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Abstract

Shear Capacity of Concrete Members under Monotoniand Cyclic Loading

To date, a reliable assessment of shear safetynoirete members is a challenging task
for evaluation of existing concrete structures sastbridges. Available investigations

and models for determination of shear capacityoften based on diagonally cracked

members and assure the shear safety mainly bagadaded shear reinforcement. Ap-

plication of such models results often in a caltaddack of shear resistance due to defi-
cient shear reinforcement, although existing carecneembers are often free from diag-
onal cracks. To avoid over-conservative evaluationsuch cases, the shear capacity
provided by concrete tensile strength would bewatad in this thesis. A safe consider-
ation of this load-bearing mechanism for membelgesited to cyclic service loads e.g.

traffic loads requires, however, an adequate censitn of cyclic damage on concrete

tensile behaviour.

At first, concrete tensile behaviour under uniatégision is investigated using conducted
tensile tests on cyclically damaged members anohgpited database of cyclic tensile
tests. The findings are used to propose a tensiledor cyclically damaged concrete.

In the second part, cracking of concrete membedeushear loading is evaluated using
provided mechanical models and shear tests inetbienical literature. A database of
monotonic and cyclic shear tests on reinforcedpadtressed concrete members without
shear reinforcement with provided data on diagoreking is compiled. Based on mon-
otonic tests of the database, a mechanical mogebjosed for a better approximation
of diagonal cracking load. This model is adaptedrlan to derive mechanical models,
which account for prestressing as well as cyclimage.

In a higher approximation level, some benchmarlastests are evaluated using nonlin-
ear finite element (FE) analysis to propose a eefimodel configuration for reliable as-
sessment of diagonal cracking of shear critical imens The refined model configuration
is validated in a further step using the monotdests in the shear database. In addition,
recommendations are made for numerical predictidgheodiagonal cracking load of cy-
clically damaged concrete members.

Finally, the results of the theoretical, experinaéand numerical investigations are sum-
marized in proposals for determination of the stosgracity of members under mono-
tonic and cyclic shear loads at the state of diajoracking using mechanical and nu-
merical models.






Kurzfassung

Querkrafttragféhigkeit von Betonbauteilen unter monoton steigender und
zyklischer Beanspruchung

Eine zuverlassige Bewertung der TragsicherheitBetonbauteilen ist bislang eine her-
ausfordernde Aufgabe bei der Bewertung besteheBaawerke wie Bricken. Vorhan-
dene Untersuchungen und Modelle zur Bestimmun@derkrafttragféhigkeit basieren
oft auf Bauteile, die bereits Schragrisse aufweisghbei denen die Querkrafttragfahig-
keit Uber die vorhandene Querkraftbewehrung sicrstedit wird. Die Anwendung sol-
cher Modelle fuhrt oft zu einer rechnerischen dgfien Querkrafttragfahigkeit, obwohl
die bestehenden Bauteile oft frei von Schragrissed. Um in solchen Fallen eine zu
konservative Bewertung zu vermeiden, wird in didsbeit der Betonzugtraganteil unter
Querkraftbeanspruchung bewertet. Eine sichere Rsithtigung dieses Traganteils fur
Bauteile wie Briicken, die zyklischen Betriebslastesgesetzt sind, erfordert jedoch eine
angemessene Bertlicksichtigung der zyklischen Schiglig

In dieser Dissertation wird hierzu in einem erssehritt das einaxiale Betonzugtragver-
halten mithilfe eigener Zugversuche an zyklischgeschadigten Proben und einer er-
stellten Datenbank zu zyklischen Zugversuchen satdnt. Aus den Ergebnissen wird
eine Arbeitslinie fur zyklisch vorgeschadigten Betmorgeschlagen. In einem zweiten
Schritt wird die Schréagrissbildung von Betonbaeteianhand vorhandener mechani-
scher Modelle sowie vorhandener Querkraftversuntder Fachliteratur mit dokumen-
tierten Schragrisslasten bewertet. Hierzu wird &@agenbank zu monotonsteigend und
zyklisch durchgefiihrten Querkraftversuchen an 8ttbh- und Spannbetonbalken ohne
Querkraftbewehrung aufgebaut. Mithilfe der Daterbaird ein vorhandener mechani-
scher Ansatz ausgewahlt, optimiert und zur Hengjtweiterer Modelle fir die rechne-
rische Bewertung der Schréagrisslasten von vorgegparBauteilen und zyklisch vorbe-
lasteten Stahlbetonbauteilen modifiziert. In eihéheren Nachweisstufe wird anhand
von FE-Analysen von Querkraftversuchen eine veeigghModellkonfiguration ausge-
wahlt, welche mit den monotonen Datenbankversuctadidiert wird. Dartiber hinaus
werden Empfehlungen fiir die numerische ModellierdagSchréagrissbildung von zyk-
lisch vorgeschadigten Stahlbetonbauteilen gegeben.

SchlieRlich werden die Ergebnisse der theoretisclgmerimentellen und numerischen
Untersuchungen in Vorschlage zur Bewertung der&@gfssbildung von Bauteilen unter
monotoner und zyklischer Querkraftbeanspruchungmuasengefasst.
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Notations

Notations

Upper case Latin letters

A

Fmax

Ne

S(2)
Ssup
Va

Vcr

Vcr,o:ycl,cal
Vo

Ve

We
WO ut

Cross-section area / constant

Cross-section area of longitudinal
tensile reinforcement

Constant
Strain-based damage parameter
creep-based damage parameter

Elasticity modulus of concrete after
N applied cycles

Applied force / force

Normal force in concrete compres-
sion zone

Maximum applied force

Elastic energy
Fracture energy

Fracture energy aftéd cycles

Fracture toughness
Calculated bending resistance
Ultimate bending moment at failure

Number of applied load cycles until
diagonal cracking

Number of applied load cycles until
fatigue failure

First static moment of area
Upper stress level

Shear resistance provided by aggre-
gate interlock

Diagonal cracking load

Calculated cyclic diagonal cracking
load

Shear resistance provided by dowel
action of longitudinal reinforcement

Shear resistance provided by resid-
ual tensile strength in fracture pro-
cess zone

work
Fracture work

Total applied work

P m o

Vcr,cal

Vcr,exp

Vinf

Cross-section area of prestressing
steel

Cross-section area of longitudinal
compressive reinforcement

Constant
Stress-based damage parameter
Elasticity modulus of concrete

Elasticity modulus of steel rein-
forcement

Basis load level

Mean load level

Tensile force in longitudinal rein-
forcement

Elastic energy afteX cycles
Compressive fracture energy

Second moment of area (moment of
inertia)

Bending moment
Bending moment under upper load
Number of applied load cycles

Number of applied load cycles until
critical cracking

Stress level

Lower stress level
Applied shear load

Shear resistance of concrete com-
pression zone

Calculated diagonal cracking load

Applied shear load at diagonal
cracking

Lower level of applied shear force

Upper level of applied shear force

Moment of resistance

Internal elastic work
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Lower case Latin letters

dx
fe
f ctcal

fct,fat

fct,ﬂ

fct,fat,exp

fct,mod
fct,res
fst

hcb
hyg

hef,l

Wer,2

xcr,apr.,RC

Xcr,exp

Shear span

Effective depth of cross-section
Length of infinitesimal element
Concrete compressive strength
Calculated concrete tensile strength
Fatigue concrete tensile strength

Flexural concrete tensile strength

Experimental fatigue concrete ten-
sile strength

Modified concrete tensile strength
Residual concrete tensile strength

Ultimate stress of steel reinforce-
ment

Beam height / height of tensile spec-
imen

Crack band width

Element size

Effective depth of member at first
load cycle

Additional effective depth due to
prestressing

Beam depth with a crack inclination
of 45 degrees

length

Crack length

Length of fracture process zone
Standard deviation

Depth

Initial step size

Crack width

Ultimate crack width

Approximated crack distance from
support axis of RC members

Experimental crack distance from
support axis of PC members

Lever arm of internal forces

dg
do
fCt
feter
fern

fct,fat,cal
f ctef

fct,ref
fct,sp
Sy

Beam width

Maximum aggregate size
Reference effective depth
Concrete tensile strength
Effective concrete tensile strength
Flexural concrete tensile strength

Calculated fatigue concrete tensile
strength

Effective concrete tensile strength

Reference concrete tensile strength
Splitting concrete tensile strength

Yield stress of steel reinforcement
Depth of concrete compression zone

Depth of concrete tensile zone

Effective depth of a member after
primary cracking

Effective depth of member aftdk,
load cycles

Width of the shear band
increment

Characteristic length
Effective length
Mean value / median
Crack distance

Step size

Variation coefficient

Threshold crack width at tensile in-
stable cracking

Crack distance from support axis

Approximated crack distance from
support axis of PC members

Numerical crack distance from sup-
port axis of PC members
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Upper case Greek letters

AK

Stress intensity

Lower case Greek letters

€nn lim

Esh

Esup,l

3

Ratio / inclination of principal stress

Factor afteN cycles
Shape factor of aggregate
Shear retention factor
Model safety factor

Displacement at tensile macrocrack-
ing

Tensile displacement
Initial step size
Strain

Threshold crack strain at tensile in-
stable cracking

Elastic strain
Threshold normal strain

Hardening strain

Upper strain at first load step
Tangential crack strain

Brittleness factor based on diagonal
cracking and ultimate shear load

Brittleness factor based on maxi-
mum deflection at state of diagonal
cracking

Calculated curvature
Damage factor of tensile stiffness

Relative depth of concrete compres-
sion zone

Relative depth of concrete compres-
sion zone at first load step

stress

Normal stress caused by presstress-
ing

Tensile stress

Stress in prestressing steel

Normal stress to cross-section

Principal compressive stress

Ay

Ksh

Sher
h

O

Oinf
Usup
41

Op,res

Shear strain increment

Reduction factor due to lateral com-
pression

Threshold angle
Crack angle
Shear strain
deflection

Ultimate tensile displacement

Elastic displacement
Total displacement
Crack strain

Ultimate crack strain

Normal crack strain
Strain in longitudinal reinforcement

Ultimate strain of steel reinforce-
ment

Upper strain at Nth load step
Brittleness factor

Brittleness factor based on energy
release during diagonal cracking

Inclination of principal compressive
stress trajectory

Curvature caused by shrinkage
POISSONS ratio

Relative depth of concrete compres-
sion zone at diagonal cracking

Longitudinal reinforcement ratio

Compressive stress at extreme fibre
of member

Normal stress in crack

Lower applied stress
Upper applied stress
Principal tensile stress

Internal damage stress
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7%(2)

Tu

Peyclexp

Shear stress

Shear stress normal to x-plane and
variable in z-direction

Ultimate shear resistance

Experimental cyclic creep coeffi-
cient

Other notations

[0] diameter
a Partial differential
Abbreviations

c cyclic

F Fixed

LVDT Linear variable differential trans-
formers

NA Neutral axis

R rotating

RF Rotating to fixed

Tu

(pcycl

051

CL
LEFM

PC
RC
B

Shear stress in crack

Ultimate shear resistance

Cyclic creep coefficient

Diameter of longitudinal reinforce-
ment

differential Partial differential

Centreline
Linear elastic fracture mechanics

monotonic

Prestressed concrete
Reinforced concrete

Technical bending theory
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1 Introduction

1.1 Background

According to assessment and inspection guidelioesXisting concrete structures, spe-
cific interventions such as detailed measuremargswice load limitations are required
as soon as diagonal cracks are documented. Fréguesults of bridge inspections in

Germany show no documented diagonal cracks on etanbridges with calculated lack

of shear resistandiar-2015], [Fis-2014]. Therefore, service shear load level causing ®maj
diagonal crack (diagonal cracking load) signifiegacial state for such structures.

Diagonal cracks can emerge under in-plane loadsm@s as the diagonal tension caused
by shear loading overstep the concrete tensileciigp&uch cracks are often classified
according to their shape as web shear cracks xurfieshear cracks. In profiled (often
prestressed) members, web shear cracks are fonrsedtions with limited flexural crack
depths or uncracked sections. Quite the contrheyflexure shear cracks emerge as an
extension of existing flexural cracks, which implighat the diagonal crack formation is
influenced by interacting flexure and shear (coragégure 1-1).

web shear crack l 14 flexure shear crack l vV
I
1
I
I
I
I
I
I
|
[

Figure 1-1:  web shear crack (left) and flexural shar crack (right)

After diagonal cracking, the provided shear reiofmnent is activated and causes a
higher ultimate shear load. For members with loprervided shear reinforcement ratios
in comparison to the required value, the curreaftgn used strut and tie mode|8af-
1985], [Sch-1987]) are not appropriate. This is based on the fadtithcontrast to assumptions
of strut and tie models, the diagonal cracks ineanfper with a low amount of shear
reinforcement are not finely distributed in shegairgkle-2016) and therefore, no parallel
strut and ties can be form¢eb-2000], [Her-2016). The shear behaviour of such members is
defined predominantly by the behaviour of a majagdnal crack, similar to members
without shear reinforcement. For this reason, twi$ of several current studies is on
shear resistance of beams without shear reinfonce(eey.[Hub-2016], [Her-2017], [Fus-2017],
[Tew-2014], [Tra-2015], [Tue-2015], [Sch-2014], [Zin-2000], [Gir-2004], [Fis-2017], [Mar-2014], [Yan-2014]).
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In real structures, both webs shear cracks andéeghear cracks can be formed. How-
ever, the applied shear load causing a major feeghear crack is lower compared to the
load causing a major web shear crack due to mesdi@ifects caused by interacting
flexure and shear. For this reason and with regpextrrent theoretical and experimental
investigations in the technical literature, theusof the present doctoral thesis will be
on the determination of diagonal cracking load efmbers with a potential flexure shear
crack.

Most evaluations on members without shear reinfosrg focus however on ultimate
shear resistance, which includes different loadibhganechanisms provided by longitu-
dinal reinforcement as well as concrete at ultinfatare state. The derived models using
such observations are generally defined basedagodally cracked members and do not
account for the behaviour of member at the stat@ajor diagonal cracking. The main
motivation of the present thesis is to evaluatediagonal tension caused by shear loads
using mechanically sound models. Using such mechhmodels, the diagonal cracking
load can be determined by limiting the acting diegdension to the provided tensile
resistance of concrete (available concrete tesgiémgth).

For existing structures such as bridges, the peavignsile resistance by the uncracked
concrete under shear loads should be determineer wothsideration of cyclic service
loads such as traffic loads. Whilst existing reska@n cyclic shear behaviour of members
without shear reinforcement focuses primarily opathresistance and prediction of a
fatigue life, the main objective of the presentdstwill be the assessment of damage
caused by cyclic preloading at the assessment Eorehis aim, knowledge about effects
of cyclic tensile preloading on macroscopic pararsebf concrete is required. Further-
more, methods and models are required, which fatglthe implementation of possible
effects of cyclic preloading in assessment models.

1.2 Aim and objectives

The aim of the present doctoral thesis is to giatiie shear capacity of members with
potential flexure shear cracks under monotonic @yulic loads. For this purpose, rein-
forced and prestressed concrete members withoat sti@forcement and with a rectan-
gular cross-section are investigated theoreticallg numerically. Based on the evalua-
tions, recommendations would be provided for awative determination of diagonal
cracking load under monotonic shear loads. To &rtomprehend the effects of cyclic
loading on residual concrete resistance to tensioigxial tensile tests are conducted
within an experimental programme on cyclically peeled specimens. With the obtained
knowledge about cyclic damage phenomena on contegatéle behaviour using con-
ducted tests accompanied by evaluations of a cethpdnsile database, the provided
numerical and theoretical models would be adapte@¥aluation of diagonal cracking

2
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load of cyclically damaged members. To this end,ttiesis distinguishes the following
three objectives:

= Finding a mechanical consistent model to deterrdingonal tension caused by
monotonic shear loads at the state of major didgmaaking for reinforced and
prestressed concrete members

= Developing a theoretical approach to account falicglamage on shear capacity
under cyclic diagonal tension

= Validation and enhancement of numerical modelgHerevaluation of diagonal
cracking (load and cracking section) as well asnalte shear loads

Based on theoretical, experimental and numericaluations, a mechanically sound
model for the prediction of diagonal cracking lagatoncrete members will be provided
and recommendations for numerical approximatiodiajonal cracking are made.

1.3 Outline

Chapters 2 contains the basic principles of tefheaviour of concrete under monotonic
as well as cyclic loading.

In the third chapter, concrete tensile behavioutenrcyclic loads is evaluated theoreti-

cally and experimentally. The available cyclic intests in the literature conducted as
fatigue tensile tests and residual tensile testsnfitonic tests on cyclically damaged

specimens) are composed in a tensile database Simsber of residual tensile tests in

the technical literature is limited and for a bettederstanding of the mechanisms of
damage in such tests, further residual tensile st conducted within this thesis. Based
on the comparison of own experimental results Withtensile database. The results of
investigations are discussed further in this chagtel are the basis of a proposed new
concrete tensile curve.

Chapter 4 contains basic knowledge on diagonakorgof members with a potential

flexure shear crack under monotonic and cyclic skesling. The key influencing pa-

rameters on the diagonal cracking (load and pattrine state of major diagonal crack-
ing are indicated and existing mechanical approafdreprediction of diagonal cracking

load are introduced.

Chapter 5 presents the developed shear databdsdimctests under monotonic and
cyclic shear loads. The effects of key influencpagameters on the diagonal tension at
the state of major diagonal cracking and the slapeell as location of critical diagonal
crack are discussed in this chapter. Based on iexpetal results, the role of the shape
and location of the major diagonal crack is indécitwhich is not a priori and needs to
be approximated with decent methods.
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The shear database is used in Chapter 6 for tHeatim of the mechanical models pre-
sented in Chapter 4. On this basis, modified newdetsoare developed and extended
using findings in Chapter 2 and 3 for the evaluaid diagonal cracking load of pre-
stressed members as well as cyclically damaged mesribhe proposed models are val-
idated using the shear database.

In order to provide recommendations for numericalction of diagonal cracking load
and location of the critical section, the potemstiad nonlinear finite element (FE-) simu-
lations are evaluated using some benchmark tes@hapter 7. The main influencing
parameters and existing approaches for modellirdiagfonal cracking are assessed. On
the basis of calculations, a refined iterative-@mesental approach and a new crack model
are proposed for assessment of shear critical membe

In chapter 8, documented shear tests in the daaraseinforced concrete members are
investigated numerically with the proposed modaelfigurations in the previous chapter.
Based on this, the objectivity and meaningfulndst® numerically predicted diagonal
cracking load and critical section are analyseck fgsults are further used to develop
concepts for investigation of failure brittlenessl gorior notice of concrete members un-
der monotonic shear loads. In a further step, #we crack model is evaluated using se-
lected shear tests and adjustment for the modaehpeters are suggested based on a par-
ametric study. Additionally, the new concrete tensurve is implemented in the numer-
ical model for evaluation of diagonal cracking ladctyclically damaged members. Nu-
merical evaluations of selected cyclic shear tegtsused to evaluate the prediction ac-
curacy of the proposed method.

Chapter 9 summarizes the developed models and deethdhe thesis as proposals for
determination of the shear capacity of members umamotonic and cyclic shear loads
at the state of diagonal cracking using mechanmcaherical and conceptual approaches.

The main conclusions and an outlook for potentituife research possibilities are given
in chapter 10.



Monotonic and cyclic concrete tensile behaviour

2 Monotonic and cyclic concrete tensile behaviour

2.1 Uniaxial concrete tensile behaviour
2.1.1 Tensile cracking and softening behaviour

Cracking of concrete is mainly described using xialaconcrete tensile behaviour, which
can be optimally determined within uniaxial tendésts. During a monotonic uniaxial
tensile test, the applied tension on test speciroande increased as constant load incre-
ments in a so-called load-controlled scheme ordapid to measured displacement of
a control length in a displacement-controlled manhedependent from the loading
scheme, same cracking behaviour in microscale eassumed, which includes the for-
mation of new microcracks in addition to existinges caused by hydration of cement
and shrinkage. During the ascending tensile loadihgost a linear correlation can be
observed between the tensile str@sand the tensile deformation of the specirignn

a load-controlled scheme, a rapid localisation mfratracks at a section with least con-
crete tensile strength ends the tensile test edk fensile loafmax. The uniaxial concrete
tensile strengtlft can be calculated using the peak load and theadracture cross-
sectionA asFmax/ A. In a displacement-controlled scheme, a redudafostiffness due

to excessive microcracking can also be documentethe ascending branch of the
load-displacement curve (Figure 2-1, point A). Aess level for initiation of softening
due to excessive microcracking is provided e.g[Rdr2013] as 70 % fc: or equal to
90 % -fct according tdfib-2008].

