
columns
rj RC Walls - N
/ RC Frame —— =
(== /E E\ { ]

(c) Schematic pla

Fig. 1.9 Grand Chancellor Hotelamaged in the Mw6.@arthquake ofhristchurchin New Zealandn
22/02/2011*



1.3. Objectives

Based on the above, the main objectives of this thesis aréofdur

1) To perform an extensive evaluation and comparisoexigting models for shear resistance of deep
beams by using a large database of laboratory tests

2) To propose dD macr@lementfor deep eams based on an existing tp@rameter kinematiteory®;

3) To incorporate the proposelD deep beam element into a finite element progaaito study the
interaction betweeneep beams and the rest of the structure in large frame steusttireleep transfer
girders;

4) To propose a useful model to predict the shear capacity of RC deep beams with web openings.

All of the above objectives will be approached based omxasting twoeparameter kinematic theory
(2PKT)™ proposedby Mihaylov et al. in 2013 This approach consists of three sets of fundamental
equations- compatibility of deformations, equilibrium conditions and constitutifationships for the
mechanisms of shear resistaraghich will be discusseth detail in Chapter 3.

1.4. Mechanisms of shear resistance in deep beams

In recent years, as the technology of digital image correlation (DI@nimgvailable, more and more
researchers use this optical method to measurdisp&acement and strafields of structural members
under loading*!’. Such measurements have been used in combination with local constitutive models for
concrete, reinforcement and bond to evaluate the mechanics of shear resistance in reinforced concret
beams and how much these mechansstontribute to balance the appliezshd For exampleFig. 1.10

shows the shear capacity predicted by Cavagnis'@bakedon the measured deformati®nf seven RC
simply-supported beams with different a/d ratjosloured bars). As the predicted capacity was compared
to the measured applied load (horizontal black lines), a satisfactory agreement was atheaethors
assumedhat therewerefive shear mechanisntd shear resistanda RC beams without stirrspdowel

action of the bottomlongitudinal rebars (Vwny; aggregate interlock along the shear crackqyd)y
residualtensile strength of concrete @4); dowel actionof the top longitudinal rebars Qompr); and
inclined compression in the uncrackedncrete (\4). It was found thatfor beams with a/d ratio larger

than 2.5, the contribution frorthe aggregate interlock anthe residualtensile strength of concrete
accounts for more than half of the shear resistance. As the a/d ratio decreases to 1.89, fretrezgjtiua

of concretebecomesegligible and at the same time tldewel actionof the tensile longitudinal rebars
andthe aggregateniterlock take up as few as 15% of the shear capdweigll cases the dowel action of

the top reinforcement was neglectétdis evident from these resultsatin deep beams (a/d 2.5) the
compression in the uncracked concréteninateghe shear resisince Therefore, in the following, more
information is provided on the mechanisms of shear resistance encountered in degjinbkatimg the
contribution of the uncracked compression zone.

1.4.1.Dowel action
When longitudinal reinforcements cross a crable transversal displacement due to the opening and
sliding of the crack generates shear force in the reinforcement, which is referred to as dowel actio

Comprehensive experimental investigation into dowel action was performed as early as the 1970s by
Baumann and Ruschas shown inFig. 1.11a, in which a wedgshape cocrete block contoured by
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preformed cracks was introduced in the beam. The point load at the top of the block drove it dewnwar
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caused dowel actioriThe concrete surrounding the longitudinal reinforcement was under tension as
shown inFig. 1.11b within a certain distance from the crack. As the tensile stress exceeded the tensile
strength of the concrete, dowel cracks appeared along the longitudinal reinfocéigent.1(1c).
According to Baumann and Rusch, the shear contributipnemained approximately constant as the

WUDQVYHUVH GLVSODFHPHQW / LQFUHDVHG Dé@&delawiKationoRiAcHO FUDFN
concrete cover occurred as shown irfriig. 1.11d.
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Fig. 1.11 Experiment to study dowel actiam slender beamisy Baumann and Rust{(figure adapted
from Huber et at)

11



In deep beamsdue to their short shear spam®wel cracks do not propagate far and therefore the
calculation of the shear contribution by dowel actigrcah be as simple abownin Fig. 1.12 Mihaylov

et al’® estimatedhe length of longitudinal reinforcement affectagdowel action, i.e..l(seeFig. 1.12a),

and within this distance thebars areonsidered afixed-fixed steel bearmm (seeFig. 1.12b). The shear
force Vyundera JLYHQ WU D Q VY H U ¥ dalGilaté ®yaBsHHirgkh @l stie plasticbehaviour

of thesteel The upper limit for \ is reached wheplastic hinges (sefig. 1.12c) form at the two ends of
thebeamdowel

Vy

(@) (b)
crack <j

(©
fy
x Q- -

Fig. 1.12 Model for dowel actiorin deep beams applidry Mihaylov et af®
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1.4.2.Aggregate interlock

Aggregate interlock is a complex phenomenon occurring along cracks in concrete structures when the
crack surfaces slide against each other as showigirl.13a. The aggregaten oneside of thecrack
interlockwith the cement matrign the opposite sideesulting in stress transfer along the crack including
both shear and normal stress&s. study the shear transfer behaviour across sradinsur et at®
performedpushoff experimens to investigatel9 specimens as shown kig. 1.13b. The experimental
results revealed five important stages durihg monotonic loading (se€ig. 1.13c): 0-1 shear slip
betweenthe crack surfaces increases rapidly utite establishment of firm contad:2 high stiffness is
reached immediately after full contact between the two crack surfacesisufmlitd tobenefit from high
concrete strength anthrge amountof reinforcement;2-3 the stiffness decreases and becomes
independent of concrete strength and reinforcemsgint 3-4 the reinforcementrossing the crackields
andthe shear capacity of the specimens decreases ragidifter the loss of aggregate interlock the
shearesistace decreases more gradually

a c \ 3 Y_iedling of reinf.
( ] (b) ( ) Ultimate strength)
2
. 0 iffi

% reinforcement 4 stifiness
Ly = independent  4:
— - n |

2 Lg precracked s offe & 1 ;?Zﬁg;fggregate
o
shear plane & stiffness | with f, & !
2 _ _
W YR Establishement of firm contact

0 Shear slip

Fig. 1.13 Experimental study on aggregate interlock by Mansur %t al.
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Several shear transfer models have been proposed by researchers to describe crack response to shear
loading conditionsOne of the most representative modslthe twephase model proposatialravert®

as shown irFig. 1.14: the aggegate particles are idealizedrigid spheresKig. 1.14a), and the contact

area between the aggregate and the cement matrix is determinectkacthepening and sliding as well

as material properties, e.g. aggregate sizeTéie.cement matrix is assumed to behava rigid-plastic

manner and the yield stress only depends on the concrete strength. Therefore, both of the gieear and
normal streses along the crack can be obtained based on equilibrium comslitawn inFig. 1.14b.

contact /by ©) 'Z’\\”ig Y
areas 2 / /
___cement L
> matrix \
4/, %Q% \
aggregate N
particle A

Fig. 1.14 Two-phase modebr aggregate interlock by Walravén

A Contact Density Mdel (CDM) proposed by Li et &'.is another widely used modedeeFig. 1.15.

The crack surface is described with microscopic hoggs of contact units and the direction afitact
stressconicideswith initial orientationof the contact units (sd€g. 1.15a). The contact behaviour aa
contact unit is assumeglastieperfectlyplastic as shown ifrig. 1.15b. The mortar around the contact
area is elastically deformed untile relative displacement on the contact unithie normal direction
exceedsa predefined limitof 0.04 mm, and then under high confinement and frictional slip the motar
behavegerfecty plastically Through the effective ratio of contact area defined as a function of crack
width, it is assumed th#ite contacts lostif the crack widthexceed®nehalf of the maximum aggregate
size.Anotherimportant assumption of this theory is the idealization of the crack surface through a contact
density function (sed~ig. 1.15c). This function describes the distribution of crackntact units
orientations based aesults fromscanningof crack surfaces

(@ contact (b) (©)

Elasto-plastic Probability Density

I( )=0.5cos

Contact Stress 1.,

fal
A%

Direction angle

. . W,
0.04mm t 90° 90°

Fig. 1.15 Contact density modébr aggregate interlocgroposed by Li et &
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1.4.3.Contribution of stirrups

Stirrups are effectivein improving theshear resistancef RC beams through redistributing ttensile

force alongthe shear crack to stirrupSood bondconditionbetween concrete and rebars brings the high
tension in stirrups back to uncracked concrete as showigiri.16a. To study this behavioyoull-out

tests are performedsee Fig. 1.16b), and the bond stresslip relationship is obtainedbased on
experimental observations (deig. 1.16c). Several researchers made further investigation to correlate the
shea slip to crack width and propose relationship between stirrup stress and crack width as gfigwn in
1.16d. This method is based on comprehensive experimental work and solid physical background;
however, the application father complex. Mihaylov et af.considered this problem in a simpler manner:
the tensile strain of the stirrup at crack is assumed to be double of the average strain alotige the e
length of the stirrup which is obtained based on the transvegpsasionof the beam.
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Fig. 1.16 Contribution of stirrups (adapted from Huber et’al.

1.4.4.Contribution of uncracked concrete

As mentioned earlier, a significant portion of the shear strengttheep beams is provided by the
uncracked concrete above the critical shear crétkile in slender beams the critical crack has an S
shape and does not allow for etit compression to form between the load and suppmtX.17a), in
deep beams the crack is nearly straight and compressive stresses carpdfialél to the crackFig.
1.17b). This direct compression is oftaepresented bg strutin strutandtie modelsas shown irFig.
1.18a where theshear failure is usually dominated byushing ofthe concretein the strut.Bazant®
included propagating crushing zone to the sindtie model to take into account the localized fracture
of the compression strut whiclias also observed in experimental studigig. 1.19 shows a simply
supported deep beam tested by Mihaylov &t ahder cyclic load. At shear failure the beam was
separated into two parts by the diagonal crack, and it can be seen that above the critical craek localiz
concrete crushing occurr@da snall zonenear the loadinglate. The spalled concrete and the orientation
of the cracks in this zone indicated that it failed due to high diagonal compressive siidssgev et

al!® defined this zone as “critical loding zone (CLZ)” anddetermined the approximate dimensions of
the CLZ based on the size of the loadplate as shown ifrig. 1.18b. The zone of concrete above the
critical diagonal crack is represented as a varidbfgh elastic cantilever fixed at one end and loaded at
the other. It is assumed that plane sections pdipdar to the bottom face of the cantilever remain plane
and that the tip section is subjected to uniform compressive stress.
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Fig. 1.17 Contribution of uncracked concreteslender and deep beams
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Fig. 1.19 Simply-supported deep beam under shear failure
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1.5. Thesis outline
This thesis consists éfchapters an@ appendixes.

Chapter 2 is a brief literature revidisting different types of models to predict shear capacity of deep
beams Ten representative models are further studiiedetail andappliedto a large database 64

tested simplhsupported deep beams. Comparative studies are conducted for those selected models in
terms of predictedshear capacity. Models with relatively legttpredictions are identified for further
parametric studies, in which the effecdf several key parameters, e.g. skg@ndepth ratio,
longitudinal reinforcement ratio et@reinvestigatedThe purposef this chapter is to providen insight

into themain characteristics of different types of maglahd to aid other researchers to select proper ones
among a large number of models.

Chapter Firstly describesan existing kinematic model proposed by Mihaylov €f ahased on which
simple 1D macraelement composed of three springs (one transvarsitwo rotational) and two rigid
bars is proposed to represent a shear span of continuous RC deeplieghree springsrenonlinear
with constitutive relationships accounting ftension stiffening in the concrete around longitudinal
reinforcement andlifferent shear mechanisneong the critical shear crackVith few nodes and
elements, the proposed new typelbf deep beam elemeistused to predict the entire shear response of
deep beantest specimens

Chapter groposes a framewotk incorporateéhe new type of deep elemento finite element program

for frame structures with slender elemems existing programme named VecTor5 is selectedras
example, in which thproposechewmacralement is added through a new subroutine without modifying
the rest of theode With the modified VecTor5 as a useful toalpushover analysis is conducted to a 20
storey frame witha largetransfer girder designed based on ACI 318 code. The interdmttareen the
deepgirderand the rest of the structure is comprehensively studied.

Chapter 5 is devoted to proposing a mddelthe shear capacity of RC deep beams with web openings.
Based on experimental studies of other researchers and finite elemabmtsathe load pathsn deep
beams with web openings astudiedand a struindtie model is proposedThe kinematic model
proposecby Mihaylov et af'® is extended to account for the effect of web openings assuming the shear
span is divided into two sub shear spamse above and one beldhe opening. Together with other
assumptions on thehear transfer path above the web opening, the extended kinematic namgidieidto

more than twenty deep beasst specimenwith rectangular openings.

Chapter6 presents a summary and conclusions from this study as well as suggestions for fugdinein.res
Appendix A contains a large database %f4 tested simphsupported deep beams, including all the
importantparameters regardingeometical and materiaproperties as well agneasuredshear capacity
and predicteghearcapacitybased ordifferent models.

AppendixB presentshe derivationof analytical expressions for the constitutive relationship of the three
springs in the proposetD deepbeamelement in the initial stagef loadingprior to the formation of

critical shear cracks

Finally, Appendix Ccontains a databasétested deep beams with rectangular weénings
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2.Models for Shear Strength of
Reinforced Concrete Deep Beams
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Abstract Since thel960s, researchers have proposed different empirical formulas and analytical models
for the shear strength of deep reinforced concrete beams. Some of these approaches have shtmvn adequa
accuracy when applied to small sets of beam tests, while thety abipredict the effect of a large range

of test variables remains unknown. This paper presents a summary of models for deep beams from 73
publications, and focuses on a detailed evaluation of ten more recent models by using a daéddase of
deep beam #s. It is found that a seraimpirical strutandtie model (STM) and a twparameter
kinematic theory (2PKT) for deep beams produce the least scattered predittienformer model
produced an average shear strength experimenfabdicted ratio WV yreq Of 1.00 with a coefficient of
variation (COV) of 19.8%, while the latter resulted in an average of 1.08 with a COV of Tthé%wo

models are also compared by plotting thg ¥ ,.q ratios against different tests variables, and by
performing parantec studies with individual test serieff. is shown that the sere@mpirical STM

exhibits certain bias with respect to the sksmanto-depth ratio, while the 2PKT produces uniform
results across the entire range of experimental data. It is also natédetlsemempirical STM requires
somewhat less computational effort than the 2PKT approach.

Article  Liu, J., and Mihaylov, B.I.;A comparative study of models for shear strength of reinforced
concrete deep beams,’Engineering Structures V.112, April 2016, pp. 8439. doi:
10.1016/j.engstruct.2016.01.012.

2.1. Introduction

The shearbehaviourof deep reinforced concrete beams has been a subject of intensive experimental

studies since the 1950s. It has long been recognized that, due to their smapahtadepth ratios (a/d

" DSSUR] GHHS EHDPV FDQ FD Urtes tanis@hdedr BdarQsWFOr\th Eeaksdti U VK H D U
deep beams are often used as transfer girders in buildings, cap beams in bridge bents, pile caps in
foundations, and other heavily loadedustural members. Fromraodellingpoint of view, deep beams

do not obeyhe classical plansectionsremainplane hypothesis, and therefore require different models

than slender beams. Since the 1960s, researchers have proposed various empirical formuladaaid analyt

models for evaluating the shear strength of deep H&&f4 The most commonly used among these

approaches is the strahdtie approach which is based on the main characteristic of deep beams, that is

the direct transfer of forces from the loadshe supports by means of compressive stseeut action

or arch actiorf. This approach represents a simple and powerful tool for the designavéists, which

typically provides conservative strength predictio@her approaches have also shown adequate

accuracy in predicting shear strengths when compared with small sets of experimetitaliégatheir

ability to capture the effects of a large range of test variables remains unknown. It is thieesfamgpbse

of this paper to provide a more comprehensive evaluation and comparzablished models for shear

strength of deep beams. The models will be compared by using a database of 574 tests of be&ims with a

” 7KH FRPSDULVRQV ZLOO EH SHUIRUPHG LQ WHUPV @FH¥PDLQ SK\VI
and the ability of te models to capture the effect of different experimental variables on the shear strength

of deep beams.

2.2.Models for shear strength of RC deep beams

As part of this study, 73 papers on models for shear strength of deep beams published betweeh 1987 a
2014 have been reviewed in detail. These models are applicable to beams subjected to single curvature
bending under the action of point loads (typically one or two loads). Taking into account their main
features, the models are divided into the following sibegories: artificial intelligence models, numerical
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models (i.e. finite element models, FEM, and discrete element models, DEMjarsttie models,
upperbound plasticity models, shear panel models, and other mechanical models. As canfimnseen
Fig. 2.1, the majority of the 73 publications focus on santitie models, followed by numerical models,
and atrtificial intelligence models. The smallest category isefothechanical models” which indas a
model proposed by Zaraffand a tweparameter kinematic theory (BP) proposed by Mihaylov et &f.

3%
Strut-and-tie models
5%

8% Numerical models (FEM, DEM)

36%
Artificial intelligence models

18% »
Upper-bound plasticity models

Shear panel models

30% = Other mechanical models

Fig. 2.1 Models for shear capacity of RC deep beams published between 1987 and 2014.

Out of all reviewed approaches, this study focuses on ten more recent'frfddefsom four categories,
excluding numerical approaches and artificial intelligence models. Thedels were adopted from a
previous study by Senturk and Higgihexcept for two modet$ 32 which were published after their
study. The selected models are listedTable 2.1 which also provides a summary of their main
characteristicsNumerical models are excluded from the discussion because they are not developed
specifically for deep beams and are significantlyre complex than the rest of the approaches. Since one
of the goals of this paper is to compare different physical assumptions footietling of deep beams,
artificial intelligence models are also excluded from the discussion.

As can be seen fromMiable 2.1, the selected models are classified as either analytical oresepiical.

By semiempirical it is meant that the theoretical model inclufdesors, which are derived by fitting
shear strengths obtained from deep beam tests. The physical assumptions and the range dfiésst varia
used in the development of the models impose limits on their applicability, as listed in théulast ab

Table 1. These limits, as reported in the original papers describing the models, are typically defined in
terms of sheaspanto-effectivedepth ratios (a/d) or sheapanto-depth ratios (a/h). For example, limits
ah” DQG D K =« DUH Rétp lpavns\ifdin Sléhdeb he@nw &hd collikermembers,
respectively. The 2PK takes a different approach: the model has been developed to @ppéyrtbers

with short shear spans where the shear strength predicted by this medel Wil exceed the shear
strength predicted by sectional design procedures intended for longer spafsThe following
subsections provide a brief description of the ten selected models in their respective categories.

2.2.1.Strut-and-tie models

Strutandtie modellingis the most commonly used approach for deep beams as demonstrated by the fact
that it has beemart of design codes since 1884There are six strindtie models included in this

study, three of which sereimpirical and three analytical, see Table 1. In the general casearsttie
modelsfor deep beams include three mechanisms of shear resistance: a direct diagonal strut between the
load and the support, a truss mechanism involving the vertical web reinforcement, and a trussmechan
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Table2.1 Summary of ten models for shear capacity of deep beams

Authors and e Size Range of
year Category Type Main failure mode effect applicability
. , Lyd ”
Mau and Hsu Semi Web reinforcement "
1 | ”
1989* Shear panel empirical yielding No .
v
Concrete crushing
g%%cglsr, Up;lt)ae;tilg(i)tund Analytical  reinforcement yielding No ah”
P Y along diagonal crack
Hwang et al Concrete crushing i
208(?6 " Strutandtie Analytical the vicinity of nodal No a/d”
zone
Matamoros an Semi
Wong, Strutandtie . Not explicitly defined  No a/d”
7 empirical
2003
Zararis Other . Concrete crushing i ” "
2003® mechanical  ~naitical compression zone No 10" D G
Tang and Tan Interaction betwee .
300 2 ' Strutandtie Analytical  diagonal crushing and Yes a/d”
transverse splitting
Russo et al . Sem- - ' ah”
20050 Strutandtie empirical Not explicitly defined  No L/h "
Tan and Chen Interaction betwee .
2006" 9 Strutandtie Analytical  diagonal crushing and Yes a/d”
transverse splitting
Yang and Ashou . Sem- . R
20112 Strutandtie empirical Strut crushing Yes a/h
Mihaylov et al. Other . Concrete crushing i .
2013° mechanical  Anatical e loading zone ves Vopkr * Gect

Notations: a = shear span from centre of support to centre of load; d = effective depth oflsectaial
depth of section; L= clear span§ -lIk/2); l,, = width of support parallel to longitudinal axis of
member !, = ratio of horizontal web reinforcement, = ratio of transverse reinforcement ratigpyr =
shear strength ofedp beams acc. &PKT approacjr?; Vsect= Sectional shear strength oéstler beams
acc. to AASHTO code

" The papers describing the models do not explicitly specify a range of applicability. For thistheason
limits on a/d and a/h adopted here correspond to the maximum values from testssgtien the original
papers for the validation of the models.

-involving the horizontal web reinforcement, d&g. 2.2. The struts and ties join in nodal zones in the

vicinity of the loading ad support points. Hwang et@lassumed that the proportion of shear carried by

HDFK RI WKH WKUHH PHFKDQLVPV FDQ EH GHWHUPLQHG EDVHG RQ
yielding of the web reinforcemente proportion of the shear carried by thegtical web reinforcement
GHFUHDVHV ZLWK LQFUHDVLQJ DQG WKDW FDUULHG EheWKH KRUL]
proportion of shear resisted by the diagonal strut increases up to a strut angle of 45° ands decrease

larger anglesFollowing the yielding of the web reinforcement, the shear increase is carried entirely by

the diagonal strut up to the failure of the bedime failure is assumed to occur due to crushing of the

concrete in the vicinity of the nodal zones.
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Matamoros and Wor§ proposed a sem@mpirical strutandtie model which includes factors for
computing the strength of the three mechanismsim 2.2. The authors developed conservative
expressions for these factors by fitting the model to a set of 175 deep beam tests. Ri%¢ulewal a
similar approach, but the coefficients were fitted with 240 tests aiming at an average expetomental
predicted shear strength ratio of 1.0. In this model the shear strength is expressie dotlowing
formula:

(=== G+ C (2.1)
Where ¥ is the shear contribution provided by the diagonal strut gnd \the contribution of the
horizontal and vertical web reinforcements. Teigdepends on the compressive strength of the concrete,
WKH GHSWK RI WKH FRPSUHVVLRQ JRQH REWDLQHG IURRVWKH FODVYV
Term \, on the other hand depends on the ratios of the web reinforcements, the yield strémeythedf
UHLQIRUFHPHQWY WKH D G UDWLR DQG RQ DQJOH

Fig. 2.2 Mechanisms of shear resistance in sanutitie models

Tang and Tafi proposed an interactive straidtie model for shear strength of deep beams. In this
model the failure of the beam is governed by the interaction of two failure modes: strut crushing an
diagonal splitting. The interaction between the two modes is adstmfellow a linear relationship, in
analogy to the classical Mal@oulomb failure criterion. Furthermore, the contributions to the splitting
capacity provided by the concrete section, web reinforcement, and the flexural reinforcemeininaed ass
to mobilze at the same rate. Tan and CHépgoposed modifications to this model to better capture the
size effect in shear. The modified model expldimessize effect with the geometry of the struts, and the
spacing and diameter of web reinforcement. Another-atrdtie model which also accounts for the size
effect in shear was proposed by Yang and Asfidnased on fracture mechanics. The authors introduced
a crack band zone and a stress relief strip into the diagonal strut, and used energy equiltheumdn
zones.In this model the shear ifare is governed by the crushing of the diagonal sffatble 1
summarizes the main failure modes assumed in the ten models, and indicates which models account for
the size effect in shear.
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2.2.2.Upper-bound plasticity models

Ashouf® proposed a model for the shear capacity of reinforced concrete deep beams based on-the upper
bound theorem of the theory of plasticity. In thigppaach the concrete and steel are modelled as-rigid
perfectly plastic materials. The model consists of two rigid blocks separated by a yield linéufer fa
zone) which extends from the inner edge of the support to the inner edge of the loading elemment

the critical shear span of the beam. Two types of yield lines are proposed, namely a hyperlzoiit dine
line consisting of two straight segments. Due to the relative rotation between the two rigid diecgy,

is dissipated in both the contgeand steel along the yield line. The shear capacity of the beam is
expressed as a function of the position of ¢tkeatreof relative rotation between the blocks, and the
solution of the model corresponds to tiemtrewhich produces a minimum shear capaupperbound
approach). In order to account for the fact that the concrete is not a perfectly plastic nteter@ictete
compressive strength is reduced by an effectiveness factor ef/@D8), MPa. Other authdfshave
suggested that the effectiveness factors should be different forcshieat beams with and without shear
reinforcement.

2.2.3.Shear panel models

Mau and HstP have proposed a sheaanel model for deep beams which was later useBalxyr and
BoduroU &,%u and Hwan{/, and other researchers. In this model the web of the beam is modelled as a
reinforced concrete panel subjected to uniform shear stresses v and effective transverse compressive
stresses p. The transverse seesare due to the direct action of the point loads and support reactions on
the horizontal top and bottom faces of the member. These stresses are sometimes referred ings clamp
stresses, since they “clamp” the web in the vertical direction and in dyisnerease its shear resistance.

The stress ratio p/v is assumed to remain constant throughout the loading history, and is ddiesaihed

on the sheaspanto-depth ratio a/h. As the a/h ratio increases, the p/v ratio decreases because the
clamping streses diminish away from point loads and support reactions. The shear strength of the panel,
and therefore the shear strength of the beam, is obtained by solving simultaneous equations for
equilibrium, compatibility of deformationsand constitutive relatisships for the concrete and
reinforcement. Since the solution of these equations is relatively complex and inconvenientgfor desi
Mau and Hsu have proposed a simplified versibithe modét' which is included in this study. The
original model was simplified by deriving a formula containing four constants, and these constants w
obtained by a calibration with experimental d&tatheir paper the authors state that the proposed formula
gives accurate predictions in the range where the horizontal shear steel ratio is less thare W@¥%, th
shear steel ratio is less than 2.45%, and the-spdapth ratio is less than 3.3. Thesnits are therefore

used to define the range of applicability of the moddlable2.1.

2.2.4.0ther mechanical models

In the mechaical model proposed b¥arari¢® the shear failure is assumed to occur along a critical
diagonal crack with crushing of the concrete in the compression zone abovatkisAg stated by the

author, this zone acts as a “buffer” and prevents any meaningful slip displacements betweerk the crac
surfaces. In the absence of slip displacement, no aggregate interlock develops along the crack, and
therefore the shear is carriedtieely by the compression zone and the reinforcement crossing the crack.
The resistance of the compression zone depends mainly on its depth above the critical craclgnwhich ¢
be significantly smaller than the depth of the compression zone above thalftEagcks. An expression

is derived for the depth of the compression zone above the shear crack based on equilibriumsconditio
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and several simplifying assumptions. According to this expression, the ratio between the deptheabove
shear crack and thabave the flexural cracks depends on the sepanto- GHSWK UDWLURt® QG WKH !
ZKHYHWVM WKH UDWLR RI WUDQV Yhe thtorbf Uditdn® IbRdildiAd? FHeiQfovceben !
The classical beam theory is used to evaluate the depth afitipeession zone above the flexural cracks.

The shear resistance is obtained by considering the horizontal and moment equilibrium of théhpart of
beam above the critical crack. At failure the stresses in the compression zone reach the compressive
strengh of the concrete, and the stresses in the transverse reinforcement are assumed equal to the yield
strength of the steel. It is stated that the assumption for yielding of the transverse reinforseroent
accurate for beams with a/d < 1.0, and theretfoeemodel is applicable to beams with 7.0D G ” $
similar approach is also followed to derive an expression for the shear strength of membershwith bot
transverse and horizontal web reinforcement.

rigid block ©oc
/

(a) Kinematics of deep beams

(b) Componentsf shear resistance and equilibrium at peak load
Fig. 2.3 Two-parameter kinematic theory (2PKT) for deep bédms
The twoparameter kinematic theory (2PKT) for shbehaviourof deep bean8is built on a kinematic
description of the deformation patterns in deep beams. Similarly to the models by Ashour angtararis

shear failure is assumed to occur along a critical diagoaak avhich divides the shear span into two
parts as shown iRig. 2.3a. The part below the crack is modelled by a fan of rigid radial struts while the
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zone above the crack is represented by a rigid bibbk. deformation pattern of the shear span is
GHVFULEHG E\ WZR GHJUHHV RI IUHHGRP '2)V  WKH RY&hdDJIH VWUDL
the vertical displacement in a critical loading zor&/ = . Tihe critical loading zone coincides with the
FRPSUHVVLRQ ]JRQH DERYH WKH FULWLFDO GLDJRQOQcaUdeSFN GLVFXV
widening of the critical crack whilé . is associated with both widening and slip in the cradikese

deformations are exaggeratedHiy. 2.3a to better visualize the assumed kinematics at shear failure. In

addition to the kinematic conditionthe 2PKT also includes equations for equilibrium and constitutive

relationships for the mechanisms of shear resistance.

Degree of freedom'. is obtained by assuming that the CLZ is at failure under diagonal compressive
VWUHVVHV £§d dbthinéd psallustrated Irg. 2.3b. The thick black line in the plot shows the
UHODWLRQ VK hdEtd ApgliddisResd V, while thedkied line represents the shear resistance
which decreases with increasing strains. This resistance consists of four components: shegr tbegried
CLZ, Vc1z, aggregate interlock componeng;,\&tirrups component /and dowel action of the bottom
reinforcement V. It can be seen that the reduction of shear resistance is caused by the weakening of shear
components ¥ and Vj, while component ¥; LV QRW L QIO XH Q5 HiEG this \exazrpled
component Vis almost constant because DOEO0.41 mmis sufficient to yield the stirrups even when
Qavgis zero. The solution of the equations of the 2PKT corresponds to the intersection point ofkthe blac
and red lines where the shear forces are in equilibrium. This graphical representation of the 2PKT i
similar to that used by Muttoni in a critical shearckréheory for punching of slaffs As the equations of

the model are not suitable for a sdatform solution, the shear strength is found by an iterative solution
procedure. With the predicted DOFs, the 2PKT can also be used to evaluate the deformation patterns o
the beam near shear failure, including crack widths, deflections, and the codigbeement field of

the beam. More recently this approach has been extended to capture the compidispllaeement
response of simply supported deep bédrard the ultimate response of continuous deep B&aths

should be noted that in the 2PKT the flexural reinforcement is assumed to behave linearly, ldimig yie

of the reinforcement can be taken into account by performing a flexural stigtiation based on

code provisions. The final predicted failure load will be the minimum load obtained from a 2PKT shea
calculation and a standard flexural strength calculation.

2.3.Comparison with experimental results

2.3.1.Database of deep beam tests
The tenmodels listed in Table 1 and summarized above are applied to a database of 574 tests of beams
provided in an appendix. The tests in the database are selected based on the following criteria:

- Rectangular cross sections, no limits on member size;

- Three or four- point bending without axial load or prestressing;

- Shearspanto-effectivedepth ratios a/d

- Steel reinforcement and normal weight concrete without limits on the yield strength of the steel and
compressive strength of the concrete;

- Only beams with reported important test parameters are included (for example tests without
reported loading and support plate widths are excluded);
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- No bar cutoffs, no inclined web reinforcement, no fibres in the concrete;

- Beams supported directly on steel cylinders without steel plates between the cylinders and the
specimen arexcluded;

- No anchorage failures.

The sheasspanto-depth ratio of the beams in the database varies from 0.29 to 3.0, the effective depth
from 160 mm to 2000 mm, the ratio of flexural reinforcement from 0.28% to 4.25%, the ratio of
transverse reinforcemefrom 0% to 1.25%, the yield strength of the reinforcement from 267 MPa to
1330 MPa, and the concrete cylinder strength from 6.1 MPa to 120 MPa.

Out of the 574 beams in the database, 50 were reported to have failed in flexure and thesedatke exclu
from the comparisons. Furthermore, 59 beams which were reported to have failed in shear, but sustained
maximum bending moments larger than 1.10 times the theoretical flexural capacity of the seefsm are
excluded from the comparisons. The theoretical fleikaapacity is calculated based on the ACI code
provisions. By excluding these two groups of specimens, the number of tests is reduced to 465.

2.3.2.Shear strength predictions

The ten models included in this study were implemented in computer codes foatoadcthie shear
strength of the test specimens from the database. In order to ensure that the implementationd#ishe
was performed correctly, the results obtained in this study were compared with the results pgrettemted
original papers describinthe models. In all the cases it was found that the two sets of independent
calculations produced almost identical sh&taength predictions. Theesults obtained for the entire
database were then filtered according to the limits of applicability of madel (see the limits in Table

1). After this filtering, the number of tests varied from 289 for the model by Mau afdtbl€i65 for the
models by Matamoros and Wdhgand Tan and Cheflg

The shear strength experimenrtiadpredicted ratios ¥4V eq Obtained for the tests from the database are
summarized irFig. 2.4. The plots show the statistical distributions of these ratios produced by each of the
ten models. The vertical axes of the plots are scaled such that the peak ordinates appew. tHihe
narrower is the distribution and the closer to the vertical line.gf\W.~1, the more accurate is the
model. Based on these criteria it can be seen that the model by RusSbaetdahe 2PKT approath
produce most accurate shetirength predictions. The Russo model produces a better avesgdy

(1.00 vs. 1.08), while the 2PKT results in a narrower distribution (coefficient otieari@OV of 15.4%

vs. 19.8%). The most unconservative predictions for the two models are respectiydly.v of 0.48

and 0.62. In terms of range of applicability, the Russo model is applicable to 350 tests andTthe 2PK
approach to 392 tests. The smobthck lines in the plots show the theoretical Gaussian distributions for
the two models. It can be seen that the results obtained with the 2PKT approach follow well the
theoretical curve, indicating that this model is based on sound physical assumptions.

It is also of interest to examine whether the two models show any trends with respect to main test

variables Fig. 2.5 shows the V/Vpeqratios plotted against the shespanto-depth ratio a/d, the ratio of

transverse web reinforcemefy, the ratio of flexural reinforcement) and the effective depth d of the

member. It can be seen that the 2PKT approach produces approximately cavestage ratios and a

XQLIRUP VFDWWHU DFURVVY WKH HQWLUH UDQJH I At/dbserntétiIXU YDULDE
in experimental studies, deep beams without shear reinforcement exhibit a larger experimemtal scatte
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Fig. 2.5 Distribution of shear strength experimenrtadpredicted ratios against main test variables



- which is reflected in the larger scatter of thg W peq U D W L RO ThéNsetempirical strutandtie

PRGHO DOVR SURGXFHV XQLIRUP UH \akdaMwileZ shaihglatdartSikiiiay WR YD U LI
with respect to a/d. The model exhibits an almost linear trend of decreagiig,¥ ratios with

increasing sheagpanto-depth ratio. It should be noted however that while the 2PKT produces less bias

and less scattered predictions, it is more complex than theesepmical strutandtie model. As

mentioned earlier, the model by Russo et al. usdssedform expression for the shear strength while

the 2PKT approach requires an iterative solution procedure.

2.4. Parametric study

As concluded above, the stranidtie model proposed by Russo et al. and the 2PKT approach produced
least scattered shear strength predictions. In the followingsexttipns these two models are further
evaluated in terms of their ability to capture th&edf of different variables on the shear strength of
individual sets of deep beams. SimilarlyRig. 2.5, the studied variables include the shgaanto-ratio

a/d, reinforcement ratio§/and | and the size of the member (size effect in shear).

2.4.1.Shearspanto-depth-ratio a/d

Fig. 2.6 shows the effect of the a/d ratio on the shear sthevfgeep beams tested by CfdarRhis effect

is studied for four series of beams with different reinforcement r&tfosm 0.98% to 3.05% andl) from

0 to 1.22%. The experimentally obtained shear strengths are indidéttedoimts, while the predictions

of the 2PKT approach and the model by Russo et al. are depicted with continuous lines. Experimental
points and prediction lines of the sanwour correspond to the same test series. Both models predict that
the shear stregth decreases with increasing a/d from 1.0 to 2.5, and that the rate of decrease is reduced
or even diminished by the addition of transverse reinforcement. The discontinuity in the black and green
lines show that increased amounts of flexural reimfiorent Y results in increased shear strength
predictions. These trends match the trends indicated by the experimental data, even though the two
models differ slightly in terms of the absolute values of the predicted shear strengths. It eam thats

the model  Russo et al. overestimates the capacity of most of the test specimens while the 2PKT
captures mostly the average experimental values. The shear strength of the only specimen witim maximu
amount of transverse reinforcemenH1.22%) is overestimated byth models.

According to the 2PKT, the shear strength of beams without shear reinforcement decreases with
increasing a/d due to the decrease of concrete shear compaoxerdads . More slender beams are

characterized by flatter diagonal cracks, whielult in shallower CLZs with smaller shear resistance

Vcrz and larger displacement capacity The increased. in turn causes wider diagonal cracks with

smaller aggregate interlock capacity Whe sum of y z and \; in the 2PKT approach can be comguhr

to the concrete shear strength contributipinthe model by Russo et al., 48@(2.1). This contribution

is derived from the compression capacity of the diagonal strut, and decreases with increasiagaa/d du

WKH UHGXFHG DQJOH RI WKH VWUXW ributiéh RWViH¢ sRduGrelrdoxce@éhH GLFW WK
increases with a/d, and that in beams with large amounts of stirrups this increase can compé¢hsate fo

weakening of the concrete shear componenis fvv,) and v.

242.7UDQVYHUVH UHLQWLRUFHPHQW UDWLR !

The effect of WUDQVYHUVH UH L @IsudiBdHvithl @40¢ repbrigt By Smith and Vantéfotis
(seeFig. 2.7). Three sets of beams with a/d ratios of 1.00, 1.50, and 2.08 wexbiteghis experimental
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Fig. 2.6 Effect of a/d ratio tests by Clark
-program. As evident from the plots, both models predict that the shear\tiénd Q FUH R ¥idy ZL WK !
that the rate of increase is larger for beams with larger a/d ratios. This shows that transverse
reinforcement is more effective in enhancing the shear capacity of more slender beams. A significant
difference between the two appuohes is that the strahdtie model predicts a linear relationship
EHW ZHHQ, while @&2PKT suggests that the effectiveness of stirrups diminishes beyond a certain
YDOXHK R* dpprox. 0.7% for these tests). Beams with very large amoustgrofs tend to fail
along steep sections with crushing of the concrete across the eutien s(sliding shear failur€s)
These failures impose an upper limit on the shear strength which is evident from the red experimenta
points in Fig. 7 (beams with a/d=1.00). As it is well known, similar phenomenon ooclender beams
ZKHUH WKH VKHDU VWUHQJWK SURYLGHG E\ VWLUUXSWIFH OLPLWHG I
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of the specimens with a/d of 1.50 and 2.08 did not exceed 0.77%, these test series cannot beawsed to
a stronger conclusion onghmaximum shear strength of deep beams.
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(b) Strutandtie model by Russo et .

Fig. 2.7 Effect of transverse reinforcement ratiests by Smith and Vantsidfis

243./RQILWXGLQDO UHLQIRUFHPHQW UDWLR !

Fig.28 VKRZV WKH UHODWLRQVKLS EHWZHHQ ,%hH the GHRa) ddptciyGL QDO UHL
deep beams tested by Mathey and Wat&tein: K H Qwas increased from 0.75% to 3.05%, the

normalized shear stress V/ipdd W VKHDU IDLOXUH LQFUHDVHG IURP DERXW WR
the authors also varied the yield strengttthe flexural reinforcement from 696 MPa for the beams with

VPDOO UHLQIRUFHPHQW UDWLRY W R This va8dlioh RolloviatkadprBxiniately ZLWK OD |
a linear relationship,£- 1+845 MPa, and this relationship was used to generafardaiéction curves
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in Fig. 8. It can be seen from the green prediction line that the model by Russo et al. captuned ver

the trend indicated by the experimental points. According to this model, larger amounts of flexural
reinforcement result in deepéexural compression zones, which in turn result in larger and stronger
diagonal struts. The 2PKT approach also provides reasonable predictions, even though it slightly
underestimates the shear capacity of the specimens with large reinforcement ratsmeatngleld
VWUHQJIJWKY ,Q WKH 3.7 D&h8 {iR Dpirt eaihet byHeWowrll attion of the
flexural reinforcement ywhich increases with these two variables. In addition, the model predicts that
larger flexural reinforcement raaesult in narrower diagonal cracks with increased aggregate interlock
resistance y

0.20

V/(bdf )

a/d=1.51 f.§ 03D
0.05 | d=403mm 1,=0%
b=203mm fy:-l75 1+845 MPa

[, =89mm  a,=25mm o  Experiment
1,,=89mm  V/P=1 — Prediction
0.00 T T T T T
0.5 1.0 1.5 2.0 2.5 3.0
L (%)

Fig. 2.8 Effect of ratio of tensile longitudinal reinforcementiests by Mathey and Watsté&in
2.4.4.Size effect in shear

The size effect in deep beamssniavestigated by Zhang and Tamho tested series of geometrically
similar beams with variable depth of the section,Kge2.9. The experimental points in the plot show

that when the effective depth of the section was increased from 313 mm to 904 mm, the sheér stress a
failure decreased by 18.1% and 13.9% for beaitts and without stirrups, respectively. This size effect

in shear can be important, since the depth of deep beams in buildings and bridges can be kignificant
larger than 904 mm, often reaching 3 to 6 m. As indicated in Table 1, four more recent rhtiuetzio

models discussed in this study account for the size effect in shear. The prediction Fige2.Ba show

that the 2PKT approach captureslmthe decrease in shear strength observed in the tests. The model
explains this decrease mainly with the weakening of the aggregate interlock mechanism. Larger beams
have bigger critical loading zones with larger displacement capactitiés mentionedearlier, larger' .

result in wider diagonal cracks and diminishing shear stresses transferred across the cracksT The 2P
predicts that beams with transverse reinforcement will exhibit a slightly smaller size effect dugirity

the smaller proportion ahear resistance provided by the aggregate interlock mechanism. As evident
from Fig. 2.9b, the stritandtie model does not account for the size effect in deep beams.
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Fig. 2.9 Size effect irshear-tests by Zhang and T&én

2.5.Conclusions

In this study, models for shear strength of deep reinforced concrete beams from 73 publications were
summarized and discussed. The models were divided into six categoriebabedt main features:
strutandtie models, uppebound plasticity models, shear panel models, other mechanical models,
artificial intelligence models, and numerical models. Ten more recent models from the first four
categories were evaluated by usindptabase of 574 published tests of beams with a/d

Based on the obtained shear strength experimenfakdicted ratios MV peq for the beams from the

database, it was found that the semipirical strutandtie model proposed by Russo ef&and the twe
parameter kinematicheory (2PKT) by Mihaylov et & produced least scattered predictions. These
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models resulted in average,yVyeqdratios of 1.00 and 1.08 with coefficients of variation of 19.8% and

15.4%, respectively. The most unconservative predictions of the two modelsespectively ¥V pred

of 0.48 and 0.62. When the Vpes UDWLRY ZHUH SORWWHG D JRBid@MW 2RKHHVW YDULDI
showed uniform results across the entire range of values. Tharstii® model also showed uniform

results withUHV SHFW W.R | Nabd.l whiteOekhibiting a trend of decreasingy¥ ,.q ratios with

increasing a/d.

The ability of the two models to predict the effect of different variables was further evaluaisthy

individual series of deep beam gt was shown that both models capture well the trends in tests with

variable a/d ratios, even though the stmtitie model produced somewhat unconservative predictions.

,Q WHUPV RI WKH HIITHFW RI |Q HheXmbbeDbyJRiiEsQ ER dERibitedHeydsllett DW LR !
DFFXUDF\ ZKLOH WKH 3.7 ZDV VOLJKWO\ FIRWaY buhy Bhay th¥ BlvolRU EHDPV
PRGHOV GLIIHU LQ SUHGLFWLQJ WKH HIIWFie/the sttabdii€pvedietd) VH UHLQIR
a linear increase ofkkHD U V W U H,Gh&\8RKTZlcabukts! for sliding shear failures which impose an

upper limit on the shear capacity. The two models also differ in capturing the size effect infekear.

2PKT predicted well this effect observed in two series of deep teste while the model by Russo et al.

does not capture the size effect in shear. Finally, it is noted that the 2PKT approach, whichseahtbe

evaluate both shear strength and deformation patterns near failure, requires somewhat more
computational €brt than the semmémpirical strutandtie model which focuses on shear strength.
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3. Macroelement for Complete Shear
Behavior of Continuous Deep Beams
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Abstract The evaluation of the serviceability, safety and resilience of deep girders in bridges and
buildings requires accurate models for their- @ed post peak sheabehaviour This paper purposes

such a model formulated as a macroelement for deep sheamusgiEnsingle and double curvature. The
element has two nodes with two degrees of freedom per node (translation and rotation). The paper
discusses the formulation of the macroelement based on gotmageeter kinematic theory and provides
comparisons withtests. It is shown that the macroelement captures the redistribution of forces in
continuous members, and in this way predicts their enhanced ductility as compared to simplydsupporte
beams. It is also shown that the model captures the opening of tba shitar cracks under loading. The
crack predictions can be compared with field measurements to accurately evaluate the safety of the
structure, and in this way to avoid potential costly strengthening measures.

Article Liu, J., and Mihaylov, B.l.; Macroelement for Complete Shear Behavior of Continuous Deep
Beams’ ACI Structural JournalV.115, No.4, July2018, pp.10891099 doi: 10.14359/51702047

3.1. Introduction

Deep beams with small shespanto-depth ratios (a/d DSSUR] SRVVHVYVY ODUJH VWLIIQH)\
high shear forces by means of strut action. Owing to these properties, deep beams are useer as transf
girders in higkrise buildings, pile caps irofindations, cap beams in bridge pier bents and other heavily
loaded members. In bridges, due to the significant increase of traffic intensity and truck losmsin
decades, cap beams have exhibited visible shear crack patterns as illustFaged.in Diagonal crack

widths of up to 0.9 mrhave been observed in existing highway briéfy@sd have raised questions about

the longterm serviceability and safety of such structures. While the safety of deep cap beams can be
evaluated conservatively by using stanitttie models based one research std@and design cod&$,

more accurate models are needed in cases where this approach can result in costly and disruptive
strengthening measures. In addition, in order to evaluate whether existing shear crasksatrepreyer

for the structure, there is a need for models that can predict the opening of the cracks wiimgncrea
loads. As struaindtie models consider mainly the equilibrium of the beam near failure, they are not well
suited for the evaluation of arks.

deck

e -
(Uzmvvwﬂ

‘ diagonal ‘ J( pier deep cap ‘

crack beam
Fig. 3.1 Typical crack patterns in deep bridge pier caps.

Crack opening as well as the compleé&haviourof deep beams can be evaluated by using 2D nonlinear
finite element models (FEM) based on different constitutive relationships implemented in computer
(VecTor23, ATENA®, DIANA®). These models account for the compleshaviour of cracked
reinforced concrete, and in this way can provide realistic predictions of the state of the stAidtuee
same time, FE modelgauire significant time fomodellingand computations, as well as a significant
expertise to use safely. Therefore, there is a need for alternative @z dhat are positioned between
simpleconservative stretndtie models and complex nonlinear FEdets, combining relative simplicity
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with high accuracy. Such models should be based on first principles and should use a straightforward
input without open parameters. To address this necessity, this paper presents a macroelement for dee
beams which usesnly three degrees of freedom to describe the complete deformation patterns of deep
shear spans. The macroelement is aimed at capturing the complete response of deep members, including
the entire pospeak regime which is important for assessing the whofitthe structure to redistribute
forcesand survive overloading. The formulation of the macroelement will be based on-pdraeester
kinematic theor(3PKT) for the shedbehaviourof deep beams proposed by Mihaylov eira015.

3.2.Kinematic model for deep beams

The threeparameter kinematic theory (3PK%)s based on the premise that the apparently complex
deformation patterns of deep beams subjected to double curvature can be described with a kinematic
model with only three degrees of freed@BpOFs). The theory was developed to capture the peak shear
resistance of deep beams as well as the deformations near failure. The three DOFs of the rhedel are t
average strains along the top and bottom longitudinal reinforcement, and the transveasendéspl in

the critical compression zones near point loads or support reactions. To predict the DOFs ailisteear f

the 3PKT combines conditions for compatibility of deformations, equilibrium equations and comstituti
relationships for the mechanisnfsshear resistancé 3%,

The kinematic model and conditions for compatibilitydeformations are summarized Hig. 3.2. As
illustrated in the figure, the 3PKT features a critical diagonal crack that divides the sheartcpao i

parts, where each part is marked by radial craekdred at the loading ansupport points. The shear
failure of the member occurs with widening of the critical crack and crushing of the concrete in the
vicinity of the load above the crack. This zone of crushed concrete is referred to as the aaitica |

zone (CLZ) and has beeshown to trigger the shear failure of deep beams. The zones above and below
the critical crack are represented by two fans of rigid radial struts pinned at the loading \ug@pbrt

and connected to the bottom (top) longitudinal reinforcement. Theda@s as the bottom and top
UHLQIRUFHPHQW HORQ JDW.D DIGNBresheckvMelD Thesy Sirai3 lax@ thedirst two
DOFs of the kinematic model while the third DOF is the transverse displacement in the criticad loadi
]RQ B A% stown in Fig. 3.2a, the complete deformation pattern of the shear span is obtained as a
superposition of two simpler deformation patterns: one charaetehy the opening of the two fans and

the other by the transverse displacement in the critical diagonal crack. The former pattern can be
associated with flexure while the latter with shear. The following is a brief summary of the kinemat
model while thecomplete derivation of the model can be found elsevfiere

Fig. 3.2b summarizes the geometry of the kinematic model. The main geometrical properties of the model

include the effective width of the loading plaje.]| WKH DQJOH RI WKdéwEllgngld bleiyO FUDFN

the longitudinal reinforcement, land the cracked length along the reinforcemenis it will be shown

later, width };. determines the size of the CLZ and has a significant influence dreliaviourof deep

beams. The angle of the criictO F U IhFdRep. beams is assumed to coincide with the angle of the
GLDJRQDO RI WKH VKHDU VSDQ . +RZHYHU WR HQVWYkUrkite KH WUDQVI
WR D PLQLPXP RI ZKHUH LV WKH DQJOH Rdéemrdtdd IdadDHaNivg WKDW GH®
G HIL @ khGs angle is used to evaluate the dowel lenglidng the longitudinal reinforcement. This

length corresponds to the zone at the bottom of the critical crack where the reinforcementtisdsidhjec

double curvature ¥ VRFLDWHG ZHQWBK) fd ) tiakes into account the mean distance between

the cracks along the bottom reinforcemeptThe last equation iRig. 3.2b X VHV 0O @ndl @hythJto-

38



(a) Deformation patterns and DOFs
"2)V g DQ Ga

lk:|0 P2
p at+ Ql,avg ltl -
+
s '2) 4
’ﬁ Ible
Ce| " o T
CLZ
d, h
ol
X |b2

(b) Geometry
Effective width of loading plate

(1) lye V/P Iy t3a,

Angle of critical crack
B2 R o

L- angle of line connecting inner end
of |y, and outer end ofl,

7- based on sectional shear provisio
of AASHTO or 35°
Dowel length
(33) Iy lg dy(cotD cot D)

lo 1.50 dp)cotQt s,
0.2&, 25h d;
Yy o

r

Cracked length along longitudinal
reinforcement

(34) Iy dicot I Iy

ns

(c) Deformations
Displacement field

X below critical crack

B35 & tfhvgX
2
(36) G —I‘iavgx
Z

x above critical crack

B7 & fhgh zcot [
kbag X @ zcot L
(38 G dhygxeot D ¢
X a zotD a X
/t'é,avg
z
Stirrup strain
'c 0.25 d; cof
(3.9) "V’ 2 c "fi,avg 1 i-:
0.9d;
Crack width and slip
|
(310) w M ' .cosQ
2sin@
. « d
311 s '.sin to
(311) s ‘'¢sing \ﬁ\zSinq

*The GHULY D MslliRed irRApfendix B.

Fig. 3.2 Kinematic model for shear spans of deep beams under double curvature.
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- calculate the length of the longitudinal reinforcemenwithin the cracked portion of the shear span. It
LV WKLV OHQIJWK WKDW LV XVHG,alvhg tie HhottaghHeilfokceménty A SimilkhH VW UDLQ
calculation can be performed to obtain the cracked lepgitohg the top reinforcement neededlefine

VWURY) Qengthsd and, FDQ EH XVHG WRJ R WML, L expres? e apening of
the fans of the kinematic model as follows, Bag 3.2a:

H avgl 1 (3.12)
T R
|
T —/‘Lédg @ (3.13)

It will be shown later thatu R W D WL @ @axe convenient for the formulation of a microelement for
GHHS VKHDU VSDQV ,Q JHQHUDO WKH\ FRQ ENHXSMDOFs e UFKDQJIHD
kinematic model.

Having defined the geometry of the kinematic mauted its degrees of freedom, the deformations in the

shear span are expressed based on slisplacements kinematics. These relationships are summarized in

Fig. 3.2c and have meaning of conditions for compatibility of deformations. All deformations are

expressed as functions of the three degrees of freedom of the kinematic Bop¢eb) - (3.8) describe

the complete displacement field of the shear span in-arcoordinatesystem attached to the vertical

section under the load;.PThese equations are used to derive B®) - (3.11) for the strain in the
WUDQVYHUVH UHLQIRUFHPHQW Kaselz&s\thp eIRti@eldisplKddmErtslbétee® O FUD F N
WKH FUDFN LQWHUIDFHV | Q, WilKokl ufed FoUeRatlaré the-HsDadrisegiViiyJtbd Q 0

stirrups, while the crack width and crack slip will be used to evaluate the shear transferredhacross

FUDFEN E\ PHDQV RI DJJUHJDW HyLJoavsesuopariRdNof thdR ahitidal \ar&ck, While2 ) 0

'2) @ causes both opening and,sb +RZHYHU WKH VOLS RQs Yedueedoy &N FDXVHG
VKRUWHQLQJ RI WKH VWUXW EHORZ WKH FUDFN 7KLV;(WVigERUWHQLQJ
3.2a) whose calculation is derived elsewtiéand summarized iAppendix B

Finally, it should be noted that the formulation of the kinematic model leaves two open questions, namely
how to determine the location and size of the critical loading zone. While the Glig@ B2 is located in

the vicinity of load P, in reality it can also occur in the vicinity of the support reactiprirPthe latter

case the equations of the kinematic model remain the same, #xaeptdexes 1 become 2. As with
regards to the size of the CLZ, it depends on the dbease-to-appliedload ratio V/R(,) via the effective

width of the loading plate,d;). Because the ViR, ratio can change during the loading of statically
indetgminate beams, it is necessary to determine which value is the most appropriate. These questions
will be addressed later in the formulation of the macroelement for deep shear spans.

3.3. Macroelement for deep shear spans

The deformation patterns described by the kinematic mod&gir8.2a point to a convenient formulation

of a macroelement for deep shear spans. Tin@éformation pattern consists of the opening of the two

fans of struts under the action of the bending momentand M, in the end sections of the shear span.

$V WKH RSHQLQJ LV H[SUHVYVY D@ FhabheKaWokdfthe (s darRod/odelldd QW

two rotational springs with appropriate-M UHODWLRQVKLSY 6LPLODUO\ WKH ERWWF
consists of the vertical movement in the critical diagonal crack under the action of the shedr Tdree

behaviouracros the critical crack can therefore be modelled with a vertical spring with an appropriate V
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& UHODWLRQVKLS 7KH GHIRUP DWIERI@e Rith Wdthte® &greald difreedom
of the kinematic model. If these DOFs are predicted tjitout the loading history, they can be used to
compute the evolution of the deformation patterns of the shear span.

This idea is implemented in the macroelement for deep shear spans sirogviBi8a. In this element the
rotational springs are placed at the end sections while the transverse spring is in the migd&hedith
span. The three springs are connected with rigid bars and the end sawioggresented with two rigid
blocks. As shown in the deformed configuration of the macroeleméiig.iB.3, the end sections perform
translations ath rotations, and the rigid rods remain parallel to each other. The displacements of the end
sectionsy,v, 3 DQ®BSUHVHQW WKH H[WHUQDO GHJUHHV RIL,BAHHGRP RI W
G are the internal DOFs. The relationship between the two sets of DOFs depends on the stifffesses of t
three springs k k, and k. As the springs are nonlinear;-kg will represent the secant stiffnesses
obtained by dividing the current force in theisg by the corresponding deformation in the spring. Based

on this formulation, the relationship between the forces in the end sections and the displadahesegs o
sections can be expressed as:

M, % -M3
o o o c

o yx@" (3.14)
Kn, S EWP
RATERY

where [K] is the stiffness matrix of the element:

?gkz kel -kka Kk, kkka
« -kk.a - a -kk, k
k@;u« kiks Kk koK kK 2 kK k, (3.15)
kol kd o« kk, ka kb k k@ kka
« %
4 klksa 'k3 kl kz kzksa k3 k1 kz ¥
The relationship between the internal and external DOFs is:
-M3
- T 15 OM <
o o Vl
®F ¥ @q,‘f (3.16)
S Ny :
where [T] is a transformation matrix:
Zkz k3a2 -k;a -k, k;a ‘
FO— 1 u« -k ka k k& ka (3.17)
k k ka «
« ka - koK k,a ki Kk,

It is important to note that this formulation with only three internal DOFs is significantly sirnfaler
complex finite element models of deep beams that use thousands of DOFs. Furthermore, the proposed
element is compatible with elements for slender l®edwth in terms of simplicity and degrees of
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freedom. Therefore, the macroelement can be easily connected to other elements to model continuous
beams or complex structures. However, to complete the formulation of the macroelement, it isynecessa
to derivethe constitutive relationships for the three nonlinear springs.

k; ks ks
O Rigid bar Rigid bar O
| . |
Section 1 Section 2

2y ‘@g
Vi ——— T Sel . ??

%(Tg@ s

Fig. 3.3 Macroelement for deep shear spans.

3.4. Constitutive relationships of the springs

The constitutive relationships-M D Q -Gk ®ill be derived from first principles by using the equations of

the kinematic model. To derive the relationships of the rotational springs, it is necessaryderdbesi

compatibility conditions expressed by E8.12) - (3.13) )RU D JLYHQ WKHVH HTXDWLRQV
calculate the average st@i LQ WKH ORQJLW X Gl Qdn@ the eracRddRlenBthl RHdeafy 0

beams develop arch action and work with nearly constant tension force along the longitudinal
UHLQIRU F H P H@al be\u¥eédUtD tal@uldte the tension force in theosestth maximum bending

moment:

0.33/f,
T =N e A dAf,
Espk'ljag i ZOO/E/an A:eff s '

where the first term of this expression models liebaviourof bare elastic reinforcement, the second
term accounts for the tension stiffening effect of the corftretmd Afy is the yield force of the
reinforcement. Quantity Ay is the area of the concrete around the reinforcing bars responsible for the
tension stiffening effect. The width of this area is equal to the width of the séctibile the depth is
estimated as the minimum of 2.5¢h and h/Z Assuming that the lever arm of the internal forces in the
end sections of the shear span is approximately 0.9d, the bending moment in theésseatttated as
M=T(0.9d).

(3.18)

TheM UHODWLRQVKLS REWDLQHG LQ WKLV PDQQHU LV YDOLG ZKHQ W
the early stages of loading when the cracks in the fans develop consecutively away from théoasd sect

the rotational grings must be stiffer. This effect is included in the plofig. 3.4 which shows the

complete M UHODWLRQVKLS RI WKH URYobh\We RI@ DM@ ivtaheb&®idwis $V HYLGHQ
linear up until the first cracking in the end section at MxKbllowed by a transition curve that models

the formation of flexureshear cracks up until M=MWhen the moment exceeds,Mhe fan is fully

cracked ad the response of the spring is governed by(B48). To model the initial response prior to
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cracking, the elastic stiffness of the springstimated according to the Timoshenko beam thaodythe
derivation is listed in Appendix:B

6kG,AEl §S4El a -
k c ; 2 1
Ko Fza 12E,1 kG A& &G,Aa 3 *1 (319

whereA is the gross crossectional area of the sectidnis the gross moment of inertia, Is the elastic
modulus of the concrete,.&  {is the shear modulus, and k=1.2 for rectangular sections. The cracking
moment M; is estimated as{0.9d), where J; is the force necessary to crack the effective tenarea
Ac,eﬁ:

T, %A (E/E DA 963/f, (3.20)

Based on comparisons with tests and nonlinear finite element simulations, the bending mersent M
estimated at 2J{0.9d). Toapproximate the response of the rotational springs in the rapgé®MO,, it

is proposed to use a parabolic curve determined by the coordinates of the initial and finat pbit,a
and M=M,, as well as the slope at the first point. This slope is ettras kEA(0.9d)d/} and equals

the stiffness of the rotational spring obtained by assuming bare reinforcement. All equatiofmsndescri
the backbone curva Fig. 3.4 are summarized iAppendix B

Fig. 3.4 Behaviour of rotational springs.

To complete the M UHODWLRQVKLS LQ DGGLWLRQ WR WKH EDFNERQH FXU!
unloading of the rotational springs. This is important for studying thepmadt behaviourof shear

critical members and the redistribution of foraesontinuous deep beams. As indicate#ion 3.4, prior

to the yielding of the reinforcement the unloading branch is assumed linear without restighimhs to

keep the formulation as simple as possible. If the reinforcement yields, the unloading stiffness is

estimated as equal tQ k
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The transverse spring of the macroelement models the mechanisms of shear resistance acrass the criti
diagonal crak. The 3PKT method accounts for four shear contributions showiyi3.5: shear carried

in the critical loading zone /7, aggregate interlock shealong the critical crack ¥, shear carried by

the stirrups \, and shear resisted by the dowel action of the flexural reinforcememtherefore, as
indicated inFig. 3.3, the transverse spring can be viewed as consisting of four parallel springs. The
constitutive relationship of each of these springs is derived separately, and the results aredcmmbin
obtain the complete M, relationship.

VeizCot . Veiz

N =

Fig. 3.6 Modelling of the critical loading zone (CLZ).

A major contribution to the shear resistance of deep beameviglgd by thecritical loading zone. The

modelling of this zone is illustrated iffig. 3.6%. The CLZ has a triangular shape that depends on the

effective width of the loadip plate };e and the angle of the critical crack in the vicinity of the load
DSSUR[LPDWHG ZLWK WKH DQJOH . 7KH FRQFUHWH LQ WHKH &/= LV V.
DQG VWUDLQV 0 7KH VWUDLQV DUH DVVMKPHGI W R 1YW K a@gPDHPDW B\ 0l U R
WKH ERWWRP IDFH RI WKH &/= 7DNLQJ LQWR DFFRXQWx®KH GHIRUP
HI[SUHVVHG DV D IXQasWHoRMQinARl 32) TKH GLDJRQDO FRPSUHVVLYH VWI
FDOFXODWHG IURP WKH VWUDLQ VstfainErelakovish@® JorDil(e doreietd RrigletLDWH VW
uniaxial compressiofl. In order to evaluate the diagonal compressive force in the CLZ, the average stress

LQ WKH FR® multlglisd-bylthe area of the section passing through the edge of the loading plate

and perpendicular to the bottom face of the CLZ. This diagonal force is shown in the triangbe®frior

Fig. 3.6 based on which the shear carriedhe critical loading zone /(7 is expressed:
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VCLZ kc Vavg ilﬁx l c c&}{;kiesmz (321)

The additional coefficient Kkin this expression accounts for the tensile strains in the longitudinal
reinforcement crossing the CLZ. These strains damage the concrete and reduce its resistanoalto diago
compression. This compression softening effect is modelled according to thiednooimpression field
theory*:

k. 1/ 0.9 1704 d (3.22)

Z K H Yisithe principal tensilstrain in the CLZ estimated as
H 1 cof D ,KH,t0 (3.23

The V¢ z- G relationship is plotted ifrig. 3.7afor a sample deep beam. It can be seen that the response of

the CLZ resembles that of concrete in compression, except that it is more ductile due to thegawgéragi

the compressive stresseQ WKH YLFLQLW\ RI WKH ORDG tmbgaf1)[21[)3(DesDI'('§MR EH VHHQ
a significant compression softening effect.