=

tensile stress o
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12 9,

el cr,1
tensile deformation &

Figure 2-1:  Tensile stress-displacement curve andfterent cracking states under mon-
otonic uniaxial tension (according tgMal-2006] and [Kes-2002])

A displacement-controlled loading enables additiigren evaluation of concrete tensile
softening, since a reduction of applied stress #fie peak streds is possible. With the
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beginning of macroscopic damage at the peak diietise applied stress descends until
point C (compare Figure 2-1) in a gentle and statz@laner due to microcrack localisation
in a fracture process zone. The applied stredsisapbint is determined as 0.1%ac-
cording toffib-90] and[Wit-1983] or corresponds to 0.X. according tdfib-2010]. This stage
of stable crack propagation is followed by a rattagid instable crack propagation until
failure, with a significant reduction of appliedests. The effective tensile strength can
be defined as the applied stress in each phaseoaradates with the displacement of the
control lengthict.

Due to the brittle nature of the tensile failutabde crack propagation in the descending
branch can only be achieved if the control lengtkept smaller than a characteristic
lengthlc, proposed as a material parameter iy ERBORG et al.[Hil-1976]. Assuming that
the total applied work on the specimen can be divighto an elasti®\i, and a fracture
work W, the released elastic work at the state of crackirould be smaller than or equal
to the fracture work to ensure a stable crack pyafan.

Wour = Win + We Eq. 2-1

For the assumed control length equal to the speclamgthl, the total work\ou: can be
extended as follows:

F6po=A-Gg+A G Eq. 2-2

Elastic energyse and fracture energ®r are defined as the work per cross-section area
A according to following equations (compare Figw2)2

l fczt
Gg = 2 E. Eq. 2-3
Scr2
G = f fetef(8er) - by Eq. 2-4
Scr
Oct
3
- —
- ; —> 0y
- —>
1=2-1
/!L ch /{L

ect

Figure 2-2:  Elastic energy, fracture energy and thelefined characteristic lengthlch ac-
cording to [Hil-1976]

Due to an equilibrium between elastic and fracemergy, the characteristic lendth
can be subsequently determined as:

6
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Iy, = Ee IZGF Eq. 2-5
fex

According to HLLERBORG, lch defines the length of a cohesive crack, which make
back-calculation of measured displacement to arétieal crack widthwe possible
(compare Figure 2-3, left). Based on this assumptdheoretical crack widther can be
correlated to effective tensile strength in thecdesling branch of concrete tensile curve.
These assumptions are the fundaments of the proposkesive crack model by
HILLERBORG et al.[Hil-1976] denoted as fictitious crack model which is onertfzest com-
monly used existing cohesive crack models for cgtiecrThe total displacemedit: is
divided in this model into an elastic deformatiinand a crack widtkwer.

6tot = 6&1 + Wer Eq 2-6
To enable a transition between elastic deformailmase and cracked concrete phase, the
load-displacement curve can be defined as a testséss-strain curve using a reformu-
lation of fictitious crack model in the crack bam@del of BAZANT / OH [Bai- b1983]. The
smeared crack consideration in this model assurnescied region in a fracture process
zone as a crack band with the witith(compare Figure 2-3, right).

=

lcr length of cohesive crack

Figure 2-3:  Stress distribution in fracture processzone in the fictitious crack model of
[Hil-1976] (left) and crack band model of{Baz- h1983] (right) shown according
to [Tru-1999]

With the defined crack band widthy, the crack widthwer can be converted to a crack
strainecr and Eq. 2-1 can be rewritten as:
— fCt WCI'

E=Eq t+&r = E_ h_b Eq 2-7
c c



Monotonic and cyclic concrete tensile behaviour

A

g\k.

tensile stress 6

tensile strain &,

Figure 2-4.  Tensile curve of concrete based on criadand width model

The crack band width approach is the basis of nizalesimulation of concrete cracking
using smeared crack models.

2.1.2 Parameters of the concrete tensile curve

To define the tensile curve of concrete usingtfamtis crack model, tensile strendth
elasticity modulugk, fracture energr, ultimate crack widtlwer2and the shape of the
softening curve should be defined.

The tensile strength of concrete can be determiséd) direct tensile test (as discussed
in section 2.1.1.) or indirectly based on splitttegts on cylindrical specimens or bending
tests or prismatic beams (compare Figure 2-5). Whitirect tests are conducted based
on standards and guidelines, there is almost malatdized approach for a direct tensile
test. As a result, the direct tensile tests arelgoted on specimens with different

= cross-sections (circular, cylindrical, with or watht a notch, variable over speci-
men length for dog-bone specimens)

= control lengths and

= boundary conditions (glued on loading plates, lobtiepinned to loading plates,
with rotating or non-rotating loading plates etc.).

In uniaxial tensile tests, installation of teng@ecimens in the testing frame, stiffness of
the testing frame and the used control systemasvkrio influence the test stability and
the achieved softening curviea-2007]. Since this testing procedure is accompanied with
more effort, many researchers revert to indiretsite tests. However, the ultimate loads
of indirect tests should be back-calculated withard to stress distribution over fracture
cross-section into a uniaxial tensile strength. $tress distribution over the fracture
cross-section is rather disturbed in notched spemaitar-1982], for which reason they are
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categorized as an indirect tensile test. In botiadiand indirect test methods, the exper-
imental concrete tensile strength is afflicted vaitlarge scatter. Therefore, for calculative
approaches, empirical correlations are proposedhi®rcalculation of concrete tensile
strength based on the value of concrete compressimegtH-.

I S

@Z"@
: FeL D
W%ﬁ’—y

direct methods indirect methods

bt

T

Figure 2-5:  Test methods for determination of uniaial tensile strengthfct

For normal strength concrete, a common correlabieveenfe andfc is the one sug-
gested by HILMANN [Hei-1969] with the following general form:

feoea = a f2° Eq. 2-8

For the mean value of concrete tensile strengtheSactora equal to 0.3 according to
[DIN-1992-1-1]. The equation ifDIN-1992-1-1] is based on the characteristic concrete compres-
sive strengthick, which is calculated a& (& 8) in general and is set d&s~ 4)for value of

the concrete compressive strength of laboratotg.t&€he tensile strength of high strength
concrete (> C50/60) is typically calculated usihg suggested correlation [@fm-1994].

f
fetca =D 1n (1 + E) Eg. 2-9
The value ob is set to 2.12 in DIN 1992-1{2IN-1992-1-1]. This equation is modified by
REINHARDT to the following power function with the corrétat:

fu=1115-£2* for >(C50/60 Eq. 2-10

[

For a calculative estimation of the critical cragklth wer,1 and also the ultimate crack
width wer 2 of plain concrete under tension, tensile fracemergyGr of concrete and the
shape of tensile softening curve should be providibeé value ofSr depends on various
properties of concrete mix such as concrete stndgvater / cement ratio{c), shape
factor of aggregates (a0 = 1 for round aggregates amg= 1.44 for angular aggregates),
as well as maximum aggregate silgeThese properties are considered in the proposed
empirical correlation according fenz-2002).
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25 £ 046 d, 022 o3
=25 (o (L) (s v B
F = 1000 (“0 0.051 1127 (c) Eg.2-11

From the mentioned factors are maximum aggregate &nhd concrete compressive
strength considered in CHEP-90 [fib-90] for a simpler estimation of fracture enei@y
according to the following equation:

f;; 0.7
Gp = Ggo - (E) Eq. 2-12
Herein is the basis value of fracture eneBgy [N/mm] defined according to:

Gro = Tgog " (0-0469- dg” — 0.5 dgy + 26) Eq. 2-13
A higher value ofGr [N/mm] is suggested in Model Code 201i®2010] solely based on
concrete compressive strendith

Gg = 0.073 - f018 Eq. 2-14

The shape of softening curve is often determineddig-fitting using experimental ten-
sile softening curves. Exponential approximatiorss provided by I&RDIJK [Hor-1992],
DUDA [Dub-1991], GOPALARATHNAM [Gop-1987] etc.. A commonly used exponential softening
curve is the proposed correlation obRbDIIJK with the following equation:

3 Wcr
fewarer) _ (4 (3 e ) oo 00274 Mer Eq. 2-15
fct Wcr,Z cr,2
The ultimate crack widtlv 2 of this curve is equal to:
G
Werp = 5.136 - — Eq. 2-16

ct
Further multilinear simplifications of the tensi#®ftening curve of concrete are also
available such as the ones proposed in Model Coie[#-2010] (compare Figure 2-6).

tensile stress tensile stress

Wcr,l 5 'Wcr,l
tensile strain & [%o] crack width w,, [mm]

Figure 2-6:  Tensile curve of concrete according tModel Code 201(fih-2010]

10
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According to Model Code 2010, the tensile curveeiined using a bilinear tensile stress-
strain curve in the ascending branch and a biliterzsile strength-crack width curve in

softening branch. Based on the assumed valuegind-R-6, the crack width at the ini-

tiation of an instable crack growtt:,1 can be calculated as
Gp

fet

2.1.3 Factors affecting concrete tensile strength

Wcr,l = Eq 2-17

In a uniaxial stress state, macroscopic tensilekang can be defined using the concrete
tensile strengtlc. With the presence of lateral compression, expamtal evidence
shows that tensile cracking occurs under loweriessress thafft; (KUPFER/ GERSTLE
[Kup- a1973], HUSSEIN [Hus-2006] und HAMPEL / CURBACH [Ham-2006]). A commonly used fail-
ure envelope under biaxial stress state is thepoogosed by KPFER/ GERSTLE [Kup-
a1973], [Kup- b1973].

0)

7]

Figure 2-7:  Failure envelope proposed ifKup- a1973] for different stress states and the
linear approximation of tensile strength with lateral compression

For concrete members with a normal compression degto prestressing) or for tensile
cracking in a biaxial stress state (as under sfugees), the tensile cracking should be
defined using a modified concrete tensile strefigiias In a linear approximation of the
depicted failure envelope in Figure 2-7, the mediftensile strength can be determined
by means of tensile and compressive strength afrete and the lateral principal com-
pressive stress.

|l
fe
fct,mod = 1— Tet “fe Eq. 218

fe

A further influencing parameter on concrete tensitength is the effect of differential
shrinkage, which reduces the concrete tensile gitnest extreme fibre of the specimen

11
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as figured out by HILMANN [Hei-1969]. This effect is not negligible in uniaxial tensiésts
(compare Figure 2-8). Due to the superpositionxdéraal tensile stresses and internal
eigenstresses caused by (drying) shrinkage, thal leuction of concrete tensile
strength causes tensile failure of the specimensowling to RINHARDT [Rei-2013], the
splitting tensile tests are not affected by shrgekas the point of crack initiation (maxi-
mal tensile strength) is far from the extreme fibfehe specimen, where the local ei-
genstresses according to shrinkage act.

F F
1111
ttat4 Nty

v v

F F
without shrinkage with shrinkage

Figure 2-8:  Influence of eigenstresses caused byristikage in uniaxial tensile specimens

For reinforced concrete members, the restrain chlogédongitudinal reinforcement dur-
ing shrinkage affects the cracking load of the memsbThe restrain amount depends on
the longitudinal reinforcement ratio. To consideistrestrain in structural scaleJLG
BERT/ RANZI [61L-2010], [61.-2011] suggest considering an initial curvatuggas a function of
longitudinal reinforcement ratipi (compare Eq. 2-19), which considers the effects of
shrinkage before cracking.

2 d AS,Z 13 Esh
Ksh=(100-p1—2500-p1)-(m—1>-<1— v ) (T) Eq. 2-19
. S

Here isd the effective depth of the sectidnis the overall section depths andAs 2 are
cross-section areas of the longitudinal reinforaeinie tension and compression zone,
respectively andsh denotes the value of shrinkage strain. In ultinfiaté state, the con-
crete tensile strength does not influence the figxesistance and therefore, effects of
shrinkage are negligible in this limit state. Howewvthe diagonal cracking under shear
loading is known to be influenced by drying shriggaHvODO [Hye-2013] and GORTZ [Gar-
2004] suggest considering the influence of shrinkage iagahal cracking of reinforced
concrete members.@RTz proposes a constant reduction factor equal to thsed on

a database evaluationyBIDO suggests an equivalent longitudinal tensile reacément
ratio pieqaccording to Eq. 2-20 to account for the influentexperimentally measured
strain in longitudinal tensile reinforcement at tge of loading:so,exp (Compare Fig-
ure 2-9).

12
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Es

Pleq = m P Eq. 2-20

Based on the equivalent reduced longitudinal reggment ratio, the change in applied

moment at flexural crackinigli,sh as well as applied moment at diagonal crackinggeund

consideration of shrinkag®lprsh is predictable (compare Figure 2-9) according to
Hyobpo.

&g gs,O,exp

Figure 2-9:  Simplified correlation between flexuralmoment and shrinkage-induced
strain in steel reinforcement according tqdHyo-2013]

As apparent from Eq. 2-19 and Eq. 2-20, the vafishonkage strain should be provided
for an adequate consideration of shrinkage eff@ttdiagonal cracking, as it depends on
curing method, age, cement type etc..

Another influencing factor is the so-called sizieef, which was investigated experimen-
tally and theoretically iriBaz-1984], [Leo-1962], [Hub- a2014], [Cao-2001]. It iS observed that the
tensile strength does not grow proportionally whib growing cross-section, which is
justified by increasing the probability of the imal defects and consequently the sum of
the local stress concentrations according BN .

2.2 Uniaxial cyclic tensile behaviour of concrete
2.2.1 Concrete behaviour under cyclic tension

Similar to tensile tests under monotonic tensignaxial cyclic tensile tests can be con-
ducted as load-controlled or displacement-conttotiests. The aim of load-controlled
tests is often the prediction of a fatigue lifehinit fatigue tensile tests. It is known based
on fatigue tests, that the damage process undke ading increases with a higher load
amplitude as well as an increasing number of cyeled depends on loading frequency
and lower and upper stress levetss @nd osuprespectively)Rei-1981], [Cor-1981]. After Nr
number of cycles in a fatigue test, a fatigue failaccurs and the upper stress lexel

13
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denotes the fatigue tensile strenfythy. If the specimen deformation is measured during
load-controlled cyclic tests, a general increasth@measured deformation can be ob-
served, which is mainly caused by microcrackinghiem cement matrix and damage be-
tween different concrete phases. The developmedefdfrmation under an increasing
number of load cycles comply with a similar regiagedepicted in Figure 2-10.

applied tension F
tensile deformation ¢

1
time 7 applied cycles N

Figure 2-10: Schematic view loading in a load-conalled tensile fatigue test (left) and
corresponding cyclic creep curve (right)

This deformation evolution can be divided into thphases. The first branch with a rapid
microcracking and tensile deformation of the spetirander first loading, accompanied
by a secondary branch with a nearly linear coriaiabetween the number of load cycles
and deformation growth. The third phase begins feooritical number of load cycles
Nerit, from which a rather accelerated crack growth amdgformation gain are observed
until the number of cycles to fatigue are reacHds characteristic curve is often termed
as cyclic creep curve. For definition of a damamdr within fatigue tests, the ascending
slope of deformation in the secondary branch ipased in[Wei-1987] and [Cor-1984] to
quantify the cyclic damage on tensile specimenseBan the measured values of total
tensile strain and elastic strain, a cyclic cresgdr was defined iftor-1984] as follows:

‘Stot(N) — el _ Stot(N) — el

Eel Eel

Peya(N) = Eq. 2-21

The damage factor is defined bpRNELISSEN[(or-1984] using the cyclic creep factor for
a given number of load cycles and with regard ® upper stress lev&up (osup/ fer)
accordingly:

Dy(N) = Sgyp - /1 + @eya(N) Eq. 222

The applied cyclic tension can be also displacernentrolled during the tests. For this
test procedure, after one or several displacematg with a constant size, the applied
displacement is increased with a constant Atefexamples of such tensile tests are doc-
umented irfRei-1986], [Kes-2002] and[Che-2016].

14
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2.2.2 Parameters of the cyclic concrete tensile curve

As for monotonic tensile softening, tensile strénfgi elasticity modulus, fracture
energyGr, ultimate crack widthver,2and the shape of softening curve should be availabl
for adaption of fictitious crack model under cydbads.

The available adaptions of parameters are ofteengfirical nature. For instance, the
tensile strength is reduced in accordance withehsile fatigue strength rat Of concrete.
For this aim, a commonly used correlation is thappsed equation bydRNELISSEN[Cor-
1984], which is derived using a regression analysisyadic tests and considers lower
stress level and number of cycles.

fct,ref . Oinf

fct,fat = 14.52

(14—.81 +2.79- —log Nf> Eq. 223

ctref
Considering the lower stress level in Eq. 2-23 aentifferentiated specification of ten-
sile fatigue strength of concrete is availableamparison to the suggested correlation of
[fib-2010] (compare Eq. 2-24):

log N
%8 f—1) Eq. 2-24

fct,fat = fct,ref ) (T

For the value of fracture energy, the accumulateckwluring the cyclic loading process
and its division into reversible and irreversiblets are mostly based on phenomenolog-
ical models and experimental observations. Theeefthre existing assumptions are as
different as the existing experimental observati@GRNELISSEN HORDIJK and REIN-
HARDT observed during first displacement-controlled moni and cyclic tests, that the
envelope curve of tensile stress-displacement rggteof cyclic loads resembles - dct
curve of monotonic tests. They concluded that é&mheconcrete, a unique curve describes
the crack formation and softenif@r-1986], which is independent from the loading se-
guence. Later on, ®BRDIIK [Hor-1992] investigated the displacement behaviour within mon-
otonic and cyclic tensile loads to find similaritibetween achieved values of displace-
ment. He concluded that the ultimate tensile s¢ra@ached in a load-controlled fatigue
test are higher than monotonic ultimate tensilaistvalues and could observe almost no
correlation between the cyclic and monotonic tenslisplacements (compare Fig-
ure 2-11). Quite the contraryaBAzs proposed that the displacement at the initiation o
a critical crack propagatiomN{:it) during a cyclic test corresponds to the elagtplece-
ment of monotonic tensile tesig [Bal-1991]. THUN et al.[Thu-2011] proved the plausibility

of this assumption based on a comparison betwesatisblacement attained during mon-
otonic uniaxial tensile tests and cyclic fatigustseon cast and drilled preloaded concrete
samples.

15
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tensile stress o, number of applied cycles N

Figure 2-11: Comparison between measured displacemis in fatigue tests and the mon-
otonic tensile curve in accordance witliHor-1992]

Like HORDIJK, KESSLERKRAMMER [Kes-2002] observed during his displacement-con-
trolled cyclic tensile tests that the monotonic aydlic displacements are not directly
comparable. He could show further, that with ameéasing number of cycles to failure,
the energy consumption for a fatigue failure desesaThis indicates the area beneath
the hysteresis envelope, i.e. the cyclic fracturergy. Based on displacement controlled
cyclic tests with different numbers of load cydedailure, KESSLERKRAMER proposed

a reduction of fracture energy for cyclically loddgpecimens according to the following
equation:

Ge(N) = G — 0.0214 - log N Eq. 225

ct

Tao |-

envelope curve
N=10

& normal strength concrete

¢ high strength concrete
‘("m ‘/\(

Figure 2-12: Change of envelope curve of cyclic tsite tests with the number of applied
cycles (left) and reduction of fracture energy (rifpt) illustrated schemati-
cally based or{Kes-2002]

Even during load-controlled cyclic tensile testsiE® [Che-2017] defined an accumulated
damage value based on the area within each loatidginloading curve. This accumu-
lated damage energy indicates the amount of enedggh is dissipated in the damage
process and increases with the number of applielésy

16
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ct

Figure 2-13: Calculation of dissipated energy in e load step (left) and the increase of
accumulated energy with the number of applied loagycles (right) by[Che-
2017]

Based on the discussed experimental observatioesrdtical models are developed for
the consideration of cyclic damage in the cohesiaek models. The most of existing
models, however, focus on an exact descriptiomadlihg and unloading in hysteresis
loops such as the model proposed yRHEIIK [Hor-1992] or the suggested one byN-
KELEVSKY / REINHARDT [YAN-1989)].