Fig. 3.7b showsthe constitutive relationship of the aggregate interlock sprigglV As proposed by
Mihaylov**, this relationship is expressed as

V.

ci

0.18;, w,s bd (3.24)

based on a contact density mé8éCDM) proposed by Li et al. This model is used to evaluate the shear
stress y on the critical diagonal crack as a function of the width otthekw and the slip on the crask

The equations for computing;fw,s) are provided in the appendix of the paper. In the original COM v
vanishes when the w exceeds -dradf of the maximum aggregate sizg &hile in the macroelement this
limit is increased to @to account approximately for the global roughness of the critical diseek
Appendix B) The relative displacements between the crack faces are calculated fr¢8il&qg- Eq.

(311) of WKH NLQHPDWLF PRGHDO yRYDIX® MNANR® seeR fromd Jné dolid line in
Fig.3.7b  Jalone causes an approximately parabolic ¥ behaviourwith pre and post peak regimes.

K HQ Q! WKH FUDFN LV RSH&d kth¥ Ef&gk Zalkkdd €quire a certain slip displacement
before they come in contact and begin to transfer shear.

The third mechanism of shear resistance plottdeldn3.7 is the tension in the transverse reinforcement
crossing the critical diagonal crack. Thig Y curve is obtained from:

V, Y (b dcot DI, 1.9,

S

(3.25)

ZK H Y id the stress in the stirrups ané Q0.15 BeBsLV WKH VW LU U XsScdltDiated Rom6 WU HVV 1
WKH VWUDLQ Ry WiKg-hn\elastidperke&lY plastic stresstrain relationship for the steel. As

before with regards to ands, stU D L. @ c8lculated from the kinematic model as a function its DOFs

(Eqg. (3.9). The expression in the brackets of E225) is the portion of the horizontal projection of the

critical crack along which the stirrups are considered sufficiently strained to contribute toetlre sh
UHVLVWDQFH 7KLV SURMHFWLRQ VKRXOG QRW EH WDNHQ VPDOOHU \
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(a) Individual shear mechanisms

(b) Total response
Fig. 3.7 Behaviaur of shear springs.
The last mechanism of shear resistance included in the macroelement is the dowel action of the
longitudinal reinforcement, seBig. 3.8d. The dowelaction develops over the length where the

reinforcement is subjected to double curvatiiig.(3.2). To model this action, the reinforcement within
I« is modelled as a fixed L[HG VWHHO EHDP VXEMHFWHGDWR WUDQYWWUBHQGLVSC
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dgi 8T

12E_ 3 d
A« AT, L (3.26)

64 °©

\2 dn,f

where n is the number of bars (dowels) angigithe bar diameter. The first part of this equation models

the elastidoehaviourof the dowels while the second part corresponds to the formation of plastic hinges at
the ends of the dowels. The expression in the square brackets captures the reduceccapaciey of

WKH SODVWLF KLQJHV GXH WR). WhisHedicHoR ufldBv@l tcaRacityKskevidentiry 7 0
Fig.3.7d where thetop cW YH LV JHQ Hlp WIHBGZWW K ERWWRPLEXRUYH ZLWK 0

Finally, as with the rotational springs, the transverse springs should also model a possibleginloadi
behaviour To keep the formulation simple, the unloading branch is assumesat md parallel to the
initial stiffness of each of the four springs.

When the four shear contributionshig. 3.7 are added up, they produce thenpdete \: (. response of

the transverse spring shownHiyg. 3.7e. It is important to note however that this response is valid only if

the criticaldiagonal crack has formed, i.e. if the bending moment at either end of the shear span exceeds
M. Therefore, when MOQ,, the stiffness kis estimated based on the Timoshenko beam treewtthe
derivation is listed in Appendix B:

6kGAEI £  3kGAa
12E1 kG,AZ @ 6E| kG A : (3.27)

k3,e|

Once M exceeds Min either of the two rotational springs, the response becomes nonlinear. The first
rotational spring that reachesyMetermines the location of the CLZ. AccordingRim. 3.2a, if the
cracking occurs in the left fan (spring), the CLZ will be in the vicinity of logdaRd if M is reached

first in the right rotational spring, the CLZ will be in the vicinity of R is therefore at this load level that

the geometry of the critical crack is fixed, and the,\{Patioin Eq.(3.1) is determined.

Finally, as with the rotational springs, the transverse spring should also model a possible ginloadin
behaviour To keep the formulation simple, the unloading branch is assumed linear and pariée| t
initial stiffness k.

3.5. Overview of solution procedure

The solution procedure for the analysis of deep beams using macroelements will be summarized with th
help of the continuous beam and flowcharfig. 3.8. The continuous beam is subjected to point loads
and each of its shear spans is modelled with a single macroelement. The solution procedureors based
the secant stiffness approach whichvides excellent convergence properties. Each of the shear spans of
the beam is modelled with a single element which can capture emublgure or singkeurvature
bending. The solution procedure at a given load level begins by assembling the fioessstifatrix of

each macroelement (E(B.15)) and the global stiffness matrix of the structure. For the first iteration it is
recommended to use thecant stiffnesses of the springgks of each element from the previous
converged load stage. The global stiffness matrix is used to formulate the simultaneous equilibrium
equations of the method of displacements
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POK (3.29)

ZKHUH 23" LV WKH YHFWRU RI DSSOLHG QRGDO IRUFH¥YHRPW@& W\RIWKH J
nodal displacements. The support conditions are introduced by eliminating the rows and aoltivans

simultaneous equations corresponding to the restrained DOFs, and the remaining equations #&oe solved
REWDLQ WKH XQNQRZQ QRGDO GLVSODFHPHQWYV ~0° 2QFH FDOFXOD!
individual macroelements to calculate the dt® DO GHJUHHY R IDQ@&HGHEQ(3.16)-

(3.17). The internal DOFs are in turn used to calculate the forces in the springs,Mand V via the

constitutive relationships defined in the previous section. With the updated spring forces, tite seca
stiffnesses are calculated assM; 1, k=M, ,, and k 9 @ Due to the nonlinearity of the springs,

these stiffnesses will differ from the initially assumed values. It is therefore necessary te ugdated
VWLIIQHVVHYVY WR UHFDOFXO0 P WHQ &/ Kikke Litersichddptiv@ WwRhiv each

macroelement until the spring stiffnesses converge to constant values. With these new valudsa] the no
GLVSODFHPHQWYV ~0° DUH UHFDOFXODWHG IURRYWAKHthda®@ REDO HTX
displacements are again imposed on the individual macroelements. Therefore, as illustrated in the
flowchart in Fig. 3.8, the iterations at a given load level {P} are performed in two loops: an outer loop

based on EQ(3.28) (structural level) and an inner loop based on Bil4) (element level). The

calculations are completed when the secant stiffnegsbe springs converge to constant values in both

loops.

This solution procedure applies when the nonlinear springs do not exhibit unloading. To takengnloadi
into account, the procedure requires certain modifications related to the reSi¢lBR U P QW 4, Rl V
G, in the springs. These deformations are updated at each load stage based on the assumed linear
unloading paths of the springs. In the linear equation¥Ey) they are treated as prestrains according to
the approach proposed by Vecchj@nd the secant stiffness aadculated as&kM; ;- 1), k=M -
) andk 9 & Gy).

While the flowchart inFig. 3.8 is prepared for analyses under increasing load (fooodrol), it can be
easily modified to compute thieehaviourof deep beams under applied displacements and/or support
settlements. It should be noted however that the current formulation of the macroelement dées not al
for themodellingof shear spans in which the end bending momentard M have the same sign, or in
cases where the shear force reverses during the analysis.

3.6. Comparisons with tests

To demonstrate the capabilities of the proposed macroelement, it is first applisihtplyasupported
deep beam tested to failure under symmetrical thoéet bending (specimen SRl The beam had a
400 mm by 1200 mm rectangularcBen and a sheapanto-depth ratio a/d of 1.55. The longitudinal
UHLQIRUFHPHQW RI WKH ERBR H @& DHUDWIERLINSAUINY prBpetties/ !
of the test specimen are providedTiable3.1. The beam was loaded monotonically until one of the shear
spans failed in a brittle manner along a critical diagonal crack.

The crack pattern of the specimen after failure is showhidn3.9a together with the macroelement
model of the beam. As evident from the photograph, each of the two shear spans developed didian of ra
craks and a major diagonal crack. The riglaind diagonal crack was critical as it opened at failure
simultaneously with the crushing of the concrete in the critical loading zone. In the model thesaoe
represented by the inner rotational springs efrtracroelements while the behaviour across the diagonal

48



cracks is modelled by the transverse springs. As the moment at the supports is zero, the siaggort spr
do not open, and therefore the concrete blocks above the diagonal cracks remain undeformed.
ki k3 ky

oo-%@ EI OO EI Oﬁ@ooo

(a) Macroelement model of a continuous deep beam under point loads

(b) Solution procedure for one load step

Fig. 3.8 Solution procedure.

Fig. 3.9b compares the measured and predicted-displacement responses of beam S1M. It can be seen
that the macroelement model captures adequately the entire measured response, incluitieg the
regime of crack formation, the following ppeak response as well as the steep-pesk behaviour.

These excellent results are achieved with an almost instantaneous analysis based on a straightforwar
input without open parameters.

To better undrstand the shear behaviour of beam SEM, 3.9c shows the V{ response of the two
transverse springs of the model. It can be seen that both spemgsed nearly undeformed until the
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propagation of the diagonal cracks. Immediately after the crack propagation, the cracks undergo slip
displacements necessary to achieve new equilibrium between the applied shear and the internal shear
forces. This sudti Q L Q F U Hré&sMtd inRal stilort horizontal branch inthe UHVSRQVH ZKLFK ZDV D(
observed in the test. Following the propagation of the diagonal cracks, the shear across the cracks
resisted by the four mechanisms plotted with thin lines. Iteaseen that the dominant mechanism is the
diagonal compression in the critical loading zone (componefpt)Vand it is the failure of this
mechanism that triggered the failure of the critical shear span. In thpgadstegime, the deformations

of the failed spring continue to increase while the other transverse spring unloads. The bottom
longitudinal reinforcement remained elastic and the rotational springs unloaded as well. Thé&oesults

the same analysis were used also to generate the MQ & 9lots in Fig. 3.4 and Fig. 3.7. The
experimatal points in these two plots confirm the appropriateness of the constitutive relationships of the
springs.

Table3.1 Test specimens of deep beams

by o2 b dp d W o a h & f; Vo T Pexp Pored @
(mm) (mm) (mm) (mm) (mm) (%) (%) (MPa)(mm) (mm) (mm) (MPa) (%) (MPa) (kN) (kN) Fpred
SOM 1.55 300 150 400 109510950.700.70 652 17001200 20 34.2 0.00 - 1442 1581 0.91
SIM 1.55 300 150 400 109510950.700.70 652 17001200 20 33.0 0.10 490 1882 1864 1.01
S1C 1.55 300 150 400 109510950.700.70 652 17001200 20 33.0 0.10 490 1886 1864 1.01
LOM 2.28 300 150 400 109510950.700.70 652 25001200 20 29.1 0.00 - 832 832 1.00
LOC 2.28 300 150 400 109510950.700.70 652 25001200 20 29.1 0.00 - 984 832 1.18
L1IM 2.28 300 150 400 109510950.700.70 652 25001200 20 37.8 0.10 490 1326 1325 1.00

L1C 2.28 300 150 400 1095 10950.700.70 652 25001200 20 37.8 0.10 490 1284 1325 0.97

CBI' 1.55 300 300 300 1094 10940.910.91 422 17001200 20 29.7 0.20 490 1364 1446 0.94
1.62 300 300 300 1094 10940.910.91 422 17751200 20 29.7 0.20 490

Beam a/d

* CB1 is a two span symmetrical continuous deep beam loaded with a point load in each span, and
therefore there are two rows corresponding to the external shear spans with a/d=1.55 and the interna
shear spans with a/d=1.62.

(a) Crackpattern and macroelement model
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(b) Measured and predicted response
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(c) Shear response of the raritical (left) and critical (right) shear spans

Fig. 3.9 Measured and predictédhaviourof beam S1M.
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Fig. 3.10 Effect of a/d ratio and stirrup ratio (tests by Mihaylov €Phl.
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Similar analyses were also performed for other six tests from the same experimental prograrmsee bea
SOM, LOM/C and L1M/C in Table 1. The specimens differed in terms of a/d ratio (1.55 vs. 2.28) and
stirrup ratio (0.10% vs. no stirrups). Also, letddrstands for monotonic and letter C for cyclic loading.

The measured and predicted behaviour of the specimens is shdwg 8110. It can be seen thahe

shorter beams SOM and S1M/C were significantly stiffer and stronger than the longer beams LOM/C and
L1IM/C. The stirrups of 0.10% had no effect prior to the development of the diagonal cracks, and
increased the stiffness and shear strength of thesbafier the crack propagation. As evident from the
plot, the macroelement model captured well these trends, including theeagsibehaviour of the beams.

It is also of interest to apply the macroelement approach to a more complex continuous deemiteram si

to the continuous cap beam showrFig. 3.1. Such member was tested by Mihaylov et’and featured

two symmetrical spans of 3475 mm with a constant 1200 mm by 300 mm rectangular section (specimen
CBl1 inTable3.1). The beam had symmetrical top and bottom longitudinal reinforcement with a ratio of
0.91% as well as stirrups with a ratio of 0.20%. The two spans were loaded by equal point leads appl
approximately halfway beteen the supports via short columns. The loads were increased monotonically
until one of the spans failed in shear.

1364 kN
(7*7T

crack slip, mm

(a) Crack pattern at failure and macroelement model

1500
kN

1000 |

500 r

0, mm

(b) Measured and predicted response
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(c) Shear response of the internal (left) artérnal (right) shear spans

Fig. 3.11 Measured and predictéghaviourof beam CB1°.

Fig. 3.11 shows the crack diagram of the failed span together with the measure¢uleditied load
displacement responses. The failure occurred along a diagonal crack in the inner shear spare where th
shear force was maximum. However, as compared to the brittle shear failures of simply supported deep
beams, the continuous deep beam betidam a more ductile manner. As evident from thd PSORW WKH
beam was able to maintain an approximately constant load for deflections ranging from 868m8m

mm until the test was terminated.

This behaviourcan be explained with the help of the macroelement model which, as eviderfifrom
3.11b, captures well the ductile loatlisplacement response dfet specimen. In addition to the
response, the plot also shows the evolution of the shear fofgem® .y in the internal and external
VKHDU VSDQV W FDQ EH VHHQ8.3ntDxiveapphed @atl B iQcridses sliigmig thel a
shearforce V,, decreases. Because equilibrium dictates thgtR V., the shear force in the external
shear span increases to compensate for the decreage ®hié can be seen more clearlyHig. 3.11c
which compares the M} behaviourof the external and internal transverse springs of the macroelement
model. It is evident that when the beam reached peak load, the critical shear span was irptek post
regime and the external shear span was approaching failure. This shows thaictahgredlictility of
continuous deep beams, it is necessary to use models that capture the britiealloshaviourof the
individual shear spans.

J)LQDOO\ EHFDXVH WKH PD FRHOQLAPO QtfesS DOFSdak e sed joevedua

the width of the critical diagonal cracks at different load levels vi§3H®). The evolution of the crack
widths in test specimens S1M/C, L1IM&Dd CBL1 are shown iRig. 3.12. As evident from the plots, the
macroelement predicts a sudden increase after the crack propagation. When the load is increased
further, the predictions for the simply supported beahdl/S and L1M/C follow an approximately
parabolic trend with faster opening of the cracks near failure. It can be seeRifrdi2a that these
predctions agree well with the measured crack widthich reached 4.2 mmat peak load. Significantly

wider diagonal acks of up to 8.5 mmvere measured in the continuous beam CB1 in which the critical
shear span was in the pgstak regime when the membeacked the peak load. This resulted in a flat P

w response which is well captured by the macroelement model. These results indicate that theé propose
model is a valuable tool for the evaluation of existing deep beams in bridges and other stifithares.
width of the diagonal cracks is measured on site, the model can be used to estimate the logidden the

as well as how close this load is to the peak resistance of the member. Because the macroelement
approach captures the beneficial redistributionoo€ds in statically indeterminate girders, it can help
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avoiding costly and disruptive repairs when they are not absolutely necessary. However, as the tests
VSHFLPHQV XVHG LQ WKLV VWXG\ KDG D UHODWLYH®A2%PDOO DPRX
further research is needed to ensure the reliability of the crack width predictions for more heavily
reinforced members with better crack control.
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(a) Simply supported beams (tests by Mihaylov &f)all.
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(b) Continuous beam CB1 (test by Mihaylov et%l.

Fig. 3.12 Maximum width of diagonal cracks.
3.7. Conclusions

This paper presented the formulation and validation of a macroelement for deepbhsathsn a three
parameter kinematic theory. The main conclusions of the study can be summarized as follows:

1) The macroelement provides accurate predictions of the completngrpost peak shear response of

simply supported and continuous deep beafhss is achieved with a straightforward input without
open parameters.
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2) The macroelement improves the strength predictions of simpler but conservatiemdtreitmodels,
while at the same time maintains simplicity and computational efficiency rapated to complex
nonlinear finite element models.

3) Continuous deep beams can redistribute shear forces from the critical shear spans to adjacent spa
resulting in a ductildehaviour Thisfavourableeffect observed in experiments is captured welihay
macroelement model.

4) As the macroelement is based on kinematics, the width of the critical diagonal cracks is @xytiesse
the DOFs of the model which are predicted at each load step. Comparisons with tests showed that the
predicted crack widthapproximate well experimental results from simply supported and continuous
deep beams up to the failure of the member.

5) The macroelement can be used for the evaluation of existing deep beams in bridges and lauildings f

which measurements of crack widths and deflections are available. These measurements can be used
together with the predicted loabformation curves to evaluate the state and safety of the structure.
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4. Mixed-Type Modelling of Structures
with Slender and Deep Beam Elements
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Abstract The nonlinear analysis of reinforced concrete frame structures with slender members can be
performed accurately and efficiently with 1D elements based on the-g#atiensremainplane
hypothesis. However, if the frame also includes deep beams whicher@guhighfidelity finite element
procedures, the analysis of large structures can become very costly. To address this challpagery this
proposes a mixetype modelling framework which integrates 1D slender beam elements with a novel 1D
macroelementdr deep beams. The framework is implemented in an existing nonlinear analysis procedure
and is used to model 18 deep beam tests andstoB0frame. It is shown that the proposeddelling
framework provides similarly accurate predictions to the 2D -fiddglity procedures but requires a
fraction of the time for modelling and analysis. Furthermore, the macroelement improves tpeagost
predictions, and therefore the framework is suitable for evaluating the resilience of structwes und
extreme loading.

Article Liu, J.,Guner, S.and Mihaylov, B.l.,“Mixed-Type Modelling of Structures with Slender and
Deep Beam ElementsAccepted byACI Structural Journal

4.1.Introduction

Deep beams are characterized by small shgamto-depth ratios and carry shday direct compression
between the loading and support points (known as the strut or arch action). As concrete ici@rlyipffi
resisting compression, such members possess high stiffness and shear strengths as compared to slende
beams. Owing to thegeroperties, deep beams are typically used as transfer girders above large open
spaces in the bottom floors of important concrete buildings such as goverrentnes hospitals and
high-rise buildings Fig. 4.1). The loadbearing characteristics of deep beams are also encountered in
other members such as spread footings and pile caps. Due to their important functions, deep ypeams ma
often dictate th resilience of the entire structure when overloading occurs in rare events. The 2011
Christchurch earthquake, for example, produced unforeseen vertical ground accelerations (ugnta 1.89g)
caused the shear failures of several deep transfer girders.e8alia a number of buildings were on the
verge of collapse and had to be demolished in the months after the earttigfidke®.

To design structures for resilience to extreme loading events, it is often necessary to perfolinmearno
pushover analysis, with the entire structure subjected teximple, an earthquake or a column removal
scenario representing a blast or impact loadinfwo approaches are commonly used rfoodelling
buildings which incorporate deep transfer girders. The most common strategy, shown on thEideft in
4.1, is to model all members with omémensional (1D) slender elements based on the classical plane
sectionsremainplane hypothesisfibre-based elements or lumped plasticity elements). Thisoaph
neglects the complekehaviouralmechanisms associated with deep beams and cannot capture the
interaction and redistribution of internal forces between the deep and slender members. Whélet,incorr
this strategy is still commonly used due to itatigely simple and computationally efficient nature. The
second approach is to use 2D nonlinear finite element methods (FEMSs) which incorporate appropriate
constitutive models for cracked reinforced concrete under plane stfessen used correctly, this
approach captures the strut action of deep beams, the interaction between deep and slendeaetéments,
the force redistribution in the pegtak stages. The disadvantage of 2D FEMSs is that they require
significant knowledge and experience from the user and demand significant time for the model
development and analysis execution. Consequently, they are feasible onlynatielting critical parts

of structures as opposed to an entire building. A few attetellingframeworks, e.g. hybrid modeliffy

are also available, which combines thesevaglellingapproaches.
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Fig. 4.1 Alternative models of a largelday frame structure with bosiender and deep beams.

This paper proposes a mixgghe modelling framework which aims to combine the accuracy of 2D
FEMs with the speed and simplicity of 1D slender elements. The framework integrates 1D slender beam
elements with equally simple 1D delepam elements that can account for the strut action. The deep beam
element incorporated in this study was recently formulated by Liu and Miffaylesed on a three
parameter kinematic thedfyfor continuous deep beams. This element can capture the entire nonlinear
shear response of deep shgaans, from initial high stiffnesses to the posak response which provides

the structure with the ability to redistribute forces and survive overloading. The paper dishaesses t
formulation of the proposed mixegpe modelling framework, provides compiaons with experimental

tests, and presents a sample analysis of an entgsmB&0frame with deep transfer girders.

4.2.1D macroelement for deep beams

The efficientmodellingof slender beams can be accomplished based on theggleti@nsremaintplane
hypothesis which greatly simplifies the deformation patterns without compromising accuracy. To model
deep beams in a similar fashion, it is necessary to describe their appeoemtlex deformation patterns

in a simple and sufficiently accurate manner.

Fig. 4.2a shows such a model for deep beams under double curpatpased by Mihaylov et 47. In

this model, a shear span of a deep beam is divided into two parts by a critical diagonal cracktheach

parts isnodelledas a “fan” of rigid struts outlined by radial cracks. The struts are pinned at ppartd P

P, and are connected to the bottom/top flexural reinforcement, respectively. As the flexural reiafiorcem
GHYHORSV DYHUD{dH, WMHR D ORQVWNMIOH YK HWDU VSDQ D VWIQH IDQV 3RSH(
While these deformations can be assmel with flexure, the shear force causes the two fans to translate

vertically with respect to each other due to the opening of the critical diagonal crack. Thd vertica

G LV SODF i Rhe Qraek 5 associated with diagonal crushing of the concrdie icritical loading

zone (CLZ). Based on these kinematic assumptions, the complete displacement field of the sbaar span

EH H[SUHVVHG DV D IXQFWLRQ RI R{ @\ WB Q.8 G HYHDNYBIORAHHG RP
.

60



This threepaameter kinematic model forms the basis of the macroelefoedeep beamproposed by

Liu and MihayloV? (Fig. 4.2b). In this element, the behaviour of the two fans is modelled by rotational
springs, while the shear behaviour across the critical diagonal crack is represented by a tsprévgrse
The rotational springs are attached to end sections/nodes with two translational and one ¢gtiees|

RI TUHHGRP SHU QR Ghe elément, th thre@9pilin@sare connected by bars which are rigid
in flexure and remain parallel to each other as the element deforms.

a) Threeparameter kinematic model

?Vlg@kl ks Ky TV
M1<\ N, Rigid bar él Rigid bar @I? W?MZ

4 a |
Section 1 Section 2

vy 13 %f@ﬁ%; %

b) Components and deformed shape of macroelement

Fig. 4.2 Macroelement for shear spans of deep beams.

The nonlinear loadleformation relationships M; D Q G, 9 df the springs of the macroelement are

developed from first principles: compatibility of deformations, stets relationships and equilibrium.

JRU D JLYHQ GHJUHH RIWMHHIBYRFRUD2ZH VWUDLQ LQ WKH BERWWRP ORQJ
is determined from compatibility. Using this strain, the tensile force in the reinforcemisrdé&ermined

by assiming an elastiperfectlyplastic stresstrain relationship for the reinforcement, and also adding

the tension stiffening effect of the concrete around the reinforcement. The bending monieithén

obtained from equilibrium as;{0.9d), where d is theffective depth of the section and 0.9d is the

estimated lever arm of the internal longitudinal forces. A schematic representation of; the M

relationship obtained in this manner is showiim 4.3a°%

7KH 9 Jrelationship of the transverse spring is somewhat more cordp&eto the complex manner

in which deep beams resist shear. The macroelement accounts for four mechanisms of shear resistance
across the critical diagonal crack: 1) shear carried in the critical loading zene,2Y tension in the
transverse reinforcemenv,, 3) aggregate interlock shearg,Vand 4) dowel action of the longitudinal
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reinforcement, \. Therefore, the transverse spring can be visualized as consisting of four parallel springs,
where the strut action is associated mainly with spriag.V
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o
o
©

\M, kN.m // \VCL21 kN \VS’ kN
@ avg=0
Q avg=1x107
/ |
@ arg=1x10° % @ avg=0
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(a) Rotational spring (b) Shear carried in critical (c) Shear carried by stirrups
loading zone
Vi, kN Vg, kN
,avgzo
@ avg=1x107°
0 ~ 10 0 . 10
(., mm G, mm
(d) Shear carried by aggregate interlock (e) Shear carried by dowel action

Note: The plots are prepared based on beam S1M by Mihaylov Btwdth a/d=1.55, d=1095mm,
b=400mm, |, PP ! J=0.10%, £=33.0MPa.

Fig. 4.3 Load-deformatiorrelationships of the springs of the macroelement.

The constitutive relationships of the four springs are presented schematidailly 43b-e. As evident

from the plots, théehaviourof the CLZ resembles that of concrete in compression, whilbahaviour

of the stirrups is similar to the tensibehaviourof steel. To modelhe aggregate interlock spring, it is
QHFHVVDU\ WRDQGR @)W as they both contribute to the relative displacements between
the crack faces. For given values of these DOFs, the average width of the critical enradkhe slip
displacenents DUH H[SUHVVHG XVLQJ WKH résul® i e WdeRing Bf @&l €riticaR )
FUDFN Z#augedibdih widening and slip. Displacemangds are used to calculate the aggregate
interlock stress on the crack(w, s) based on a ctatt density model by Li et &l, and v is integrated
along the critical crack to obtain the shear forge Xs can be seen frofg. 4.3d, V. increases with

L Q F U H R &d @uknfually diminishes as the critical crack becomes very wide. At the bottom of the
crack, the longitudinal reinforcement works in double curvaturelED WH G  Z L,Veikd th2pefdre
resists shear by dowel action. Bydellingthe bars in this zone as fixéided steel beams, the dowel
action relationship irfrig. 4.3e has been obtained. The dowel action is diminished by the tensile strain in
WKH UHLQUWRYFHPHQW 0
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To solve the nonlinear equations of the macroelement, a secant stiffness approach is employed, which
will provide compatibility withthe existing 1D slender beam elements. Therefore, the stiffnesses of the
three springs of the element are obtainedad/k 1, k=M, ,and k 9 @ and the secant stiffness
matrix is formulated as:

N w
oV, o ¥ o«
%f“:j o @u% (4.)
N b
Mg W
"CE A/ a 0 0 CEA/a ¢ o ¢
« 0 k3 k1 k2 klkSa 0 'ks ki I§ kzl%a
1« g kka Kk k Kk 0 Kka Kk,
*@c "¢cEA/a 0 0 CEA/a 0 0 (42
« 0 K kK kksa 0 ks Kk kka 7
(—<| 0 koksa -kik, 0 -koksa ke k ke i/

where C=k+k,+ks&, a is the shear span, & the modulus of elasticity of the concrete, angsAthe
gross area of the concrete sectibhis matrix is an extension of the formulation presented in Liu and
Mihaylov®? which did not account for the axial degrees of freederand y. As evident from the B,
terms in the stiffness matrix, the axishaviourof the beam is assumed linedastic for simplity.

4.3. Existing element for slender beams and columns

Onedimensional (1D) nonlinear elements for slender beams are employed by many nonlinear frame

analysis platforms such as Open$&e3AP2008!, RUAUMOKO®, VecTor8® and others. As shown in

Fig. 4.4a, beams and columns are discretized into several elements, and one element usually has two end
QRGHV ZLWK WKUHH GHJUHHV RI IUHHGRP SHU QRGH X Y 3 DV L
discussed abovéig. 4.4b).
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Fig. 4.4 Existing element for slender beams.

To model the nonlineabehaviourof slender beams, this study focuses on the distributed plasticity
approach. In this approach the beam section is divided into a nwhbencrete and steel layers as
shown inFig. 4.4 b, and the longitudinal strains in the layers vary linearly across the section. The stresses
in the layers are obtained from the strains based on material constitutive laws for uniaxialaedsion
compression. This is a universaigcepted way ofmodelling flexural behaviouy while the approaches

for predicting the sheabehaviourvary significantly. For example, SAP206tand RUAUMOKG®
employ a lumpeglasticity approach where the locations dmahaviourof shear hinges is commonly
defined by the user. However, expert knowledge on the slebaviourof concrete is required to define
these shear hinges. In addition, the changing dbefaaviouras the elements sustain damage or axial
force levels changeaonot be captured. These severely limit the use of luplaeticity procedures for
modellingshear effects in practice.

Shearbehaviourcan also benodelledusing a distributed plasticity approach, where the concrete layers
do not work in uniaxial tensidgcompression, but under a 2D state of stresses. This approach is more
computationally demanding but removes the complex task of determining the shedoehiageurform

the user. VecTof8 is one procedure based on a distributed plasticity approach and is adopted in this
study. To simplify the problem, the pattern of distribution of the shear strains across the isection
assumed either constamtof shown) or parabolic (shown Fig. 4.4c). Knowing the longitudinal and
shear strain distributions, each concrete and steel lageralgsedndividually based on the Distributed
Stress Field Model (DSFM, Vecchio 2660 The DSFM is a smeared, hybrid crack model (i.e. between a
fully-rotating and a fixedrack model) and accounts for phenomena such as aggregate intersaq t
stiffening and softening, compression softening and confinement of the concrete, and yieldimg, strai
hardening, buckling and dowel action of the reinforcement. This approach has/bkeatedvith a large
number of experiments showing adequatelistions as well as excellent convergence propéfties

4.4. Mixed-type modelling framework
The primary objective of this study is to propose an analysis framework which integrates 1D slender
beam elements with a new 1D macroelement for deep beams. A key advantage of the macroelement,

which will permit achieving this objective, is that it uses #ame nodal degrees of freedom as the 1D
slender elements.
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The approach taken in this study is to avoid making major changes to the solution algorithm of the
existing global analysis procedure of VecTor5. This is achieved by developing a new suljooutiee

deep macroelement which performs the calculations discussed above and returns the results of deep
members to the global VecTor5 solution procedure. The unbalanced force approach used in VecTor5 (to
be discussed below) ensures the compatibilityhefsé¢ results with those calculated for the slender
elements. A major advantage of this approach is that no other changes (such as a new finite element
development, solution algorithm changes, or degree of freedom modifications) are required favahe gl
analysis procedure. Even though the proposed formulations are implemented in VecTor5 due #t its robu
shearbehaviourmodelling they are equally as applicable to other existing platforms for nonlinear
analysis.

> 7 ¢ Linear-elastic
1 e 4 / global frame
N P analysis
& /
[N 2 - /
v w ¢ |8 Nonlinear
F. 1/ 5 sectional analysis
T S / or
E L _6¢
N2 = / Deep element
= .3 2 analysis
N1 /
/
/
/)
O G G

Fig. 4.5 Unbalanced force approach (adapted from Guner and V&¥chio

The unbalanced force metffd@mployed by VecTor5 is illustrated schematicallyFig. 4.5. The first

step is to pdorm a global frame analysis with a constant stiffness under the applied lodd® {F

FRPSXWH WKH QRGD@se& pathS1O D FHKHVHWE@ LY SODFHPHQWY DUH XVHG V
curvature and strain values for each element. The nonlinear sectitmahtoans are then performed,

using the strain values, to obtain the end forces of the elements and the corresponding nottal leeces

entire structure i (path 2: 7KH GLITHUHQFH EHWZHHQ WKH DSSOLHG IRUFHV D
by the sectional procedures are termed unbalanced faseds-Fyi, which are used to establish a vector

of the compatibility restoring forces gF These forces are aped in addition to the externally applied

forces to increase the displacements and get closer to the true nonlinear response. Followay this s

new unbalanced forces are calculated and addedk}p dRd the iterations continue until all unbalanced

forces converge to zero. This method is employed in VecTor5 for static analyses (such as monotonic and

cyclic) as well as dynamic analyses (such as seismic, impact or blast). This study focusesatit the st

monotonic (or pushover) analysis only.

The proposed mixetype modelling framework based on the unbalanced force method is outliRied in

4.6. In this flowchart, the steps related to tresvly added subroutines for deep beam elements are shaded

in grey. The subroutine for slender elements is presented very briefly within the existing VecTor5
SURFHGXUH DQG LV DOVR VKDGHG LQ JUH\ )URP WKH GalVSODFHPHC
GLVSODFHPHQWYV R/{} &D BupplleOthdmH® the gubroutines for either deep or slender
HOHPHQWY 7KHVH VXEURXWLQHYV SHUIRU P QaRdx&@urrQtieDrigmbdd OF XODW L F
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end forces {kq} and {Fns¢. When assembled for thentire structure, {kq} and {Fns form the global
vector of nodal forces which is used by the unbalanced force method.

Fig. 4.6 Mixed-modellingframework.

As illustrated inFig. 4.6, the new subroutine for deep elements consists of six main steps. The
calculations begin by obtaining the secant stiffnesgde ks of the three springs of the macroelement
from the previov LWHUDWLRQ 7KH LQWHUQDO GHIJUHHWY QRGat®thietdGRP RI WK

FDOFXODWHG XQGHU WK H}.LThiS B \athieveQ By the2gde of @ transformation
matrix [T] as follows:

q, o©
«  »
a '{' o (yl »
“«» . <M »
<& » ¥ @ x % i (4.3)
2
(_(”: 24 (§/ »
«? »

<Y v,
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. D ka k k& 0 ka L
FO—7u8 *ka Kk 0 ka Kk kd (4.4)
k1 : ks @ k1 I(2 'k1a 0 - k1 kz 'kza 1,

'2)V 1 . DQ @aré used together with the nonlinear constitutive relationships of the springs (shown in
Fig. 4.3) to obtain the end moments, lnd M, as well as the shear V. Ag to k; are secant stiffnesses,
they are recalculated ag=M; ;, k=M, , and k 9 @ The secan stiffness formulation always
provides positive stiffness values and results in excellent convergence characteristics. Thiocalatda
repeated until the initial and calculated stiffness values converge. The member end fijcase{fhen
obtainedfrom Eq.(4.1) .

As mentioned previously, the obtained reaction forcggH{&nd {Fng are assembled to form the global
vector of nodal forces {§. If forces {F\} are not equal to the applied forces{Funbalanced force will

be calculated. The solution at a given load step is considered converged when the unbalanaae forces
close to zero; otherwise these forces are added to the vector of compatibility restoring fighdes{F

the previous iteratigrand the entire procedure is repeated with the updated IgadRR}.

4.5. Evaluation and applications

4.5.1.Beams

To evaluatethe new mixeeype modelling framework with experimental results, seventeen simply
supported deep beams, one continuous deep beam, and one large frame strutahgsabAll beams
were sheacritical andmodelledwith both the proposed 1D mixégpe modellingapproach and a 2D
high-fidelity finite element model (FEM). The 2D FEM analyses are performed with program V&tTor2
based on the same theory (i.e., the D&fMs in VecTor5 to avoid discrepancies related to the theories
used in the global analyses. The twmdelling approaches are compared in termsacfuracy and
computational efficiency.

4.5.1.1.Simply supported deep beams

The simply supported deep beams considered in this study were tested to failure by Tanimura and
Satd®(12 beams) and Salamy et’&(5 beams). All beams were subjected to symmetrical-goirt

bending and featured different geometry and material properties as litablé#®.1. The sheaspanto-
depthratio a/d varied from 0.5 to 1.5, the effeetidepth from 400 mm to 1400 mnhe longitudinal
reinforcement ratio from 1.99% to 2.14%, the stirrup ratio from 0 td%0,8hd the concrete comgssive

strength from 22.5 MPa to 29.3 MPa

A representative sample beam (e.g., beam Balble4.1) and the two models created for this beam are
shown inFig. 4.7. The FEM consists afuadrilateral elements for the concrete and discrete truss elements
for the longitudinal reinforcement. As the stirrups are typically uniformly spaced, theyoaledledwith
smeared reinforcement as a part of the concrete elements. To allow the anabgsesdily repeated by
others, the default constitutive models of VecTor2 were used with no tuning of any input pararheters.
only exception is the compression strsBsin curve of the concrete for which the PopaViosodel was
preferred over the default simple parabola. The beamsanatysed under imposed increasing
displacements applied at the loading points.
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Table4.1 Simply supported deep beam tests

Authors b, d, h, a, Lf' L |b1, |b21 fc' !|, fv, !v, fW Vexp,

&Year Beam a/d mm mm mm mm mm mm mm mm MPa % MPa % MPa kN 0 0

1 0.5 300 400 450 200 4001400100 100 23.22.14 458 0.00 - 853 1.08 1.06

2 0.5 300 400 450 200 4001400100 100 23.22.14 458 0.21 370 821 1.08 1.00

3 0.5 300 400 450 200 4001400100 100 23.22.14 458 0.48388 833 1.09 1.02

4 0.5 300 400 450 200 4001400100 100 23.22.14 458 0.84 368 869 1.15 1.07

Tanimur{ 5 1.0 300 400 450 400 4001800100 100 29.02.14 458 0.00 - 632 0.94 1.14

and 6 1.0 300 400 450 400 4001800100 100 29.12.144580.21 370 731 1.00 1.23

Sato, | 7 1.0 300 400 450 400 400 1800100 100 29.22.14 458 0.48388 750 0.97 1.20

2005° |8 1.0 300 400 450 400 400 1800100 100 29.32.14 458 0.84 368 804 0.91 1.23

9 1.5 300 400 450 600 4002200100 100 22.92.14 458 0.00 - 284 0.78 0.80

10 1.5 300 400 450 600 4002200100 100 22.52.14 458 0.21 370 464 0.94 1.13

11 1.5 300 400 450 600 4002200100 100 23.02.14 458 0.48 388 491 0.84 0.99

12 1.5 300 400 450 600 4002200100 100 23.52.14 458 0.84 368 570 0.92 0.99

B-10-2 1.5 240 400 475 600 3001900100 100 23.02.02376 0.00 - 357 1.08 1.41

Salamy|B-13-2 1.5 480 800 905 1200600 3800200 200 24.02.07 398 0.00 - 1128 1.00 1.10

etal, | B17 1.5 600 100011051500750 4750250 250 28.72.04 398 0.40 398 2607 0.98 1.09

2005" [ B15 1.5 720 120013051800 900 5700300 27.01.994020.00 - 2695 1.06 1.16

B18 1.5 84014001505210010506650 350 23.52.05 398 0.40 398 4198 0.89 0.95

Avg= 0.98 1.09

COV =10.1% 12.6%
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In contrast to the 2D FEM that uses 261 elements for beam 8, it can be Bgprl.irc that the proposed

1D mixedtype modelling approach uses only two elements for the same beam. A slender element is used
for the pure bending region while a deep macroelement is used forhélae span to show the
compatibility of the two elements in the same structure. Again, the default constitutive models of
VecTor5 were used (except for the compression ssteam curve of the concrete), which are the same as
those contained in VecTor2) &chieve a more consistent comparison.

In order to verify the proposechodelling approach, it is first necessary to examine its convergence
properties. For this study, an unbalanéate-basedconvergence criterion is used as follows:

2 2
CF 1 \/lu? Z%N“i & M (4.5)
3 LN i % i Mo
wheren is the total number of elements,;NV,; and M; are the unbalanced end forces for each element,
and N, V; and M are the end element forces calculated by the global frame analysis. The convergence
factorsCF and the number of iterations from the analysis of beam 8 are plottégl #h8 as functions of
the load step number, where the peak resistance of the beam was reached at load step 19ekrcan be s
that the solution reached convergence at all load steps, includihg jmostpeak regime of the beam.
This was achieved even without reaching the maximum number of iterations (i.e., 100). Similar
observations were made for the rest of the beantelledin this study.

1.001
max}No. of iter. = 100 100
% No. of iter. S
| g 00Kon PO =
I ./X‘ I \Hf R a S
1.000 Lna s Q
© N 50 =
CF A S
/»v*”l /:“‘ g
peak load ||
0.999 i : : 0
0 10 20 30 40 50

Load step No.

Fig. 4.8 Convergence during the analysis of beam 8.

The complete preand postpeak loaddeflection responses of the seventeen simply supported deep beams
in Table 4.1 are shown inFig. 4.9. The plots compare the experimentallytained responses to the
predictions from the 1D (proposed) and 2D models. Overall, both approaches capture-gbakpre
response and produce satisfactstmength predictions within £10%well inside the margins of error
expected when analysing sheaitical reinforced concrete members. As showitable4.1, the average
shear strength experimentatpredicted ratio obtained with the 2D FEM is 0.98 and the coefficient of
variation (COV) is 10.1%. For the proposed 1D mixgok modelling approach these numbers are
respectively 1.09 and 12.6%, which indicatest the new approach is slightly more conservative than the
2D FEM. It can also be observed Hig. 4.9 that the 1D model produced better results in the-pesak
regime which becomes very important when evaluating the resilience of structures under extreme loads.
While the 2D FEM predicts very brittle failures, the proposed 1D model accounts for the available
residual capacity. Therefore, the nemodelling framework wi be able to properly account for the
redistribution of forces in complex staticaltydeterminate structures incorporating deep beams.
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Fig. 4.9 Modelling of simply supported deep beam.



(a) Observed cracks at failure

(b) 2D FEM predictions at failure (displacementsx20)

(c) 1D mixedtype model predictions at failure (x20)

Fig. 4.10 Crack and deformation patterns of beams 1 a1i%$.B

To better understand threodelling of the peak and poegteakbehaviouy Fig. 4.10 compares measured

and predicted crack and deformation patterns of two specimens. In Beams LamwitB a/d ratios of

0.5 and 1.5, respectively, the critical shear cracks developed diagonally across the shear #pan. For
shorter beami.e. Beam 1), the 1D and 2D models produce very similar deformation patterns at failure.
For the longer beam (i.e. Beam1B), the 1D model uses a straight diagonal crack while the 2D model
predicts a steeper critical crack that extends along the botinfarcement. To generate these patterns,
WKH ' PRGHO XDIQW '&D\as the shear span is under single curvature bending), while the
2D model uses several hundreds of DOFs. Furthermore, as the proposed simpler approach models a
discrete criticalcrack, it can accurately capture the ductility of the member when large sliding
displacements occur along the crack in the -pesk regime. In contrast, the 2D smeared crack
formulation results in a large concentration of principal tensile strainsanramband of finite elements.

These strains in turn result in unrealistically high compression softening of the concrete dddassap

of postpeak resistance. Similar observations have been made with other 2D smeared crack formulations
as they all radt in strain concentrations (see for example the predictions of platform DIANA for beam B

15 inFig. 4.9 reported by Salamy et &).

It is also of interest to compare the analysis time required by the 1D and 2D models. On the sétme PC

a 3.4 GHz quadore processor and 16 GB of RAM, the 1D model required an average analysis time
(considering all seventeen beams) of about 5s, whil@h model required about 50s. While both times
are shortthe difference between the two models becomes important when large structaredysezhs
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it will be demonstrated later. In addition, the time fioodellingwith the 1D approach is significamtl
shorter due to the straightforward input and $mainber of elements required.
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Fig. 4.11 Modelling of a continuous deep beam tested by Mihaylov %t al.
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Fig. 4.12 Measured and predicted lodtsplacement response of a continuous deep beam.

4.5.1.2 Continuous deep beams

A continuous deep beam with two symmetrical spans was tested under two symmetrical concentrated

loads by Mihaylov et & (seeFig. 4.11). The beam had a symmetrical top and bottom longitudinal
reinforcement with a ratio of 0.91%, as well as stirrups with a ratio of 0.20%. As sh&ig 41l1b and

¢, only one half of the beam was modelled due to the symmetry. The 2D FEM uses 1179 elements while
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the proposed 1D model uses only two macroelements. The two macroelementthmbaelshear spans,
where the external shear span is under single curvature and the internal one is under double égvatu
with the simply supported beams, significantly less time was needed to generate the 1D model as
compared to the 2D FEM. In terna$ analysis time, the 2D model required about 145s while the 1D
model took about8to complete the calculations.

4.5.2.Frame structure

Finally, it is of interest to compare the different modelling approaches when analysing large frame

structure containingooth slender and deep members. As laboratory tests of such structures are not
available even in small scales, a samplest?dy frame was designed based on the ACI 318 provfsions

Fig. 4.13 shows the bottom two stories of the frame where a deep transfer girder is used to support a
column from thdloors above. The depth of the girder is chosen as 1.8 m, resulting in an a/d ratio of 1.63.
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Fig. 4.13 Two-story singlespan frame.
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The lowermost two floors were modelled based on two strategies: 2D FEM and proposed 1Bypeixed
modelling approachHg. 4.14a and b). The latter approach was also used to model the entterg0
frame Fig. 4.14c). For simplicity, only three point loads were apgplat the top bearnolumn joints in

the twestory models. The loads were increased monotonically until the transfer girder failed in shear
along diagonal cracks.

pP/4 P2 p/4

yPI76 @P’38 PI76Y
................... P
S
a) 2D FEM S
| lP/Z |
- e : . N P
1 ! 1 Deep elements
\ 78 c) 1D mixedtype model of

Deep elements entire 20story frame

b) 1D mixeetype model

Fig. 4.14 Modelling of a large frame.

The total applied load on the frame is plottedrig. 4.15 as a function of the deflection of the deep
transfer girder. As evident from the plot, the 2D FEM and the 1D ntypeimodelling approach
produced very similar results, including an almakntical peak load. The plot also shows the results
from the complete analysis of the-&ry frame performed with the 1D modelRig. 4.14c. The foces

P/2 and P/4 applied in the tvebory model were distributed as P/38 and P/76 along the height of-the 20
story model. Therefore, the load PHig. 4.15 remains the total load on the frame. In this regard, it is of
interest to note that the ZBory building carried nearly two times larger total load than tb®i3/ frame.

This increased resistance is due to the slender beams in the above/fiimbrsthough significantly less
stiff than the transfer girder, provide a certain resistance as the girder deforms and failg.in shea
Therefore, focusing the analysis on the bottom two floors and neglecting the interaction wigmdee sl
beams in theifgher floors proves to be very conservative in this case.

To further study the redistribution of forces between deep and slender beams, an additionabéittzadysis
20-story frame is performed under imposed displacements. As shown in the inset of Fig. 16, eqall vertic
displacements were applied at the intefpedmcolumn joints to obtain the peptakbehaviourof the
frame. The plot shows the accumulative vertical force resulting from the shear forces in eadhdzeam.

be seen that at the peak load the transfer girder carries approximately 40% of fleadotal the post
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peak regime, the deep girder fails almost completely when the deflectiongegugreximately 18 mm
followed by the consecutive shear failures of the slender beams ifi’t# and 4" floors. All failures

occur in the same bay ande frames displaces laterally. Regardless of these failures, the structure
continues to support a significant portion of the peak load due to the redistribution of theafoores

the beams.
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Fig. 4.15 Results from frame analysis under applied vertical loads.

A final analysis shows that the ductility of the frame can be further improved if it is part rofctuis

with stiff shear walls. The walls will limit the lateral displacements of the frameeipostpeak regime
and will force more symmetrical shear failures in the two bays. The dashed kit 416 shows the
behaviour of the frame when the lateral displacements areré&gtyained. It can be seen that, while the
prepeak response remains unchanged, thepezst resistance is significantly higher, and therefore the
structure is more resilient to estoading. This highlights the need for efficient 1D models for slender and
deep beams that allow to capture the favourable effects that develop at the global structural level.

4.5.3.Efficiency of studied modelling strategies

Finally, the efficiency of the ppmsed 1D mixedype modelling framework is examined and graphically
illustrated inFig. 4.17. The plot shows that for the structures modelled in ghidy, the proposed 1D
model required significantly less degrees of freedom and computational time than the 2D FEM. The
largest model (i.e. the 28ory frame under imposed displacements) required slightly less than 6 hours
with 40 load steps. While nottatnpted, the analysis of this frame with the 2D FEM would require many
days to run. In addition, creating a finite element mesh would require significant time and eeperien
This advantage of the proposed 1D mixgoe modelling will be even more pronoetkcin the analysis

of larger multibay multistory structures.
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Fig. 4.16 Results from frame analysis under applied vertical displacements.
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Fig.4.17 Efficiency of modelling strategies.

4.6. Conclusions

This paper proposed a mix¢ygpe modellingframework for large structures containing both slender and
deep members. The framework integrates existing 1D beam elements for slender members with a novel
1D macroelement for shear spans of deep beams. It was implemented in an existing computer program
VecTor5 for monotonic loading conditions, aedaluatedwvith 18 deep beams and a-&@ry frame. The
performed studies led to the following conclusions:

The 1D macroelement for deep shear spans provides a full compatibilityfivittbased 1D beam
elemerts for slender members as it uses the same nodal DOFs.
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When applied to simply supported deep beams, the proposed framework produces similarly adequate
results as those obtained with 2D higtelity FEM, and even improves the pgsak predictions.

The pioposed 1D macroelement captures the increased ductility of afitezal continuous deep beams
resulting from force redistribution.

The proposed mixetype modellingframework uses straightforward input and requires significantly less
time for modellingand computation than 2D FEM.

As the new framework is computationally efficient and captures well the completangteostpeak

behaviourof frames with slender and deep members, it represents a valuable tool for the analysis of
complex structures under extreme loading.
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5. Shear Strength of RC Deep Beams
with Web Openings
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Abstract Deep concrete beams often feature web openings that disrupt the flow of forces from the loads
to the supports and reduce the shear strength of the member. While such openisigsifoeemtly

impact the safety level of the structure, the research on deep beams has been focused mostigan the
behaviour of solid members. To address this issue, this paper proposes a hew model for deephbeams wi
rectangular openings that stemmenfi a tweparameter kinematic theory (2PKT) for solid beams. The
model is established based on an analysis of the shear behaviour and failure modes of test specimens
using nonlinear finite element and stamdtie models. In the new model, a deep sheanspith an
opening is represented with two solid shear spans, one above and one below the opening. Bigdinking t
two submodels, the proposed kinematlissed approach describes the complete deformed shape of the
shear span with four degrees of freedon®H3). These DOFs are predicted by combining the kinematic
conditions with equilibrium conditions and constitutive relationships for the mechanisms of shear
resistance across the critical shear cracks. The model is validated with 27 tests from the kieosting
adequate shear strength predictions.

Article Liu, J., and Mihaylov, B.l.;Shear strength of RC deep beams with web openings badew-on
parameter kinematitheory” submitted toStructural Concrete

5.1. Introduction

Deep beams are widely used as transfer girders inrlsgtbuildings, cap beams in bridges, pile caps in
foundations and other important structural members. Due to their smalsgiaedio-depth ratios (a/h
approx. 2.5), deep beams carry heavy sheaefoand develop more complex deformation patterns than
slender beams. Since the 1950s, researchers have carried out a large number of exflefifiérasd

have proposed different types of mod&i&*°*>*° in order to understand the shear behaviour and provide
reliable predictions of the shear capacity of deep beams. However, the majority of these stadies ha
been focused on members without web openings, while in practice openings are frequently installed
deep beams to accommodate doors, windows, various conduits and communications &s Kigowa.

The presence of such openings can significantly reduce the ciygacity of deep beams, particularly if
they interrupt the direct flow of compressive stresses from the loading points to the suppoxis gsttu
action).

To study these effects, some of the early experimental studies were performed anHasgorkers in

the 1970&. More recently, Yang et i.performed shear tests of thirty two simglypportedieep beams

with rectangular openings and studied the effects of the opening size and position, as wetlerggthe s

of the concrete. It was concluded that the shear strength strongly depended on the angle wfeithe incl
plane joining the support andetitlosest corner of the web opening. Furthermore, the concrete strength
appeared to play a more significant role in deep beams with web openings thandeepliams/ang

and Ashouf? extended their interest to continuous deep beams with openings, andtim@ispecimens

were tested to investigate the effect of the configuration of web reinforcement around operéiigs, loc

of openings, and a/d ratio. It was found that the shearcitgpvas significantly affected by the openings
within interior shear spans rather than exterior shear spans, and inclined web reinforcemenmauas the
effective type for controlling diagonal crack width and increasing load cap&eitgipione and Minafd
carried out experimentahvestigationson deep beams with circular web openings, and found that an
opening that occupies 21% of the section ldepn reduce the shear capacity of deep beams by up to 30%.
Sahoo et af° designedwo RC deep beams with large openings based onastrite models (STMs)
based on which complicated reinforcement detailing was required around the web openings. hadvas fou
that he STMs significantly underestimated the shear capacity of the tested specimens and failed to predic
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some severe local failures. By testing two companion beams reinforced by steel fibres, the agithors s
gested replacing the conventional reinforcing baitt deformed steel fibres at a certain volume to
benefit from the dutile plastic mechanism and avoid complicated detailing of-fiaicements.
Considering that deep beams in existing structures are often strengthened after the drilling of web
openings El-Maaddawy and Shefif Hawileh et af? Hussain and Pimannfdsand Lu et a}* studied

the effect of different strengthening systems on the shear behaviour of such members. In otdanto ac

for the effect of openings on the shear capacity, Tan%pabposed a strndtie model that includes

load paths above and below the opening followindiezaresearch by Kong and Sh&pUsing this
statically indeterminate model, Tseng et’alistributed the shear force to the two load paths according to
their relative stiffness and calculated the shear capacity of each load path as for deep beans witho
openings. For 26 tests espmens without horizontal reinforcement above the opening, the proposed
model resulted in an average shear strength experimesgeddicted ratio of 1.34 and a coefficient of
variation (COV) of 18%. The same tests were also analysed with thestrié models proposed A%
reailting in average ratios of 1.0.01) and COV of 23%28%).
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Fig.5.1 A 30-storey apartment having transfer girder with web openings

This paper proposes a different approach for evaluating the capacity of the load paths in deggthheams
rectangular openings. The critical regions below and above the opening will be modellednesed
parameter kinematic theory (2PK%jor solid deep beams, and the interactions between the regions will
be taken into account by considering the equilibrium of the internal forces. The 2PKT is based on a
simple twodegreeof-freedom description of the deformation patterns of short shear spans, and also
includes equilibrium conditions and constitutive relationships for the mechanisms of shear eesistanc
Using a database of 434 tests dfdsdeep beam, Liu and Mihayldhave shown that the 2PKT provides

the most reliable and accurate predictions of shear strength as compared to existamgisguhodels,
upperbound péhsticity and other models. In addition to shear strength, the 2PKT also predicts the
deformation patterns of the beam at failure, and this will be extended to model the kinemateys of de
beams with web openings.

5.2. Observed behaviour of deep beams with opérgs
The behaviour of deep beams with web openings will first be discussed with the help of lab tests

performel by EFMaaddawy and Shefif The test programeinvolved nine deep beam specimens with
web openings loaded to failure under symmetrical-fmint bending Fig. 5.2). The beams had an 80
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mm by 500 mm rectangular section and a shear span of 400 mm. A square opening was placed in each
shear span symmetrically about the fsphn section of the beam. According to the position of the
opening, the nine beams were classified into three groups, i.e. an opening at the centre, battpm and
part of the shear span. In each group, the opening simasaeither 150 mm, 200 mm or 250 mm. The
28-day compressive strength of the concrete wa8 RIPa while the yield strength of the longitudinal

and web reinforcement was 420 MPa and 300 MPa, respectively. To reproduce cases of drilling or
enlarging an opening in existing beaite web steel reinforcement intercepted by the opening was cut at

its contour.
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Fig.5.2 Deep beams tested by-Blaaddawy and Shefif

Fig. 5.3 compares the crack patterns of test specimend 30 and NS250-C after failure. The two

beams differed only in terms of the size of the web openings which were centreddepthicbf the

section (=150 mm vs. 250 mm). In both beams the cracking began at the two opposite corners of the
opening along the line connecting the loading and support points. These cracks propagated aivay from
opening and were not well controlled by web reindonent as evident from the reinforcement layout in

Fig. 5.2a. However, as the load was increased, new inclined cracks formed in the shear span, and the
crack patterns of the two specimens diverged. According to the authors of the tests, this retutied i
typical failure modes depending on the opening size. fifsefailure mode was observed when the
opening size was 150 mm or 200 mm, while the second occurred in the specimens with the largest
openings (250 mm). In the former cases, the beam failed suddenly along inclined cracks in tee region
below and abovehe opening. As the inclined cracks opened, the shear span split into two relatively intact
segments  and as indicated inFig. 5.3a. In contrast, the specimens withe largest openings
exhibited a more gradual failure along three sets of cr&glgsH.3b). In these cases, segments,
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and performed relative rotations simultaneously with the widening of the cracks. In terms of shear
capacity of the beams ifig. 5.3, specimen NS50C with an opening 0150 mm was about two times
stronger than N&50-C with =250 mm (103 kN vs. 53 kN).

P:lO3kN-L L N +P=53kN
NS-150/C // N @ "35'2;5&(3

@ @ ®

/y/ﬁ I
vl | b

(a) Failure mode A (b) Failure mode B

Fig. 5.3 Typical failure modes of deep beams with openifagpted fronkl-Maaddawy and Shefi)
5.3. Finite element analysis of deep beams with openings

To gain further insight into the shear behaviour of deep beams with web openings, the behaviour of
selected test specimens is simulatgth a nonlinear finite element model (FEM). The analyses were
performed based on the Distributed Stress Filed Miodekinforced concrete (DSFRf)implemented in
program VecTor®. The DSFM is smeared rotating crack model thagimmtes from the modified
compression field theory for reinforced concrete elements subjected to (Steeahio and Collins,
1986¥°. In the DSFM¢the cracks are assumed parallel to the principal compressive stress directions in the
concrete, while the principal strain directions deviate from the stress directions due to slipedigpits

in the cracks. The slip displacements and crack widthssae to calculate aggregate interlock stresses
transferred across the cracks. In addition to aggregate interlock, the DSFM also accountsrisiothe te
stiffening and softening of the concrete, compression softening and confinement of the conarte, as

as the yielding of the reinforcement. To ensure that the analyses can be easily reproducededttsese ef
were modelled based on the default constitutive relationships implemented in program VecTor®y The on
exception is the compression behaviour of toacrée for which the Popvics’ modélfor normal
strength concrete was preferred.

Fig. 5.4a shows a typical finite element model of a deep beam with openings (speciri&®-8$ The

model consists of quadrilateral plasteess elements for the concrete and truss elements for the
reinforcement. Due to the symmetry, only dradf of the beam was modelled with the rsighn section

of the beam restrained by horizontal supports. The applied load and support reaction were dlistribute
uniformly along the loading plate and the supporteplahe forces were increased monotonically to
study the behaviour of the beam up to failure.
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(a) FEM model of beariS-150-C

(b) Deformation (x10) and crack pattern

(c) Principle compressive stress

Fig.5.4 Deep beams with web openings studied by FEM

Based on these analys€gy. 5.4b shows the predicted deformed shapes and crack patterns of beams NS
150-C and N8S250-C at peak load. It can been seen that the specimen with the smaller opening failed
along shear cracks in the regions below and above the openings, while the compani@xHibiaed
opening of the initial cracks in the corners of the openings. These results, as well as the dnagnifie
deformed shapes iRig. 5.4b, agree well with the tesobservations. In addition, the FEM was also able

to capture well the shear strength of the beams: 99.2kN f&k59€ (4% less than the test) and 48.0 kN

for NS250-C (10% less than the test).
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Considering these adequate predictions, it is of interest to use the FEM to gain insight irdd {egHe

that developed in the two beanksg. 5.4c shows the précted distribution of the principle compressive
stresses in specimens NMS0-C and NS250-C at failure. It is evident from these diagrams that the beams
developed simultaneous load paths above and below the openingsertnsith earlier findinds It can

also be seen that when the opening size is small (38% of the shear span in the cas8GENBe
force is transferred from the loading point to the support directly around the corners of thg.openin
the other hand, as the opening sizentseased to 63% of the shear span ir288C, the compressive
stresses on the left and right sides of the opening appear to be relatively low, while high ¢compress
develops between the top corner of the beam and the closest corner of the web opening.

5.4. Strut-and-tie model of deep beams with openings

The stress trajectories Fig. 5.4c are used to establish an appropriate -stnaftie model for deep beams

with web openings, sd€g. 5.5a. This model details the load paths above and below the opening by using
struts for the compression flow in the concrete and ties for the tension in the reinforcemen&imhe m
components of both load paths are pairs of struts that connect the |laadlisgpgort points by deviating
around the corners of the opening. To ensure the equilibrium of the forces at the upper cotogr, the
mechanism includes a system of two ties éfid T;) and an additional strut. On the other hand, the
equilibrium at the bibom corner is provided without tension by a horizontal strut. The shear resistance of
the member is expressed as the sum of the shear carried by the top and bottom inclinedastluig V
respectively. It is immediately evident from the model thatdpestrut may not reach its full capacity due

to early yielding of tie Tor Ts.

It should be noted this model does not account for reinforcement (ties) around the openinggeéore ther

it is well suited for the cases when the opening is made éxiating girder as simulated in thests by
El-Maaddawy and Shefif If however the opening is previewed in the design process, it is common to
provide such reinforcement in order to control the cracking at the corners of the opening. Fueghermor
this reinforcement results in an additional load path as illustratedhitbtitutandtie model inFig. 5.5b,

and therefore can increase the lmaring capacity of the beam. In the following, the relative importance
and capacity of the load paths above and below the openifig.iB.5a will be evaluated based on the
two-parameter kinematic theory. For simplicity and on the conservative side, the additioragdoiag
mechanisms provided by reinforcementerd the opening will be neglected.