S

Figure 2-14: Models for tensile softening accordingp [Hor-1992] (left) and [Yan-1989]

(right)
For an engineering application, rather straightbmdvmethods are needed, which con-
sider the effects of damage on concrete behaviter @ certain number of cyclic loads.
Such engineering models considering actual accuetizamage on parameters of a co-
hesive crack model are proposed for example HANRER [Pfa-2003] and KAR et al.[Ska-
2017].
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Figure 2-15: Tensile curve of cyclically damaged cwrete according to FFANNER [Pfa-
2003] (left) and according to KAR et al.[Ska-2017] (right)

The basis of both approaches is an energy-basettidef of damage, where the applied
energy is divided into a dissipated part in damageyersible energ$e,n and a modified
fracture energr.n. In the proposed model of RNNER [Pfe-2003], the macroscopic dam-
age caused by cyclic loading is considered as agehaf material parameters such as
stiffness and tensile strength as well as a preddfideformation caused by cyclic creep.
The tensile curve of KR et al.[Ska-2017] considers predefined initial stress caused by
cyclic damage and a constant stiffness to the dimigecurve after the first loading. The
different energy components can be defined onlggusiyclic tensile tests, e.g. the re-
duced fracture energy after cyclic damage can bermiéned using the correlation sug-
gested by KKSSLERKRAMER (compare Eq. 2-25). Further experiments are reduio
make a statement about the stiffness of cyclicddinaged specimens.

2.3 Concluding remarks

The basics of tensile cracking and softening behavinder monotonic and cyclic ten-
sion were briefly introduced in this chapter. Tleguired parameters for modelling of
tensile cracking using fictitious crack model wetenmarized and provided models for
a damage consideration are discussed. An ovenfidve diterature shows that the effects
of cyclic damage on macroscopic material parametec®ncrete include cyclic creep,
reduction of tensile strength to a fatigue tensitengthfc: st and a reduction of fracture
energyGr. However, the existing knowledge on cyclic damégrises mainly on de-
tailed evolution of cyclic hysteresis, includingatting and unloading paths. For high-
cycle fatigue in structural scale, modelling of thigole loading sequence is rather a time
consuming and inefficient procedure. To provideinfation about the current state of
the existing cyclically preloaded structures, corigat engineering models are needed
which should be able to determine the tensile bielabased on the existing damage at
the assessment time. Two examples of such modetsinteoduced which accentuates
the controversial viewpoints for the definitionaafncrete tensile curve in damaged state.
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Despite differences in models, some similar obg&ms exist, such as a continuous in-
creasing deformation under cyclic loading knowrtydic creep. To obtain a better in-
sight in the phenomena engaged in cyclic damagetareffects on parameters of the
concrete tensile curve, an evaluation of existiyglic tests and further experimental in-
vestigations can be helpful.
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3 Experimental investigation of tensile cyclic damage

3.1 General remarks

For a safe approximation of effects of cyclic loafon concrete tensile capacity, pro-
found knowledge about the cyclic damage processesricrete and their influence on
macroscopic tensile parameters of concrete aréregjlCyclic damage development in
concrete can be described ideally using directaalitensile tests. In general, some well-
documented laboratory tests are available, whiefcanducted for the evaluation of fa-
tigue tensile strengthrat (FT tests) or to determine residual tensile stitefigresof cy-
clically preloaded specimens (RT tests). The firstup of tests are more common and
are conducted until a fatigue failure is reachdu Talue of upper stress levelpdefines

in such tests the tensile resistance of concrateeattate of fatigue failure. In contrast, in
tensile tests on cyclically preloaded specimerssgfecimens are often partially or com-
pletely unloaded after a preloading phase and suiesely loaded monotonically until
failure. The peak stress.ax of the second monotonic load phase describescin ®sts
the tensile resistance of cyclically damaged caea@ebsequently termed as residual ten-
sile strengthfcires The idea of this chapter is to compare thesetyypes of concrete
tensile strengths and point out the similaritied differences between the obtained test
results.

In a first step, available tensile fatigue test§)(&nd residual tensile tests (RT) are col-
lected in a tensile database. The ultimate terssikngth values of both test types are
compared and analysed. Residual tensile testsoamscommon as tensile fatigue tests.
For this reason and also to better comprehencethdts of database evaluation, residual
tensile tests are conducted at iBMB, Division oha®te construction of TU Braun-
schweig within this thesis. The experimental progree involves load-controlled tensile
tests on undamaged as well as on cyclically preldaensile specimens. The findings of
the database evaluations are compared with thegssits. The test data and provided
theoretical background in chapter 2 are used tatifydhe effects caused by cyclic dam-
age.

3.2 Database of cyclic tensile tests
3.2.1 Overview of database

Cyclic tensile tests are compiled in a tensile base, which includes tensile fatigue tests
under constant loading amplitudes (FT) and monottasts conducted on cyclically pre-
loaded specimens (RT). In fatigue tensile tests sffecimens fail afté¥s load cycles in
the cyclic loading phase and the fatigue tensikensfthfc: a: corresponds to the value of
upper stresssup The latter test type is conducted often on runspecimens of fatigue
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tests (specimens, which did not fail within fatigeests) or after a lower number of ap-
plied load cycledN < Nr. The residual tensile strendttyessignifies the peak stress of the
monotonic loading phase.

The developed database includes 170 FT tests aRd 7dsts, which are summarized in
Table 3-1. The available datasets are documenteetail in Appendix A.

The upper and lower stress levefis{andSir) are calculated as the ratio of upper and
lower stressess{up andoint) and the reference tensile strength according to:

5= g
fct,ref Eq. 31

Table 3-1: Overview of the tests in the tensile dabase

Test geometry No. Ssup Sin N frequency| fetrer
Ref.
type [-/mm] B | B Hzl  |IN/mm2]

Author

[Cor-1984], [CYlinder (dogbong

N

CORNELISSEN| FT | 1e0 19g1] 218 | 0.6-09| 0.1 1o10° 6 2.5-3.0
120 x 175
K ESSLER-K RA- prism (dogbone
FT | [Kes-2002 10 | 0.75-0.89 - |[1(%-2.7-10 10 3.5-54
MER [Kes-2002] | "0 x 100 x 220
cylinder
Che-2017 51 | 0.8-0.95| -| 1B3:1C 4 3.6
CHEN FT | [Che 1 73 % 205
cylinder (dogbone)
CORNELISSEN | RT | [Cor-1984] 28 0.4-0.7 | 0-0.410°-2-1C 6 ~2.9
120 x 175
prism
BLASCHKE RT | [Bla-1993] 27 0.6-0.75| 0.1 o1 0.01-1.0| 1.3-2.0

200 x 200 x 100

ism (dogb
MENG/SoNG | RT | Menzo0ry | PIST (d0GBONEY ot 6 oe hgd - 11510 - 27
100 x 100 x 110

3.2.2 Comparison of tensile strength values

The values of peak stress reached in each tesfftypen FT tests anélresin RT tests)
have been compared with the reference value ofremtensile strength eras provided

in respective reference. For a comparison betwgelicaamage within a fatigue tensile
test (FT) and a monotonic test on cyclically dandageembers (RT), relative tensile
strength is determined using the ratio betweentezstensile strength and reference ten-
sile strength for RT tests determinedqags/ fetret and for FT tests as the rafigra / feret.
Within the database evaluations, the focus is flnence of applied number of cycles
(Nf or N). Based on the existing tests, no correlationcda observed betweésta: or
fetresand the value of loading frequenicy

The correlation between relative tensile strengtlues and the number of applied load
cycles is evaluated using Figure 3-1.
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Figure 3-1:  Relative fatigue tensile strength (lejtand relative residual tensile strength
(right)
As depicted in Figure 3-1 (left), higher upper stréevel leads to a shorter fatigue life.
Therefore, the fatigue tensile strengfw: decreases with the number of applied cycles
as suspected. In contrary, the resulted residumall¢éestrength valuef res (Figure 3-1,
right) remain unaffected by the applied cyclic pegling and show a slight gain even
after 10 applied load cycles. @RNELISSEN[(or-1984] mentions stress redistribution at low
stress levels as a possible reason for the stregaghafter cyclic preloading. According
to BLASCHKE [BLA-1994], the randomness of concrete tensile strengtlsporesible for this
observation. This statement was verified by thestegsnducted by BASCHKE, in which
the first crack was closed using an epoxy-basedsidd and the specimens were loaded
afterwards. It is reported that the subsequentkesrappear under a higher load level in
all cases. Based on same considerations, randasiletestrength distribution imple-
mented in the crack model according t@FELMANN [Emp-1995] considers the first crack
to appear at a section with a concrete tensilegtheequal to characteristic concrete
tensile strengtfk (5%-quantile), followed by further cracks at sens with higher ran-
dom concrete tensile strength values. Accordinlyl ENG / SONG [Men-2007], despite the
gain in concrete tensile strength in RT test, trabability of failure grows with the in-
creasing number of applied load cycles. For evadnaif randomness of concrete tensile
strength and selection of a representative proibabiktribution function, more RT tests
are required. The same applies for the evaluatidailore probability.

In comparison to FT test, RT tests are conductsddéen and generally without required
information on strain development during the tests.figure out the similarities and
differences between response of specimens in RFandsts, further experiments with
continuous measurements are required. For the ati@huof strength of cyclically dam-
aged structures, it should be clarified whetheydic damage occurs within RT tests and
how this damage is to be taken into account irctiral scale.
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3.2.3 Evaluation of fatigue tensile strength

To evaluate the existing correlations for a caliwdaapproximation of concrete tensile
fatigue strengtffiet s, the prediction accuracy of two introduced apphescfor the eval-
uation of tensile resistance obtained from fatitests i.e. fatigue tensile strength has
been evaluated using the FT tests in tensile de¢afidne evaluated equations include the
correlation proposed byd@RNELISSEN([(or-1984] (Eq. 2-23) and the correlation according
to Model Code 2010ib-2010] (Eq. 2-24). The model safety factor for the prasticvalue

of fatigue tensile strength is determined accordintipe following correlation:

f ct,fatexp

Ymod = Eq 3-2
fct,fat,cal

Based on an assumed normal distribution for tessikngth values, the prediction accu-
racy of both approaches is evaluated based on wada@ (), standard deviatiorsand
variation coefficient\() of the model safety factors.
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Figure 3-2:  Prediction of fatigue tensile strengthaccording to[Cor-1984] (left) and ac-
cording to [fib-2010] (right)

According to the evaluations, it is evident thattbequations are based on the same da-
taset and the equation of Model code 2010 is piiglzagimplified version of the equation
according to ORNELISSEN It can be concluded that for evaluation of mealues of
fatigue tensile strength, the suggested correlafd®ORNELISSENiS more suitable.

3.3 Experimental Investigations
3.3.1 Experimental programme and tests specimens

Monotonic load-controlled uniaxial tensile testsreveonducted on 7 reference speci-
mens and 14 cyclically preloaded specimens withenéxperimental programme. The
tensile strength of reference specimens was compeith those of cyclically preloaded
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specimens to quantify the damage caused by cy@logding on concrete tensile behav-
iour. The effects of the number of applied loadleyare evaluated for different applied
upper and lower load levels. During the cyclic lioagl further damage indicators such as
local strain and deformation of the specimens argicuously measured and evaluated.

3.3.2 Test specimens and concrete

The concrete was mixed in two similar batches withrget strength class of C30/37 and
a maximum aggregate sizedyf= 16 mm. The specimens were cast in horizontakcba
prismatic formworks on a shaking table (comparaifé®-3). After one day of curing in
wrapped and sealed formworks, the specimens weed ¢or 28 days in water and stored
afterwards under constant conditions (temperat28.5°c and relative humid-
ity = 68 %) in a climate chamber until the testohy. To apply tension on specimens,
two steel plates with central drilled threaded borere glued on two specimen sides.
The surfaces of both specimen sides were mechbntosdted and roughened in order
to reach a better adhesion between the specimetharglued steel plates. The dimen-
sions and weight of each specimen were measuredebifsting and considered in cal-
culated stresses.

400 | [mm]
7

Figure 3-3:  Placed and compacted concrete in horintal formwork (left) and dimen-
sions of specimens (right)

3.3.3 Test setup and testing procedure

Tensile tests were conducted in the precisionrmgstbom of iBMB, TU Braunschweig
with a constant temperature of 23.5 °c and reldtiweidity of 50 %. The arrangement
of tests and the applied sensors were as illustiaté-igure 3-5. The specimens were
installed in the testing machine using a hingegstpconstruction, which enables com-
pensation of possible eccentricities. The testseevearried out in a rigid two-column
servo-hydraulic testing machine with a mounted &éhfixture between two actuators.
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The monotonic tensile tests were conducted asenedertests on undamaged specimens
with similar geometry and test setup at differayggesa For damage evaluation, the speci-
mens were cyclically preloaded and loaded aftersvarebnotonically until failure.
Within the cyclic preloading phase, the specimeasawoaded first to a basis load level
of Fo =5 kN and afterwards until the target mean @l Fnm). Originating from the
mean load level, a sinusoidal cyclic load with astant amplitude and a loading fre-
quency of 0.5 Hz was applied on each specimen argpecific number of load cycles
was reached. The loading frequency was selected psévious priliminary tests to min-
imize the objectionable effects of back-oscillatmfrspecimens between unloading and
loading phases. After the cyclic preloading phése,specimens were unloaded toward
Fo and loaded afterwards monotonically until failufbe resulted maximum stre@gax
specifies the concrete residual tensile strefigi

max

applied tension F
A
]
applied tension F
L=
<
W
~
z

time ¢ time ¢

Figure 3-4:  Loading scheme during residual tensiléests (left) and monotonic tests

(right)
During the tests, local tensile strains are meakat¢hree points on each north and south
faces of the specimens. The total displacemergp@timens are additionally measured
on both specimen sides using linear variable difiéal transformers (LVDT). The meas-
ured values during the cyclic phase are the pealesaf strain and displacement in
every 60 seconds. During the monotonic phase, éntaus measurement with a rate of
100 Hz is attended.
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Figure 3-5  Tests setup (left) and position of appd sensors as strain gauges and
LVDTs (right)

3.3.4 Evaluation of test data

A total number of 21 tests are conducted, includimgference tests and 14 cyclic tests.
An overview of conducted tests and their resulesgiven in Table 3-2. Further results
are documented in Appendix B.

To evaluate the influence of cyclic damage, thenalte peak stress reached in the mon-
otonic load phase specifies the experimental residumsile strengtfitres The values of
feireslisted in Table 3-2 are calculated for each speainsing the measured self-weight,
ultimate failure load and cross-section dimensifithe specimen. The influence of cy-
clic loading on strain development of the specimisredso assessed based on the upper
strain level of the first load cycleuy (1) and the last load cyclew (N) as well as the
ultimate failure strain of the specimesismax(N). It should be noted that the maximum
value of measured strain in each specimen is ontymhented and evaluated here. The
residual concrete tensile strength of a specimtan Idfapplied load cycles corresponds
to:

Fmax (N)

fct,res = Umax(N) = A

Eq. 3-3
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Table 3-2: Overview of the results of tensile tests

age Ssup Sin N esup (1) | &sup (N) Emax Gmax
Spec. preloaded
[days] [] [l [] [pm/m] | [pm/m] |[pm/m]| [N/mm?]
zP1 47 - 76.7 2.2
ZP2 47 - 73.8 2.3
ZP3 47 X 0.7 0.4 1000 2.3
ZP4 48 X 0.7 0.4 2460 25
ZP5 49 - 68.4 2.3
ZP6 49 - 104.3 2.0
Z1 120 - 95.6 2.3
z2 118 X 0.7 0.5 10336 166.9 2.3
Z3 119 X 0.8 0.4 10124 165.1 2.5
Z4 119 X 0.8 0.5 31053 116.1 2.3
Z5 120 - 107.3 2.3
Z01* 254 X 1.2 0.7 10 - - - 2.6
Z202* 255 X 1.1 0.7 3 - - - 2.3
Z03 254 X 0.8 0.5 16183 92.3 147.9 168|3 2.1
Z04 327 - 107.7 1.9
Z05 327 X 0.8 0.5 43200 71.4 142.2 146|5 2.3
Z06 328 X 0.9 0.6 86400 91.4 136.6 15019 2.5
Z07* 334 X 0.9 0.4 3530 87.5 173.0 173{7 2.1
Z08 335 X 0.9 0.6 129600 106.5 258.9 257.8 2.4
Z09 348 X 0.7 0.4 129600 67.5 233.8 233.8 2.6
Z010 350 X 0.7 0.4 86400 58.5 114.3 114/3 2.42

Three specimens undergone a premature failure glthia cyclic loading phase after a
few load steps (marked with "*" in Table 3-2) araltd not therefore be considered for
the evaluation of residual tensile strength.
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The values of the relative residual concrete tersitength (ratio between the residual
tensile strength and reference tensile strengéhgaculated and illustrated in Figure 3-6
(left). In addition, the failure point of cyclicglpreloaded members with regard to their
ultimate strengths and failure strains are illustlan comparison to the concrete tensile
curve of reference tensile tests. The softeningdiraf the curve is calculated according
to the exponential correlation according torbIJK [Hor-1992] (calculated based on Eq.
2-15) for the sake of comparison.

1.4 . 14
—HORDIJK's curve
1.2 . 0o 12 | g ° )
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° L XX =
“° 08 [ X0 ° °
~ 3
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0.2 ® conducted tests with
cyclic preloading
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0 1 2 3 4 5 6 7 0 500 1,000 1,500 2,000
applied cycles logN [-] strain &g max [pM/m]

Figure 3-6:  Correlation between the residual tensd strength and the reference tensile
strength for conducted tests and tests in RT subsef tensile database (left)
and ultimate stress and strain of monotonic and cyic preloaded tests in
comparison to monotonic tensile curve according tfHor-1992] (right)

The correlation between relatitgres values and the number of applied load cybdlés
Figure 3-6 (left) shows a slight increase in valoie®sidual tensile strength after a cyclic
preloading. The results correspond with the resfltests in RT subset of tensile data-
base.

Based on Figure 3-6 (right), it can be seen thatilar to observations within fatigue
tests (compare section 2.2), the ultimate strairspecimens at failure state have a com-
parably larger scatter and are in all cases hitteer failure strains of reference mono-
tonic tensile tests. It is also apparent from tbmparison that even for reference tests,
the values of local strain is afflicted with a largcatter.

To quantify the cyclic damage, the evolution of thpper strain level during the cyclic
loading phase for each test is evaluated. The deredi values correspond to the maxi-
mum measured local strain. The strain evolutiowesiof specimens ZO5 to ZO10 with
the number of load stepénax > 30,000 are depicted in Figure 3-7, left. Thaueadf cy-
clic creep within the cyclic phase is calculateddshon Eq. 3-4 as an experimental creep
coefficient:

Agsup Esup,N ~ Esup,1

(prC],exp(N) = = Eq. 3-4
Esup,1 Esup,1
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The experimental creep values are illustrated iretation to the number of applied load
cycles in Figure 3-7, right.
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Figure 3-7:  Relation between the strain evolution @d number of applied load cycles

It is evident from Figure 3-7 that the absoluteueal of strain increase within the first
10,000 load cycles rapidly, followed by an almaseér strain gain similar to illustrated
cyclic creep curve in Figure 2-10. According taastrgain and increasing cyclic creep
depicted in Figure 3-7, it can be concluded thandwefore macroscopic damage, micro-
scopic damage processes in different concrete prhgags as microcracking of cement
matrix, damage of aggregates and softening of itexfacial transition zone between
aggregate and cement paste cause a gradual sarairHpwever, no correlation could
be observed between the slope of linear phase jgper @nd lower stress levels or the
ultimate tensile strength. Since the strain gaygeside only data on local strain devel-
opment, this deviation can be explained by therbgeneous concrete structure. Due to
the time-dependent material parameters of conaredaifferent displacement types (re-
versible and irreversible deformations), the meadudisplacement cannot be directly
associated with irreversible damage in the specimen

Damage effects were also visually detectable basdtie shaped slates on fracture sur-
face. Additionally, analysis of fracture surfacexer a digital microscope showed a
qualitative lower roughness of damaged regionsaitfire surfaces for specimens with
higher number of applied load cycles. This is ttated exemplarily in Figure 3-8 for
specimens ZO2N = 3.0) and ZO9N ~ 1.29-16).
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Figure 3-8:  Fracture surface of specimens ZO2N = 3.0) and ZO9 N = 129,600) meas-
ured by a digital microscope

To account for different stress levels, the suggkslamage factor by dRNELIS-
SEND, (N) was additionally evaluated using Eq. 2-22. Theaation between number
of applied load cycles and creep-based damagerfiactbown in Figure 3-9.
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Figure 3-9:  Linear correlation between creep-basedamage factorD, (N) and the
number of applied preloading cycles

A clear tendency is observed during the monotaading phase of preloaded specimens
(with the number of load steénax > 30,000) between the stiffness of preloaded speci
mens and the strain gain due to cyclic creep. @trigelation is illustrated in Figure 3-10.
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Figure 3-10: Linear correlation between strain gainduring cyclic tests and increase in
stiffness of specimen in subsequent monotonic loadj
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Although the hysteresis curves during cyclic logdémow a reduction of concrete stiff-
ness during cyclic loading (compare chapter 2),pitedoading and cyclic creep in RT
tests reduces the strain to peak stress as alsmsh@revious investigations such as in
[Coo-1981]. With the almost unchanged values of failure ps@a&ss, the lower required
strain to peak stress is captured as a highenatiff of preloaded specimens.

This observation can also be justified by the parthloading of the specimens, which
enables apparently a new stress distribution aadgd of stress path in the specimen,
leading to higher macroscopic stiffness and slightgher tensile strength values. It is
worth noting that such stress distribution is opbssible for limited lengths of mi-
crocracks as illustrated in Figure 3-11. Duringdhelic loading phase, local microcracks
with limited lengths are formed in sections withetevely lower tensile strength. Since
the local microcracks appear in the weaker parthefspecimens, the intact specimen
regions tend to have a higher tensile strengtterAth unloading or partial unloading, the
microcracks close and a redistribution of stressesarts of specimens with a higher
strength is possible according to Figure 3-11, lefthe subsequent monotonic loading
phase is therefore often a higher peak stress eda@uring fatigue tests, such stress
redistribution is only possible in a limited extdr#tsed on the lower stress level and the
loading frequency. For this reason, the macroscbefaviour is mainly influenced by
the behaviour of the damaged regions of the specime
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Figure 3-11: Qualitative change of stress path dunig a RT test and corresponding
change of concrete tensile curve (left) in compaiis to the loading and un-
loading stress path during an FT test and the corrgponding concrete ten-
sile curve (right)

A common observation during both RT and FT testhéscyclic creep phenomenon. In
RT tests, this leads to a higher stiffness, wheme&sl tests, a reduction of stiffness is
often reported. The cyclic creep coefficient in t€$ts corresponds to:

E.

Pra(N) =1 - Ex Eqg. 3-5
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Conducted RT tests show a correlation betweemssH gain in the monotonic loading
phase and the cyclic creep (compare Figure 3-1€9u#ing a constant modulus of elas-
ticity Ec (according to Figure 3-11, left), the cyclic créepthe applied number of cycles
N in FT tests can be represented for RT tests asnage induced equivalent stregss
which can be calculated based on:

E
Opres(N) = fer* (E CN - 1) Eq. 3-6

Based on value of internal stress vatiyes a modified concrete tensile curve is proposed
(compare Figure 3-12), which considers the effe€ta previous cyclic preloading on
tensile behaviour of the specimen in a precedingatanic loading phase.

Oct A

Je b1
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Figure 3-12: Proposed modified tensile curve

The proposed curve can be used for numerical styjomonotonic (displacement-con-
trolled) evaluation of cyclically preloaded strues.

3.4 Concluding remarks

After a literature review, a database of two defartypes of cyclic tensile tests, i.e. fa-
tigue tests (FT) and residual tensile tests (RT9 éeveloped and evaluated. Whereas in
FT tests, a lower fatigue tensile strength withréasing number of load steps was ob-
served as supposed, the values of residual tesisdlegth showed a slight gain. The dif-
ferent responses of concrete tensile specimengwitase two test types were analysed
and indicated the necessity of a better insiglyolic damage phenomena. Furthermore,
two introduced models for determination of fatigeesile strength were evaluated using
the FT subset of the tensile database. The propegeation by ORNELISSENshowed
good results for the approximation of fatigue tenstrength.

To investigate the possible damage within RT tests evaluate its impact on macro-
scopic tensile behaviour of concrete, responseydiically preloaded specimens was
evaluated within an experimental programme. Basetti® conducted RT tests, a general
increase in residual tensile strength and ultinfaitare strain was evident from the test
results, which confirmed the reported results i tiechnical literature. Furthermore, a
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higher concrete stiffneds. n was observed during the monotonic loading of cydly
preloaded specimens, which was based on the redtieed to failure caused by cyclic
creep. It was shown for the conducted tests witiénexperimental programme that the
stiffness gain correlates with the experimentalicyareep coefficient. This observation
was used to define a new modified tensile curvecfatically preloaded members. The
applicability of proposed adjusted tensile curvetictural scale for the cyclically pre-
loaded concrete should be validated using test data
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4 Diagonal cracking under monotonic and cyclic loadig

4.1 Behaviour of concrete members under monotonic shedoads
4.1.1 Stress state in concrete members and theoreticalatjonal cracking

Shear behaviour of reinforced concrete (RC) andtpresed concrete (PC) members can
be described using stress states at different depttross-section of the members. Based
on the principal stress trajectories for a homogsrand linear elastic concrete (accord-
ing to HOOK’s law), three main stress states can be obsemédealuated using the
MOHR's circle of stresses.

In the extreme tensile fibre (point 1), the infasimal elements are only opposed to ten-
sile principal stress: acting parallel to beam axis. In point 2, for certing the rotated
tensile and compressive principal stresgeando: to stresses parallel to beam axis, an
auxiliary term as shear stresgz) should be defined according to theiR's circle of
stresses. In point 3, a compressive principal strgs acting along the beam axis.

T

7(2)

A

Figure 4-1:  Principal stress trajectories, stresstate in different depths of the section
and MoOHR'’s circle of stresses at neutral axis of the membéjBus-2019], [Hub-
2016])

Based on the ®HR's circle of stresses, shear stres§z) can be calculated using the
principal tensile stress and normal stress along the beam axi&), which is variable
over the beam depth.

9x(2)

01

(2) =0, |1— Eq. 4-1
For a practical application, a correlation betw#denapplied momeri¥l and shea¥ is
needed to calculate the stresses. A common appi®adggested in the technical bend-
ing theory (TB) that is based ouEER-BERNOULLI'S beam theory. This theory is valid
in beam regions without stress concentrations (Bores) and as long as plane sections
remain plane and normal to the axis of the memhber hending. Based on these as-
sumptions, the sum of normal and shear stresses fimfinitesimal element of the beam
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with a lengthdx is used to derive a correlation between normalsirehr stresses. This
is shown for a beam with a rectangular cross-sedtid-igure 4-2.

dx

Figure 4-2:  Normal and shear stresses for a beama®n [Gro-2014]

The equilibrium conditions for the illustrated beasttion with a cross-section area of
A* is according to the following equation:

do
—‘L'X(Z)'b(Z).dx—f a-dA+f (0+a)-dA=0 Eq. 42
This equation can be rewritten as:
do
0.(2) b(z) = f 2.4 Eq. 4-3
Ax

The definition of shear load as the variation ofment over the beam length can be used
to rewrite the terndM / ox into:

oM
do o7 %4
I

ax 1
Eq. 4-3 and Eq. 4-4 result in the following cortigla:

2 Eq. 4-4

14(2) - b(2) = ;j z-dA Eq. 4-5

Ax
Here is the integral term the first static momedithe areeS (z), so the shear stresqz)
can be calculated using the applied shear load as:
V-S()
1-b(2)

14(2) = Eq. 4-6

For a beam without normal stresses, Eq. 4-1 prestina¢ the maximura, is reached at
the neutral axis of the beam (where the flexurahmad stressesy (z) are zero). If the
principal tensile stress at this point exceedsffective concrete tensile strendttyy, a
diagonal crack emerges and the diagonal crackiad éan be determined using the fol-
lowing correlation:
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I 0,(2)
Vcr,cal = m b(2) 'fct,ef © 1= o . Eq. 4-7

It is apparent from the basic equation accordinBB4Eq. 4-7) that the diagonal cracking
load can be defined based on following terms:

= | /S(z) depending on cross-section geometry
= Depth dependent beam widit{z)
= Failure criterion of concrete under tension defibgdhe effective concrete tensile
strengthfct e
= Effects of normal stresses (2) (if available) at the cracking depth
For a rectangular reinforced concrete beam withdthw and height without normal
loads Eq. 4-7 can be rewritten as:
2
Vcr,cal = § *b-h- fct,ef Eq 4-8

The assumptions of TB are also advantageous, ahebeetical inclination of the diag-
onal crack caused by rotated principal tensilessee can be calculated using shear and
normal stresses of the section (compare Eq. 4-9).
2-1,(2)

UX

tan 2a = Eqg. 4-9
According to Eqg. 4-9, the theoretical inclinatiohdiagonal crack at the neutral axis of
the section corresponds to 45°. The expressiorrdiogpto TB (Eq. 4-8) are valid if the
principal stresses at point 1 and 3 in Figure 4 hdt violate the concrete failure crite-
rion.

4.1.2 Experimental diagonal cracking

For reinforced concrete members with a rectangutass-section, flexural cracks appear
prior to diagonal cracking when the concrete tensitength is reached at the extreme
tensile fibre of the member. Such primary flexunalcks develop in the section until a
stabilized flexural cracking state is reached aecparpendicular to beam axis or slightly
inclined. The primary cracking causes, however gtabal damage for shear critical
membergTue-2015], [Fus-2017]. With increasing applied load, the primary fleXumacks ro-
tate further and form several diagonal cracks easlspan. This rotation of cracks can be
explained by the rotation of principal stress ttigees. Under combined flexure and
shear, the principal tensile stresses and the gediagonal tension are affected by the
existing flexural cracks and deviate from the iitated trajectories in Figure 4-1.

In the further sequence of shear tests, a diagmaak stands out based on its shape,
location or kinematics (relative displacement adobr faces, crack width development

36



Diagonal cracking under monotonic and cyclic loadig

and speed of crack propagation), which is ofteméet as a critical diagonal crack or a
major diagonal crack (noticeable based on linektigss in Figure 4-3). To define a point
for initiation of the critical diagonal crack, diffent criteria are used based on experi-
mental observations. The shape of critical diagorek influences the definition of crit-
ical diagonal cracking and the associated mechanigith it. Different observations re-
garding the initiation of the critical diagonal cking complicates the experimental doc-
umentation of the applied shear load at the sthigritical diagonal cracking, subse-
quently termed as experimental diagonal crackirgl Myexp Furthermore, comparing
the crack pattern at the state of stabilized flakaracking (Figure 4-3, left) and possible
critical diagonal crack shapes (Figure 4-3, rigtityee main mechanisms can be associ-
ated with the critical diagonal cracking.
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Figure 4-3:  Primary cracks and possible critical dagonal crack shapes

Different diagonal cracking mechanisms are inde®g @f the main reasons, for which
the number of provided tests with documen¥egxis limited (compare chapter 5) and
explains the larger scatter generally associatéid thve experimental diagonal cracking
loads in comparison to maximum shear lo®dsp[Baz-1984]. Some experimental obser-
vations notice that a critical cracking initiatesan inclined crack emerges close to an
existing primary crack at the depth of longitudinahsile reinforcement (Figure 4-3,
crack type 1). The first crack rotation is reportgtseveral shear tests at this beam depth
e.g. in MooDY et al.[Moo-1954]. This criterion for critical diagonal cracking che based
on a bond loss at the depth of longitudinal tensiieforcement, which disturbs the nor-
mal stress transfer from longitudinal reinforcementoncrete. A critical vertical dis-
placement at the depth of longitudinal tensilef@itement was proposed [yn-2016] to
signify such critical diagonal cracking state.

The most commonly used convention considers doctingeexperimental diagonal
cracking loadd/cr expat the depth of neutral axis (NA) or at mid-degéif of the beam
([Van-1962], [Pod-1998], [Kre-1966], [Mat-1963], [Xie-1994], [Mph-1984], [Mph-1984]). For instance, optical
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observations of the crack growth during the shesistin[Pod-1998] show that diagonal
cracks become first visible at a crack depth ardtinedbeam centreline. A significant
rotation in crack path is reported in several shests at the depth of neutral axis. In this
case, a rapid crack formation due to diagonal ¢enahd an increase in crack width are
the significant phenomena associated with crititajonal cracking (Figure 4-3, crack
type 2). This crack type is used to report the alied) cracking load byAN DEN BERG
[Van-1962]. He documented the load at which the first diag@natk is formed a¥crexp
MATHEY / WATSTEIN [Mat-1963] defined the diagonal cracking load as the loadnitade

at which the critical diagonal crack reaches thetlilef neutral axis of the beamRK&-
FELD [Kre-1966] definedVcrexpas the load magnitude short before the criticadjdial crack
penetrates the concrete compression zoB&TB|[Gir-2004] characterizes a significant ro-
tation of the critical crack at the neutral axigfzes beginning of an instable critical crack
growth.

Another type of critical diagonal cracking occuetween two adjacent primary cracks
(Figure 4-3, crack type 3), which is designatedcagh break in tooth and tie models
(such as the model proposed ANK [Kan-1979], REINECK [Rei-1991] and TUE [Tue-2014]). This
type of cracking is often observed for members witth shear span to depth ratios or
high longitudinal reinforcement ratios (compare d),lwhere several almost vertical pri-
mary cracks with low crack distancesre formed before diagonal cracking.

After a critical diagonal cracking, the shear feglwan occur as destruction of concrete
compression zone, further increase in width oficaitdiagonal crack or debonding of
longitudinal reinforcement. The failure mode iosafyly dependent on the structural sys-
tem and loading conditions and influences the @tershear loaWyexp In @ nuMber of
existing tests in the technical literature, théuf@ load of members with a failure due to
diagonal cracking is reported as diagonal crackiag. The number of experiments with
an explicit documentation of diagonal cracking ldesed on one of above-mentioned
definitions are limited. The general crack pati@aiuding distance of primary cracks
and the inclination of primary cracks affects thperimental shear capacity under diag-
onal tension and also the shear resistance of émetr@rgGor-2004], [Cav-2017], [Kle-2016].

Previous evaluations suggest some values for pyintaack distances: such as
0.4 — 0.8 d at the mid-depth of the beam accordingkte2013] or 0.7-¢ - hc) according
to REINECK [Rei-1990]. Based on the failure crack shape and crack aistnsimplified

crack patterns are provided kis-1967], [Hol-2014] and[Rei-1990].
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Figure 4-4.  Schematic crack pattern and defined crek distances according tqKha-2013]
and [Rei-1990]

There are also some equations for simplified agpration of shape of the critical diag-
onal cracks. Examples of such formulations deteethinsing a fitted curve to experi-
mental failure crack paths are introduce@tn2004] and[Fus-2017].

In contrast to flexural cracking, the initiation diigonal cracks as well as formation of
the critical diagonal crack are generally not disit®e based on the load-deflection curve
of the membefkre-1966]. Hence, extensive measurements are needed fdpthenenta-
tion of diagonal cracks. Common measurement metimatisde continuous optical doc-
umentation of crack propagation, vertical displaeatimeasurements using LVDTS, lo-
cal strain measurements in shear span, measureifrtegam curvature using inclinome-
ters[Sch-2014], photogrammetric measurement or documentationackdinematics using
image correlation techniques (e{yb-2016], [Cam-2013], [Cav-2017], [Fus-2017]) as well as fibre-
optic sensingfis-2017).

For defining a specific threshold for initiation @tritical diagonal crack based on meas-
urements, various observations exist. Using vértisplacement measurements in shear
span, BRRESLER/ SCORDIS [Bre-1963] observed an accelerated increase in verticalatispl
ment of LVDTs by initiation of a critical diagonatack. HACHT associates based on
photogrammetric measurements the initiation ofiécal diagonal cracking with an in-
stable crack propagation, which can be detectesh @scelerated crack propagatisan
2014], [Hol-2014]. According to[Fus-2017], a sudden instable diagonal cracking initiate$ ait
change of crack inclination to 45°, as the releasedile force due to cracking gets a
significant vertical component and cannot be irgpted by the existing load-bearing
mechanisms.

4.1.3 Influencing parameters on diagonal tension under star

For members with a potential flexure shear crduod,dritical diagonal crack emerges in
a previously cracked section. Therefore, the ststste at diagonal cracking deviates
from the depicted principal stress trajectorieBigure 4-1.
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KANI [Kan-1968] andLEONHARDT / WALTHER [Leo-1962] were the first to mention the influ-
ence of ratio between flexural moment and sheat MA/ as a critical parameter on
diagonal cracking and shear failure madéV ratio is often provided relative to effective
depth of the section as shear span to depthaftior shear slendernessvhich specifies
the value of the maximum moment at mid-sphto the constant shear load in shear span
V. According to KaNI, from a certain shear slenderness ¢ 2,0), the failure load devi-
ates from the maximum load corresponding to bend#sgstancéMr and the concrete
member can be specified as a shear critical merBlased on these observations, beams
with a shear slenderness between 2 and 8 are dbitathe so-called KNi's valley and
reach a significantly lower ultimate load in comipan to the load corresponding Nr
(compare Figure 4-5).

2.0 4.0 6.0 8.0 ald[-]

!!H11 \r\w

Figure 4-5:  Comparison of crack pattern and directcompression strut for shear tests
of LEONHARDT / WALTHER with different values of shear slenderness (left)
as well as the ratio between ultimate failure momearMu and bending re-
sistanceMr in relation with K ANI's valley (according to[Cav-2017])

In this range of shear slenderness, the crackipgrits significantly on the shear span
to depth ratio, as it influences the load-bearirghanism under shejaiv-2017]. An eval-
uation of crack patterns in beams 1 to 10 examinetdEONHARDT / WALTHER shows
that a direct compression strut can be formed aftem a critical diagonal cracking for
shear span to depth ratios 2.8/& < 4.0, which results in a significant difference-b
tween the diagonal cracking and the ultimate failoads for members. A major reduc-
tion of ultimate loads take place for a shear steness between 2.5 and 4.0.

A detailed view of this stress state can be obsknging nonlinear simulation of beams
as represented in Figure 4-6.
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Figure 4-6:  Stress trajectories in uncracked statéup), after stabilized flexural crack-
ing (middle) and close to critical diagonal crackiig state (down)

A comparison between principal stress trajectanesncracked state (Figure 4-6, up),
after stabilized flexural cracking (Figure 4-6, wtlig) and shortly before critical diagonal
cracking (Figure 4-6, down) shows that the exisflegural cracks cause a tensile stress
concentration at crack front and also form compvesstruts between adjacent cracks.
Single compressive struts between cracks, potedtiatt compressive strut between
loading point and support, as well as inclinatidistance and depth of primary cracks
define the altered stress trajectories short betdtieal diagonal cracking and the re-
sulted diagonal crack paths. For instance, if ihectistrut is steeper than the inclination
of altered stress trajectories at the intersegpioimt with existing primary cracks, the
critical diagonal crack forms as a single diagaatk. If the inclination of direct strut
and stress trajectories coalesces at intersectamtsp the critical diagonal crack is
formed as assumed in tooth and tie models betweefi¢xural cracks.

The stress state at diagonal cracking and patfepriary cracks are affected in struc-
tural scale by loading parameters and member aardipns such as

= shear span to depth ratiodg/

= longitudinal reinforcement ratig,

= concrete strengthc(or fc) and

= width (b) and effective depttdj of the longitudinal tensile reinforcement.