P
\ 4
T<7 — /// =
tie \\ 2 //’LP' t /
| antand
o N/ //\strut
< Ts!| 4 / 4
#/ el -
/I /Z’Vb
4 = T,
A l
v a '

(a) Withoutreinfocement around web opening

86



//”7_ uh
-7 tie /

/ /

/ A
/ / strut 4
ya
| ~

-~

\‘_ _-

(b) With reinfocement around web opening

Fig.5.5 Strutandtie model for deep beams with openings
5.5. Proposed model for deefpeams with web openings

5.5.1.Summary of two-parameter kinematic theory

The twoparaméer kinematic theory (2PK1j for shear behaviour of deep beams is built on a kinematic
description of the deformation patterns of short shear spans without openings. The shear failure is
assumed to occur along a diagoo@ck which divides the shear span it parts as illustrated iRig.
5.6a. The part below the crack is modelled as a fan of rigid struts while the zone abavacthés
represented by a rigid block. The deformation pattern of the shear span is described with tvgoadegree
IUHHGRP '2)V WKH DYHUDJH VWUD L Qami@hB ¢diceV displaedriahtvhirRie UHL QIR U |
FULWLFDO ORDGLTICLR reptesehatsthelconcrete under high diagonal compression above
WKH WLS RI WKH FULWLFDO FUDFN ZKHU H, B bsxocigtednthWwiidenidgD O O\ RF F X
of the critical crack while(t with both widening and slip displacements. Thasek displacements are
used to evaluate the shear mechanisms across the crack by using appropriate constitutive pslationshi
and the shear resistance is expressed as:

Voo M MV (5.1)
where ¢,z is the shear carried by critical loading zongby the stirrups, V by aggregate interlock, and
Vg by dowel action of tb flexural reinforcementHg. 5.6b). DOF (. is evaluated based on the
DVVXPSWLRQ WKDW WKH &/=EWkahedhy donsidélng e egilibriik LoOthie 0
shear forces.

The solution procedure of th2PKT approach is illustrated graphically Fig. 5.7. The solution is
obtained by intersecting a shear capacity curve given byaEq.with a shear “demand” curve derived
from the rotational equilibrium of the shear span:

V T7a (5.2
where T(Q) is the tension force in the flexural reinforcement ar®l z G LV WKH OHYHU DUP RI
longitudinal forces in the midspan section. Force T is obtained from Siaynconsidering an elastic
perfectlyplastic behaviour of the bare reinforcement as wesllttee tension stiffening effect of the
concrete. Further details about the 2PKT approach are available els&here
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5.5.2.Account of external longitudinal forces

As it will be illustrated later, the modelling of deep beams with opening requires a modificattom of

original 2PKT approach to take into account the effect of longitudinal forces. More precisely, a
compression or tension force will be applied at thapstis as illustrated ifrig. 5.8. The compression

IRUFH LV H[SUHVVHG DV EHLQJ SURSRUWLRQDO WR WKHGHKUHBDE IRUFL
with a constant value N. To incorporate these forces in the 2PKT approach, it is needed to modify the

shear demand E¢b.2) as follows:

V T7 a zotE (5.3)

for compression and

V. T N7Ze¢ (5.4)
for tension. These relationships are plotted with dashed lineig.i®.7 on both sides of the original Eq.
(5.2). It can be seen that compression will increase the sheagtstnarediction while tension will result
in a weaker ultimate response. This effect is explained mainly with the aggregate interlock coéraponen
shear resistancevtension forces result in wider diagonal cracks and therefore less aggregate interlock
across the crack. Inversely, compression forces clamp the cracks and increase their abilitfeto trans
shear by interlocking.
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(a) Inclined support reaction (b) Tensile force at beam end

Fig. 5.8 Other loading cases
5.5.3.Kinematic model for deep beams with web openings

The crack patterns observed kiig. 5.3 are used to propose a kinematic model for deep beams with
openings that combines two solid deep beamsFigpes.9a. The model includes three sets of major
cracks:critical shear cracks above and below the opening, cracks connecting the corners of the opening to
the loading and support points, and a horizontal crack that propagates from the side edge wof the bea
the opening. Each of the two critical shear cradcis between a rigid block and a fan of struts as in the
original 2PKT approach for solid beams. The fans are associated with the tensile strains imatite top
bottom longitudinal reinforcement consistent with the sindtie model inFig. 5.5a. Therefore, the
kinematics of the 2PKT will be applied to the zones above and below the opening. The bottom zone
extends from the centre of the support to the far lower cahthe opening. Similarly, the top zone
extends from the loading point to the far top corner of the opening. As evident from the figeriictile

loading zones develop at those two opposite corners of the opening where the concrete is under high
compession according to the stamdtie model. As each of the solid deep beams above and below the
openings features two degrees of freedom, the complete kinematic model uses four DFf<5.9%
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WKHVH '2)V DUH JURXSHG WZR E\ WZR DYHUDJH VWUDLQ LQ WKH W
DQwDWV ZHOO DV WUDQ YV YHUQ/Glindhe vriicallobding FHoQeal \n the general case, all

'2)V DUH DVVRFLDWHG ZLWK RSHQLQJ RI WKH ILYHDRUPdENY DVVXPHG
slip displacements in the critical shear cracks.

(a) Details of kinematic model

DOFs §, DQy DOF {p DQly

(b) Degres of freedom of kinematic model

Fig. 5.9 Kinematics of deep beams with openings

5.5.4.Failure load of deep beams with web openings

To calculate the shear carried above and below the opening in deep shear spans, it is necassaerto ¢

the freebody diagrams depicted Fig. 5.10. In this figure the shear span is divided into two parts along

the cracks propagating from the opening towards the loading and support points. Assuming that these

cracks are approximately #ef stresses, thethaped portion of the beam above the cracks is subjected

to diagonal compression through the loading and support points. The thrust line in this blookretiecon

LV VKRZQ ZLWK D GDVKHG OLQH LQFOLQbitBe &spéectDaid Ofkthe slelrL FK LV GL
span. This illustrates that the deep beam above the opening with a shear span at works under the sam
loadingconditions as the beam kig. 5.8a: shear Vand a longitudinal compression force at the level of

the flexural reinforcement WV, FRW 7TKHUHIRUH W Kd¢an W& deithingdHby luSing Q@ FH 9

2PKT with Eq.(5.3) as illustrated irFig. 5.7.

In addition to the shear calculation for thesthaped portion of the shregpan, it is also necessary to check
the resistance of section “A” containing therizontal crackThis section can fail under the combination
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of bending and axial compression as indicated in thellsfreebody diagram inFig. 5.10a. The
compression force on the section iswhile the bending moment isi&/ where the eccentricity e is the
KRUL]JRQWDO GLVWDQFH IURP WKH FHQWUH RI WKH VBIFWLRQ MORQWKH
be performed based on the classical theory for flexure using a rectangulablstiess the compression

zore. As a result, if V associated with failure of section A is smaller than the shear resistance of the
region above the opening, it will govern the strength prediction for thleaped portion of the beam.
Similarly to the struandtie model, this illusttes the importance of the reinforcement along the vertical
edge of the beam. If this reinforcement is small or completely omitted, this will greatly reduce or
eliminate the capacity of the load path above the opening. Furthermore, this capacity carliaiged

by a shear failure below section A which is rare but needs to be checked as well. As eviden¢ from th
free-body diagram, the region below section A is subjected to shesrd\tompressionV

Once the calculation of the-s¢haped block is comglied and the forces;\and N are known, it is
necessary to study the equilibrium of the reglmelow the web openind=ig. 5.10b). This region is
subjected to shediorce V, and a tension force {Napplied at the level of the bottom longitudinal
reinforcement. Therefore, this region works under the same loadirdjtions as the beam Fig. 5.8b,

and its shear resistance is calculated accortdirige 2PKT approach with E¢p.4) as illustratedn Fig.

5.7. Fig. 5.7 shows that, if the regions above and below the web opening are identical in terms of
geometry and reinforcement, the bottom region will resist less shear. This is because the biattois reg
subjected to tension;Mnhile the top region experiences a compression force of the same magnitude.

Finally, even though the regions above and below the opening resemble almost exactly shear spans of
deep beams, there is an important difference thatsntedoke taken into account. While in deep beams the

load is introduced into the CLZ via a plate or a column of a known dimension, in beams with openings

the CLZ occur at the corners of the opening without clear geometrical limits. This has an effest on

VLIH RI WKH FULWLFDO ORDGLQJahg hdav cod@@ieniK FoldsoiRditiis RQ '2) @
issue, it is suggested to use an effective size of the CLZ proposed for showallseeand short coupling

beam®& & :

l,e O0.1Wa? h? d37amm (5.5)
where the square root represents the length of the diagonal of the shear span. The calcultti®ns for
region above (below) the web opening are performed with a shear sgas) and depth h(h,) as
depicted inFig. 510 :LWK WKHVH OE HantiDsheArHtbmpogdgntdy, are evaluated from
Mihaylov et al.*®:

', 0.0103,, cotD (5.6)

Ve, 1.43f°%kbl,, sin? D (5.7)
where k is a crack shape coefficient.
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Fig. 5.10 Equilibrium of forces in deep beams with openings
5.5.5. Calculation procedure

In summary, the calculation procedure of the proposed kinentssesd approach consists of five steps

as illustrated irFig. 5.11 The first step is to identify the two shear spans separated by the web opening
and to calculate their geometry. The main geometrical properties includeghiespan, the depth of the
section, the position and amount of longitudinal tension reinforcement, as well as the stircup ®atio
second step, these properties are used to evaluate the shear capacity of the top shdatlepary\the

2PKT procedre inFig. 5.7. The original demand curve of the 2PKT is replaced with the one given by Eqg.
(5.3) to account for the compression in the region above the opening. In a third step, the obtained shear
resistance is compared t@ dssociated with flexural failure of section A, and the minintagsistance is

used to continue the calculations. The capacity of section A is calculated based on the clpssaeti ap

for flexure combined with axial loading. In step 4, the shear strength of the region below thng dfseni

is calculated based on thBKRT method similarly to the calculations in step 2. However, as compared to
the top region, the bottom region is subjected to a tension ferdeR'W DQG WKH GHPDQG FXUYH L
Eq. (5.4). Finally, the shear capacity of the beam with an opening is obtained as the sum of the shear
forces carried above and below the opening W¥Wy.

5.5.6.Limits of applicability
Considering the simplifying assumptions made in the derivation of the proposed model, it is pésessar

establish certain limits on its applicability. Firstly, as mentioned earlier, the model is devidppegp
beams with rectangular web openings withbeavy reinforcement around the opening. If the opening
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features such reinforcement, the model will produce more conservative results. Furthermore,for order
the opening to cause sufficient disturbance of the flow of forces and to result in defosntatisistent

with the assumed kinematics, it must intersect the diagonal of the shear span and it must diglguffici
large. Based on comparisons with tests, the minimum horizontal and vertical dimensions of theg openin
are set at 0.2a and 0.1h, respetyi. Finally, because the 2PKT is developed for deep beams and
becomes very conservative for slender members, the-spaato-depth ratios of the regions above and
below the opening/, and g/h, should not be larger than 4.
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Fig. 5.11 Calculation procedure
5.6. Comparison with tests

Twenty seven deep beams satisfying the above criteria from two experimental prodtaans used to
validate the proposed model. All beams were tested under symmetricabfotibending and failed in
shear.Fig. 5.12 shows a generic shear span with fubfined properties while the data for each
individual test is presented in an Appendix C. The shpanto-effectivedepth ratio of the beams a/d
varies from 0.5 to 1.6, beadepth h from 500 mm to 600 mm; the concrete compressive streffigin f

03D WR 03D WKH ERWWRP ORQJida 0O @.6T%4 brig tIR&UUFHP HQ W

VW LUU X, Sroln DWOLORI7%. As shown ifig. 5.12, the location of the centre of the opening is
defined by ka and kh, where the former is measured from the centre of the support and the latter from
the bottom edge of the beam. The size ofdpening is nlaxmh. For the beams in the databaseahkd

k, keep constant as 0.5, whilg waries from 0.25 to 0.65 and,rfinom 0.1 to 0.5.
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Fig. 5.12 A typical beam in this study

The shear capacity of each beam is calculated following the procedure outlifegd $11 and the
results are listed in the Appendix C. The obtaiaeerage ratio between the experimental and predicted
shear capacity ¥V reqfor the twenty seven deep beams is 1.12 with a coefficient of variation (COV) of
7.6%. These results were obtained by neglecting the strain hardening of the reinforceméonif’sec
even though the tensile strength of the bars fu used in Yand'etas.34% higher than the yield strength
f,. If this is taken into account, the average shear strength experifteeptatiicted ratio decreases to
1.03 and the COV increases slightly to 9.3%. Both sets of predictions are pldtigdSri3 as functions

of the main test variables, fa/d, m and m. As evident from the plot, the proposed model does not
exhibit a clear bias with regards to any of the variables. In addition to generating tisicstahe
proposed model is also used in the following to study the effect of the test variables on tls& exngtér

of individual test series.
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5.6.1.Effect of opening size mand m,

The size of the web opening represents an important variable that significantly affects theesigthr st

It is therefore first ointerest to compare the predictions of the 2PKT approach to the shear strength of
specimens N850C and NS250C whose behaviour was studied in detail. According to the
experimental points ifrig. 5.14, when the opening was enlarged from 30% to 50% of the section depth,
the shear resistance decreased approximately two times. It can be seen that the 2PKT appraach follow
closely this trend, even though it produceshdligconservative predictions. It can also be seen that,
according to the model, the bottom load path provided about 40% larger shear resistance thamatie top
This result is counterintuitive because the opening was centred at the middle of theasettimregion

below the opening was subjected to shear and tension. However, the weakening effect of theteasion f
was offset by the bottom longitudinal reinforcement which was six time larger than the top raiefurce

In addition, for two of thehiree specimens, the capacity of the top region was limited by flexural failure
in section A.

120
m, § B+0.1, k,=0.5, k,=0.5
pred. exp.
FEM ~.
80 - L pred.
V=Vi+V, Qs (wio sect. A)
- s
Z 3
> Vi
pred.
40 (w/ sect. A)
Vb
0 \ ‘
0.2 0.3 0.4 0.5 0.6
m,

Fig. 5.14 Effect of opening size on thehear strength specimens N&?*

Similar observations are madeFiy. 5.15 which has been prepared for the tdstsrang et al’” where

the horizontal and vertical size of the opening were varied separately. On average, the raéasé décr
WKH QRUPDOL]JHG VKhD UGR WU BQRWW 09, /udi) G P i& &bout 0.03. The

reason for this difference is that, when the depth of the openimgsnncreased, the regions above and
below the opening become simultaneously shallower and more slender. On the other hand, when the
width of the opening pa is ircreased, the depth of the regions remains the same and only the slenderness
increases. In addition to;m/and m, Fig. 5.15 also indicates the effect of the shepanto-effectivedepth

ratio a/d and concrete strength f
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Fig. 5.15Effect of opening size on tiehear strength tests by Yang et &l.

5.6.2.Effect of f,

The effect of concrete strength is more clearly illustrated with the three tésts 16 where { is the

only variable. Both experiments and predictions show an approximately linear increase of shégr capac
with increasing £ As ., was nearly quadrupled from 23.5 MPa to 80.4 MPa, the measured capacity
increased by 45%. This shows that, even though in deep beams without stirrups the shear strength is
typically proportional to ~ B} ?4< the test results scale approximatelthw¥ Bas in slender beams. The
reason is that, while the a/d ratio of the tested beams was 0.5, the a/d of the regions abdoe éinel be

web opening that govern the response was 2.12 and 1.0, respectively, and therefore these regions wer
closer to #nder beams.
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Fig. 5.16 Effect of concrete compressive strength on the shear stretegts by Yang et af’
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Fig. 5.17 Effect of sheasspanto-depth ratio on the shear strengttests by Yang et af’

5.6.3.Effect of a/d ratio

Finally, Fig. 5.17 shows the effect of the shegpanto-depth ratio a/d of deep beams with web openings
for two different concrete strengths. As in solid deep beams, the shear strength decreasesthkignifica
with increasing a/d ratio. For the beams with concrete strength of 80.4 MPa, the measured sptar stre
decreases approximately 3.6 times as a/d increases from 0.5 to 1.6. For both concrete stre2igKiB, the
approach produces slightly conservative ptoins which become nearly equal to the experimental
values at the maximum tested a/d ratios. It is important to note that, while in solid deep beams the
transition to slender members typically occurs at a/d of ab@ub,2in beams with web openings the
transition occurs earlier. As explained earlier, the aspect ratios of the regions above and kellow th
opening are typically larger than that of the entire shear span, and therefore those regionsleademe
before a/d reaches 2.5. It is expected thidhd a/d ratio of the beams with=80.4 MPa was increased
marginally; the shear strength would reach a lower bound and would decrease only slightly fardarger
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ratios as in slender beams. To capture this transition, it is needed to combine thel@Bpadsapproach
for deep shear spans with and appropriate sectional approach for slender fiembers

5.7. Conclusions

This paper studied the shear behaviour of deep beams with rectangular openings and proposed a
kinematicsbased approach for evaluating their shear strength. To develop treppevach, the failure

modes of tests specimens were studied with the help of nonlinear finite element aaddtirumodels.

The main conclusions of the paper are as follows:

1

2)

3)

4)

98

The complete failure mechanism of deep beams with rectangular openingsagrordeémated with

a kinematic model with four degrees of freedom: the average strains along the top and bottom
longitudinal reinforcement, as well as the transverse displacements along the critical shear cracks
above and #ow the opening.

The load pathsbove and below the opening can be visualized with-atrdtie models, and the
shear resistance across the critical cracks can be evaluated based onpamiwater kinematic
theory for solid deep beams.

The proposed kinematitsased approach accoaritr the interaction between the two load paths and
produces adequate shear strength predictions. When applied to a database of 27 tests, the model
resulted in an average shear strength experimenpakdicted ratio of 1.03 and a COV of 9.3%.

The sheastrength of deep beams with openings is affected more by the depth of the opening than by
its horizontal dimension. Also, the transition from deep to slender beam behaviour in members with
openings occurs at smaller a/d ratios than in solid members. &kgsemenal observations were
captured well by the 2PKT approach.



6.Conclusionsand outlook
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6.1. Summary and conclusions

This thesis consist of four main parts1) acomparative studgf models forshear capacity akinforced
concrete deep beams; 2) formulation and validation D anacroelement fothe full shear response of
reinforced concrete deep beams; 3) mitguk modelling frameworKor structures wittboth ¢ender and
deep beam element$) a kinematicmodelfor the shear capacitgf deep beams with web openings. The
summaryand conclusionfor eachpartareprovidedbelow.

6.1.1. A comparative studyfor shear capacityof RC deep beams

This studybeganwith a comprehensivéiterature reviewon modeldor shearstrengthof RC deep beams.
More than seventy models were collected from existing publications and classified into six categorie
according to their main featurek} strutandtie models(36%), 2) numerical models (30%3) artificial
intelligence models (18%)) upperbound plasticity models (8%5p) shear panel models (5%) a6l

other mechanical models (3%)

A comparative study was carried out for téghly citedmodelswith the help of a lage databasef 574
published tests of beams with al/d It was found that the semeimpirical stritandtie model proposed

by Russo et a and the tweparameter kinematic theory (2PKT) by Mihaylov et'’aherformed
signfficantly better than the rest of the models in terms of shear strength experitogradicted ratios
VexdVores Besides, itvas shown that the 2PKT did not produce significant bias for any of the important
SDUDPHWHUY lLard d,DviBe themodel proposed by Russo et*alexhibiteda trend of
decreasing ¥V peqratios with increasing a/d.

Further comparis@weremade between thtwo models through parametric studileslividual series of
deep beam tests were studied and usethisrevaluationThe normalized sheaapacityVe./(bdf;) was
observed to decrease with a/d ratind this trendbecomes less significant when approaching the
transition zone between deep and slender be&mear capacity of deep beams can be efficiently
enhanced by stirrups but high stirrup ratimay causeliding shear failurein deep beams. Increasittge
longitudinal reinforcementis also beneficiafor deep beamso resist sheatAll these three effects were
well captured by both models. Howevar deep beamsmnamportant phenomenon that the normalized
shear capacity decreases with the beam size, i.eef@pein shear which was captured by 2PKT model
while the model proposed by Russo ef’does not account fahis effect

The contributionsof this studyare: 1)to summarizeéhe numerousnodels on shear capacity of deep RC
beams and make a clear classification based on their main charact@)dticset a system of criterfier
evaluating different modefsr shear capacity of RC deep beams; 3) to ideatigquatenodelsfor shear
strength of deep beams from both statadtand physical point of view.

6.1.2.Formulation and validation of a macroelement for RC deep beams

Theoriginal two-parameter kinematic theo(®PKT), which performed best in the comparisamsection
6.1.1, waeextended bylihaylov et al*’ to continuous deep beamsathree parametekinematic theory
(3PKT). Based onthe 3PKT approach a 1D macroelemenfor reinforced concreteleep beamsvas
formulated in thisstudy, aimedat providing the entire shear respagriseluding both preand postpeak
regime ofeither simplysupported ocontinuous reinforced concrete deep beams.
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In the proposed macroelemeaich shear span afdeep leam is represented by three lvogar springs

(two rotational and one transverse)d two rigid bars, and the stiffness of each spring is not required to
be defined in advanc&hebehaviourof the transverse spring dependstom shear mechanisms along the
shear crack and theesponseof the rotational springss determined byeither the bottom or the top
longitudinal reinforcementand their surrounéhg concrete.The constitutive relationship of each spring
prior to the formatin of the diagonal shear craekas derived assuming the initial elastic stiffness
generated fronTimoshenkdbeamtheory, and at the same timapon the formation of shear crattiere is

a sudden increase of displacement under the same load level.

Instead of discretising shear span inta large number d2D highfidelity finite elemens, the proposed
macroelementisesonly two nodes withwo degrees of freedom at each nadeepresent a shear span of
deep beamFollowinga solution procedurbasel on secant stiffnesseven simply-supportedieep beams

and one continuous deep beanmvere modelled byusing the macroelementSatisfying results were
obtainedin terms of the entire shear responsedibitest specimengdt was observed itthe experiments

that continuous deep beams can redistribute shear forces from the critical shear spans to @afiacent s
resulting in amoreductile behaviour, and this favourable effect was captured well by the macroelement
modelas well

Furthermore, as thmacroelement is based on kinematics, the width of the critical diagonal cracks is
expressed with the kinematic parameters of the model which are predicted at each load step.oc@emparis
with tests showed that the predicted crack widths approximate watrimental results from simply
supported and continuous deep beams up to the failure of the member.

With the ability of capturing well both the loaelisplacement responsand crack widtls, the
macroelement can be used for the evaluation of existing dmepsbin bridges and buildings for which
measurements of crack widths and deflections are availlse measurements can be used together
with the predicted loadeformation curves to evaluate the state and safety of the structure.

The contributions othis study arel) modelling of the initial behaviour of deep beams before the
formation of diagonal shear cracks;pdellingthe shear behaviour of a deep shear span with a novel
1D macroelement consisting of only three springs and two rigid barsp 8hplementthe 1D
macroelemenasa useful toolfor the entire shear response of deep beaitmving a solution procedure
proposed in this stugiy) to demonstrate the capability of the proposed 1D macroelement with the help of
several tested deep be@pecimensThe macroelement is able to provide satisfying predictasifsll
shearesponsesas well as crack width

6.1.3.Mixed-type modelling for structures with both slender and deep beam elements

With the simplelD macroelement proposed in this thesis, it becomes possible to model an entire large
frame structure including heavy transfer girders with dilyelemens, i.e. 1D slender beam elements for
ordinary columns and beams, and the propddedmacroelements for edp beamsTo realize this
objective, a mixedype modelling frameworkwas therefore proposed in th&udy which can be
implementedin most of the existing finite element programmeés.representative finite element
programme, i.e. VecTor5, developeduniversity of Toronto, was selected for the implementation of the
proposed mixedype modelling frameworkThe 1D macroelement for deep shear spans provides full
compatibility with fibrebased 1D beam elemetgluded in VecTorSor slender members as ites the
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same nodal DOFsThe implementation wagerformedby adding a new subroutine to describe 1be
macroelement for deep beams without modifyingréstof the codeof VecTor5.

Eighteen deep beams were used for the validafon. simplysupporteddeep beamshé proposed
framework produag similarly adequate results as those obtained with 2D-fdghity FEM and even
improvedthe postpeak predictiong-or continuous deep beamiseproposed D macroelement captured
the increased ductility of shearitical continuous deep beams resulting from force redistribution.

A twentystorey large frame structure with heavy transfer girdess designed based on ACI 318.
Following the proposed mixegpe framework, different schemes wamdoptedo modelthe large frame
structure byconsidering whether modelling the entire structure or only the bottom two statesther
taking into account the lateral restraint or nbtvas found thathe 20storey building carried nearly two
times larger total load thathe simplified 2storey frame due to the extra shear resistance of the slender
beams in the above floorghis lead to a concern on the simplified model focusing the analysis only on
the bottom two floors, which was proven to be very conservative duegtecting the interaction with

the slender beams in the higher floors as in this daseasalso found that the lateral resisting could
enhance the pogtieak resistance of the frame and the structure became more resilient to overloading.
Through thoseeasultsthe 1D mixedtype modelwas demonstratedapable of captuing the favourable
effects that develop at the global structural level.

Furthermore, the proposed 1D mixgge modelexhibits highefficiencyin terms offew elementsand

little computationtime. To model the 2&tory frame under imposed displacements, the proposed model
required slightly less than six hours with forty load st&gsile it is of great difficulty to establish the 2D
finite element model for such a large structure, the asalysuld take evemuch longer timeo run.For

all the structure types studién this thesis, the analysis time required by the proposed 1D medels

little asa fraction of the time required by 2D higtdelity finite element modelTaking intoaccountthe

time on building the models, the advantage of the proposed 1D model will be even more pronounced.

Therefore, a the new framework is computationally efficient and captures well the completanpre
postpeak behaviour of frames with slenderdadeep members, it represents a valuable tool for the
analysis of complex structures under extreme loading.

The contributions of this study ard) to demonstrate the compatibility between the proposed 1D
macroelement and the 1D slender beam elememhwsincluded in most of the finite element programs;

2) to propose a mixetype modelling frameworlenabling the modelling of structures with both slender
beams and deep beams; 3) to implement the nmtpp modelling into an existing finite element
progamme, i.e. VecTor5, by adding a subroutine without modification of the rest part of the programme;
4) to analyse different types of structures with the modified VecTor5 showing satisfying predictions on
full shear responses; 5) to investigate resilierffda®entire structure taking into account the interaction
between deep beams and the rest of the structure; 6) to illustrate the efficiency of the propeded mi
type modelling framework.

6.1.4.A kinematic model on shear capacityf simply-supported RC deepbeams with web openings

While the previous worksrerefocused orthedevelopnent ofa usefultool to predict the shear behaviour
of RC deep beamshis workwasaimed at extending the applicability of 3PKT to deep beams with web
openings Althoughthe majority of researctworks were carried out for solid deep beams, in reality there
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are web openirgyinevitably installed in large transfer girders to accommodate pipelines, electrify
network etcWhen the web openinigtersects withithe shear transfer path, the shear resistahdeep
beans might be significantly reduced.

The behaviour oimply-supporteddeep beams with web openings was observed from both experiments
and finite element analysig/hen the usual diagonal load pathin solid deep beams is disturbed by web
openingsloads are transferred through two load paths deviated by the web opisiegd of going
directly from loading point téhe support. The failure mode of deep beams depends on the web opening
size. Whe the size is not very large, the failure is maictycentratedh the diagonalcracksabove and
below the web openingVith the openingsize large enough, there is failuecurringas well in the top

outer corner of the beam aralrotation between blockseparated by the cracks was observed. A-strut
andtie model was therefore proposed to account comprehensively for the two load paths asheell as
possible failure modes.

Two sub deep shear spans were identified above and below the web openings)libsecbservations

from both experimestand FEM analysisDiagonal shear cracks in these sub deep shear spans exhibit
similarity as in solid deep beams. Therefore, a kinematic model was prammsedmodating these two

sub deep shears above and below vled opening as well agew othercracks emerged due to the
deformation pattern imposed by four kinematic parameters. These four parametessdate describe

the entire deformation pattern of the shear sjfi@th sub shear span is associated toKiwematic
parameters as in simply supported solid deep begimesequilibrium condition of the top load path leads

to an extra concern ansection containing a horizontal crack outside of the web opening. This section is
under the combination of flexur@@ compression and its capacity limits the shear transfer capacity of the
top load pathTherefore, a solution procedure was proposed taking into account both the two sub shear
spans as well as thimportanthorizontal section.The shear capacity of the dwsub shear spans were
calculated based on the existing 2P&dproach but the shear capacity of the top shear span might be
reduced due to the limited# capacity of the horizontal section outside of the web opening.

The proposed kinematic model was idated with twentyseven simphsupported deep beams with
rectangular web openings, and it was shown to be capable of providing satisfying predictions of term

the experimentalo-predicted ratio on shear capacity, i.€eWpes Those ratios did noexhibit
significant bias to any of the important parameters, e.g. the size of the @@hgsg concrete strength etc.

At the same time, parametric studies were conducted to examine if the proposed model was able to
capture the effect acfomeimportant mrametersThe prediction agreed wellith the experimental results

on the following observationsheé shear strength of deep beams with openings is affected more by the
depth of the opening than by its horizontal dimension. Also, the transition fromtaletgnder beam
behaviour in members with openings occurs at smallerratids than in solid members. These
experimental observations were captured well by the 2PKT approach.

The contributions of this study are: tb) explore the shear mechanisms aritlifa modes of RC deep
beams with web openingbrough experiments and finite element analy2jsto provide a strehindtie
model indicatingclear load paths deviated by the web opening in deep beamasp@)pose a kinematic
model for deep beams withelw openings based on the existing 2P#&1d to describe the entire
deformation pattern by only four kinematic parametergp4emonstrate the capability of the proposed
model through accurately predicting the shear capacity of nearly thirty testeloedeegpecimens.
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6.2. Future work

One of the most important objectives of this thesis is to develop a useful 1D macroelement to predic
shear behaviour of deep bearhasedon the existing thregarameter kinemati theory (3PKT).
Fundamentallytheapplicability of the proposed 1D macroeleméntestricted byhe limits of 3PKT. To
extend the applicability of 3PKT to deep beams under various scenagsseistial to the improvement

of the 1D macroelement.

The following are possible areas of resédor the future:

1) The interaction between shear and flexure can be important when there is a large amount dohstirrups
deep beams or the a/d ratio is cldsethe transition zone between deep beams and slender beams.
Mihaylov and Fransséhattempted to address thisoblemwhen predicting the shear capacitysbiort
coupling beamsand satisfying predictions were obtained tholirgking the principal compressive strains

in thecritical section to the longitudinal strains in the tension ztiris.also of interest to investigate the
effect of this interaction along the entire response of deep b&aisin 2015, Mihaylov et af®assumed

the strain distribution shape along the longitudinal reinforcement in reinforced concrete sheaanaall
therebyestablishedriteria for flexure failureof the base section of shieaall by calculating both the
compressive and tensile stress in this sectamally, the entire shear response of shear walls exhibiting
shearflexure failure was successfully captur@dherefore, based on these two works, the sfieaure
interactioncan be taken into account as well for the entire response of deep beams.

2) Axial forceis neglectedn the formation of the macroelement. However, the interaction between deep
beams and the rest of the structures mighise large axial forsén deepbeans. Although it is intuitive

to believe that the axial restraint accompanied by axial compression is beneficial to the shviaurbaha
deep beams, it is necessary to investighie effect and propose reasonable modifications to the
macroelements.