The above-mentioned influencing parameters arédsés of most data fittings and re-
gression analyses for development of empirical ishemlels for determination for diag-
onal cracking load and are also used in availalgehanical models.
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4.1.4 Shear capacity under diagonal tension and furtherdad-bearing mechanisms

Before a diagonal crack is formed, concrete temsséstance to diagonal tension mainly
fulfils the equilibrium condition in the criticalestion. After critical diagonal cracking,
the released forces perpendicular to crack pathlghme redistributed between other
load-bearing mechanisms. The diagonally cracketioseas depicted in Figure 4-7 is
considered to derive the equilibrium conditionéarsting mechanical models in the tech-
nical literature for evaluation of ultimate sheasistance. In this state, the uncracked
(effective) depth of the beam is limited to the @oession zone of the member. The
assumed shear stress distribution is often defiwedrding to MDRSCH [Msr-1907] with a
parabolic part in compression zone and a constlaoevn the cracked depth of the sec-
tion. The shear resistance provided by the comiprezeneV.. is considered using the
assumption of TBzin-2000] or under consideration of an activated archingpaas pro-
posed in[Mar-2014]. The constant component of shear resistance tkedaregion is at-
tributed with following load-bearing mechanisms:

= Aggregate interlock/a
= Dowel action of longitudinal reinforceme¥b
= Residual tensile strength in the fracture procese¥r

F +dF
Feo : NA |-
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L
******* r | MM
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V
, FdE
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Figure 4-7:  load-bearing mechanisms after a criticediagonal cracking (left) und as-
sumed shear stress distribution according t{Mar-1907] (right)

The contribution of aggregate interlock and dovetice is considered differently in ex-
isting mechanical models and is the basis of séveergradicting ideas. This is mainly
based on simultaneous involvement of different tronting and destructing mecha-
nisms. For instance, the contribution of aggregaterlock depends on roughness of
crack face, crack width and relative displacemémtrack faces. With a higher depth of
concrete compression zohg the relative lateral displacement of crack fasegduced
which decreases the contribution of aggregatelodler At the same time, the diagonal
crack widths of such members (higtp) are relatively small and hence the aggregate
interlock is activated by a smaller relative latetisplacement of crack fac@al-1980],
[Cam-2013], [Cav-2017], [Wal-1981]. A lateral vertical displacement activates simméausly the
dowel action of longitudinal reinforcement, whids@adepends on several factors such
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as available aggregate interlock. Some approachply ithat aggregate interlock and

dowel action can be ignored as the intact cona@tepression zone avoid a lateral rela-
tive displacement along the diagonal crafzks2003], [Cho-2007]. Other observations such

as in[Ca0-2001] show that the calculated dowel action by most @agnes cannot develop

in real shear tests on normal concrete memberabecsplitting tensile cracks emerge
parallel to longitudinal reinforcement prior to adequate lateral vertical displacement
and cause debonding between concrete and longiudiimforcement.

For development of mechanical models, evaluatiostaie of diagonal cracking instead
of shear failure state is beneficial, as the carsid load-bearing mechanisms are limited.
However, due to combined influence of shear anxufie loading on development of
flexure shear cracks, the approach based on TBamchapter 4.1.1) is not valid any-
more and further adjustments are needed for alesila determination of concrete ten-
sile capacity.

Evaluation of state of diagonal cracking insteadsloéar failure state is beneficial for
development of mechanical approaches, as the @msidoad-bearing mechanisms are
limited. However, due to combined influence of stewad flexure loading on develop-
ment of flexure shear cracks, the approach basetBofcompare section 4.1.1) is not
valid anymore and further adjustments are needealdalculative determination of shear
capacity caused by concrete resistance to diagension. However, it is worth noting
that the determined values of diagonal crackinguoh cases define a lower bound of
concrete tensile capacity as in tests, aggregstdank might be activated in early stages
of cracking and plays an important role on cradkgpa in the shear span.

4.1.5 Mechanical approaches for evaluation of monotonicidgonal cracking load

In this chapter, existing mechanical models intd@hnical literature for the evaluation
of diagonal cracking loadcrca are introduced. The considered models assumedesud
formation of critical diagonal crack caused by diagl tension and are derived based on
assumptions of TB. However, due to the existingutal cracks, the basic equation of
TB (Eq. 4-7) results in an overestimation of diaglocracking loadJav-2017], [Jav-2018a],
[Roo-2018] (compare 6.2.2)

A common method for modification of the approachaading to TB is to adapt the ef-
fective depth of memberes based on an assumed stress distribution overeittéos
depth. The mentioned different experimental obs@ma regarding the shape of critical
diagonal crack (compare Figure 4-3) result in waisuppositions for the adaptionhef
and the stress distribution at the state of ciiticagonal cracking.
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Model according to HONG /HA

HONG / HA [Hon-2012] follow the definition of diagonal cracking load aecding to MOODY,
which implies that the diagonal crack initiategtad depth of longitudinal tensile rein-
forcement. In this approach, the equilibrium coiodit(Figure 4-8) is developed for a
concrete shell element adjacent to longitudinaifeetement. The tensile stress in longi-
tudinal reinforcementy is assumed to be equal to the bond stress betiveabserved
shell element and reinforcemet

Ty b-dx+oy-b-dx =dF Eqg. 4-10

Due to the correlation between and according to MHR's circle of stresses, shear
stressix can be determined using Eq. 4-11. Here, the pddiak dF can be converted
using partial bending momedM and effective lever armasdM / zso that Eq. 4-10 can
be rewritten as:

2
T
XTIl 2v5

Calculated diagonal cracking loald caiaccording to the model ofdiG / HA equals:

et Eq. 4-11

Vercal = Tx b z=b-z" * fet Eq. 4-12
' 1+ 2\/_
)
v ~ ¥
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Figure 4-8:  Distribution of normal and shear stresss in the initiation point of diagonal
crack and failure criterion according to HONG / HA [Hon-2012]

For an assumed value néqual to 0.9, the proposed equation for calculation of diago-
nal cracking load can be rewritten as follows:

Vercal = 0.33 b d " fersp Eq. 4-13

The concrete tensile strength considered for thaduation ofVer cais the splitting tensile
strengthfct,sp (compare .
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Model according to GALLEGO et al.

GALLEGO et al.[6al-2014] proposed a model which adapts the effective defitie member
het based on the depth of existing flexural crackatgtate of diagonal cracking. In this
case, Eq. 2-33 can be rewritten as:

2
Ver,cal = § b het feen Eqg. 4-14

To determindnet, a linear normal stress distribution over the Hegtmember and a par-
abolic distribution of shear stresses accordinBois considered. The effective depth
can be determined based on normal stress distibuging the compressive strength
and tensile strength: at both extreme fibres of the member (comparerEige9). The
effective depth can be divided into a tension Zmpand a compression zohg

fct,ﬂ)

Oc

het = he + hey = he (1 + Eqg. 4-15

The compression zone is calculated using a foradiledgum under pure bending as fol-
lows:

hc=€'d=(—a-pz+J(a-pz)2+2-a-pl)-d Eqg. 4-16
Where the coefficient is equal to:

a = E/E, Eq. 4-17
The longitudinal reinforcement ratinis defined based on the effective depth of the lon
gitudinal reinforcement using:

— AS

= b-d

The concrete tensile strength in the model accgrthnALLEGO et al. is considered to

be the flexural tensile strengtin according tdbiN-1992-1-1] with an adaption to account
for effects of lateral compression on concreteitermsiterion.

Eq. 4-18

b

Figure 4-9:  Normal and shear stress distribution ogr cross-section of the member ac-
cording to GALLEGO et al.[Gal-2014]
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Model according to TRANET AL .

Similar to the model according toAQ.EGO et al., the critical diagonal cracking arises
according to RAN / KOHOUTEK / GRAUBNER [Tra-2015], [Tre-2017] due to a sudden develop-
ment of a diagonal crack in tension zone of theispen. For the calculation of the ef-
fective depth, however, the residual tensile stifemy tensile softening zone is consid-
ered. Hence, the tension zone of effective depthbeadivided into an uncracked region
hetpand a cracked regiom:,2 within which the crack width does not exceed aiaait
crack widthwer,1. The crack width at the depth of diagonal cradkaition is determined
using a linear crack width distribution betweereefive depth of longitudinal reinforce-
ment ¢l) and the depth of diagonal crack initiatidg € ht,1):

Figure 4-10: Normal and shear stress distribution wer cross-section of the member ac-
cording to TRAN et al. [Tra-2015]

w,
;:'1 -(d—h,) Eq. 4-19

hct = hct,l + hct,Z =

The crack widthw is determined in this model using the crack distesnaccording to
REINECK [Rei-1990] (compare Figure 4-4) and the strain in longitubiregnforcementss
accordingly:

W =S." & Eq. 4-20

The value ofss is determined using calculated curvaturgith regard to the applied
momentM in the state of diagonal cracking.

& =1 (d—he) Eq. 4-21
The calculated concrete tensile capaviyta correspond to
Vercal = 2/3 b+ (he + hee) * fer Eq. 4-22

According to the model proposed byRrAN et al. the implemented concrete tensile
strengthfe: is the uniaxial concrete tensile strength as éefim DIN EN 1992-1-1DIN-
1992-1-1].

Model according to TUEET AL.

The model of TE et al.[Tve-2014] can be regarded as a further model, which consttiers
initiation of critical diagonal cracking in conceetensile zone. In this case, the crack tip
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is located in a shear band with a band whdtftdepending on longitudinal reinforcement
ratio pi and concrete compressive strenfgtfOne of the weaknesses of this approach is
the proposed empirical equation for the calculatibshear bandwidthsp.
(100 - p)*?

fe

Based on the width of shear band, a normal stiassed by bending momestis con-
sidered at the crack process zone in shear bawoddiog to:

hsp
Ifct ' (1 -05 hct,l j_ hct,Z) hsb < hct,l + hct,z
Oy =

h
Ifct ' (0-5 —0 ) hg, = hct,l + hct,Z
t hct,l + hct,Z

hg, = 0.5 - Eq. 4-23

Eq. 4-24

Based on this normal stress the ultimate shear stress is defined by inseftifgniaxial
tensile strength as defined in DIN EN 1992-148-1992-1-1]) as ultimate principal tensile
stress in Eq. 4-1.

Ty = fct ' (fct - Ux) Eq 4-25

The shear stress at the neutral axis of the beamidsbe determined in this model using
the assumed distribution and equilibrium conditiaesg the following equation:
— Tu
N

1- (hct,l/hc)
Depth of uncracked tensile zone can be calculatelis approach with the following
correlation with a linear normal strain distributiover effective depth:

E
hes = f“g/ - (d—he) Eq. 4-27
S

Tmax

Eq. 4-26

For the depth of the cracked zone, following equats suggested, in which the crack
width of primary flexural cracks is predicted basedrecommended characteristic crack
width wi according to DIN EN 1992-1-1 and critical cracldthiwer, 1.

Wer1
L (d—he—h ]
" (d = he = heys) Eq. 4-28

hct,z =

The supposed crack distangefor calculation ofwk is approximated as 0.74-in this
model. The diagonal cracking lo&%; caiis subsequently calculated using a mean shear
stress in accordance with the depicted stresshiison in Figure 4-11.

2 1
Vcr,cal = § "Tmax * hc + E (Tmax + Tu) ' hct,l +Ty (d - hc - hct,l) Eq- 4-29
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Figure 4-11: Normal and shear stress distribution wer the cross-section of the member
according toTUE et al. [Tue-2014]

4.2 Behaviour of concrete members under cyclic shearals
4.2.1 Experimental investigations under combined flexureand shear

Within shear tests under cyclic loading, the sameling sequence can be observed for
members with a potential flexure shear crack. Femimers with an upper stress level
lower than monotonic critical diagonal crackingdpa flexural cracking occurs due to
the applied upper load level. With increasing nundfeycles, a gradual change in beam
stiffness caused by cyclic creep and crack propag# observed. However, the global
damage of shear critical members under cyclic legdiegins analogously to experi-
ments under monotonic shear with the formationritical diagonal crackChe-1958b].

In the past decades, the influence of cyclic loauishear resistance of concrete beams
has been studied in several experimental programaitieis three- or four-point bending
tests. The main objective of such tests was thkiatian of shear fatigue life, for which
reason only the number of cycles to fatigue faiNrare mainly provided.

A comprehensive experimental programme was condugye GHANG / KESLER [Cha-
1958b], which showed that with increasing number of logdes, width and depth of ex-
isting primary cracks increase. The fatigue lifpeleds beside the upper shear load level
Vsup @lso on the ratio between lower and upper sheat levelVins / Vsup The tests of
CHANG / KESLERwere conducted under a constant shear span th daia/d = 3.72

but with variable load levels and longitudinal feitement ratiop;. Based on stress
level, different failure modes are often documentiith include failure of longitudinal
reinforcement, crushing of concrete along theaaitdiagonal crack (Figure 4-11, up) or
increase in width of diagonal cracks and a subsgqdgonal tensile failure (Fig-
ure 4-11, down).
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Figure 4-12: Fatigue failure due to concrete compsion failure (up) or concrete diagonal
tensile failure (down) according to GIANG / KESLER [Cha- h1958]

UEDA / OKAMURA [Ued-1982] conducted 16 tests on rectangular beams withosiarsh
reinforcement with a shear span to depth ratie/éf= 3.5 and figured out a change in
the location of critical diagonal craelk, which affects the rate of crack propagation and
the probability of fatigue failure. Based on thepesimental investigation of
UEDA / OKAMURA, a significant number of further load cycles canalpplied after a di-
agonal cracking.

KOHL [Koh-2014] conducted twenty cyclic shear tests with a 3-pbartding configuration,

a constant shear span to depth rati@df 5.0 and a constant longitudinal reinforcement
ratiop) = 1.57 %. During the tests, the failure mode, kgzath and inclination of critical
diagonal crack as well as contribution of differyad-bearing mechanism were evalu-
ated. KOHL concluded that the path and inclination of diagenack do not change with
the applied cycles and the main load-bearing mashranan be attributed to concrete
compression zone.

A review of above-mentioned experimental observatishows that the effects of cyclic
loading on diagonal cracking and failure mode igenmonspicuous for members with
low shear span to depth ratios. The same conclugigmadéliGAI [Hig-1978], who con-
ducted an experimental programme with differenaslspan to depth ratios. His obser-
vations confirmed the fact that depending on skéanderness, additional load cycles
can be applied after critical diagonal crackingluitimate failure. The failure mode is
in such cases due to a failure of compressive.sthe difference between number of
cycles to diagonal crackindtr and number of cycles to failukg changes therefore based
on the proceeding failure mode, which can be cabgddilure of compressive strut or a
tensile failure due to diagonal cracking (compargpife 4-13).
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Figure 4-13: Influence of shear span to depth ration failure mode under cyclic shear
[Hig-1978]

4.2.2 Mechanical approaches for evaluation of cyclic diagnal cracking load

For an explicit evaluation of the diagonal crackimgler cyclic loads, the stress state
after cyclic damage should be considered for dedmeof the diagonal tension caused
by shear. The resulted diagonal tensile stresslégHmi afterwards limited to tensile
strength of damaged concrete. The stress statsasaffected by changes in concrete
strength and damage of bond between concrete amgitudinal reinforcement. Such
damage phenomena are included in the model acgptdiMAEKAWA et al. [Mae-2006],
[Fuj-2013], [Geb-2008], which considers a reduction of stiffness duectuaulation of plastic
damage in the concrete compression zone, a chdrige bond behaviour under cyclic
loading and a decrease of the aggregate interlaxdept at diagonal crack faces. Similar
phenomena are also considered in the model acgptoliFFANNER [Pfa-2003]. This model

is suitable for a numerical investigation of thadebearing and the deformation behav-
iour of members under consideration of cyclic daeikg-2014], is however too complex
for an analytical solution. Most of the existing aeds, including the above-mentioned
ones focus on shear failure state and degradatiengmena acting on a diagonally
cracked member. Therefore, the influence of cyoeling on the resistance of concrete
to diagonal tension is often disregarded or comsiiéadequately.

To have mechanically reasoned closed-form analyticalels for diagonal cracking, a
group of approaches are available, which are basduhear elastic fracture mechanics
(LEFM). The basic equation of such models is thri®/ ERDOGAN law, which empha-
sizes that based on stress intenaityat crack tip and fracture toughnégsan existing
crack propagates with respect to number of appletesN. The RRIS / ERDOGAN law

is defined originally for ductile materials suchstsel and was adapted byZANT [Bai-
1991] for application to quasi-brittle materials suclttascrete. The change of crack length
ler per load cycle is determined using Eq. 4-30 uedesideration of size effect constant
parameter (by the constadtin Eq. 4-30).
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dle c. (AK)m

N E Eq. 430

The constant values & andm should be determined based on experimental evidenc
and an assumed shape for the crack. On the ba#lissafquation, a mechanically rea-
soned equation (Eq. 4-31) was proposed ByLEGO et al.[Gal-2014], [Rui-2015].

c

O-

10g Nev = A+ (1 = Squp)® (ﬁ) Eq. 4-31
cte

In this equation, the upper stress lexgp,1is determined as follows:

_ 2 Vsup
Tsup T3 TR,

Eq. 432

The constant#, B andC was fitted to a database with documented numbeyalés to
diagonal cracking equal #&=3.01,B = -0.08 andC= -0.99, which is a weak point of
this model.

Although the effects of crack propagation in macats are considered in this model, the
cyclic creep phenomenon is not acknowledged. Ttodiccgreep is mainly caused by
growth of subcritical microcracks and was studigdBBZANT / HUBLER [Ba%-2014] based
on RPARIS / ERDOGAN law for cyclic compressive loading. A superpositiof attained
equations for macrocrack propagation and growthutiicritical cracks is however not
possible, as the stress intengity differs for different crack shapes.

4.3 Concluding remarks

Diagonal tension caused by shear was analysed basadhilable experimental and the-
oretical investigations in the literature. It cam $tated that critical diagonal cracking is
an important cracking stage as it specifies th@iion of global damage in shear critical
members. For members with a potential flexure sbesuk, effects of interacting flexure
and shear caused by primary cracks should be aresicbn the stress state at critical
diagonal cracking. Major influencing parametershsas longitudinal reinforcement ratio
(), width (o) and effective depthdj of the beam and shear span to depth raiid) (
affect the diagonal tension at the state of diabomreaking. Hence, a reliable mechanical
model should account for such major influencingapaeters.

Existing mechanically based approaches for evalnaif monotonic diagonal cracking

load Vercal Were introduced. It should be noted that only caraple approaches are se-
lected, which are derived under consideration a$tang primary cracks in a section

without diagonal cracks. In such approaches, tlrilzded diagonal tensile stress is lim-
ited to concrete tensile strength.
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Experimental and theoretical evaluations of diagenacking under cyclic loading are
rather limited in the technical literature. The italale mechanical approaches are mainly
based on LEFM, which demand a data fitting and dea the assumed shape of crack.
Therefore, a concurrent consideration of macrocpmobagation and growth of subcrit-
ical microcracks is not possible. Comprehensivelygéical mechanically based ap-
proaches, which consider both microcrack and maaogpropagation are missing.
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5 Database of shear tests

5.1 General remarks and selection criteria

The discussed physical mechanisms of diagonal crgék chapter 3 are based mainly
on existing shear tests on reinforced and prestdessncrete members. The available
experimental evidence has been previously impleedetat derive several empirical and

semi-empirical approaches for the evaluation ofjdieal cracking load and ultimate

shear resistance. The test data are also commsedfar validation of existing mechan-

ical approaches. Since there is still no genemadigepted mechanical approach for the
evaluation of shear resistance, several sheardestavailable and would also be con-
ducted in the future.

To cover a wide range of influencing parameterstastisetups, numerous databases of
beam tests under monotonic and cyclic loading leady built up (e.g. ifRei-2012], [Col-
2008], [Gal-2014], [Koh-2014]). In case of monotonic tests, it was found thiarge part of these
tests are already included in the ACI-DAfStb dasaRi-2012], which was created by the
joint work of DAfStb and ACI Subcommittee 445-D aisdcontinuously updated and
controlled[Dun-2018). The number of shear tests under cyclic loaditigiised and covered
by most of existing databases. For the evaluatf@oncrete tensile capacity, however,
the value of diagonal cracking load should be gtegi which is not documented in most
databases. Furthermore, for investigation of effe€tyclic loading on the concrete ten-
sile capacity, shear tests with an upper shearl&edVsyp beneath the diagonal cracking
load and documented number of cycles to diagoraalkang Ner are required. To have
uniform datasets with reliable test data, a daebas developed under consideration of
the following criteria:

= Concrete members (RC and PC) with rectangular €sestion without shear re-
inforcement

= Shear tests under point loads not applied nearostifghear span to depth ratio
a/d>2.0)

= No plain longitudinal reinforcement bars

The developed database includes

= Shear tests on reinforced concrete (RC) beams umadeotonic load (MRC),
= Shear tests on prestressed concrete (PC) beamsmadetonic load (mPC) and
= Shear tests on reinforced concrete (RC) beams waydbe load (cRC).

The prestressed members (PC) in mPC subset wesergased with straight tendons
without additional longitudinal tensile reinforcemdor both prestressed and post-ten-
sioned types of prestressing.
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An overview of the tests in the database and timstetlation of datasets is given in up-
coming chapter. The detailed database is documémigpendix C.