3) When deep beams are connected witbicturalelementsother than beame.g.short coupling beams
connected withshear wallsit might be difficult to reach compatibility between the 1D macroelements
with the 2D quadratic finite elementdne end sdion of deep shear span is represented by only one node
in the 1D macroelement formulation; however, within the height of this end section, several quadrati
elements are included in the 2D finite element model for shear Waili#l. be thoughtless to emect the

1D macroelement with 2D quadratic finite elements through any common nodes directly.

4) It is of interest to improvéhe proposedkinematic model foreinforced concretdeep beams with web
openingsso that it can be used not only to predict the shear capacity bub alapture thentire shear
responsencluding both pre and postpeak regimePrevious studies have shown that both the shear
response as well as entire shear response of ssupfpoted solid deep beams can be successfully
predicted by two kinematic parameters, while the existence of web openings significantly comghlecates
behaviour of deep beams. Double amount of kinematic parameters are required and at the same time the
are moe cracks accommodated in the shear span which cause difficulty to express the deformation
pattern in a simple manner. Furthermore, it is assumed at shear failure that both the top anghbattom
spans fail simultaneously. However, the coordination betweese two sub shear spans is not clear in

the initial stage prior to shear failure.
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5) As mentioned abovepne mostimportant measuréo improve the macroelement is to extend the
applicability of 3PKT.A number 6 topics remain to be investigated, engn-rectangular beam cross
sections; loading scenarios other than concentrated monotonic loads; various strengthening $trategie
enhance the shear capacity of deep beaensforcementschemes different from negrestressing steel
rebars etc.
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A. Database of simply supported deep beams

A. Database of simply supported deep beams

Summary: This appendix provides data from 574 tests of beams with-spaato-depth ratios”
which are used to compare models for shear strength of deep beams.

Columns in the database

Ref. #
a/d

b

d

h

a: MV

b

b2

V/IP
1,=100A/(bd)
# bars

fyn
Rep. mode

M ma)lM n

Vy

2PKT Exp/Pred

Russo et al.,2005

Exp/Pred

Number of reference from the reference list at the end of the Appen
Shearspanto-depth ratio

Cross section width

Member effective depth

Member total depth

Length of shear span measured from the center of the support to the center of the

loading plate

Longitudinal length of loading plate

Longitudinal length of support plate

Ratio of shear force to applied point load

Ratio of longitudinal reinforcement on flexural tension side of section
Number of longitudinal bars on flexural tension side of section

Yield strength of flexural tension reinforcement

Maximum specified size of course aggregate

Concrete cylinder strength at date of testing

Ratio of transverse reinforcement

Stirrups bar diameter

Stirrups spacing

Yield strength oftirrups

Ratio of longitudinal web reinforcement

Bar diameter of longitudinal web reinforcement

Spacing of longitudinal web reinforcement

Yield strength of longitudinal web reinforcement

Reported mode of failure: “F” = flexurt§” = shear (which includes diagonal
tension, shear compression, etc.)

Ratio of maximum observed moment to nominal moment capacity according to
ACI code

Maximum observed shear force

Ratio of observed shear strength to predisteghr strength for members that
were reported to fail in shear and which failed withQ. M, ”

Ratio of observed shear strength to predicted shear strength for members that
were reported to fail in shear and which faigth M,.,/M;, ”

Note: Cells in the database that are shaded contain assumed values as the original values were not
provided by the authors of the publication.
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# Ref Year Beam ad b, d h &MV Iy I VIP 4 # f,  a b O S» fe o Goh  Su fyn Rep. Mma! Vi,  2PKT** Russo etal’
# Name mm mm mm mm mm mm % bars MPa mm MPa % mm mm MPa % mm mm MPa mode M, kN Exp/Pred Exp/Pred
1 1 1951 Al-1 235 203 389 457 914 89 89 05 310 3 321 10 246 038 95 183 331 0 95 S 087 2225 0.95 0.82
2 Al-2 235 203 389 457 914 89 89 05 310 3 321 10 236 038 95 183 331 0 95 S 083 209.1 0.91 0.79
3 Al-3 235 203 389 457 914 89 89 05 310 3 321 10 234 038 95 183 331 0 95 S 089 2225 0.97 0.84
4 Al-4 235 203 389 457 914 89 89 05 310 3 321 10 248 038 95 183 331 0 95 S 096 2447 1.05 0.89
5 B1-1 196 203 389 457 762 89 89 1 310 3 321 10 234 037 95 191 331 0 95 S 093 2788 1.08 0.97
6 B1-2 196 203 389 457 762 89 89 1 310 3 321 10 254 037 95 191 331 0 95 S 0.83 256.6 0.97 0.84
7 B1-3 196 203 389 457 762 89 89 1 310 3 321 10 237 037 95 191 331 0 95 S 094 2848 1.10 0.98
8 B1-4 196 203 389 457 762 89 89 1 310 3 321 10 233 037 95 191 331 0 95 S 089 268.1 1.04 0.93
9 B1-5 196 203 389 457 762 89 89 1 310 3 321 10 246 037 95 191 331 0 95 S 079 2414 0.92 0.81
10 B2-1 196 203 389 457 762 89 89 1 310 3 321 10 232 073 95 95 331 0 95 S 1.00 3011 0.92 0.90
11 B2-2 196 203 389 457 762 89 89 1 310 3 321 10 263 073 95 95 331 0 95 S 1.03 3222 0.95 0.90
12 B2-3 196 203 389 457 762 89 89 1 310 3 321 10 249 073 95 95 331 0 95 S 1.09 3348 1.01 0.96
13 B6-1 196 203 389 457 762 89 89 1 310 3 321 10 421 037 95 191 331 0 95 S 110 3793 1.21 0.91
14 Cl1 157 203 389 457 610 89 89 1 207 2 321 10 256 034 95 203 331 0 95 S 098 2777 1.13 0.90
15 C12 157 203 389 457 610 89 89 1 207 2 321 10 263 034 95 203 331 0 95 S 1.09 3111 1.25 0.99
16 C13 157 203 389 457 610 89 89 1 207 2 321 10 240 034 95 203 331 0 95 S 088 2459 1.03 0.83
17 Cl4 157 203 389 457 610 89 89 1 207 2 321 10 290 034 95 203 331 0 95 S 099 2859 1.10 0.85
18 C21 157 203 389 457 610 89 89 1 207 2 321 10 236 069 95 102 331 0 95 S 1.04 289.9 0.88
19 C22 157 203 389 457 610 89 89 1 207 2 321 10 250 0.69 95 102 331 0 95 S 1.07 3011 0.88
20 C24 157 203 389 457 610 89 89 1 207 2 321 10 270 069 95 102 331 0 95 S 1.01 288.1 0.81
21 C31 157 203 389 457 610 89 89 1 207 2 321 10 141 034 95 203 331 0 95 S 093 2236 1.17 1.09
22 C32 157 203 389 457 610 89 89 1 207 2 321 10 138 034 95 203 331 0 95 S 084 2003 1.06 0.99
23 C33 157 203 389 457 610 89 89 1 207 2 321 10 139 034 95 203 331 0 95 S 079 188.1 0.99 0.93
24 C41 157 203 389 457 610 89 89 1 310 3 321 10 245 034 95 203 331 0 95 S 081 3093 1.06 0.93
25 C6-2 157 203 389 457 610 89 89 1 310 3 321 10 452 034 95 203 331 0 95 S 097 4238 1.14 0.85
26 C6-3 157 203 389 457 610 89 89 1 310 3 321 10 447 034 95 203 331 0 95 S 1.00 4349 1.17 0.88
27 C64 157 203 389 457 610 89 89 1 310 3 321 10 476 034 95 203 331 0 95 S 098 4286 1.12 0.84
28 D1-1 116 203 395 457 457 89 89 1 163 2 33 10 262 046 95 152 331 0 95 S 091 3011 1.06 0.83
29 D1-3 116 203 395 457 457 89 89 1 163 2 33 10 245 046 95 152 331 0 95 S 078 256.6 0.94 0.74
30 D2-1 116 203 395 457 457 89 89 1 163 2 33 10 240 061 95 114 331 0 95 S 088 289.9 1.05 0.82
31 D2-2 116 203 395 457 457 89 89 1 163 2 33 10 259 061 95 114 331 0 95 S 094 3122 1.08 0.84
32 D3-1 116 203 395 457 457 89 89 1 244 3 33 10 282 092 95 76 331 0 95 S 084 3949 1.02 0.85
33 D4-1 116 203 395 457 457 89 89 1 163 2 33 10 231 122 95 57 331 0 95 S 096 3122 0.80
34 D1-6 195 152 313 381 610 89 89 1 342 2 33 10 276 046 95 203 331 0 95 S 083 1747 0.95 0.85
35 D1-7 195 152 313 381 610 89 89 1 342 2 33 10 280 046 95 203 331 0 95 S 084 179.2 0.97 0.86
36 D1-8 195 152 313 381 610 89 89 1 342 2 33 10 278 046 95 203 331 0 95 S 088 1858 1.01 0.90
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# Ref. Year Beam ad b, d h &MV Iy Iy VIP 4 # f, a b O S» fwe o Goh  Su fyn Rep. Mma! Vi,  2PKT** Russo etal!
# Name mm mm mm mm mm mm % bars MPa mm MPa % mm mm MPa % mm mm MPa mode M, kN Exp/Pred Exp/Pred

37 E1-2 203 152 313 381 635 89 89 1 342 2 321 10 302 0.73 95 127 331 0 95 S 110 2218 1.06 0.94
38 D2-6 243 152 313 381 762 89 89 1 342 2 321 10 295 061 95 152 331 0 95 S 100 1684 0.81
39 D2-7 243 152 313 381 762 89 89 1 342 2 321 10 284 061 95 152 331 0 95 S 095 1573 0.78
40 D2-8 243 152 313 381 762 89 89 1 342 2 321 10 261 061 95 152 331 0 95 S 104 1684 0.87
41 D4-1 243 152 313 381 762 89 89 1 342 2 321 10 274 049 95 191 331 O 95 S 103 1684 0.90
42 D4-2 243 152 313 381 762 89 89 1 342 2 321 10 256 049 95 191 331 0 95 S 098 157.3 0.87
43 D4-3 243 152 313 381 762 89 89 1 342 2 321 10 221 049 95 191 331 O 95 S 111 165.1

44 D5-1 243 152 313 381 762 89 89 1 342 2 321 10 277 037 95 254 331 0 95 S 089 146.2 1.04 0.83
45 D5-2 243 152 313 381 762 89 89 1 342 2 321 10 290 037 95 254 331 0 95 S 094 1573 1.11 0.87
46 D5-3 243 152 313 381 762 89 89 1 342 2 321 10 271 037 95 254 331 0 95 S 096 157.3 1.13 0.90
a7 A0-1 235 203 389 457 914 89 89 05 098 2 370 10 215 O 0 S 081 890 1.09 0.66
48 A0-2 235 203 389 457 914 89 89 05 098 2 370 10 260 O 0 S 096 107.9 1.21 0.70
49 BO-1 196 203 389 457 762 89 89 1 098 2 370 10 236 O 0 S 091 121.0 0.99 0.72
50 BO-2 196 203 389 457 762 89 89 1 098 2 370 10 239 O 0 S 071 942 0.77 0.56
51 BO-3 196 203 389 457 762 89 89 1 098 2 370 10 235 O 0 S 096 128.0 1.05 0.76
52 Co-1 157 203 389 457 610 89 89 1 098 2 370 10 247 O 0 S 104 1743 1.06 0.84
53 C0-3 157 203 389 457 610 89 89 1 098 2 370 10 236 O 0 S 101 166.9 1.05 0.83
54 DO-1 1.17 203 389 457 457 89 89 1 098 2 370 10 259 O 0 S 099 2216 0.96 0.84
55 DO0-3 1.17 203 389 457 457 89 89 1 098 2 370 10 260 O 0 S 100 2232 0.96 0.85
56 2 1954 IIl-24a 152 178 533 609 813 203 203 1 272 4 315 25 178 O 0 S 078 296.5 1.09 1.09
57 II1-24b 152 178 533 609 813 203 203 1 272 4 315 25 206 O 0 S 075 303.2 1.03 0.99
58 II1-25a 152 178 533 609 813 203 203 1 346 4 313 25 243 O 0 S 054 267.6 0.76 0.71
59 I11-25b 152 178 533 609 813 203 203 1 346 4 313 25 172 O 0 S 076 2898 0.99 1.03
60 IIl-26a 152 178 533 609 813 203 203 1 425 4 302 25 217 O 0 S 088 4211 1.18 1.17
61 I11-26b 152 178 533 609 813 203 203 1 425 4 302 25 206 O 0 S 086 396.6 1.14 1.15
62 I-27a 152 178 533 609 813 203 203 1 272 4 315 25 214 O 0 S 085 3477 1.16 1.10
63 -27b 152 178 533 609 813 203 203 1 272 4 315 25 229 O 0 S 086 356.6 1.14 1.07
64 1I1-28a 152 178 533 609 813 203 203 1 346 4 313 25 233 O 0 S 0.62 303.2 0.89 0.84
65 111-28b 152 178 533 609 813 203 203 1 346 4 313 25 224 O 0 S 071 341.0 1.02 0.97
66 II1-29a 152 178 533 609 813 203 203 1 425 4 302 25 217 O 0 S 081 3899 1.09 1.08
67 111-29b 152 178 533 609 813 203 203 1 425 4 302 25 250 O 0 S 081 436.6 1.14 1.08
68 111-30 152 178 533 609 813 203 203 1 425 4 302 25 254 052 95 152 326 O S 087 4782 1.02 1.01
69 I-31 152 178 533 609 813 203 203 1 425 4 302 25 224 095 127 152 303 O S 103 507.1 1.03 1.06
70 A2 3.00 178 267 305 800 102 102 05 215 2 380 25 310 O 0 S 061 66.7

71 A3 299 178 268 305 800 102 102 05 222 3 380 25 310 O 0 S 067 756

72 A4 296 178 270 305 800 102 102 05 237 4 380 25 315 O 0 S 059 712
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# Ref. Year Beam ad b, d h &MV Iy Iy VIP 4 # f, a b O S» fwe o Goh  Su fyn Rep. Mma! Vi,  2PKT*® Russo etal!
# Name mm mm mm mm mm mm % bars MPa mm MPa % mm mm MPa % mm mm MPa mode M, kN Exp/Pred Exp/Pred

73 B1 3.00 178 267 305 800 102 102 05 162 3 380 25 212 O 0 S 070 563

74 B2 299 178 268 305 800 102 102 05 163 2 380 25 216 O 0 S 073 601

75 B3 296 178 270 305 800 102 102 05 160 3 380 25 192 O 0 S 069 556

76 B4 295 178 272 305 800 102 102 05 166 4 380 25 168 O 0 S 069 556

77 C1 299 178 268 305 800 102 102 05 081 1 380 25 6.3 0 0 S 059 200

78 c2 294 178 272 305 800 102 102 05 083 2 380 25 6.1 0 0 S 073 245

79 C3 293 178 273 305 800 102 102 05 080 3 | 380 25 6.9 0 0 S 068 254

80 c4 292 178 274 305 800 102 102 05 082 4 380 25 6.8 0 0 S 067 251

81 3 1957 B14-E2 142 305 375 410 533 356 102 05 057 4 450 6 127 0 0 S 153 278.0

82 B14-E4 145 305 368 406 533 356 102 05 124 5 450 6 289 O 0 S 133 5115

83 B14-B2 145 305 368 406 533 356 102 05 185 6 450 6 146 O 0 S 097 367.0 0.93 1.44

84 B14-B4 145 305 368 406 533 356 102 05 185 6 450 6 263 0 0 S 095 5004 0.97 1.23

85 B14-B6 145 305 368 406 533 356 102 05 185 6 450 6 468 O 0 S 135 7784

86 B14-A4 147 305 362 406 533 356 102 05 250 6 450 6 226 O 0 S 093 5115 0.97 1.32

87 B14-A6 150 305 356 406 533 356 102 05 383 7 450 6 454 O 0 S 097 900.7 1.03 1.29

88 B21-E2 190 305 375 406 711 356 102 05 057 4 450 6 113 0 0 S 158 2117

89 B21-F4 192 305 370 406 711 356 102 05 117 3 450 6 314 O 0 S 168 467.6

90 B21-E4R 193 305 368 406 711 356 102 05 124 5 450 6 319 O 0 S 149 4342

91 B21-E4 195 305 365 406 711 356 102 05 124 5 450 6 242 0 0 S 153 4230

92 B21-B6 190 305 375 406 711 356 102 05 182 6 450 6 455 O 0 S 131 5787

93 B21-B4 193 305 368 406 711 356 102 05 185 6 450 6 271 0 0 S 100 396.4 1.07 1.19

94 B21-B2 194 305 367 406 711 356 102 05 186 6 450 6 139 0 0 S 089 2385 0.90 1.23

95 B21-A4 193 305 368 406 711 356 102 05 246 6 450 6 298 0 0 S 104 5231

96 B21-A6 200 305 356 406 711 356 102 05 383 7 450 6 453 O 0 S 083 5788 0.96 1.05

97 B28-E2 239 308 372 406 889 356 102 05 057 4 450 6 137 0 0 S 119 130.0

98 B28-E4 241 305 368 406 889 356 102 05 124 5 450 6 331 O 0 S 115 267.9

99 B28-B4 241 305 368 406 889 356 102 05 185 6 450 6 323 0 0 S 0.78 256.8 0.95

100 B28-B6 241 305 368 406 889 356 102 05 185 6 450 6 439 O 0 S 094 3235 1.00

101 B28-B2 246 305 362 406 889 356 102 05 188 6 450 6 147 O 0 S 092 201.2 1.17

102 B28-A4 241 305 368 406 889 356 102 05 246 6 450 6 275 0 0 S 082 3235 1.30

103 B28-A6 252 308 353 406 889 356 102 05 383 7 450 6 472 O 0 S 059 3347 0.84

104 4 1962 1 1.00 190 270 320 270 75 100 1 207 4 465 30 324 O 0 S 095 3885 1.19 1.35

105 2 148 190 270 320 400 75 100 1 207 4 465 30 324 O 0 S 095 260.0 1.14 1.17

106 3 200 190 270 320 540 75 100 1 207 4 465 30 324 O 0 S 072 1472 0.91 0.84

107 5 1963 1-1 151 203 403 457 610 89 89 1 305 3 267 25 254 O 0 S 088 3129 1.24 0.96

108 1-2 151 203 403 457 610 89 89 1 305 3 267 25 230 O 0 S 089 3107 1.28 1.03
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109 I1-3 151 203 403 457 610 89 89 1 188 3 466 25 219 O 0 S 072 2618 1.16 1.04
110 I1-4 151 203 403 457 610 89 89 1 188 3 466 25 264 O 0 S 082 3129 1.27 1.08
111 -5 151 203 403 457 610 89 89 1 185 3 490 25 257 O 0 S 074 2885 1.18 1.02
112 -6 151 203 403 457 610 89 89 1 185 3 490 25 256 O 0 S 075 290.7 1.19 1.03
113 V-7 151 203 403 457 610 89 89 1 186 3 443 25 241 O 0 S 082 290.8 1.26 1.08
114 V-8 151 203 403 457 610 89 89 1 186 3 443 25 249 O 0 S 085 304.0 1.30 1.10
115 V-9 151 203 403 457 610 89 89 1 116 3 698 25 231 O 0 S 066 224.0 1.08 1.00
116 V-10 151 203 403 457 610 89 89 1 116 3 698 25 270 O 0 S 074 2684 1.19 1.07
117 Vi-11 151 203 403 457 610 89 89 1 117 3 698 25 254 O 0 S 063 224.0 1.02 0.93
118 VI-12 151 203 403 457 610 89 89 1 117 3 698 25 257 O 0 S 075 2684 1.22 111
119 V-13 151 203 403 457 610 89 89 1 075 3 712 25 224 O 0 S 090 2224 1.23 1.20
120 V-14 151 203 403 457 610 89 89 1 075 3 712 25 267 O 0 S 088 224.0 1.12 1.06
121 VI-15 151 203 403 457 610 89 89 1 075 3 712 25 255 O 0 S 071 1795 0.92 0.88
122 VI-16 151 203 403 457 610 89 89 1 075 3 712 25 228 O 0 S 076 188.6 1.03 1.00
123 Vib-21 284 203 403 457 1143 89 89 1 084 3 707 25 261 O 0 S 048 714

124 Vib-22 284 203 403 457 1143 89 89 1 084 3 707 25 258 O 0 S 042 624

125 VIb-23 284 203 403 457 1143 89 89 1 084 3 707 25 306 O 0 S 049 751

126 6 1979 69 1.00 155 542 610 543 229 229 1 267 5 373 19 274 O 0 S 089 5850 1.15 1.29
127 67 1.03 157 528 610 543 152 152 1 275 5 407 19 303 O 0 S 0.78 548.0 1.26 1.15
128 72 198 152 549 610 1087 152 152 1 271 5 384 19 248 O 0 S 060 196.9 111 0.78
129 61 200 156 542 610 1085 64 76 1 275 5 349 19 268 O 0 S 051 1633 1.06 0.60
130 65 246 150 552 610 1359 152 152 1 282 5 374 19 270 O 0 S 041 1124

131 76 2,62 152 518 610 1359 64 64 1 287 5 372 19 308 O 0 S 045 1148

132 71 299 155 544 610 1628 229 229 1 241 5 373 19 274 O 0 S 050 1021

133 7 1982 SD-1 156 200 900 1000 1400 300 200 05 189 12 498 19 335 050 11.3 200 529 0.33 11.3 300 529 S 1.06 967.5 1.18 1.00
134 SD-2 1.62 200 863 1000 1400 300 200 05 197 12 498 19 293 050 11.3 200 529 0.36 11.3 275 529 S 115 967.5

135 SD-3 1.70 200 825 1000 1400 300 200 05 206 12 498 19 28.0 050 11.3 200 529 0.40 113 250 529 S 1.07 840.0 1.05
136 SD-4 178 200 788 1000 1400 300 200 05 216 12 498 19 274 050 11.3 200 529 050 11.3 200 529 S 1.14 840.0

137 8 1982 0A0-44 1.00 102 305 356 305 102 102 1 194 3 422 13 205 O 0 S 072 1395 1.02 1.15
138 0A0-48 1.00 102 305 356 305 102 102 1 194 3 422 13 209 O 0 S 069 136.1 0.98 111
139 1A1-10 1.00 102 305 356 305 102 102 1 194 3 422 13 187 028 6.4 229 460 0.23 6.4 140 460 S 0.87 161.2 1.21 1.26
140 1A2-11 1.00 102 305 356 305 102 102 1 194 3 422 13 180 028 6.4 229 460 045 64 70 460 S 0.82 1483 1.13 1.15
141 1A3-12 1.00 102 305 356 305 102 102 1 194 3 422 13 16.1 028 6.4 229 460 068 64 94 460 S 086 141.2 1.16 1.13
142 1A4-51 1.00 102 305 356 305 102 102 1 194 3 422 13 205 028 6.4 229 460 068 64 94 460 S 0.88 170.9 1.21 1.17
143 1A6-37 1.00 102 305 356 305 102 102 1 194 3 422 13 21.1 028 6.4 229 460 091 64 70 460 S 094 184.1 1.28 1.19
144 2A1-38 1.00 102 305 356 305 102 102 1 194 3 422 13 21.7 063 6.4 102 460 0.23 6.4 140 460 S 0.88 1745 1.18 1.13
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145 2A3-39 1.00 102 305 356 305 102 102 1 194 3 422 13 198 063 64 102 460 045 64 70 460 S 0.89 170.6 1.22 1.13
146 2A4-40 1.00 102 305 356 305 102 102 1 194 3 422 13 203 063 64 102 460 068 64 94 460 S 0.88 1719 1.21 1.08
147 2A6-41 1.00 102 305 356 305 102 102 1 194 3 422 13 19.1 063 64 102 460 091 64 70 460 S 085 1619 1.18 1.03
148 3A1-42 1.00 102 305 356 305 102 102 1 194 3 422 13 184 125 64 51 460 023 64 140 460 S 0.88 161.0 1.20 1.00
149 3A3-43 1.00 102 305 356 305 102 102 1 194 3 422 13 192 125 64 51 460 045 64 70 460 S 091 1727 1.25 1.01
150 3A4-45 1.00 102 305 356 305 102 102 1 194 3 422 13 208 125 64 51 460 068 64 94 460 S 091 178.6 1.23 0.97
151 3A6-46 1.00 102 305 356 305 102 102 1 194 3 422 13 199 125 64 51 460 091 64 70 460 S 087 168.1 1.19 0.91
152 0B0-49 121 102 305 35 368 102 102 1 194 3 422 13 217 O 0 S 091 149.0 1.24 1.32
153 1B1-01 121 102 305 356 368 102 102 1 194 3 422 13 221 024 64 267 460 023 64 140 460 S 0.89 1475 1.12 1.14
154 1B3-29 121 102 305 356 368 102 102 1 194 3 422 13 20.1 024 64 267 460 045 64 70 460 S 0.89 1436 1.15 1.15
155 1B4-30 121 102 305 356 368 102 102 1 194 3 422 13 208 024 64 267 460 068 64 94 460 S 0.86 140.3 1.10 1.06
156 1B6-31 121 102 305 356 368 102 102 1 194 3 422 13 195 024 64 267 460 091 64 70 460 S 096 1534 1.25 1.17
157 2B1-05 121 102 305 356 368 102 102 1 194 3 422 13 19.2 042 6.4 152 460 0.23 64 140 460 S 0.82 129.0 1.02 1.03
158 2B3-0.6 121 102 305 356 368 102 102 1 194 3 422 13 190 042 64 152 460 045 64 70 460 S 084 1312 1.04 1.02
159 2B4-07 121 102 305 356 368 102 102 1 194 3 422 13 175 042 64 152 460 068 64 94 460 S 086 126.1 1.05 1.00
160 2B4-52 121 102 305 356 368 102 102 1 194 3 422 13 218 042 64 152 460 068 64 94 460 S 091 1499 1.11 1.04
161 2B6-32 121 102 305 356 368 102 102 1 194 3 422 13 198 042 64 152 460 091 64 70 460 S 091 1452 1.13 1.04
162 3B1-08 121 102 305 356 368 102 102 1 194 3 422 13 16.2 063 6.4 102 460 023 64 140 460 S 095 130.8 1.10 1.08
163 3B1-36 121 102 305 356 368 102 102 1 194 3 422 13 204 077 64 83 460 023 64 140 460 S 099 159.0 1.15 1.09
164 3B3-33 121 102 305 356 368 102 102 1 194 3 422 13 190 077 64 83 460 045 64 70 460 S 101 1584 1.20 1.10
165 3B4-34 121 102 305 356 368 102 102 1 194 3 422 13 192 077 64 83 460 068 64 94 460 S 098 155.0 1.17 1.04
166 3B6-35 121 102 305 356 368 102 102 1 194 3 422 13 20.7 077 64 83 460 091 64 70 460 S 1.03 166.1 1.19 1.04
167 4B1-09 121 102 305 356 368 102 102 1 194 3 422 13 171 125 64 51 460 023 64 140 460 S 1.07 1535 1.25 1.01
168 0C0-50 150 102 305 356 457 102 102 1 194 3 422 13 207 O 0 S 089 1157 1.23 1.25
169 1C1-14 150 102 305 356 457 102 102 1 194 3 422 13 19.2 0.18 6.4 356 460 0.23 64 140 460 S 094 119.0 1.15 1.18
170 1C302 150 102 305 356 457 102 102 1 194 3 422 13 219 018 64 356 460 045 64 70 460 S 093 1234 1.11 1.08
171 1C415 150 102 305 356 457 102 102 1 194 3 422 13 227 018 64 356 460 068 64 94 460 S 098 131.0 1.16 1.09
172 1C616 150 102 305 356 457 102 102 1 194 3 422 13 218 0.18 64 356 460 091 64 70 460 S 092 1223 1.11 1.02
173 2C1-17 150 102 305 356 457 102 102 1 194 3 422 13 199 031 64 203 460 023 64 140 460 S 096 1241 1.10 1.12
174 2C303 150 102 305 356 457 102 102 1 194 3 422 13 192 031 64 203 460 045 64 70 460 S 081 103.6 0.93 0.93
175 2C327 150 102 305 356 457 102 102 1 194 3 422 13 193 031 64 203 460 045 64 70 460 S 090 1153 1.03 1.03
176 2C418 150 102 305 356 457 102 102 1 194 3 422 13 204 031 64 203 460 068 64 94 460 S 096 124.6 1.09 1.05
177 2C619 150 102 305 356 457 102 102 1 194 3 422 13 208 031 64 203 460 091 64 70 460 S 095 1241 1.07 1.00
178 3C1-20 150 102 305 356 457 102 102 1 194 3 422 13 21.0 056 6.4 114 460 0.23 64 140 460 S 1.08 1415 1.08 1.10
179 3C321 150 102 305 356 457 102 102 1 194 3 422 13 165 056 6.4 114 460 045 64 70 460 S 111 1250

180 3C422 150 102 305 356 457 102 102 1 194 3 422 13 183 056 6.4 114 460 068 64 94 460 S 1.05 127.7 1.03 1.02
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181 3C623 150 102 305 356 457 102 102 1 194 3 422 13 19.0 056 6.4 114 460 091 64 70 460 S 1.09 137.2 1.09 1.05
182 4C1-24 150 102 305 356 457 102 102 1 194 3 422 13 196 0.77 64 83 460 0.23 6.4 140 460 S 114 146.6

183 4C304 150 102 305 356 457 102 102 1 194 3 422 13 185 063 6.4 102 460 045 64 70 460 S 1.04 128.6 1.01 1.02
184 4C328 150 102 305 356 457 102 102 1 194 3 422 13 19.2 077 64 83 460 045 64 70 460 S 120 1524

185 4C425 150 102 305 356 457 102 102 1 194 3 422 13 185 0.77 64 83 460 068 64 94 460 S 124 1526

186 4C626 150 102 305 356 457 102 102 1 194 3 422 13 212 077 64 83 460 091 64 70 460 S 121 1595

187 0D0-47 208 102 305 356 635 102 102 1 194 3 422 13 195 O 0 S 080 734 1.22 1.08
188 4D1-13 208 102 305 356 635 102 102 1 194 3 422 13 16.1 042 6.4 152 460 0.23 6.4 140 460 S 111 874

189 9 1986 BM1/1.0 T1 1.05 200 950 1000 1000 300 200 05 095 6 38 10 26.1 0.15 6.0 188 570 O S 1.01 602.0 1.06 0.84
190 BM1/1.0 T2 1.05 200 950 1000 1000 300 200 05 095 6 380 10 261 O 0 F 117 699.0

191 BM2/1.0 T1 1.05 200 950 1000 1000 300 200 05 095 6 380 10 268 O 0.09 6.0 300 573 S 1.17 700

192 BM2/1.0 1.05 200 950 1000 1000 300 200 05 095 6 38 10 26.8 015 6.0 188 570 0.09 6.0 300 573 F 1.17 700

193 BM1/1.5T1 187 200 535 600 1000 300 200 05 112 6 380 10 424 O 0 S 132 303.0

194 BM1/1.5 T2 187 200 535 600 1000 300 200 05 112 6 455 10 424 019 6.0 150 570 O F 130 354.0

195 BM2/1.5T1 187 200 535 600 1000 300 200 05 112 6 455 10 424 O 0.18 6.0 157 573 S 0.83 226.0 0.72 0.59
196 BM2/1.5 T2 187 200 535 600 1000 300 200 05 112 6 455 10 424 0419 6.0 150 570 0.18 6.0 157 573 F 1.28 348.0