5.2 Overview on database

For the development of shear database, after amsxe literature review, datasets in
ACI-DAfStb database were supplemented with some t@sis, experimental diagonal
cracking loadsVerexpand definition of critical diagonal cracking (comeachapter 4).
Besides, diagonal crack paths (in general failuaelcpath) were documented using ex-
isting pictures or sketches.

For mRC datasets, the diagonal cracking load wagged for 204 tests (mMRC-V) from
1190 existing datasets compiled in ACI-DAfStb datsd For 308 tests, some available
detail on diagonal crack path regarding measurstdnite of diagonal crack from support
or failure crack paths were documented (mRC-D). fliis€ group includes tests [Bha-
1968], [Bre-1963], [Dia-1960], [Kre-1966], [Mat-1963], [Moo-1954], [Mor-1956], [Van-1962], [Xie-1994], [Sch-2014],
[Slo-2014], which are mainly used for theoretical investigatof diagonal cracking load.
As most of introduced approaches in chapter 4 eHhased on members without longi-
tudinal reinforcement in compression zone, onhhstests are included in mRC-V sub-
sets. The second subset mRC-D is evaluated inrdsept chapter to investigate influ-
encing factors on shape of the critical diagonatkr

The number of datasets in mPC subset of databaathir limited, as only for 47 tests
in [Kar-1969] and[Soz-1957] diagonal cracking loads were provided. These raferg do not
provide any information on shape or location of ¢hiécal diagonal crack.

For the evaluation of cyclic tensile capacity ohcrete under shear, a total number of
204 datasets of existing cyclic shear tests orfomiad concrete members (cRC) are col-
lected in a database. As only shear tests with rugipear load/sy, below the calculated
diagonal cracking loatler,ca comply with the aim of the evaluation, the progbseodel

in the following chapter is used for calculatiomadnotonic diagonal cracking 108 cal
and compared with the experimental upper shearé&eaiVsup,exp This condition is only
fulfilled for 161 datasets, from which only for Satasets, the number of cycles to diag-
onal crackingNcr are documented.

As two different cracking loads are reported irhtignd left shear spans in some refer-
ences, the shear database was checked to makiéhaur® dataset belongs to a single
shear test and the first critical diagonal cracksgonsidered. This criterion can be jus-
tified with the fact that after a critical diagor@bcking in one shear span, the load redis-
tribution might result in inaccurate determinatafrdiagonal cracking load from applied

load magnitude by hydraulic jacks. This conditieduced the number of cRC datasets
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to 39 tests documented|iiha- a1958], [Zan-2008], [Koh-2014]. For 15 tests, details could be found
on shape and location of critical diagonal crack.

The number of tests in the mRC-V, mPC and cRC d#tame illustrated in Figure 5-1
with regard to influencing factors such as sheandp depth ratia/d, longitudinal rein-
forcement ratign, compressive strengthand relative effective deptiido. For the eval-
uation of relative effective depth, the referenakigdo = 200 mm is chosen in conform-
ity with DIN EN 1992-1-1.
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Figure 5-1:  Number of tests with regard to shear san to depth ratio a/d (up, left), lon-
gitudinal reinforcement ratio pi (up, right), concrete compressive strength
fc (down, left) and relative effective depttd/do (down, right)

Based on the distribution of major influencing paeders of datasets, it can be noted that
in mRC-V subset the major proportion of tests ameducted with a shear span to depth
ratio between 2 and 4 on normal concrete beamseaningful statement about the ef-
fects of beam depth on diagonal cracking load ipnesible based on available datasets,
as the effective depth of most tests is limited@0 mm. For cRC database, the effect of
concrete strength cannot be thoroughly evaluatedllabeams have a compressive
strength between 30 and 40 N/mma2. The longitudigiaforcement ratios of mRC-V and
cRC beams are also higher than 2% for almost th@havailable datasets and therefore
higher than the practical value of longitudinahfercement ratio. This tendency is com-
mon in shear tests, in order to avoid an unfavdarfiéxural failure within cyclic shear
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tests. In mPC subset, generally higher shear spdepth ratios are investigated in com-
parison to RC beams. Additionally, the type of messing (post-tensioned or pre-
stressed) and relative prestressing fosegf¢) are further significant parameters for such
members, which are provided in Figure 5-2.
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Figure 5-2:  Number of mPC tests with regard to typeof prestressing (left) and relative
prestressing forcescp / fc (right)

Most of the tests are conducted on prestressed ersrabd with the maximum prestress-
ing ratio of 20 % of the concrete compressive sftiefs.

For members in cRC subset, further decisive pamensiate upper and lower tensile stress
levelsor sup/fct andoint /fet during the cyclic loading. These values are deiethusing

the calculated principal tensile stres€alculated based on the mechanical approach that
will be proposed in chapter 6. The distributiontlidse two parameters is illustrated in
Figure 5-3 for the sake of completeness.
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Figure 5-3:  Number of cRC tests with regard to uppe e1.sup/fct (left) and lower tensile
stress levelby,inf /fct (right)

Based on this overview, a major part of tests (%J8n this subset were conducted with
aoint ffee Smaller than 10 % of concrete tensile strengththedipper stress levels ratios
cover a range between 70 % and 93 %.
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5.3 Location and shape of critical diagonal crack

Location of the critical diagonal crack is providesithe distance of diagonal crack from
support axistr.exp [Rei-2012]. This value is determined as the distance of a cheriatic
point M, where the critical diagonal crack crostfescentreline of the member (CL).

According to mechanical considerations based arcjpral tensile stressi, the theoret-
ical depth of maximum shear stress locates at ¢#utral axis of the specimen with the
depthhe. If the assumptions of TB are regarded as valitiénstate of diagonal cracking,
the point with a crack inclination equal to 45° q@dynwith the experimental depth of
maximum shear stress. This point was also evaluated bl in a crack databagi!-
2014]. The location of two characteristic points assitated in Figure 5-4 are documented
in MRC-D subset.
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Figure 5-4:  Characteristic points defining the shap and location of critical diagonal
crack

The location of critical crack is evaluated as tretavalue in comparison to effective
depth of the member. The correlation of the retatocation of diagonal crack:ex/d
and shear span to depth ratio as well as longiahid@inforcement ratio were evaluated
by means of Figure 5-5.
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Figure 5-5:  Correlation betweenxc shear span to depth ratice/d (left) as well as longi-
tudinal reinforcement ratio pi (right)
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It is apparent from the comparison that the locatb critical diagonal crack is mainly
influenced by shear span to depth ratio and casppeoximated using a linear correla-
tion. Similar results are also obtainedren2012], in which the crack distance from support
axis is approximated as 0sb-This value is also adapted for further calculaiio chap-
ter 6.

Xcr,apr,RC = 05-a Eq 5-1

It is worth noting, that the regression-based agipration ofx.r according to Eq. 5-1 is
only possible with a coefficient of determinatiBh= 0.65. The high scatter is justified
by other secondary influencing parameters sucloasrete inhomogeneity, concrete re-
sistance to splitting at level of flexural tensi@nforcement (combination of dowel ac-
tion forces and concrete strength) as well as aepth.

The experimental depth of maximum shear sthe¢depth, where primary cracks rotate
toward an inclination of 45°) is calculated relatio calculated depth of neutral akis
The correlation betweem/h. and shear span to depth ratio as well as longitddein-
forcement ratio are illustrated in Figure 5-6.
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Figure 5-6:  Correlation betweenh, and shear span to depth rati@/d (left) as well as
longitudinal reinforcement ratio pi (right)

Based on the comparison of existing correlationeamn be concluded thht correlates
with both longitudinal reinforcement ratio and shepan to depth ratio. The experi-
mental depth of maximum shear stredses larger than the calculated depth of neutral
axishc in almost all cases. It confirms also the commxpeeimental observations, which
points out that the stress state at diagonal angdkiaffected by the primary cradken-
1979], [Rei-1990).

It is worth noting that provided sketches of thagsh of diagonal crack illustrate often
the failure crack profiles, which is affected byrf@tion of splitting cracks in the vicinity
of longitudinal reinforcement due to bond loss #igobefore failure (compare Fig-
ure 5-4). So, the first point from tensile extrefilbee of the beam cannot be regarded as
the point at which the diagonal crack initiatesrefiable evaluation of shape of critical
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diagonal crack is only possible under consideratifocracking sequence. The shear tests
of CAVAGNIS [Cav-2017], [Cav-2017] can be regarded as detailed documented testsegidnd

to cracking sequence, which were conducted onlesatibeams with a constant longi-
tudinal reinforcement ratio and variable shear gpatepth ratios. A sample beam of this
test series with a shear span to depth &dtic= 5.7 is depicted in Figure 5-7.

L a L

7 7

Figure 5-7:  Crack propagation provided as relativdoad V/Vu during shear test SC 69
conducted by G\WAGNIS [Cav-2017]

It can be observed that primary crack B reachesetred of longitudinal reinforcement
after a full development of antecedent crack (A)Ylema shear load corresponding to
0.717Vu. A gradual development of the crack toward pointigidocumented until
0.793Vu. Shortly before the crack reaches the neutral ekihe beam, a subsequent
crack (C) forms and propagates toward the mid-depthe beam under shear load of
0.819Vu. This crack forms with the crack B the failure aherack with a significant
crack opening. With regard to cracking sequenafitst point of the critical diagonal
crack reaching an inclination of 45° is hence pbinvhich is almost equal to depth of
concrete compression zohg whereas an evaluation of shape of failure crasklts in

a higher value off, from pointb’.

Based on this example, it is evident that an evimnafh, based on the shape of failure
crack is not appropriate and further detailed cidmbumentations are needed for a better
understanding about the mechanisms governing itieatdiagonal cracking and exper-
imental depth of maximum shear stress.
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5.4 Evaluation of diagonal cracking load

The documented experimental values of diagonakargdoadVcr,expin subset mMRC-V
are evaluated based on main influencing paramshexar span to depth ratifd, longi-
tudinal reinforcement ratip, compressive strengthand relative effective depttido.
The ratio between diagonal cracking load and tkeergtical calculated value according
to TB (Eq. 4-8) are used for the evaluation. Figas&illustrates the dependency between
VerexpNer, 78 @Nd the major influencing parameters.
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Figure 5-8:  Correlation between experimental and teoretical diagonal cracking load
with regard to shear span to depth ratioa/d (up, left), longitudinal rein-
forcement ratio pi (up, right), concrete compressive strengtlifc (down, left)
and relative effective depthd/do (down, right)

Based on the observations, a clear tendency cfiguyed out betweeNcr,exp/ Ver,7e and
the longitudinal reinforcement ratip as well as concrete tensile strenfgthThis means
that for derivation of a mechanical approach basethe assumption of technical bend-
ing theory, a modification with respect to these parameters is necessary.

The difference between diagonal cracking load dtichate shear load can be used as a
criterion to quantify the prior notice of the shestical members. The correlations be-
tween major influencing parameters and the ratiwéen diagonal cracking load and
ultimate shear load are depicted in Figure 5-9.
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Based on this evaluation, it can be concludedalsaidden failure at the state of diagonal
cracking depends on the shear span to depth nadido@am depth, whereas the lack of
experimental evidence on cracking of deep beamsmaieliable statement difficult.
However, it gets apparent that beams with a shgar ® depth ratia/d > 4.0 fail after
an insignificant increase of applied shear loadtdugiagonal cracking. This can be rea-
soned by likely formation of a direct compressititsin case of smalleai/ d, which
prohibits a sudden failure direct after criticahgional cracking.
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Figure 5-9:  Correlation between experimental diagoal cracking load and ultimate
shear load with regard to shear span to depth rati@/d (up, left), longitudi-
nal reinforcement ratio pi (up, right), concrete compressive strengtffc
(down, left) and relative effective depttd/do (down, right)

5.5 Concluding remarks

A shear database was compiled to evaluate theal@inechanical approaches as intro-
duced in chapter 4. Selection criteria and an agerof the distribution of datasets re-
garding major influencing parameters in shear dgatalvas given in this chapter. It could
be seen that the number of tests on RC members orat®tonic load mRC with pro-
vided diagonal cracking load and information onpghand location of critical diagonal
cracks are comparably limited. Following conclusi@an be made based on evaluation
of existing datasets:
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62

Comparison of experimental diagonal cracking loaitls the approach according
to TB showed that for an appropriate mechanicadlgeld model, an adaption of
basic equation of TB with regard to concrete stiieragnd longitudinal reinforce-
ment ratio is required.

Comparing diagonal cracking loads and ultimate shesls, it is evident that a
failure short after diagonal cracking is more ptabafor members with higher
shear slenderness thafd = 4.0.

The proposed correlation [Rei-2012] between the distance of failure crack from
support axiser.expand shear slenderness was confirmed.

To evaluate the shape of the critical diagonallcrie point with a crack inclina-
tion equal to 45° was evaluated as experimentahdgfomaximum shear stresses
hn and compared with the calculated vatudt could be shown that an evaluation
of . based on failure crack profiles can be misleading.
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6 Diagonal cracking load under monotonic and cycliclsear

6.1 General remarks

In this chapter, an analytical approach for theestigation of diagonal cracking load
under monotonic and cyclic loading is proposea finst step, the introduced mechanical
models in section 4.1.5 are evaluated using monotests of shear database on rein-
forced concrete members (MRC). Based on the evahsaian appropriate model is se-
lected and modified for a better prediction of tha@gonal cracking load. The modified
model is afterwards adjusted for the evaluatiorihef diagonal cracking load of pre-
stressed members under monotonic loading anddgodil cracking under cyclic loads.
The adapted models would be verified using shets te mPC and cRC subsets of shear
database, respectively.

6.2 Monotonic diagonal cracking load of RC members
6.2.1 General approach

Experimental verification of the introduced meclahiapproaches in chapter 4 is based
on documented monotonic shear tests in mRC-V sudigbe shear database. For this
aim, the calculated and experimental values ofitagonal cracking load are compared.
To quantify the prediction accuracy of each moaehodel safety factomoqis calculated
for each test using the following equation:

cr,cal

Eq. 6-1

The values ofmod are considered as logarithmic-normally distribufiedcalculation of
medianm, variancev and standard deviatian

As the experimental tensile strength values aregprmtided for all datasets, the consid-
ered concrete tensile strendifia is calculated based on provided concrete commessi
strengthfc. This enables a uniform evaluation of test restiisegarding the detail level
of provided experimental data.

The originally assumed concrete tensile strengtbaich model was considered for the
calculations. In the model according tomkt / HA [Hon-2012], the concrete tensile strength
is assumed equal to the splitting tensile strengtlich is calculated according to the
proposed correlation byIELSEN [Nie-1999]:

fersp =01 f. = 0316 /T, Eq. 6-2

The value of concrete compressive strength inethisation is the mean value of concrete
compressive strength.
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According to Q\LLEGO et al.[6al-2014], the failure criterion should be defined based on
concrete flexural tensile strendtky under consideration of lateral compressive siwgss
as follows:

feun = fur (16~ 3555) (1~ ) Eq. 6-3

For the calculation according to Eq. 6-3, an iqutrestress state is considered £ 2)
at the state of diagonal cracking.

In the model of RAN et al. and TE et al., the value of concrete tensile strengtleier-
mined using the correlation of DIN EN 1992-1-1 as:

0.3 (f. — 4)*3 for f, < 54

fct,cal = Eqg. 6-4

212 In (1 +1LB) for f. > 54
In Eq. 6-4 is the characteristic value of concaimpressive strength is replaced by
fc — 4 as recommended [Rei-2012] for tests in laboratory condition.

From the discussed approaches in section 4.1.5ntltke| according to JE et al. is not
considered as a mechanical approach, since tieatsghear band width needs to be cal-
culated based on an empirical equation.

In the model according toABLEGO et al., ho equation is provided for the calculatid
ac, Which considers the effect of bending momidntn the depth of primary cracks and
the effective depth of the membd®r. To determiner, the simplified Eqg. 6-5 (according
to [zil-2010]) is considered.

_ M

S bed?-§/2-(1-¢/3)
The valueZ determines the relative depth of flexural compgmsgonehe, which can be
evaluated using Eq. 4-16.

Oc Eq. 6-5

In the model proposed byrRRN, the strain of tensile bending reinforcement &@81) is
calculated based on the curvature of the bhearhe proposed correlation for determining
beam curvature is based on the same equilibrium condition of rarsectional forces
and corresponds to:
B 2-M

“TEb-d g2 -(-¢/3)
The value of bending moment is calculated at titecal section. The critical section is
considered to be at the site of critical diagomatk with the distance; form support
axis (compare point M in Figure 5-4), which is po®d for 82 tests in mRC-V, no tests
in mPC and 15 tests in cRC subsets. In other ctimekycation of critical diagonal crack

Eq. 6-6
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is calculated based on Eq. 5-1 for RC membersd&tasets in mPC subset, the proposed
correlation infRei-2012] is implemented for an approximation of critical thex.

Xcr,apr.,PC = 0.65-a Eq 6-7
6.2.2 Evaluation of mechanical approaches

Using mRC-V subset, the calculated values of diagoeracking load%/crca are com-
pared with experimental valu¥s: expfor the basic theoretical value according to TH an
the models according tod#G / HA, GALLEGO et al. and the model according tRAN

et al.. The results are illustrated in Figure 6-1.
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Figure 6-1:  Comparison of experimental diagonal creking loads with calculated val-
ues using models according to TB, &NG / HA [Hon-2012], GALLEGO et al.
[Gal-2014] and TRAN et al.[Tra-2015]

Results of the evaluation show that as mentionéarégthe basic equation of TB over-
estimates the diagonal cracking load and shoulédapted to consider the primary
cracks. An adjustment based on the model@fi&l/ HA provides a good approximation
in terms of the mean value of the model safetyofactHowever, the relative high varia-
tion coefficient of 25% and a larger scatter fayh@r values of diagonal cracking load
are observed. The same can be concluded for thelrasdording to GLLEGO et al.,

although this model shows a better prediction fbramges of diagonal cracking load.
The model according toRRN et al. provides the best prediction. For a mormiktel
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evaluation of approaches, the level of integrityr@djor influencing parameters (shear
span to depth ratia/d, longitudinal reinforcement ratipr and concrete compressive
strengthfc) in each model is evaluated based on the comeldietween model safety
factorsymod @and the corresponding influencing parameter oh ekataset. Figure 6 2 de-
picts the level of integrity of/d in the models. As shown in chapter 5, the valua/df
affects the distance of critical section from th@ort axis. In order to distinguish be-
tween detail level of each dataset with regarchlbcation of critical sectior, the
ymod Values datasets with experimental measweednd approximated values x4 are
marked differently.
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Figure 6 2:  Correlation between shear span to depthatio a/d and safety factors of
models according to TB, HONG / HA [Hon-2012], GALLEGO et al.[Gal-2014] and
TRAN et al.[Tra-2015]

Except for the models according to TB andNd / HA, other models include the effect
of shear span to depth ratio due to defined ctieationx.. The model safety factors
show a lower scatter for datasets with approximatedalues. However, inclusion of
critical section in the model does not necessarillgance the prediction accuracy of the
model (compare model according talGEGO et al. with Model according toRRN).