197 BM1/2.0 T1 220 200 455 500 1000 200 200 05 088 4 455 10 432 O 0 F 113 177.0

198 BM1/2.0 T2 220 200 455 500 1000 200 200 05 088 4 455 10 432 014 6.0 200 570 O F 127 199.0

199 BM2/2.0T1 220 200 455 500 1000 200 200 05 088 4 455 10 432 O 0.21 6.0 137 573 S 118 185.0

200 BM2/2.0 T2 220 200 455 500 1000 200 200 05 088 4 455 10 432 014 6.0 200 570 0.21 6.0 137 573 F 130 204.0

201 10 1988 N2201 299 400 190 220 569 100 100 1 120 3 433 20 342 O 0 S 086 103.6

202 N3501 281 400 313 350 880 100 100 1 120 3 436 20 342 O 0 S 075 158.0

203 N4851 2,72 400 440 485 1195 100 100 1 120 3 38 20 342 O 0 S 068 1875

204 N960 257 400 889 960 2289 100 100 1 120 6 38 20 342 O 0 S 062 366.6

205 N220-h 299 400 190 220 569 100 100 1 200 5 433 20 342 0 0 S 066 1227

206 N350h 281 400 313 350 880 100 100 1 200 5 436 20 342 O 0 S 054 1786

207 N485h 2,72 400 440 485 1195 100 100 1 200 5 38 20 342 O 0 S 050 2154

208 N960-h 257 400 889 960 2289 100 100 1 200 10 38 20 342 O 0 S 042 386.1

209 H2201 299 400 190 220 569 100 100 1 120 3 433 10 586 O 0 S 085 1059

210 H3501 281 400 313 350 880 100 100 1 120 3 436 10 586 O 0 S 071 1573

211 H4851 2,72 400 440 485 1195 100 100 1 120 3 38 10 586 O 0 S 070 1985

212 H960 257 400 889 960 2289 100 100 1 120 6 38 10 586 O 0 S 052 316.7

213 H220-h 299 400 190 220 569 100 100 1 200 5 433 10 586 O 0 S 067 1353

214 H350h 281 400 313 350 880 100 100 1 200 5 436 10 586 O 0 S 054 189.6

215 H485h 2,72 400 440 485 1195 100 100 1 200 5 38 10 586 O 0 S 043 199.0

216 H960-h 257 400 889 960 2289 100 100 1 200 10 385 10 586 O 0 S 034 3374
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217 11 1994 Vo11 100 250 360 400 360 90 90 05 113 4 420 8 161 O 0 S 064 226.0 1.06 0.94
218 V012 100 250 360 400 360 90 90 05 113 4 420 8 218 O 0 S 086 3220 1.29 1.05
219 V013 100 250 360 400 360 90 90 05 113 4 420 8 221 O 0 S 092 3440 1.37 111
220 V014 100 250 360 400 360 90 90 05 113 4 420 8 243 O 0 S 112 425.0

221 V021 100 250 360 400 360 90 90 05 113 4 420 16 139 O 0 S 064 220.0 1.04 1.03
222 V023 100 250 360 400 360 90 90 05 113 4 420 16 201 O 0 S 094 347.0 1.35 1.21
223 V024 100 250 360 400 360 90 90 05 113 4 420 16 252 O 0 S 1.04 396.0 1.37 1.16
224 V031 100 250 360 400 360 90 90 05 113 4 420 32 200 O 0 S 088 323.0 1.02 1.13
225 V032 100 250 360 400 360 90 90 05 113 4 420 32 182 O 0 S 088 318.0 1.06 1.20
226 V033 100 250 360 400 360 90 90 05 113 4 420 32 198 O 0 S 067 246.0 0.78 0.87
227 V034 100 250 360 400 360 90 90 05 113 4 420 32 264 O 0 S 114 437.0

228 V711 100 250 160 200 160 40 40 05 152 3 | 420 16 181 O 0 S 082 165.0 1.07 1.27
229 V022 100 250 360 400 360 90 90 05 113 4 420 16 199 O 0 S 073 270.0 1.06 0.95
230 V511 1.00 250 560 600 560 140 140 05 112 5 | 420 16 198 O 0 S 062 350.0 0.94 0.80
231 V411 100 250 740 800 740 185 185 05 110 8 420 16 194 O 0 S 050 365.0 0.79 0.64
232 V211 1.00 250 930 1000 930 233 233 05 108 8 420 16 200 O 0 S 055 505.0 0.90 0.70
233 V711/4 100 250 160 200 160 40 40 05 150 3 420 16 196 0.13 4.0 45 420 O S 1.01 207.0 1.24 1.44
234 V711/4 100 250 360 400 360 90 90 05 113 4 420 16 182 0.13 6.0 100 420 O S 087 317.0 1.22 1.14
235 V511/4 101 250 560 600 565 140 140 05 112 5 420 16 18.7 0.14 8.0 150 420 O S 084 465.0 1.17 1.06
236 V411/4 097 250 760 800 740 190 190 05 0.78 8 420 16 17.0 0.17 10.0 190 420 O S 082 467.0 0.98 0.93
237 V711/4 100 250 160 200 160 40 40 05 150 3 420 16 183 0.28 6.0 45 420 O S 1.03 207.0 1.30 1.45
238 V022/3 100 250 360 400 360 90 90 05 113 4 420 16 19.6 0.35 10.0 100 420 O S 1.03 380.0 1.34 1.21
239 V511/3 101 250 560 600 565 140 140 05 112 5 420 16 21.3 0.33 10.0 150 420 O S 1.02 580.0 1.26 1.13
240 V411/3 097 250 760 800 740 190 190 05 0.78 8 420 16 198 0.33 14.0 190 420 O S 115 665.0

241 12 1995 A-0.27-2.15 0.29 110 438 500 125 150 150 1 123 2 505 10 588 O 10.0 300 375 O S 069 675 0.94 1.48
242 A-0.27-3.23 0.29 110 438 500 125 150 150 1 123 2 505 10 516 O 100 300 375 O S 065 630 0.96 1.46
243 A-0.27-4.30 0.29 110 438 500 125 150 150 1 123 2 505 10 539 O 100 300 375 O S 065 640 0.94 1.46
244 A-0.27-5.38 0.29 110 438 500 125 150 150 1 123 2 505 10 573 O 100 300 375 O S 064 630 0.89 1.40
245 B-0.542.15 057 110 438 500 250 150 150 1 123 2 505 10 560 O 10.0 300 375 O S 096 468 0.84 1.16
246 B-0.543.23 057 110 438 500 250 150 150 1 123 2 505 10 457 0 100 300 375 O S 092 445 0.92 1.22
247 B-0.54-4.30 057 110 438 500 250 150 150 1 123 2 505 10 539 O 100 300 375 O S 1.02 500 0.92 1.26
248 B-0.545.38 057 110 438 500 250 150 150 1 123 2 505 10 530 O 100 300 375 O S 098 480 0.90 1.22
249 C-0.81-2.15 0.86 110 438 500 375 150 150 1 123 2 505 10 512 O 100 300 375 O S 124 403

250 C-0.81-3.23 0.86 110 438 500 375 150 150 1 123 2 505 10 440 O 100 300 375 O S 125 400

251 D-1.08-2.15 114 110 =~ 438 500 500 150 150 1 123 2 505 10 482 0 10.0 300 375 O S 111 270

252 D-1.08-3.23 114 110 438 500 500 150 150 1 123 2 505 10 441 0 10.0 300 375 O F 116 280
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253 D-1.084.30 114 110 = 438 500 500 150 150 1 123 2 505 10 468 0 10.0 300 375 O F 1.2 290

254 D-1.085.38 114 110 =~ 438 500 500 150 150 1 123 2 505 10 480 O 10.0 300 375 O F 1.2 290

255 E-1.62-3.23 171 110 438 500 750 150 150 1 123 2 505 10 506 O 10.0 300 375 O S 136 220

256 E-1.624.30 171 110 @ 438 500 750 150 150 1 123 2 505 10 446 0 10.0 300 375 O F 118 190

257 E-1.625.38 171 110 @ 438 500 750 150 150 1 123 2 505 10 453 0 10.0 300 375 O F 108 173

258 F-2.164.30 228 110 = 438 500 1000 150 150 1 123 2 505 10 411 O 10.0 300 375 O F 126 150

259 G-2.705.38 285 110 = 438 500 1250 150 150 1 123 2 505 10 428 O 10.0 300 375 O F 11 105

260 13 1998 B1.2-3 0.76 125 1124 1200 850 250 250 1 134 6 440 10 880 067 63 75 590 0.29 630 170 590 F 1.23 1300

261 B2.0A-4 0.88 125 624 700 550 100 250 1 242 6 440 10 890 067 63 75 590 0.37 6.30 135 590 F 1.09 950

262 B3.0A-4 128 125 624 700 800 100 250 1 242 6 440 10 80.0 067 63 75 590 0.37 6.30 135 590 F 13 775

263 B2.0-1 132 125 624 700 825 250 250 1 242 6 440 10 1200 067 63 75 590 0.37 6.30 135 590 S 134 795

264 B2.0-2 132 125 624 700 825 250 250 1 242 6 440 10 780 067 63 75 590 0.37 6.30 135 590 F 143 825

265 B2.0-3 132 125 624 700 825 250 250 1 242 6 440 10 86.0 067 63 75 590 0.37 6.30 135 590 F 1.2 700

266 B2.0B5 132 125 624 700 825 250 250 1 242 6 440 10 930 O 0 F 1 585

267 B2.0G6 132 125 624 700 825 250 250 1 242 6 440 10 104.0 1.00 63 50 590 O F 124 730

268 B2.0D-7 132 125 624 700 825 250 250 1 242 6 440 10 80.0 067 63 75 590 O F 125 720

269 B3.0-1 188 125 624 700 1175 250 250 1 242 6 440 10 910 067 63 75 590 0.37 6.30 135 590 F 124 510

270 B3.0-2 188 125 624 700 1175 250 250 1 242 6 440 10 96.0 067 63 75 590 0.37 6.30 135 590 F 1.27 525

271 B3.0-3 188 125 624 700 1175 250 250 1 242 6 440 10 80.0 067 63 75 590 0.37 6.30 135 590 F 129 525

272 B3.0B4 188 125 624 700 1175 250 250 1 242 6 440 10 830 O 0 F 107 435

273 14 1998 S11 250 250 292 350 730 100 100 1 280 2 452 7 63.6 016 50 100 569 O S 070 2283 0.87
274 S1-2 250 250 292 350 730 100 100 1 280 2 452 7 63.6 016 50 100 569 O S 064 2083 0.80
275 S1-3 250 250 292 350 730 100 100 1 280 2 452 7 63.6 016 50 100 569 O S 063 206.1 0.79
276 S1-4 250 250 292 350 730 100 100 1 280 2 452 7 63.6 016 50 100 569 O S 085 2779 1.06
277 S15 250 250 292 350 730 100 100 1 280 2 452 7 63.6 016 50 100 569 O S 078 2533 0.97
278 S1-6 250 250 292 350 730 100 100 1 280 2 452 7 63.6 016 50 100 569 O S 069 2241 0.86
279 S21 250 250 292 350 730 100 100 1 280 2 452 7 725 011 50 150 569 O S 078 2603 1.00
280 S22 250 250 292 350 730 100 100 1 280 2 452 7 725 013 50 125 569 O S 070 2325 0.88
281 S2-3 250 250 292 350 730 100 100 1 280 2 452 7 725 0.16 50 100 569 O S 076 2533 0.93
282 S2-4 250 250 292 350 730 100 100 1 280 2 452 7 725 016 50 100 569 O S 066 2194 0.81
283 S25 250 250 292 350 730 100 100 1 280 2 452 7 725 021 50 75 569 O S 085 2821 1.00
284 S2-6 250 250 292 350 730 100 100 1 280 2 452 7 725 026 50 60 569 O F 108 359.0

285 S31 249 250 297 350 740 100 100 1 166 2 450 7 674 010 4.0 100 632 O S 1.01 209.2 1.00
286 S32 249 250 297 350 740 100 100 1 166 2 450 7 674 010 4.0 100 632 O S 086 178.0 0.85
287 S33 249 250 293 350 730 100 100 1 279 2 452 7 674 010 4.0 100 632 O S 069 2286 0.89
288 S34 249 250 293 350 730 100 100 1 279 2 452 7 674 010 4.0 100 632 O S 053 1749 0.68
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289 S35 251 250 287 350 720 100 100 1 385 6 442 7 674 010 4.0 100 632 O S 072 296.6 1.07

290 S36 251 250 287 350 720 100 100 1 385 6 442 7 674 010 4.0 100 632 O S 0.68 2829 1.02

291 S41 248 250 524 600 1300 100 100 1 312 4 452 7 873 016 50 100 569 O S 052 354.0 0.92

292 S42 250 250 428 500 1070 100 100 1 3.07 4 433 7 873 016 50 100 569 O F 111 57238

293 S43 250 250 332 400 830 100 100 1 297 4 450 7 873 016 50 100 569 O S 060 2434 0.75

294 S44 250 250 292 350 730 100 100 1 280 2 452 7 873 016 50 100 569 O S 076 258.1 0.87

295 S45 250 250 236 300 590 100 100 1 312 4 442 7 873 016 50 100 569 O F 109 3211

296 S46 253 250 198 250 500 100 100 1 279 3 442 7 873 016 50 100 569 O S 092 2029 0.71 0.74

297 S52 274 250 292 350 800 100 100 1 280 2 452 7 894 016 50 100 569 O S 084 2599

298 S53 250 250 292 350 730 100 100 1 280 2 452 7 894 016 50 100 569 O S 072 2438 0.81

299 S54 199 250 292 350 580 100 100 1 280 2 452 7 894 016 50 100 569 O S 112 476.7

300 S55 175 250 292 350 510 100 100 1 280 2 452 7 894 016 50 100 569 O S 118 5734

301 S56 151 250 292 350 440 100 100 1 280 2 452 7 894 016 50 100 569 O F 115 6477

302 S81 250 250 292 350 730 100 100 1 280 2 452 7 746 011 50 150 569 O S 082 2721 1.03

303 S82 250 250 292 350 730 100 100 1 280 2 452 7 746 013 50 125 569 O S 075 250.9 0.93

304 S83 250 250 292 350 730 100 100 1 280 2 452 7 746 016 5.0 100 569 O S 093 309.6 1.12

305 S84 250 250 292 350 730 100 100 1 280 2 452 7 746 016 5.0 100 569 O S 080 2658 0.97

306 S85 250 250 292 350 730 100 100 1 280 2 452 7 746 020 50 80 569 O S 087 289.2 1.02

307 S86 250 250 292 350 730 100 100 1 280 2 452 7 746 022 50 70 569 O S 085 2839 0.98

308 15 1998 BN100 292 300 925 1000 2700 152 152 05 0.76 4 550 10 372 O 0 S 052 1920

309 BN50 3.00 300 450 500 1350 152 152 05 081 4 490 10 372 O 0 S 078 1320

310 BN25 300 300 225 250 675 76 76 05 089 4 437 10 372 O 0 S 089 730

311 16 1999 1-500/0.50 0.60 140 @ 419 500 250 250 250 1 260 4 520 10 491 O 0 S 076 850 0.85 1.46

312 2-1000/0.50 0.58 140 | 859 1000 500 250 250 1 260 8 520 10 312 0.12 6.0 350 520 0.12 6.00 350 520 S 045 875 0.97 0.94

313 4-1750/0.50 0.57 140 1534 1750 880 250 250 1 2,60 12 520 10 426 0.12 6.0 350 520 0.12 6.00 350 520 S 0.4 1636 1.29 0.80

314 3-1400/0.50 0.58 140 1226 1400 705 250 250 1 2,60 10 520 10 328 0.12 6.0 350 520 0.12 6.00 350 520 S 0.4 1175 1.15 0.85

315 2-1000/0.75 0.86 140 859 1000 740 250 250 1 260 8 520 10 32.7 0.12 6.0 350 520 0.12 6.00 350 520 S 048 650 0.92 0.79

316 1-500/0.75 0.89 140 @ 419 500 375 250 250 1 260 4 520 10 425 O 0 S 0.97 700 1.00 1.55

317 3-1400/0.75 0.86 140 | 1226 1400 1050 250 250 1 2,60 10 520 10 36.2 0.12 6.0 350 520 0.12 6.00 350 520 S 0.46 950 1.15 0.75

318 4-1750/0.75 0.86 140 | 1534 1750 1320 250 250 1 2.60 12 520 10 404 0.12 6.0 350 520 0.12 6.00 350 520 S 0.46 1240 1.34 0.74

319 1-500/1.00 1.19 140 419 500 500 250 250 1 260 4 520 10 374 O 0 S 1.1 570 1.14 1.63

320 2-1000/1.00 1.16 140 859 1000 1000 250 250 1 260 8 520 10 308 0.12 6.0 350 520 0.12 6.00 350 520 S 045 435 0.82 0.65

321 4-1750/1.00 1.15 140 1534 1750 1760 250 250 1 260 12 520 10 448 0.12 6.0 350 520 0.12 6.00 350 520 S 0.48 1000 1.27 0.65

322 3-1400/1.00 1.16 140 1226 1400 1420 250 250 1 260 10 520 10 353 0.12 6.0 350 520 0.12 6.00 350 520 S 053 800 1.24 0.76

323 17 2000 YB2000/0 2.86 300 1890 2000 5400 292 150 05 074 6 457 10 336 O 0 S 040 255.0

324 YB2000/4 2.86 300 1890 2000 5400 292 150 05 0.74 6 457 10 36.4 0.07 12.7 590 468 O S 106 674.0
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# Ref. Year Beam ad b, d h &MV Iy Iy VIP 4 # f, a b O S» fwe o Goh  Su fyn Rep. Mma! Vi,  2PKT** Russo etal!
# Name mm mm mm mm mm mm % bars MPa mm MPa % mm mm MPa % mm mm MPa mode M, kN Exp/Pred Exp/Pred

325 18 2000 DF-1 2.33 500 1000 1090 2325 200 150 05 042 3 600 20 210 O 0 S 085 429.0 1.39

326 DF-2 2.33 500 1000 1090 2325 200 150 05 042 3 600 20 184 O 0 S 0.63 315.0 1.09

327 DF-2R 2.33 500 1000 1090 2325 200 150 05 042 3 600 20 184 O 0 S 0.76 378.0 1.30

328 DF-3 2.33 500 1000 1090 2325 200 150 05 042 3 600 20 184 O 0 S 066 329.0 1.13

329 DF-4 2.33 500 1000 1090 2325 200 150 0.5 0.60 10 600 20 255 O 0 S 055 387.0 1.01

330 DF-5 233 500 996 1090 2325 200 150 05 0.66 12 600 20 255 O 0 S 050 381.0 0.98

331 DF-6 220 500 1000 1090 2200 300 200 05 098 7 600 20 210 O 0 S 069 771.0 1.54

332 DF-7 2.33 500 1000 1090 2325 200 150 05 098 7 600 20 206 O 0 S 041 4350 1.10

333 DF-8 2.33 500 1000 1090 2325 600 150 05 098 7 600 20 224 O 0 S 050 531.0 0.93

334 DF-8R 2.33 500 1000 1090 2325 600 150 05 098 7 600 20 224 O 0 S 054 579.0 1.02

335 DF-9 2.33 500 1000 1090 2325 200 150 05 098 7 600 20 317 O 0 S 047 5320 1.09

336 DF-10 2.33 500 1000 1090 2325 200 150 05 098 7 600 20 317 O 0 S 047 5240 1.07

337 DF-10R 2.33 500 1000 1090 2325 200 150 05 098 7 600 20 317 O 0 S 054 605.0 1.24

338 DF-11 2.00 250 1000 1090 2000 200 150 05 084 3 600 20 195 O 0 S 0.62 330.0 1.26 0.77
339 DF-13 150 250 1000 1090 1500 200 150 05 084 3 600 20 203 O 0 S 0.77 550.0 1.49 0.99
340 DF-14 1.75 250 1000 1090 1750 200 150 05 084 3 600 20 195 O 0 S 0.67 409.0 1.32 0.86
341 DF-15 1.82 250 962 1090 1750 200 150 05 175 6 600 20 203 O 0 S 040 330.0 0.94 0.56
342 DF-16 1.43 250 1000 1090 1425 200 150 05 084 3 600 20 203 O 0 S 050 380.0 0.98 0.66
343 19 2003 L5-100 053 160 935 1000 500 100 100 1 090 4 804 19 314 O 0 S 033 5821 0.93 0.74
344 L5-75 055 160 685 750 375 100 100 1 105 4 804 19 314 O 0 S 042 596.8 1.12 0.98
345 L5-60 054 160 555 600 300 100 100 1 097 3 804 19 314 O 0 S 049 5351 1.10 1.12
346 L5-60R 054 160 555 600 300 100 100 1 097 3 804 19 314 O 0 S 044 4792 0.99 1.00
347 L5-40 056 160 355 400 200 100 100 1 101 2 804 19 314 O 0 S 0.64 446.9 1.13 1.46
348 L10-100 1.07 160 935 1000 1000 100 100 1 090 4 804 19 314 O 0 S 0.62 5439 1.36 0.93
349 L10-75 1.09 160 685 750 750 100 100 1 105 4 804 19 314 O 0 S 038 2715 0.80 0.60
350 L10-75R 1.09 160 685 750 750 100 100 1 105 4 804 19 314 O 0 S 047 3303 0.98 0.74
351 L10-60 1.08 160 555 600 600 100 100 1 097 3 804 19 314 O 0 S 069 3753 1.22 1.05
352 L10-40 1.13 160 355 400 400 100 100 1 101 2 804 19 314 O 0 S 055 1921 0.78 0.85
353 L10-40R 1.13 160 355 400 400 100 100 1 101 2 804 19 314 O 0 S 090 311.6 1.26 1.38
354 UH5-100 053 160 935 1000 500 100 100 1 090 4 804 19 785 O 0 S 054 1029.0 1.10 0.85
355 UH5-75 055 160 685 750 375 100 100 1 105 4 804 19 785 O 0 S 064 10104 1.21 1.07
356 UH5-60 054 160 555 600 300 100 100 1 097 3 804 19 785 O 0 S 0.68 8232 1.05 1.11
357 UH5-40 056 160 355 400 200 100 100 1 101 2 804 19 785 O 0 S 095 733.0 1.08 1.54
358 UH10-100 1.07 160 935 1000 1000 100 100 1 090 4 804 19 785 O 0 S 080 769.3 1.36 0.84
359 UH10-75 1.09 160 685 750 750 100 100 1 105 4 804 19 785 O 0 S 043 3381 0.67 0.48
360 UH10-75R 1.09 160 685 750 750 100 100 1 105 4 804 19 785 O 0 S 046 360.6 0.71 0.51
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# Ref. Year Beam ad b, d h &MV Iy Iy VIP 4 # f, a b O S» fwe o Goh  Su fyn Rep. Mma! Vi,  2PKT*® Russo etal!
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361 UH10-60 1.08 160 555 600 600 100 100 1 097 3 804 19 785 O 0 S 095 5733 1.22 1.03
362 UH10-40 1.06 160 355 400 375 100 100 1 101 2 804 19 785 O 0 S 122 4988

363 UH10-40R 1.06 160 355 400 375 100 100 1 101 2 804 19 785 O 0 S 094 3851 0.87 1.05
364 20 2005 1 050 300 400 450 200 100 100 1 214 4 458 10 232 O 0 S 049 853.0 1.14 1.21
365 2 050 300 400 450 200 100 100 1 214 4 458 10 232 021 6.0 100 370 O S 047 821.0 1.08 1.14
366 3 050 300 400 450 200 100 100 1 214 4 458 10 232 0.48 10.0 100 388 O S 048 833.0 1.10 1.13
367 4 050 300 400 450 200 100 100 1 214 4 458 10 232 0.84 13.0 100 368 O S 050 869.0 1.15 1.15
368 5 1.00 300 400 450 400 100 100 1 214 4 458 10 290 O 0 S 0.67 632.0 1.12 1.01
369 6 1.00 300 400 450 400 100 100 1 214 4 458 10 29.1 021 6.0 100 370 O S 078 731.0 1.22 1.12
370 7 1.00 300 400 450 400 100 100 1 214 4 458 10 29.2 048 10.0 100 388 O S 079 750.0 1.20 1.09
371 8 1.00 300 400 450 400 100 100 1 214 4 458 10 293 0.84 13.0 100 368 O S 085 804.0 1.22 1.10
372 9 150 300 400 450 600 100 100 1 214 4 458 10 229 O 0 S 049 2840 0.81 0.71
373 10 150 300 400 450 600 100 100 1 214 4 458 10 225 021 6.0 100 370 O S 082 464.0 1.11 1.08
374 11 150 300 400 450 600 100 100 1 214 4 458 10 23.0 048 10.0 100 388 O S 085 491.0 0.98 1.01
375 12 150 300 400 450 600 100 100 1 214 4 458 10 235 0.84 13.0 100 368 O S 097 570.0 0.97 1.04
376 13 1.00 300 400 450 400 100 100 1 214 4 458 10 320 O 0 S 0.69 661.0 1.11 0.98
377 14 1.00 300 400 450 400 100 100 1 214 4 458 10 320 021 6.0 100 370 O S 078 751.0 1.19 1.08
378 15 1.00 300 400 450 400 100 100 1 214 4 458 10 32.0 048 10.0 100 388 O S 080 774.0 1.18 1.06
379 16 1.00 300 400 450 400 100 100 1 214 4 458 10 320 0.84 13.0 100 368 O S 088 849.0 1.24 1.10
380 17 1.00 300 400 450 400 100 100 1 214 4 458 10 313 021 6.0 100 370 O S 059 570.0 0.91 0.83
381 18 1.00 300 400 450 400 100 100 1 214 4 458 10 315 048 10.0 100 388 O S 080 773.0 1.19 1.07
382 19 1.00 300 400 450 400 100 100 1 214 4 458 10 31.8 0.84 13.0 100 368 O S 079 756.0 1.10 0.99
383 20 1.00 300 400 450 400 100 100 1 214 4 702 10 243 048 10.0 100 952 O S 0.74 665.0 1.09 0.96
384 21 1.00 300 400 450 400 100 100 1 214 4 702 10 269 0.84 13.0 100 1051 O S 0.68 661.0 1.03 0.76
385 22 150 300 400 450 600 100 100 1 214 4 702 10 26.2 048 10.0 100 952 O S 084 537.0 0.73 0.82
386 23 150 300 400 450 600 100 100 1 214 4 702 10 26.3 0.84 13.0 100 1051 O S 088 566.0 0.78 0.67
387 24 050 300 400 450 200 100 100 1 214 4 702 10 799 O 0 S 0.61 1958.0 1.24 1.39
388 25 1.00 300 400 450 400 100 100 1 214 4 702 10 764 O 0 S 0.88 1403.0 1.39 1.33
389 26 150 300 400 450 600 100 100 1 214 4 702 10 783 O 0 S 085 904.0 1.30 1.11
390 27 2.00 300 400 450 800 100 100 1 214 4 702 10 778 O 0 S 094 7520 1.54 1.17
391 28 0.75 300 400 450 300 100 100 1 214 4 458 10 255 0.48 10.0 100 388 O S 053 647.0 0.99 0.92
392 29 0.75 300 400 450 300 100 100 1 214 4 458 10 26.2 0.84 13.0 100 368 O S 054 666.0 1.00 0.89
393 30 0.75 300 400 450 300 100 100 1 214 4 458 10 264 0.88 16.0 150 389 O S 057 701.0 1.05 0.93
394 31 2.00 300 400 450 800 100 100 1 214 4 702 10 26.6 048 10.0 100 388 O S 086 416.0 0.78 0.88
395 32 2.00 300 400 450 800 100 100 1 214 4 702 10 274 0.84 13.0 100 368 O S 089 440.0 0.65 0.80
396 33 1.00 300 400 450 400 100 100 1 214 4 458 10 247 095 100 50 388 O S 072 647.0 1.04 0.97
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# Ref Year Beam ad b, d h &MV Iy Iy VIP 4 # f, a b O S» fe M Goh Sn fyn Rep. Muw/ Vi,  2PKT®*® Russo etaf*
# Name mm mm mm mm mm mm % bars MPa mm MPa % mm mm MPa % mm mm MPa mode M, kN Exp/Pred  Exp/Pred
397 34 1.00 300 400 450 400 100 100 1 214 4 458 10 24.8 0.95 19.0 200 375 O S 066 598.0 0.96 0.90
398 35 050 300 400 450 200 100 100 1 042 4 1330 10 253 O 0 S 050 588.0 0.98 1.46
399 36 050 300 400 450 200 100 100 1 042 4 1330 10 245 048 100 100 388 O S 047 539.0 0.90 1.28
400 37 050 300 400 450 200 100 100 1 042 4 1330 10 258 0.84 13.0 100 368 O S 047 554.0 0.89 1.22
401 38 1.00 300 400 450 400 100 100 1 042 4 1330 10 252 O 0 S 061 358.0 0.92 1.16
402 39 1.00 300 400 450 400 100 100 1 042 4 1330 10 254 0.48 10.0 100 388 O S 081 470.0 1.17 1.28
403 40 1.00 300 400 450 400 100 100 1 042 4 1330 10 259 0.84 13.0 100 368 O S 080 470.0 1.16 1.15
404 41 250 300 400 450 1000 100 100 1 214 4 750 10 20.6 0.48 10.0 100 388 O S 1.02 324.0
405 42 250 300 400 450 1000 100 100 1 214 4 750 10 214 0.84 13.0 100 368 O S 115 376.0
406 45 250 300 400 450 1000 100 100 1 214 4 750 10 972 O 0 S 050 345.0 1.34
407 46 1.00 300 400 450 400 100 100 1 214 4 750 10 975 0.21 6.0 100 957 O S 071 1243.0 0.99 1.04
408 47 1.00 300 400 450 400 100 100 1 214 4 750 10 96.3 0.48 10.0 100 953 O S 075 13000 1.01 1.02
409 48 150 300 400 450 600 100 100 1 214 4 750 10 945 0.21 6.0 100 957 O S 081 9320 0.97 0.98
410 49 150 300 400 450 600 100 100 1 214 4 750 10 942 048 10.0 100 953 O S 085 980.0 0.86 0.92
411 L6 1.00 200 1000 1050 1000 200 200 1 0.40 4 1016 10 31.2 0.29 10.0 250 389 O S 089 665.0 0.94 1.04
412 L7 1.00 400 2000 2100 2000 400 400 1 040 4 1016 10 305 0.29 19.0 500 375 0 S 086 2584.0 0.99 1.02
413 21 2005 B-2 050 240 400 475 200 100 100 1 202 5 376 20 362 O 0 S 061 775.0 1.02 1.02
414 B-3 050 240 400 475 200 100 100 1 202 5 376 20 36.2 040 60 65 376 0 6.0 376 S 0.60 768.0 0.99 0.98
415 B-4 050 240 400 475 200 100 100 1 202 5 376 20 313 080 100 75 376 O 10.0 376 S 078 9755 1.38 1.34
416 B-6 1.00 240 400 475 400 100 100 1 202 5 376 20 313 O 0 S 084 525.0 1.13 1.01
417 B-7 1.00 240 400 475 400 100 100 1 202 5 376 20 313 040 60 65 376 0 6.0 376 S 094 5905 1.20 1.06
418 B-8 1.00 240 400 475 400 100 100 1 202 5 376 20 378 080 100 75 376 O 10.0 376 S 117 7505
419 B-10-1 150 240 400 475 600 100 100 1 202 5 376 20 292 O 0 S 075 308.0 1.01 0.81
420 B-10-2 150 240 400 475 600 100 100 1 202 5 376 20 230 O 0 S 090 3515 131 1.12
421 B-11 150 240 400 475 600 100 100 1 202 5 376 20 29.2 040 60 65 376 0 6.0 376 S 124 5125
422 B-12 150 240 400 475 600 100 100 1 202 5 376 20 313 080 100 75 376 O 10.0 376 S 139 5805
423 B-10.31 150 360 600 675 900 150 150 1 211 9 388 20 378 O 0 S 095 980.0 1.34 0.95
424 B-10.32 150 360 600 675 900 150 150 1 211 9 372 20 312 O 0 S 093 8935 1.38 0.99
425 B-13-1 150 480 800 905 1200 200 200 1 207 10 398 20 316 O 0 S 084 14925 1.33 0.92
426 B-13-2 150 480 800 905 1200 200 200 1 207 10 398 20 240 O 0 S 067 11285 1.17 0.86
427 B-14 150 600 1000 1105 1500 250 250 1 2.04 14 398 20 310 O 0 S 072 19845 1.20 0.80
428 B-17 150 600 1000 1105 1500 250 250 1 2.04 14 398 20 287 0.40 13.0 100 398 0 13.0 398 S 096 2607.0 114 0.96
429 B15 150 720 1200 1305 1800 300 300 1 199 18 402 20 270 O 0 S 071 26950 1.27 0.84
430 B-16 150 840 1400 1505 2100 350 350 1 205 18 394 20 273 O 0 S 057 29875 1.03 0.68
431 B-18 150 840 1400 1505 2100 350 350 1 205 18 398 20 235 040 16.0 120 398 0 16.0 398 S 0.83 4198.0 0.99 0.90
432 22 2007 1DB35bw 1.10 80 313 350 344 53 53 1 125 4 455 10 259 040 6.0 150 426 O S 088 995 0.99 0.93
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# Ref Year Beam ad b, d h &MV Iy Iy VIP 4 # f, a b O S» fe M Goh Sn fyn Rep. Muw/ Vi,  2PKT®*® Russo etaf*
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433 1DB50bw 1.10 115 454 500 499 75 75 1 128 4 520 10 274 039 6.0 150 426 O S 069 186.5 0.89 0.80
434 1DB70bw 110 160 642 700 706 105 105 1 122 4 522 10 283 045 80 150 426 O S 083 427.0 1.03 0.91
435 1DB100bw 1.10 230 904 1000 994 150 150 1 120 6 555 10 28.7 041 10.0 150 426 O S 071 775.0 0.99 0.83
436 2DB35 1.10 80 314 350 345 53 53 1 125 4 469 10 274 O 0 S 073 850 1.05 0.86
437 2DB50 1.10 80 459 500 505 75 75 1 118 4 520 10 324 O 0 S 075 1355 1.12 0.85
438 2DB70 1.10 80 650 700 715 105 105 1 133 4 520 10 248 O 0 S 057 1555 1.10 0.80
439 2DB100 1.10 80 926 1000 1019 150 150 1 130 6 520 10 306 O 0 S 061 2415 1.20 0.75
440 3DB35b 1.10 80 314 350 345 53 53 1 125 4 469 10 274 O 0 S 073 850 1.05 0.86
441 3DB50b 1.10 115 454 500 499 75 75 1 128 4 520 10 283 O 0 S 061 167.0 1.02 0.78
442 3DB70b 110 160 642 700 706 105 105 1 122 4 522 10 287 O 0 S 070 360.5 1.21 0.87
443 3DB100b 1.10 230 904 1000 994 150 150 1 120 6 555 10 293 O 0 S 061 6720 1.16 0.79
444 23 2007 L-10N1 2.89 300 1400 1510 4050 150 150 05 083 5 452 10 384 O 0 S 052 265.0

445 L-10N2 2.89 300 1400 1510 4050 150 150 05 083 5 452 10 403 O 0 S 047 2420

446 L-10H 2.89 300 1400 1510 4050 150 150 05 083 5 452 10 736 O 0 S 045 240.0

447 L-10HS 2.89 300 1400 1510 4050 150 150 05 133 8 452 10 712 010 95 235 494 O S 086 710.0

448 L-20N1 2.89 300 1400 1510 4050 150 150 05 083 5 452 19 314 O 0 S 052 265.0

449 L-20N2 2.89 300 1400 1510 4050 150 150 05 083 5 452 19 332 O 0 S 052 266.0

450 L-40N1 2.89 300 1400 1510 4050 150 150 05 083 5 452 38 281 O 0 S 048 2420

451 L-40N2 2.89 300 1400 1510 4050 150 150 05 083 5 452 38 285 O 0 S 057 288.0

452 L-50N1 2.89 300 1400 1510 4050 150 150 05 083 5 452 51 410 O 0 S 053 2720

453 L-50N2 2.89 300 1400 1510 4050 150 150 05 083 5 452 51 401 O 0 S 058 298.0

454 L-50N2R 2.89 300 1400 1510 4050 150 150 05 083 5 452 51 401 O 0 S 0.63 323.0

455 S-10N1 289 122 280 330 810 30 30 05 083 4 494 10 419 O 0 S 080 366

456 S-10N2 289 122 280 330 810 30 30 05 083 4 494 10 419 O 0 S 084 383

457 S-10H 289 122 280 330 810 30 30 05 083 4 494 10 773 O 0 S 080 377

458 S-10HS 289 122 280 330 810 30 30 05 134 5 506 10 773 0.10 50 160 496 O S 087 663

459 S-20N1 289 122 280 330 810 30 30 05 083 4 494 19 392 O 0 S 086 391

460 S-20N2 289 122 280 330 810 30 30 05 083 4 494 19 381 O 0 S 084 382

461 S-40N1 289 122 280 330 810 30 30 05 083 4 494 38 291 O 0 S 094 4138

462 S-40N2 289 122 280 330 810 30 30 05 083 4 494 38 291 O 0 S 079 349

463 S-50N1 289 122 280 330 810 30 30 05 083 4 494 51 435 O 0 S 084 385

464 S-50N2 289 122 280 330 810 30 30 05 083 4 494 51 435 O 0 S 089 406

465 24 2008 MS1-1 120 300 501 607 600 200 200 1 052 6 838 10 46.0 0.33 11.3 200 400 0.25 95 190 400 F 121 626.0

466 MS1-2 1.19 300 503 607 600 200 200 1 113 6 870 10 440 0.33 11.3 200 400 0.45 12.7 190 400 F 099 1071.0

467 MS1-3 1.19 300 506 607 600 200 200 1 229 9 880 10 44.0 0.33 11.3 200 400 0.45 12.7 190 400 S 096 13735 1.22 1.29
468 MS2-2 1.79 300 503 607 900 200 200 1 113 6 870 10 47.0 0.33 11.3 200 400 0.45 12.7 190 400 F 098 716.0
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469 MS2-3 1.78 300 506 607 900 200 200 1 229 9 880 10 43.0 0.33 11.3 200 400 0.45 12.7 190 400 S 1.09 10275 1.34 1.25
470 MS3-2 239 300 503 607 1200 200 200 1 113 6 870 10 48.0 044 11.3 150 400 0.45 12.7 190 400 F 1.06 577.0

471 25 2009 0.60/0.60/P 140 150 428 500 600 150 150 1 124 6 484 10 412 0.35 10.0 300 328 O S 100 250.1 0.77 0.81
472 0.60/0.60/2P 140 150 428 500 600 150 150 0.83 124 6 484 10 412 0.35 10.0 300 328 O S 122 305.6

473 0.60/0.60/5P 140 150 428 500 600 150 150 0.73 1.24 6 484 10 412 0.35 10.0 300 328 O S 102 256.8 0.87 0.83
474 0.45/0.75/P 175 150 428 500 750 150 150 0.83 124 6 484 10 412 0.35 10.0 300 328 O S 119 2401

475 0.30/0.90/P 210 150 428 500 900 150 150 0.67 1.24 6 484 10 412 0.35 10.0 300 328 O S 124 2073

476 0.30/0.90/5P 0.70 150 428 500 300 150 150 0.93 124 6 484 10 412 0.35 100 300 328 O S 091 4581 0.86 1.07
477 0.75/0.75/P 142 160 527 600 750 150 150 098 143 6 495 10 383 042 80 150 369 O S 114 4245

478 0.75/0.75/2P 142 160 527 600 750 150 150 0.83 143 6 495 10 383 042 80 150 369 O S 106 396.6 1.08 0.95
479 0.75/0.75/4P 142 160 527 600 750 150 150 0.75 143 6 495 10 383 042 80 150 369 O S 118 440.1

480 0.75/0.75/6P 142 160 527 600 750 150 150 0.71 143 6 495 10 383 042 80 150 369 O S 082 307.2 0.87 0.74
481 0.45/1.05/P 199 160 527 600 1050 150 150 0.73 143 6 495 10 383 042 80 150 369 O S 109 2918 0.96 0.83
482 0.45/1.05/2P 0.85 160 527 600 450 150 150 1.02 143 6 495 10 383 042 80 150 369 O S 089 5527 1.03 1.04
483 0.30/1.20/P 228 160 527 600 1200 150 150 059 143 6 495 10 383 042 80 150 369 O S 114 266.5

484 0.30/1.20/2P 057 160 527 600 300 150 150 1 143 6 495 10 383 042 80 150 369 O S 071 6654 1.00 1.09
485 26 2009 DB1.0-1.00 1.05 165 581 635 610 203 114 1 0 2 414 10 333 031 57 102 605 0.21 570 152 605 F 221 3385

486 DB1.0-0.75 1.05 173 581 635 610 203 114 1 0 2 414 10 31.7 029 57 102 605 0.20 5.70 152 605 F 243 3715

487 DB1.0-0.50 1.05 157 581 635 610 203 114 1 0 2 414 10 30.6 0.32 57 102 605 0.22 570 152 605 F 239 3645

488 DB1.0-0.32 1.05 152 581 635 610 203 114 1 0 2 414 10 270 033 57 102 605 0.22 570 152 605 F 22 3335

489 DB1.0-0.75L 1.05 155 581 635 610 203 114 1 063 2 | 414 10 299 033 57 102 605 0.22 570 152 605 F 1.74 3705

490 DB1.0-0.28L 1.05 155 581 635 610 203 114 1 063 2 414 10 294 033 57 102 605 0.22 570 152 605 F 151 321

491 DB1.50.75 151 152 405 457 610 203 114 1 065 2 | 414 10 327 033 57 102 605 0.22 570 152 605 F 219 2295

492 DB1.50.50 151 152 405 457 610 203 114 1 065 2 | 414 10 341 033 57 102 605 0.22 570 152 605 F 2.02 2115

493 DB1.50.38 151 152 405 457 610 203 114 1 065 2 | 414 10 338 033 57 102 605 0.22 570 152 605 F 2.04 2135

494 DB2.0-0.75 201 155 303 35 610 203 114 1 085 2 | 414 10 347 033 57 102 605 0.22 570 152 605 F 2.02 156.5

495 DB2.0-0.50 201 155 303 35 610 203 114 1 085 2 | 414 10 33.0 033 57 102 605 0.22 570 152 605 F 193 1485

496 DB2.0-0.43 201 155 303 35 610 203 114 1 085 2 414 10 356 033 57 102 605 0.22 570 152 605 F 1.72 133

497 27 2009 1-03-2 1.84 533 978 1118 1799 508 406 0.72 229 42 503 19 36.1 0.29 12.7 165 462 0.33 12.7 146 462 S 095 2531.0 1.17 1.01
498 1-03-4 1.84 533 978 1118 1799 508 406 0.72 229 42 503 19 368 030 95 178 503 0.33 12.7 146 462 S 1.10 29225 1.30 1.13
499 1-02-2 1.84 533 978 1118 1799 508 406 0.72 229 42 503 19 27.2 0.20 12.7 241 462 0.20 12.7 241 462 S 085 20195 1.17 1.01
500 1-02-4 1.84 533 978 1118 1799 508 406 0.72 229 42 503 19 287 021 95 254 503 0.20 12.7 241 462 S 096 2348.7 1.29 1.12
501 I1-03-CCC2021 1.84 533 980 1067 1804 508 254 0.72 2.31 12 441 19 227 0.31 159 241 448 045 159 168 448 S 1.08 22241 1.17 1.15
502 11-02-CCC1021 1.84 533 980 1067 1804 254 254 0.72 231 12 476 19 319 0.20 159 381 462 0.19 12.7 257 427 S 059 14635 0.85 0.66
503 I1-03-CCT1021 1.84 533 980 1067 1804 914 254 0.72 231 12 455 19 304 0.31 159 241 490 0.45 159 168 490 S 1.19 2829.1

504 I1-03-CCT0507 1.84 533 980 1067 1804 914 127 0.72 231 12 455 19 29.0 0.31 159 241 490 0.45 159 168 490 S 1.13 2660.0
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# Ref. Year Beam ad b, d h &MV Iy Iy VIP 4 # f, a b O S» fwe o Goh  Su fyn Rep. Mma! Vi,  2PKT*® Russo etal!
# Name mm mm mm mm mm mm % bars MPa mm MPa % mm mm MPa % mm mm MPa mode M, kN Exp/Pred Exp/Pred

505 I1-02-CCT0507 1.84 533 980 1067 1804 914 127 0.72 231 12 476 19 215 0.20 159 381 441 0.19 12.7 254 434 S 090 1783.7 0.96 1.05

506 11-02-CCT0521 1.84 533 980 1067 1804 508 127 0.72 231 12 476 19 327 0.20 159 381 462 0.19 12.7 257 427 S 1.01 2526.6 1.27 1.13

507 111-1.8500 1.84 533 980 1067 1804 508 406 0.72 231 12 455 19 219 O 0 S 081 1623.6 1.22 1.11

508 111-2.5-00 247 533 980 1067 2422 508 406 0.63 231 12 455 19 221 O 0 S 024 3648 0.62

509 111-1.8502 1.84 533 980 1067 1804 508 406 0.72 231 12 476 19 283 0.20 159 368 441 0.19 12.7 257 427 S 090 2170.7 1.12 1.07

510 111-1.85025 1.84 533 980 1067 1804 508 406 0.72 231 12 476 19 283 0.24 159 305 441 0.14 95 193 503 S 095 22953 1.14 1.11

511 111-1.8503 1.84 533 980 1067 1804 508 406 0.72 231 12 476 19 344 029 159 254 441 0.29 159 257 434 S 0.72 18327 0.80 0.76

512 111-1.8501 1.84 533 980 1067 1804 508 406 0.72 231 12 476 19 345 0.10 12.7 457 434 0.14 95 193 503 S 048 12144 0.62 0.55

513 111-1.8503b 1.84 533 980 1067 1804 508 406 0.72 231 12 476 19 228 0.31 12.7 152 427 0.29 159 257 462 S 1.02 20951 1.08 1.11

514 111-1.8502b 1.84 533 980 1067 1804 508 406 0.72 231 12 476 19 228 0.20 12.7 241 427 0.19 127 257 427 S 101 20818 1.18 1.19

515 I11-1.2-02 120 533 980 1067 1177 508 406 0.82 231 12 455 19 283 0.20 12.7 241 414 0.19 12.7 257 414 S 105 37632 1.30 1.42

516 111-1.2-03 1.20 533 980 1067 1177 508 406 0.82 231 12 455 19 29.1 0.31 159 241 469 0.29 159 257 469 S 1.02 3687.6 1.22 1.30

517 111-2.5-02 249 533 980 1067 2441 508 406 0.62 231 12 455 19 319 0.20 12.7 241 427 0.19 12.7 257 427 S 0.74 13256

518 111-2.5-03 249 533 980 1067 2441 508 406 0.62 231 12 455 19 347 0.31 159 241 448 0.29 159 257 448 S 127 22953

519 IV-21751.8502 1.85 533 1750 1905 3238 737 406 0.50 2.37 22 469 19 34.0 0.21 12.7 241 455 0.19 12.7 257 455 S 0.75 33940 1.18 0.82

520 IV-21751.8503 1.85 533 1750 1905 3238 737 406 0.50 2.37 22 469 19 34.0 0.31 159 241 455 0.29 159 257 455 S 0.83 37454 114 0.86

521 IV-21752.502 250 533 1750 1905 4375 610 406 0.33 237 22 469 19 345 0.21 159 362 441 0.21 159 362 441 S 0.67 2268.6

522 IV-21751.2-02 1.20 533 1750 1905 2100 610 406 0.68 2.37 22 469 19 345 0.21 159 362 441 0.21 159 362 441 S 0.78 5440.2 1.38 0.99

523 IV-21231.8503 185 533 495 584 916 419 406 0.86 2.32 12 455 19 28.7 0.30 12.7 133 455 0.30 95 159 441 S 124 14635

524 IV-21231.8502 185 533 495 584 916 419 406 0.86 2.32 12 455 19 291 0.20 95 159 558 0.17 12.7 159 455 S 130 15435

525 IV-21232.502 250 533 495 584 1238 394 406 081 232 12 448 19 315 020 95 133 400 0.17 95 159 558 S 081 716.2 0.76

526 IV-21231.2-02 120 533 495 584 594 457 406 091 232 12 448 19 319 020 95 133 400 0.17 95 159 441 F 142 26333

527 M-034-CCC2436 1.85 914 1016 1219 1880 610 406 0.71 293 27 462 19 28.3 0.31 159 279 421 0.27 159 165 421 S 111 5017.6

528 M-034-CCC0812 1.85 914 1016 1219 1880 203 406 0.71 2.93 27 448 19 20.7 0.31 159 279 434 0.27 159 165 434 S 1.18 4136.8

529 M-094-CCC2436 1.85 914 1016 1219 1880 610 406 0.71 293 27 462 19 28.3 0.86 159 102 421 0.27 159 165 421 F 139 6294.2

530 M-02-4-CCC2436 1.85 914 1016 1219 1880 610 406 0.71 2.93 27 448 19 193 0.22 12.7 254 434 0.22 159 203 434 S 1.48 4901.9

531 M-032-CCC2436 1.85 914 1016 1219 1880 610 406 0.71 293 27 469 19 33.8 0.31 22.2 279 427 0.27 159 165 427 F 095 48753

532 28 2010 BML-0-0 050 100 400 450 200 100 100 0.8 113 4 400 10 452 O 0 S 109 3712 1.22 1.27

533 BML -85-85 0.50 100 400 450 200 100 100 0.8 113 4 400 10 408 020 33 85 260 020 33 85 260 S 106 359.2 1.23 1.26

534 BML-68-83 0.50 100 400 450 200 100 100 0.8 113 4 400 10 432 025 33 68 260 021 33 83 260 S 109 3712 1.22 1.26

535 BML-57-57 0.50 100 400 450 200 100 100 0.8 113 4 400 10 37.7 030 33 57 260 030 33 57 260 S 104 3488 1.26 1.26

536 BML-57-0 050 100 400 450 200 100 100 0.8 113 4 400 10 405 030 33 57 260 O S 098 331.2 1.14 1.19

537 BML-0-57 050 100 400 450 200 100 100 0.8 113 4 400 10 393 O 030 33 57 260 S 1.03 34838 1.25 1.25

538 BML-0-36 0.50 100 400 450 200 100 100 0.8 113 4 400 10 389 O 048 33 36 260 S 1.07 360.0 1.30 1.27

539 BML-26-0 050 100 400 450 200 100 100 0.8 113 4 400 10 432 066 33 26 260 O S 089 303.2 1.00 1.03

540 BML-0-50 0.50 100 400 450 200 100 100 0.8 113 4 400 10 448 O 034 33 50 260 S 1.06 360.0 1.19 1.19
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# Ref. Year Beam ad b, d h &MV Iy Iy VIP 4 # f, a b O S» fwe o Goh  Su fyn Rep. Mma! Vi,  2PKT** Russo etal!
# Name mm mm mm mm mm mm % bars MPa mm MPa % mm mm MPa % mm mm MPa mode M, kN Exp/Pred Exp/Pred

541 BML-53-100 050 100 400 450 200 100 100 0.8 113 4 400 10 449 032 33 53 260 017 33 100 260 S 104 3544 1.14 1.18

542 % 0 F125-125 0.50 100 400 450 200 100 100 0.8 113 4 400 10 36.3 0.20 4.0 125 440 020 4.0 125 440 S 109 365.6 1.35 1.34

543 29 2010 D6.A4.G60#5S 1.37 406 1778 1829 2438 203’ 610 1 056 4 490 25 26.7 044 16.0 222 429 O S 0.74t 2253.0

544 D6.A4.G40#4S 1.37 406 1778 1829 2438 203 610 1 056 4 470 25 26.2 0.29 13.0 222 348 O S 0.61 1809.0

545 D6.A2.G60#5S 1.37 406 1778 1829 2438 203 610 1 028 2 470 25 275 0.44 16.0 222 429 O F 059 1754.0

546 D6.A2.G40#4S 1.37 406 1778 1829 2438 203 610 1 028 2 478 25 244 029 13.0 222 346 O S 044 1307.0

547 D4.A2.G40#4S 2.09 406 1168 1219 2438 203 610 1 042 2 469 25 252 0.29 13.0 222 349 O S 0.63 9220

548 30 2010 TCDB-2-3 146 180 687 750 1000 200 200 05 186 4 515 10 385 028 8 150 526 036 8 125 526 s 0.66 460 0.87 0.68

549 31 2010 SOM 155 400 1095 1200 1700 300 150 05 070 6 652 20 342 O 0 S 061 721.0 0.88 0.56

550 socC 155 400 1095 1200 1700 300 150 05 070 6 652 20 342 O 0 S 098 1162.0 1.42 0.90

551 LOM 2.28 400 1095 1200 2500 300 150 05 070 6 652 20 291 O 0 S 052 416.0 1.00

552 LoC 2.28 400 1095 1200 2500 300 150 05 070 6 652 20 291 O 0 S 0.62 4920 1.18

553 S1M 155 400 1095 1200 1700 300 150 05 070 6 652 20 33.0 010 95 10 490 O S 080 941.0 0.93 0.70

554 Si1C 155 400 1095 1200 1700 300 150 05 070 6 652 20 33.0 010 95 10 490 O S 080 943.0 0.93 0.70

555 L1M 2.28 400 1095 1200 2500 300 150 05 070 6 652 20 378 010 95 10 490 O S 082 663.0 0.88

556 L1cC 2.28 400 1095 1200 2500 300 150 05 070 6 652 20 378 010 95 10 490 O S 079 6420 0.86

557 SB 159 400 1070 1200 1700 300 150 05 060 1 652 20 305 O 0 S 074 7270 1.09 0.68

558 MB 159 400 1070 1200 1700 300 150 05 0.61 4 475 20 305 O 0 S 119 877.0

559 32 2013 B3 061 170 900 1000 550 300 200 1 200 6 439 20 585 O 0 S 0.77 1546 1.23 1.04

560 B4 061 170 900 1000 550 300 200 1 200 6 439 20 585 O 0.42 953 200 463 S 0.84 1678 1.34 1.07

561 B5 061 170 900 1000 550 300 200 1 200 6 439 20 585 O 0.84 9.53 100 463 S 093 1870 1.49 1.14

562 C3 061 170 900 1000 550 300 200 1 200 6 439 20 585 O 0 S 077 1542 1.23 1.04

563 c4 061 170 900 1000 550 300 200 05 2.00 6 439 20 585 O 042 95 200 463 S 093 1859 1.48 1.19

564 C5 061 170 900 1000 550 300 200 05 2.00 6 439 20 585 O 0.84 95 100 463 S 1.01 2018 1.61 1.23

565 B1 0.83 200 900 1000 750 300 200 05 170 6 439 20 346 O 0 S 081 1141 1.34 1.05

566 B2 0.83 200 900 1000 750 300 200 05 170 6 439 20 346 0.26 953 270 463 0.71 95 100 463 S 0.95 1337 1.47 1.07

567 B6 0.83 200 900 1000 750 300 200 0.5 1.70 6.00 439 20 678 O 0 S 107 1606 1.38 1.04

568 B7 0.83 200 900 1000 750 300 200 0.5 1.70 6.00 439 20 678 O 0.71 95 100 463 S 117 1765

569 B8 0.83 200 900 1000 750 300 200 0.5 1.70 6.00 439 20 67.8 0.26 9.53 270 463 O S 114 1722

570 C1 0.83 200 900 1000 750 300 200 05 170 6 439 20 346 O 0 S 082 1156 1.36 1.06

571 c2 0.83 200 900 1000 750 300 200 05 170 6 439 20 346 0.26 953 270 463 0.71 95 100 463 S 0.98 1375 151 1.10

572 Cc6 0.83 200 900 1000 750 300 200 05 170 6 439 20 678 O 0 S 098 1474 1.27 0.96

573 c7 0.83 200 900 1000 750 300 200 05 170 6 439 20 678 O 0.71 95 100 463 S 1.06 1600 1.37 0.97

574 Cc8 0.83 200 900 1000 750 300 200 05 170 6 439 20 67.8 0.26 9.53 270 463 O S 104 1563 1.26 0.99
# of beamr 392 350

Avg= 1.08 1.00

131



COV=  15.4% 19.8%
For the specimens by Senturk and Higgins25 which had indirect loading and-bés:cut
*- Taken as the distance between the erd bf hanger reinforcement within the width of the transverse members loading the test specimen
** . Based on the bars anchored in the support zone
T- Considering the bottom longitudinal bars in the section with maximum lgentment
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B. Additional equations for macroelement formulation

This appendix contains additional equations which were not provided in the main body of the paper fo
the sake of brevity.

x Calculation of strut strain 4
|C Vi cotr
E.bc
where |C| = T is theompression force in the section with maximum bending moment gnd FRW . LV

the horizontal component of the compression force in the critical loading zortégsgé. The depth of
the compression zortas estimated as in the flexural theory for cracked sections:

c Y 2n U n, W

Z K H =AJ/Bd is the ratio of flexural reinforcement and gtk is the ratio of steel and concrete moduli
of elasticity.

i
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Fig. B.1 Behavior of rotational springs
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X Aggregate interlock shear stress yw,s) based on contact density model

ci \éonKA: Sin M

<

This integral is evaluated numerically, where:

w
0dVv M df

con f cy

MPa

cy?
im

W, = 0.04mm

f, 13.73/f,, MPa

Yy

w,, ssin M wcos |

a
K 1 exp'§1 g

2ot
© W 1

A 4/s
0.5cosN
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C. Database of deep beams with web openings

agy h, dly dz’ b, Asly T sh !Ily fyly T s2 !Vy v Sy,
Ref. No. Beam fe, MPa mm a/d mm | mm m mm a mm mn? Ms1 mm % Mpa Ns2 mm % mm mm
1 H5F1 52.9 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
2 H5F2 52.9 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
3 H5F3 52.9 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
4 H5T3 52.9 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
5 H5S3 52.9 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
6 H10F1 52.9 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
7 H10F2 52.9 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
8 H10F3 52.9 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
9 H10T3 52.9 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
10 H10S3 52.9 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
11 UH5F1 80.4 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
[1] 12 UH5F2 80.4 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
13 UH5F3 80.4 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
14 UH5T3 80.4 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
15 UH5S3 80.4 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
16 UH7F3 80.4 25 0.8 600 | 556 | 39 160 420 861 3 19 0.97 420 2 10 0 - -
17 UH10F1 80.4 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
18 UH10F2 80.4 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
19 UH10F3 80.4 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
20 UH10T3 80.4 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
21 UH10S3 80.4 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
22 UH15F3 80.4 25 1.6 600 | 556 | 39 160 900 861 3 19 0.97 420 2 10 0 -
23 L5F3C 235 25 0.5 600 | 556 | 39 160 300 861 3 19 0.97 420 2 10 0 - -
24 L10F3C 23.5 25 1.1 600 | 556 | 39 160 600 861 3 19 0.97 420 2 10 0 - -
25 NS-150-C 21.0 10 0.9 500 | 460 | 25 80 400 616 4 14 1.67 420 2 8 0.47 6 150
[2] 26 NS-200-C 21.0 10 0.9 500 | 460 | 25 80 400 616 4 14 1.67 420 2 8 0.47 6 150
27 NS-250-C 21.0 10 0.9 500 | 460 | 25 80 400 616 4 14 1.67 420 2 8 0.47 6 150
Continue
No. fy, Mpa lp, mm lp2, MM V/IP my m; ki ko I3, mm Ass, mMn? fys, MPa dz, mm Vored, KN Vexp KN Vexp! Vpred
1 100 100 1.0 0.50 | 0.10 | 050 | 0.50 225 314 408 170 397 (405) 466 1.18 (1.15)
2 - 100 100 1.0 0.50 | 0.20 | 050 | 0.50 225 314 408 170 323 (354) 348 1.08 (0.98)
3 - 100 100 1.0 0.50 | 0.30 | 050 | 0.50 225 314 408 170 260 (289) 289 1.11(1.00)
4 - 100 100 1.0 0.25 | 0.30 | 050 | 0.50 263 314 408 208 314 (340) 337 1.07 (0.99)
5 - 100 100 1.0 0.65 | 0.30 | 050 | 0.50 203 314 408 148 236 (262) 236 1.00 (0.90)
6 - 100 100 1.0 0.50 | 0.10 | 050 | 0.50 300 314 408 245 216(242) 225 1.04 (0.93)
7 - 100 100 1.0 0.50 | 0.20 | 0.50 | 0.50 300 314 408 245 171(191) 184 1.07 (0.96)
8 - 100 100 1.0 0.50 | 0.30 | 050 | 0.50 300 314 408 245 134 (149) 144 1.07 (0.97)
9 - 100 100 1.0 0.25 | 0.30 | 050 | 0.50 375 314 408 320 170 (190) 163 0.96 (0.86)
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10 - 100 100 1.0 | 065 | 030 | 050 | 050 | 255 314 408 200 119 (132) 130 1.09 (0.98)
11 - 100 100 1.0 | 050 | 010 | 050 | 050 | 225 314 408 170 428 (448) 515 1.20 (1.15)
12 - 100 100 1.0 | 050 | 020 | 050 | 050 | 225 314 408 170 347 (387) 419 1.21 (1.08)
13 - 100 100 1.0 | 050 | 030 | 050 | 050 | 225 314 408 170 278 (309) 339 1.22 (1.10)
14 - 100 100 10 | 025 | 030 | 050 | 050 | 263 314 408 208 339 (382) 395 1.16 (1.03)
15 - 100 100 1.0 | 065 | 030 | 050 | 050 | 203 314 408 148 252 (278) 331 1.32(1.19)
16 - 100 100 1.0 | 050 | 030 | 050 | 0.50 | 255 314 408 200 204 (227) 264 1.29 (1.16)
17 - 100 100 1.0 | 050 | 0.10 | 050 | 0.50 | 300 314 408 245 231 (259) 245 1.06 (0.95)
18 - 100 100 1.0 | 050 | 020 | 050 | 0.50 | 300 314 408 245 181 (202) 199 1.10 (0.98)
19 - 100 100 1.0 | 050 | 030 | 050 | 0.50 | 300 314 408 245 141 (157) 155 1.10 (0.99)
20 - 100 100 10 | 025 | 030 | 050 | 050 | 375 314 408 320 179 (200) 185 1.04 (0.93)
21 - 100 100 1.0 | 065 | 030 | 050 | 050 | 255 314 408 200 126 (139) 140 1.11(1.01)
22 - 100 100 1.0 | 050 | 030 | 050 | 050 | 375 314 408 320 91 (102) 95 1.04 (0.93)
23 - 100 100 1.0 | 050 | 030 | 050 | 050 | 225 314 408 170 195 (195) 233 1.20 (1.20)
24 - 100 100 1.0 | 050 | 030 | 050 | 0.50 | 300 314 408 245 104 (105) 117 1.13 (1.11)
25 300 100 100 10 | 038 | 030 | 050 | 050 | 225 616 420 185 94 (97) 103 1.09 (1.06)
26 300 100 100 1.0 | 050 | 0.40 | 050 | 0.50 | 200 616 420 160 69 (73) 82 1.18 (1.12)
27 300 100 100 10 | 063 | 050 | 050 | 050 | 175 616 420 135 44 (46) 53 1.21 (1.15)

Avg. = 1.12(1.03)

cov = 7.6% (9.3%)

Note: The values in brackets are obtained by considering the strain hardening of the reinforceentioni A.
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