Comparing the integrity level of longitudinal reiméement ratig, according to Fig-
ure 6-3, it is evident that the model accordingltaNG / HA does not include the effects
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of longitudinal reinforcement ratio, as the effeetidepthher is kept constant (equal to
effective depth of longitudinal tensile reinforcamd) for different values o
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Figure 6-3:  Correlation between longitudinal reinfacement ratio pi and safety factors
of models according to TB, KbNG / HA [Hon-2012], GALLEGO et al. [Gal-2014]
and TRAN et al.[Tra-2015]

To capture the influence of concrete tensile stitertge model safety factor is illustrated
in Figure 6-4 depending on the concrete compresgremgthfc used for determination
of fet,cat

A more evident tendency between concrete strengdnaodel safety factor can be ob-
served especially for low values of concrete comsgire strength for models, which con-
sider a correlation according to uniaxial or fleeduroncrete tensile strength according to
DIN EN 1992-1-1. For high-strength concrete beawrsgpt for calculation according to
TB, no correlation exists between the model sa®tjor and concrete strength: Due to
this fact, it can be concluded that the calculéedile strength corresponds in such cases
with the available concrete tensile strength. Tiiservation can also be made for the
model according to 8ING / HA with implemented splitting concrete tensile stitbng
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Figure 6-4.  Correlation between concrete compressivstrengthfc and safety factors of
models according to TB, HONG / HA [Hon-2012], GALLEGO et al.[Gal-2014] and
TRAN et al.[Tra-2015]

6.2.3 Modified mechanical model

Based on the previous investigations, a mechaafaoach is selected and modified for
a better prediction of diagonal cracking load undenotonic loads. For the selection of
the model, the following criteria are considered:

= Adequate prediction accuracy for all ranges of dieg cracking load

= Adequate consideration of major influencing pararset

= Clear mechanical parameters, which make the appadaptable to PC members
as well as to cyclically loaded members

The first two criteria are fulfilled by both appidees of QLLEGO et al. and RAN et al..
However, due to existing knowledge gap on the &dfetcyclic loading and prestressing
on the tensile crack widtlvr1and the fracture energ®r, the proposed model by
GALLEGO et al. is selected for further modification. Basedthe observed correlation
between model safety factor and concrete compressiength, the proposed equation
for tensile strength calculation was kept constannhormal and high-strength concrete
taking the proposed correlation ofIRECK [Rei-2012] into account:

fct,cal =1.115"- (fc - 4)1/3 Eg. 6-8
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Based on the main equation of model according AoLEGO et al. and the selected
correlation for determination @t (Eq. 6-5) a closed-form solution can be proposed f
determination of diagonal cracking load as follows:

2
Vercal = § b+ Retmre * fetcal Eqg. 6-9
The value of effective depth for mMRC members coesls to:
0.5
(o, (ooa S0-90
hegmre = > + + 5 Eqg. 6-10
4 3 Xer

3

The resulting calculated diagonal cracking Idagtawith the modified proposed model
(Eg. 6-9) is depicted in Figure 6-5. It is eviddmdt the proposed model provides a
more accurate prediction with a median valug.gf equal tom= 1.01 and a low varia-
tion coefficientv = 0.13. The agreement between calculated and iexgetal values
can be justified by the integrity of major influémg parameters as illustrated in Fig-
ure 6-5. It is observed that the influence of stepan to depth ratio, longitudinal rein-
forcement ratio and concrete strength is considadedjuately in the model.
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Figure 6-5:  Comparison of experimental diagonal creking loads with calculated val-
ues using proposed modification (up, left) and theorrelation between
model safety factors anda/d (up, right), pi (down, left) as well afc(down,
right)
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6.3 Derived model for diagonal cracking of prestressethembers

The modified model is adjusted for prestressed neembnder consideration of normal
stresses caused by prestressing, which is superpate the flexural normal stresses.
Due to this superposition, the effective depthtef membelherpc is modified, which
affects the calculated diagonal cracking load. piestressing influences further the ten-
sile failure criterion (compare 2.1.3) at the theimal depth of maximum shear stress
(assumed to remain at depth of neutral axis ok#ution), causing a significant change
in concrete tensile strength (compare section R.A&ditionally, the basic equation of
proposed model should also consider the effectatefal compressive stress using
MOHR's circle of stresses (compare section 4.1.1).

h ho

ef
fcl,mud —Nc

b

Figure 6-6:  Normal and shear stress distribution ogr the cross-section of PC members
according to proposed model

Accordingly, the calculated diagonal cracking lagda PC member with rectangular
cross-section can be determined as follows:

2 |7 |
Vcr,cal = § “b- hef,mPC : fct,mod 1+ 7 = ] Eg. 6-11
ctmo

The effective depthhermpc consists of depth of compression zone of an etpriva
non-prestressed member and an additional termoduestressing representechasThe
influence of tensile zonk is assumed negligible for prestressed memberse sipis
significantly higher than the concrete tensile ragib.

hegmpc =€ -d + hy, Eq. 6-12

To account for the influence of lateral compressivess on failure criterion for concrete,
the modified tensile strength according to Eq. 2v86 used consideringraequal tasep
for the sake of simplicity.

_ locp|

fe
fct,mod = j ’ fct,cal Eg. 6-13
fe
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The termssep corresponds to:

P

=T Eqg. 6-14
b - hef,mPC q

Ocp

The additional depth, can be calculated iteratively using the followatguation:

2

= h (€d+h’)x \/fz +|Uc|'fctmod

3 p p cr ct,mod P )

f'd'lffcpl‘l' dz,i,(l_i) =0 Eq. 6-15
2 3

To verify this model, the experimental diagonalkiag loads of members in mPC sub-
set are compared with the calculated vaMegaaccording to Eq. 6-11 (compare Fig-
ure 6-7).
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Figure 6-7:  Comparison of experimental diagonal creking loads with calculated val-
ues using the proposed model for mPC members

Based on the results, an estimation of the diagoraalking load is possible for mPC
datasets with the suggested model. However, inestages, the diagonal cracking load
is underestimated significantly. To figure out tregin of this deviation and for a better
justification of comparably large scatter of resuthe correlation between model safety
factors and major influencing parameters for PC trensi (shear span to depth ragid,
longitudinal reinforcement ratipi, concrete compressive strendttand relative pre-
stressingscy/fc) is depicted in Figure 6-8.

The comparison shows that except for the influesfcghear span to depth ratio, further
major influencing parameters are integrated satisfdy in the model. The general un-
derestimation of diagonal cracking load for lowahgpan to depth rati@d < 3.0 can
be caused by the activation of arching action dyeéstressing, which enables formation
of a direct compressive strut between the loadmigt@and the beam supports. Further-
more, the effect od/d is considered in the model using the crack digtdmam support
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axisxcr, which is approximated for all mPC datasets. Adyedpproximation ok.r could
probably improve the prediction accuracy of the meedel for mPC members.
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Figure 6-8:  Correlation between safety factor of poposed model for mMPC members
and a/d (up, left), pi (up, right), fc(down, left) as well assep / fc (down, right)

6.4 Derived model for cyclic diagonal cracking

The proposed model for mMRC members is adapteddrséttion for diagonal cracking
under cyclic loading based on the phenomenologispects of fatigue as discussed in
chapters 2.2,3 and 4.2. The number of cycles tgodial cracking is provided in cRC
dataset. To consider the cyclic damage at the efaiéagonal crackindN = Nc, an un-
known change of normal stress distribution is dedinsing a new relative depth of con-
crete compression zoidger. In the first loading cycle, the relative depthcoimpression
zone¢ can be calculated based on Eq. 4-16. At the efatgclic diagonal cracking, the
value ofVsup corresponds to diagonal cracking load, which iknewn and influences
the compressive stress at the extreme fibre afelgon.

" _ Vsup " Xer
csupl — pToao &/2-(1-¢,/3)

Using the relative depth of compression zone umdaamotonic loading1 =¢ atN =1,
the effective depth at the beginning of cyclic lwads equal to:

Eq. 6-16
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hegr = &1+ d- (1 + L) Eq. 6-17
c,sup
Due to the cyclic normal stresses, the cyclic cpggmomenon causes a change in beam
stiffness, which results in a modified effectiveptiehercrc FoOr a stationary evaluation
of state of critical diagonal cracking, the damagfects should be integrated using a
modified relative depth of concrete compressiorezatndiagonal crackinguer (N = Ner).

The stress distribution over the depth of crossi@eés assumed to remain linear.

h
SNer = —EZRC Eq. 6-18
Usingher,crg the lower principal tensile stress level can dlewated using:
o = Vi Eq. 6-19
1,infNer — 2 . 6-
3 b- hef,cRC g

With the lower principal tensile stressintner, the upper principal tensile stregSup Ner
at the depth of neutral axis corresponds to fatigosile strengtfi s, Which is calculated
using the proposed correlation bp®NELISSEN(EQ. 2-23). The diagonal cracking load
of cRC members can hence be determined using logvfiog equation:

2
Vcr,cycl,cal = § b hef,cRC ' fct,fat Eq 6-20
Furthermore, the effective deptk crc should fulfil the following equation:
_ fet
hef,cRC = chr d {1+ —— Eq. 6-21
O-c,sup,Ncr

It should be noted that the concrete tensile stheagthe tip of flexural crack is not
affected by cyclic loading, since the damage preeest this depth can be dissipated as
macrocrack propagation.

. _ Vcr,cycl,cal *Xer
c,sup,Ner b-d?- chr/Z . (1 - chr/3)

With oc supNerdetermined in accordance with Eq. 6-22, the effealepth can be calcu-
lated by combining Eq. 6-21 and Eq. 6-22 into:

Eq. 6-22

1+fct'b'd'chr/Z'(l_fzvcr/?’))

Vcr,cycl,cal

hetere = Sy, " d ( Eq. 6-23
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‘ &, (N=1)

Figure 6-9:  Normal and shear stress distribution ogr cross-section of member accord-
ing to proposed model for RC members under cyclicrear loads

To find the unknown variabM cyci.cal the value oher,neris changed iteratively to satisfy
Eq. 6-19, Eq. 6-20, Eq. 6-21 and Eq. 6-18 conctisreA schematic view of the iterative
procedure is depicted in Figure 6-10.

i=itl

False

[Eq.618] [Eq 223/ Ne /
True
End er,cRc,j‘h ef,cRC,i=0
hcl‘,cR(Zi
]
A\
( g’:Ncr )
e erej /= { Eq. 6-21 ‘

Figure 6-10: Iterative solution procedure for detemination of cyclic diagonal cracking
load Vcr,cycl

Due to the fact that the experimental diagonallkirgcloadVer,cyclexp@t N = Ner equals

the experimental upper shear [0&dp x the prediction accuracy of the model is evalu-
ated using the upper shear load level of documeastd in cRC subset of shear database.
Figure 6-11 enables a comparison between experanand calculated values of cyclic
diagonal cracking load.
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Figure 6-11: Comparison of experimental diagonal acking loads with calculated val-
ues using proposed model for cRC members

Based on the median of model safety factars 1.11, a good prediction of the cyclic
diagonal cracking load is possible using the moBelunderstand the background of the
comparably large scatter of resultis=(0.14), the integrity level of different major-pa

rameters in the model are assessed and depickegure 6-12.

The points with an unsafe prediction of cyclic diagl cracking are two tests with rela-
tively low longitudinal tensile reinforcement rai{0.6%) conducted byAfUY [ZaN-2008]
with a failure due to fatigue of longitudinal telesreinforcement. Although diagonal
cracking occurs before fatigue failure, the sttage can be affected by the yielding of
reinforcement, which makes the assumptions of meganodel invalid. Disregarding
the tests with a fatigue failure of longitudinahsde reinforcement (4 tests), the variation
coefficient of the safety factor of proposed moaelld bev = 0.11 for the filtered da-
taset.

Other results show a satisfactory consideratioallahajor influencing parameters. Due
to this fact as well as the visible slight deperaydmetween model safety factor and num-
ber of applied cycles to diagonal cracking, it banconcluded that the general scatter in
the predicted values of fatigue tensile streriggh causes the large scatter of results.
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Figure 6-12: Correlation between model safety factoof the proposed model for cRC
members anda/d (up, left), pi (up, right), fc(middle, left), log Ner (middle,
right), e1sup/ fct (down, left) as well assa,int / fet (down, right)

Seeking the value dferner, further variables such dger andferaiare determined as by-

product of the iterative calculation. Based on ¥hiie oféner, the influence of cyclic

creep on stiffness of the concrete can be detetmisang the factosine.

§Rer

ay,, = Eq. 6-24
Yer " 2(1 - &y,) a
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With the factoranc and assuming a non-variant stiffness for steaefoetementss, the
stiffness of cyclically damaged concrete afir applied cyclese ner is determined as
follows:

S
EC.Ncr =

. Eqg. 6-25

This enables a simplified assessment of cyclicoeefficientpcyc,aicorresponding to:

Ec,l

gocycl,cal =
E ¢ Ner

-1 Eq. 6-26

Based on a data fitting, it is evident that a linearelation exists between the calculated
value of the cyclic creep coefficient and the numbiapplied cycles until diagonal
cracking (s. Figure 6-13).
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Figure 6-13: Correlation between cyclic creep coatfient and the number of applied cy-
cles

Based on the illustrated linear approximation dflicycreep coefficient in Figure 6-13,
Eq. 3-6 can be simplified to determine the equivilkdress caused by cyclic damage
Oo,res (Ncr) as f0||OWS:

Ogres(Ner) = 0.0611 - fo - (log Ner) Eq. 6-27

6.5 Concluding remarks

The compiled shear database was used in this chapevaluate existing mechanical
models in the technical literature. According te évaluation results, the proposed model
by GALLEGO et al. was selected, since it adequately accdonthe existing primary
cracks before diagonal cracking and is better adidgto evaluate the diagonal cracking
load of prestressed members and cyclically loadeshbers. With a modification of con-
crete tensile strength, a good accordance was edduttween the experimental values
of diagonal cracking load of mRC dataset and theutzted values. The modified model
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was adapted to account for prestressing and cipdds. With the model for PC mem-
bers, a good approximation was achieved, whichgvew does not adequately account
for effects of shear span to depth ratio. A reasmrid be the lack of experimental values
of critical sectionx,r for mPC members. A satisfactory prediction of @ydiagonal
cracking loads was possible using the proposed hiodeRC members of shear data-
base. A further optimization of this model with etter correlation between number of
applied loads and concrete tensile strength cootd&ivably enhance the obtained re-
sults. A general improvement of diagonal crackiveyl prediction can be reached, if the
location of the diagonal cracks were provided Far members. This is a prerequisite for
a safe but economical application of the mecharipptoaches (including the proposed
models).
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7 Nonlinear finite element evaluation of diagonal craking

7.1 Scope and objectives

The development of commercial finite element (FE\gpammes make nonlinear finite
element evaluations to state of the art and easitgssible for the engineering practice.
With the introduction of Model Code 201(-2010], structural analyses can be performed
alternatively using numerical simulations. Alsom&assessment guidelines and previ-
ous investigation of existing structures suggestinear FE analysis as a way to find the
underestimated or neglected load-bearing mechansesid over-conservative assess-
ments{Heg-2016], [Mut-2012], [fib-2010], [NRR-2011], [Emp-2013].

The objectivity of models should, however, be cailiy verified using suggested tests
including basic material tests, structural test mmesh sensitivity testb-2010]. A com-
mon material test for modelling of shear criticambers is the simulation of biaxial tests
of KUPFER/ GERSTLE [Kup- a1973] or the shear panels of¢CHIO/ COLLINS [Vec-1986]. The
mesh sensitivity is relatively uncomplicated to doat. The more challenging test is
proving the model objectivity using structural ggesvhich should be done on benchmark
tests to check the uniqueness of response aneéiiséigity of the model to major influ-
encing parameters on shear capacity. Especiallgifoulation of members that fail as a
reason of tensile cracking (mode | cracking), thitlé characteristics of failure can cause
a premature numerical ultimate load mainly insggaby convergence problems. In such
cases, the meaningfulness of the ultimate loadstegsin nonlinear FE analyses should
be critically evaluated.

The present chapter focuses on structural testaudorerical simulation of monotonic
shear tests on simply supported RC beams with@arskinforcement. The main objec-
tive is to investigate the dependency of numenyaahched ultimate loads on character-
istics of softening behaviour of model due to ciagk The focus is on influence of the
selected crack model and the settings of iteratieeemental approach used for the non-
linear FE analysis.

To investigate the softening behaviour coupled Wwéhative-incremental procedure, six

benchmark shear tests with similar test configaretiand different shear span to depth
ratios are investigated. The aim of this investagais to find out a suitable crack model

applicable for evaluation of softening behaviowrsed by diagonal cracking and to min-
imize the effects of numerical iterative-incremémacedure on numerically predicted

diagonal cracking loads.

The nonlinear finite element simulations in thisrlware performed using the FE-pro-
gramme DIANA FEA[DIA-2017] (release 10.2), as it includes the required cracéelling
and iterative-incremental concepts.
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7.2 Modelling orthotropic damage in shear critical memkers

Several approaches are available for numericallaiion of the damage and the soften-
ing behaviour of the shear critical members. Tregggroaches include discrete crack
modelling, smeared cracking with total or decomposiain models, plasticity-based
approaches etc.. In contrast to discrete crackipgaach, smeared cracking and plastic-
ity approaches enable formation of cracks andreeefore appropriate for estimation of
the cracking pattern. The smeared approaches seel loa fictitious crack model and its
further development to crack band approach asdotred in section 2.1.1. Both of for-
mer approaches can be found in previous numenedliations irfHeg-2016], [Hen-2017], [Mau-
2012], [Hub-2014b], [Bel-2013], [Vec-1986], [Bel-2017a], [Bel-2017b]. The utilization of this approach for
prediction of cracking pattern or even crack widltisshear critical members has not
been validated so famal-2006], [Hub-2014b]. For the state upon diagonal cracking, smeared
total strain-based crack approach developed basétodified compression field the-
ory” in [Vec-1986] is suitable, which has been employed and evaluattds thesis.

For undamaged concrete elements, the constitidivedr linear elastic isotropic mate-
rials can be written for uncracked concrete elemast

v
O_nn
E
[att]= Cz-” o [ ] Eq. 7-1
1-v U
Ont 0 0 Vnt

For E: being the concrete elasticity modulus arbISSONSs ratio. As soon as the prin-

cipal tensile stress at an integration point viedatoncrete tensile failure criterion, the
stiffness matrix is modified using damage facjoendp to reduce the normal stiffness
(mode 1) and the tangential stiffness (mode II3pectively.

E. v-u-E 0
1—vy 1—-v%u
0 £
nn v- ‘u E, u-E, gnn
1—v2y 1-—22 0 tt Eq. 7-2
v 1-vu Vnt
. BE.
2-(14v)

The factow can be determined using the tension softeningwetiadescribed in chapter
2 andp is the so-called shear retention factor.

Different terms of stiffness matrix in Eq. 7-2 da@ activated or deactivated by the se-
lected constitutive model of concrete and crack eh¢compare Figure 7-1). Assuming
a brittle tensile behaviour (no tensile softenifag)nstance, results in a tegn 0. Under
this assumption and considering no shear stifff@she cracked elements € 0), sim-
ulation of a flexure shear crack is impossiblecsithe first flexural cracking causes a
significant reduction of stiffness and numericalui@ of the model. Using a concrete
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tensile curve with a softening branch, a furthéation of principal stresses after cracking
results in diagonal cracks. In this case, eitherdthear stiffness of the cracked element
can be ignoredf(= 0), which is the basic assumption of the rotatirack model (R
crack model) or change with a constant or variablee of shear retention factor in a
fixed crack model (F crack model).

u=0;=0 . u=0;8#0 \
v v

R-crack ] } F-crack . I

[ | LA

f 1 1 , |

A | A |
u#0;8=0 * i u#0;p#0 ‘ :
R-crack i F-crack d i

I AN

L I | | LA (B8 G | |

A | A |

Figure 7-1:  Influence of terms in stiffness matrixof damaged concrete and the resulted
numerical crack patterns

Assuming no stiffness in cracks, no shear stremsegransmitted parallel to cracks and
the cracks rotate with the rotation of principaéss trajectories. Thereafter, a small shear
strain incremenf\y causes a rotation of principal stress trajectoki&sn a way that no
shear stress emerges in the crack (compare FigRyeDue to the assumed coaxial
stresses and strains, the same correlation agidie$or the stresses in the R crack model.
Therefore, the R crack model enables a calculaifaglobal shear stressesand shear
strainsy based on MHR's circle.

Ay _ Ao
2(e; — &) 2(0y—03y)

tan 2A6, = = tan 2A6, Eq. 7-3

For the initiation of a crack in the R crack modepredefined threshold angle is also
defined in DIANA FEA. Based on this definition, tipeincipal tensile stress should
exceed the concrete tensile strerfgtht the state of crack initiation and simultanepusl|
the angle between the existing crack and the fadi@rack should exceed the value of
OR.

In contrast to R crack model, the F cracks cansfearshear stresses. Different F crack
models can be defined based on assumed sheaiigetéattor. According to existing
numerical guidelines such agiten-2017], a variable shear retention factor is often recom-
mended, which can be defined based on crack wadiiregate size etc.. Due to existing
shear stresses in F cracks, the crack inclinaticend the inclination of stress trajectories
6 are not identical (compare Figure 7-2).
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rotating \

paval
A

Figure 7-2:  Concept of rotating and fixed crack moels based oriKau-2010]

Another possibility for modelling cracks is chamgjithe crack model from rotating to
fixed after a certain total normal strain threshaldim. The so-called rotating to fixed
crack model (RF crack model) enables a shear gamsfcracks from a certain crack
width.

It is worth noting that the orthotropic materiahla@iour of concrete is not fully included
in the total strain-based crack modplg- a1983]. Several considerations are included in
this model in programme DIANA FEA. These includeduction of BISSONSs ratio and
reduction of concrete compressive strength duatévdl crackingyec-1993]. However, the
effects of biaxial loading on compressive and terfsiilure criteria (strength reduction
due to lateral compression or tension) are notiged. However, the total strain-based
crack model is quite beneficial due to its stapitihd enhanced convergence behaviour.
For shear critical members without shear reinforetnthis advantageous convergence
behaviour was approved by own primary numericakftigations and is the basis of
selected crack models, which are evaluated intisairg chapter.

7.3 Element size and crack band width

A significant step in FE modelling and evaluatidmtesh sensitivity is the selection of
element size. From a numerical point of view, tize &f elements should be reduced to
an optimized element size avoiding unnecessary higherical effort (computation
time). From a mechanical point of view, the elems&ne should be selected wisely to
reach mesh-independent results using smeared apgckaches. Several mechanical as-
pects are available for the selection of elemere. Dne aspect originates from a mul-
tiscale consideration signifying that for a homaged modelling of material, the ele-
ment size must be limited to a representative et¢siegehe. The value ofe is selected
based on the largest inhomogeneity in concretectwhguals for normal concrete the
maximum aggregate sizg. Available suggestions include 2.5 - 3. according tgSch-
1986], 8.0 -dg according tdvan-2013], [van-2007) and 5.0 dy as proposed ifiru-1999]. Another
aspect considers an upper bound for element sigedban stability considerations as
proposed irfHen-2017]. The size of element is limited accordingly to refteristic length
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lch Of concrete (Eq. 2-5). A further criterion in sttural scale is based on reasonability
of resulted crack patterns using finite element eldased on that, element size should
be selected in a way that the expected crack distais larger than the element sj#e!-
2006].

Estimation of the crack band widtk is a crucial step in smeared crack modelling. The
above-mentioned multiscale consideration is alsoairthe physical backgrounds of the
proposed crack band width(inaz- h1983]. Therefore, most crack band width estimators are
based on the element size)([Sle-2015]. Using this crack band width, the material param-
eters are also adjusted to element size in ordacti®ve mesh-independent results (such
as for fracture energy in Figure 2-4).

The suggested numerical crack band width approaich#® literature can be mainly
divided in approaches depending just on elemest (&zy. approximation according to
ROTS[Rot-1988]) or methods considering additionally crack alignt@.g. the band width
approximation according to@RVINJEE[Gor-1995]). In this work, the commonly used crack
band width estimator according t@®Rsis implemented.

a A A A a
Eﬁjzcb hy hg | a A A
a A A A a
representative hey= N2+ hey=hy
element size e clement node A integration point

Figure 7-3:  Physical background of element size anctack band width (left) and nu-
merical crack band width approximations according b RoTs (right) (ac-
cording to [Rot-1988])

7.4 Loading and analysis procedure

For the simulation of cracking, a reduction of égpload is enabled with a displacement-
controlled loading scheme. Using the displacemketaionAu; and tangential stiffness
matrix Kj, internal forcedinc and energyly - fnt) are calculated and compared with the
external ones. The out of balance fowcés calculated using this comparison (compare
Figure 7-5).

Aui = Ki_l T Wi Eq 7-4

The iteration procedure is continued until the @gence criteria are fulfilled or a max-
imum number of iteration steps is reached. As cagerce criterion, force criterion, en-
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ergy criterion and also displacement criterion barselected. For a displacement-con-
trolled loading, force and energy criteria are oftecommended. Based on that, the force
criteria is fulfilled if the following ratio is sniler than a selected convergence norm:

[T .
Wi Wi

< force converence norm Eqg. 7-5
T,
Wy "Wy
The energy convergence norm is controlled by:
T
Ay (fint,i+1 - fint,i)
< energy converence norm Eq. 7-6

Aubr (fint,l - fint,O)

For the incremental procedure of analysis, expligt steps can be used alongside dif-
ferent adaptive loading procedures provided in DRBAREA. An adaption of the applied
increment sizes to stiffness is possible usingradesmgth control, which can be com-
bined with a refined energy-based adaption metfbé. application of method of en-
ergy-based adaption of increment sizes is alremestigated for shear critical members
in [Bel- 2017a).

Within the arc-length method, the step size is sethguring the iteration based on a load
factor ALi. Combined with energy-based adaption, the negtsitee is chosen in a way,
that the energy of the initial prediction equals @nergy of first iteration of subsequent
load step (compare Figure 7-4, right).

/ step size 7
A Au iteration y
; 4l adapted
step size step size
) Wy Au -
wy i 1AL
) Ly AL Ak
: W W
WO§ Wl 3 W, t+At
___—real stiffness ,
o . . w
__~predicted stiffness
o u o u
Figure 7-4.  Incremental iterative procedures provided in DIANA FEA (according to

[66d-2012] and [DIA-2017])

7.5 Description of numerical models
7.5.1 Geometry and model discretization

To limit the numerical effort, 2D models are used $imulation of in-plane shear re-
sponse of the beams. Previous studig8d2009] indicate that the stiffness and hence the
response of the beams modelled by means of symrtietfiybeam models) is different
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from that of full models. In order to have compdaeaimodels in case of asymmetrical
loading, the RC beams are modelled as full modsteglarding the symmetry.

Quadratic elements with a nearly 1:1 aspect ragauged to generate element mesh. In
this case, triangular elements are avoided deliblgraas previous studies [fib-2015], [Clo-
2009] show that the resulted crack patterns are sigmiflg influenced by mesh alignment
in case of triangular elements. To refine the stfggld and obtained crack patterns,
8-node quadrilateral isoparametric plane-stressats CQ16M with a higher order in-
tegration scheme (3 x 3 Gauss integration) aredmphted.

For the available shear tests with normal conasitteaverage beam depth values around
300 mm, the available recommendations for aggresiaéebased representative element
size exceeds the beam depth and are not pra@iesides, the characteristic length for
normal concrete is often more than a meter andrtaeimum element size criteria is
fulfilled for laboratory tests. To have a fine dkgrath, the element size should be smaller
than crack distance. However, to remain in maciesibee element sizee is limited to
maximum aggregate sizly. The element size was defined using the beam depttd
aggregate size as follows:

d

hg = max{h/go Eq. 7-7

For tests without documentegl h/20 is used for mesh size determination. To avinéss
concentrations at loading and support points elastiel plates are modelled.

A schematic view of the model geometry and diszagion is provided in Figure 7-5.

!
" 7

Figure 7-5:  General set up of numerical models

7.5.2 Material parameters

The concrete is modelled using on total strain thasacks. The uniaxial stress-strain
curve of concrete is defined according to Figu® Teft. For the tensile curve, the as-
cending branch is considered linear and the rekmhrecrete tensile strength is defined
using the exponential softening curve obrbIIK [Hor-1992] (Eg. 2-15).The ascending

branch under compression is simulated as a pacatatie. The descending branch of
the parabolic curve in DIANA FEA 10.2 is also adegpas illustrated in Figure 7-6, right.
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For the modelling of longitudinal reinforcementd#ie 7-6, right), the tensile stiffening
is considered by strain hardening according tnWIISES A bilinear curve is assumed
for the elastic and plastic regions. The longitadlireinforcement is modelled as fully
bonded embedded reinforcement.

concrete stress steel stress
o, [N/mm?] o, [N/mm?]
Ghy, St
) A T
cu g concrete strain Jsy
et En Sc [%"]
GJ/hy, steel strain
&, [%n]
iA fsy/ES Esu s

Figure 7-6:  Tensile and compressive curve of condee(left) and steel reinforcement
curve (right)

In the reference evaluations of benchmark shets,tas R crack model and an F crack
model is defined and implemented for simulatiorodhotropic damage. The R crack
model was defined with a threshold angkte= 10°. The main parameter of the F crack
model is the shear retention fagBpmhich was set as variable. Several methods foxist
adaption of shear retention factor such as aggeesiz¢ based approaches (as suggested
in [Hen-2017]) or approaches based on crack opening. In theprésesis, a variable shear
retention factor, which is proposed By-MAHAIDI [Al-1978] is used (compare Eq. 7-8). In
this model, the shear stiffness of cracked condseteduced toward a minimum lower
boundgmin (Which is set equal to 0.01 as basic setting) idensg tensile parameters of
concrete ftr andEc) and the numerically calculated total normal steai.

B = 0.4-% >0.01 Eq. 7-8

¢ €nn
7.5.3 Analysis procedure

For RC members without shear reinforcement, adlibe shown later, the brittle nature
of failure under diagonal tension results in cogeace problems during the numerical
calculation process. However, after a short instaiphcking phase, a new equilibrium
condition and a convergence are still probableréfoee, it is important to continue the
iteration process even after a short-term violatboonvergence criteria, which is also
suggested ifHen-2017].
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For the iterative calculation, the equilibrium @ught using regular BVTON-RAPHSON
method. In each load step, a maximum number ofestions is allowed. For the refer-
ence analysis, the beams are investigated witlggmerd force convergence criteria with
convergence tolerances equal to 1> 4ad 1- 10, respectively.

The incremental setting of reference investigati@s using an explicit incremental ap-
proach with constant load step sizes= 0.01 mm (compare Figure 7-4, left) applied as
a vertical displacement. The constant step sizearere tracing of changes caused by
incremental procedure. The load step size is kaytldn order to minimize the proba-
bility of premature failure caused by convergenagbfems. The incremental procedure
is continued until a maximum number of load steps weached, which varies based on
the total displacement of models at failure. Witthia variational investigations, further
possibilities of load step adaption using arc-largintrol and energy-based adaption are
investigated.

7.6 Scope of reference investigations

Six shear tests on simply supported beams witlctamgular cross-section are modelled
in FE programme DIANA FEA. The selected beams ardigured with constant mate-
rial properties and longitudinal reinforcementaaflhe variable parameter of test con-
figurations is only the shear span to depth ratluch varies in a range of 2.0 - 5.8. Table
7-1 shows an overview of the evaluated beams.

Table 7-1: Benchmark experiments of EONHARD / WALTHER [Leo-1962]

Test | Label b h d a/d fo p Vuexp | Xerewp

[(mm] | [mm] | [mm] [ | INmm] | [%] [kN] [mm]
3 L3 190 320 270 2.00 29.0 2.07 147.7 350
4 L4 190 320 270 2.5 29.0 2.07 86.6 354
5 L5 190 320 270 3.00 29.0 2.07 75.8 355
6 L6 190 320 270 41 29.0 2.07 67.1 707
7n L7 190 320 278 4.9 29.0 2.01 60.8 856
8/1 L8 190 320 278 5.8 32.0 2.01 64.0 972

For the calculation of material parameters, theyested correlations {fib-2010], [DIN-1992-
1-1] and[Hen-2017] (compare Table 7-2) are implemented to calculatihér material pa-
rameters based on concrete compressive stréngthe effects of lateral cracking are
considered on concrete compressive strength bas#éte@roposed correction bye¥-
CHIO / COLLINS [Vec-1993], with a limited reduction factor to 0.6. Each beanevaluated
once with the R crack model and once with the Elcraodel (compare 7.5.2).
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Table 7-2: Material parameters of concrete for refeence FE models

Material parameters of concrete

Parameter

Elasticity modulus [N/mm?]

E, = 21500 - (f,/10)'/3

Concrete tensile strength [N/mm?]

fa=03-(f - D

Tensile fracture energyGr [N/mm]

Gr = 0.073 - (£)°18

Compressive fracture energy [N/mm]

Gre = 250 - Gy

POISSON's ratio

v=02

reduction of concrete compressive strength
due to lateral cracking

VECCHIO/ COLLINS 1993(lower bound).6)

7.6.1 Models with rotating cracks (R)

For beam L3 with a shear span to depth rati@adf= 2, a very good agreement could be
reached between numerical results and the expetainealue of ultimate shear load.
Based on the numerical load-deflection curve, atdieom instable crack growth was
noticeable from a drop in applied shear load &t69.8 kN. Using the proposed mechan-
ical model in chapter 6 (Eg. 6-9), the diagonalckieg load is determined as
Vercal = 62 kN, which shows a good accordance with thearical shear load at the short-
term instable load steps. The width of the crititialgonal crack is at this point equal to
0.3 mm. A comparison between numerical and experiaherack patterns at the state of
failure is depicted in Figure 7-8. The experimentakk pattern is illustrated as fine lines
and the numerically achieved crack pattern is sc@ehe way that cracks with a width

over 0.1 mm are illustrated in black.
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Figure 7-7:  Load-deflection curve of beam L3-R-0 €ft) and flexural (right, down), di-
agonal (right, middle) and failure (right, up) cracking stages
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Figure 7-8:  Comparison of experimental and numerichcrack patterns of beam L3-R-0
(cracks with a crack width > 0.1 illustrated in black)

A comparison between equilibrium tolerances (fand energy) and the out of balance
energy and forces in each load step is illustratgeigure 7-9. At the state of diagonal
cracking, a short-term grow in out of balance fascdiscernible. The results show that
almost all steps are converged based on the selfwte norm and the energy norm is
violated after few load steps.
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Figure 7-9:  Force and energy norm compared to outfdalance force (left) and energy
(right) in each load step for model L3-R-0

The same evaluations are illustrated exemplarilyofams L6 in Figure 7-10. The grad-
ual development of diagonal cracks for the beanh aitshear span to depth ratio of
a/d = 4.1 leads to a sudden shear load drop at theaftaiagonal cracking.

The experimental and numerical crack patterns tiev@a larger extent compared to
beam L3. An assessment of out of balance forceenadyy in the steps after the diagonal
cracking (step 355) shows that no convergence doelldchieved until a shear load of
36.9 kN (step 460) and the convergence criteri@walated again after a few steps.
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Figure 7-10: Load-deflection curve of beam L6-R-0Iéft) and flexural (right, down), di-
agonal (right, middle) and failure (right, up) cracking stages

A A

Figure 7-11: Comparison of experimental and numerial crack patterns of beam L6-R-0
(cracks with a crack width > 0.1 illustrated in black)

In general, an important difference between theerisal response of beams L3 and L6
is the cracking behaviour, which is visible in #heolution of out of balance energy. For
beam model L6-R-0 (Figure 7-12), the out of balagwergy grows in a more stable and
gentle way and the energy release rate during figxmacking is smaller in comparison
to beam L3-R-0. However, at the state of diagonatking, a rather unpredicted jump
can be seen in Figure 7-12. This comparison higtdithe influence of shear slenderness
on brittleness of diagonal crack propagation amtigigally on the prior notice of critical
diagonal cracking.

A prediction of maximum failure load was possibking the FE model of beam L3,
whereas an over-rotating of critical shear crackGrR-0 leads to a premature failure of
the model (compare Figure 7-11). For both beanesnthmerically achieved distance of
critical shear crack from the support axisre is overestimated. A tendency between the
shear span to depth ratifl and deviation between numerical and experimergaglahal
crack paths was observed, according to which ttie xa exp/ Xer,re decreases with the
increasing of&/d.
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Figure 7-12: Force and energy norm compared to oudf balance force (left) and energy
(right) in each load step for model L6-R-0

7.6.2 Models with fixed cracks (F)

Beams L3 to L8 are modelled additionally with aefixcrack orientation (F) as introduced
in chapter 7.5.2. The numerical results of L3 afidite discussed exemplarily and further
results are documented in appendix D. A comparsween different cracking states
and the load-deflection curve of beam L3 with afixcrack model (L3-F-0) show that
the flexural cracking state and a global stiffnesduction is occurring at significantly
higher load (42.2 kN), which is also higher thae @alculated flexural cracking load of
2-Mercal/ | =10.2 KN Merca= W - fe). The same applies also for the instable crack
growth due to a critical diagonal cracking, whi@ppens under a higher load thanca:
Comparing experimental and numerical ultimate faillpads, it can be perceived that
the ultimate load is underestimated using a fixedlc model for beam L3.
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Figure 7-13: Load-deflection curve of beam L3-F-0léft) and flexural (right, down), di-
agonal (right, middle) and failure (right, up) cracking stages

Comparing the failure crack path with the experitakane, it is evident that despite the
good accordance between crack paths, the failuberdeviates from the experimentally
observed one. Whereas in the shear tests, a cosigndsilure between two loading
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points results in ultimate failure, in the FE mogdekrushing failure along the diagonal
cracks causes a model failure at significantly ligitk widths (max. value of 1.42 mm,
compare Figure 7-13). This deviation correlate$ wie stress locking, which is a known
aspect for fixed crack modehet-1988]. However, it can be concluded that this stresk-loc
ing does not necessarily overestimate the ultinegds in contrast to observations of
RoTs.

Figure 7-14: Comparison of experimental and numerial crack patterns of beam L3-F-0
(cracks with a crack width > 0.1 illustrated in black)

The out of balance energy and forces during theemental nonlinear analysis of beam
L3 show a more oscillating behaviour, as a newesystquilibrium is found due to acti-
vation of shear stresses in cracks after a few $beyos.
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Figure 7-15: Force and energy norm compared to ouif balance force (left) and energy
(right) in each load step for model L3-F-0

The beam model L6-F-0 shows that in this casefideel crack model can provide a
better approximation of the ultimate load. Howetiee, state of critical diagonal cracking
cannot be recognized from the load-displacementecudnder the same load level,
higher numerical cracks widths can be observed.torth noting that due to the shear
stresses parallel to crack caused by fixation, migalecrack widths can have negative
values, which makes a direct physical interpretatibcrack widths incorrect.
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Figure 7-16: Load-deflection curve of beam L36-F-Qleft) and flexural (right, down), di-
agonal (right, middle) and failure (right, up) cracking stages

The failure crack path obtained from analysis afrbd 6 with a fixed crack model suits
the crack path of the beam captured at failure.

A

Figure 7-17: Comparison of experimental and numerial crack patterns of beam L6-F-0
(cracks with a crack width > 0.1 illustrated in black)

In contrast to other models, the convergence totermwere fulfilled for some steps even
after the excessive diagonal cracking, which arevemed based on the energy criterion
as depicted in Figure 7-18, right.
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Figure 7-18: Force and energy norm compared to ouif balance force (left) and energy
(right) in each load step for model L6-F-0
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7.6.3 Comparison of results and provisional conclusion

In general, it can be postulated the predictioueazy of the models depend on the crack
model and the shear span to depth ratio of the b&heresults of such variational eval-
uations can be used to get insight into the reehisktoad-bearing mechanisms of the
beam. For instance, for a low shear span to degit 2.0 <a/d < 3.0), both diagonal
cracking load and experimental shear failure load be determined using a rotating
crack model. This shows that the concrete tensiacity before diagonal cracking and
the formed direct compressive strut after diagamatking are the main load-bearing
mechanisms for such beams and are adequately satuising the R cracks. Activation
of shear stresses in cracks in the F crack mogetsents numerically the physical mech-
anism of aggregate interlock. For simulated beaiis)oad-bearing mechanism was not
activated in the shear tests or overestimated &yafiplied F crack model; hence, the
models with F cracks overestimated the experimeitiahate shear load. A comparison
between numerically resulted failure loads withherack model and the F crack model
are depicted in Figure 7-19.
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Figure 7-19: Comparison of experimental and numerial ultimate shear loadV. for ro-
tating (left) and fixed (right) crack models

Based on the results, a safe prediction of ultinh@ael was possible using the R crack
model in all cases. Since the R cracks are capdldénulating both diagonal tension
and arching action, for shear span to depth ré®i@s<a/d < 3.0), the numerical ultimate
loads correspond to experimental ultimate loade diagonal cracking was noticeable
for such beams by a short-term violation of foreewergence criterion. Since the arching
action is not activated for higher shear span fhdeatios than 3.0, the numerical ulti-
mate load for such beams represent the diagonztiotpload.

To check the validity of estimated diagonal cragkloads using the models with R
cracks, the calculated diagonal cracking lodega are determined using the validated
proposed approach in chapter 6. For beams L3 anthesqumerical diagonal cracking
load is the point with a short-term instable cragkiA comparison betweevreand
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Ver,calis illustrated in Figure 7-20, right and shows g@gpteement between numerical
and calculated values df:.

160 80

® Rotating crack model

120 60 °

80 40

Vcr.cal [kN]

40

shear loadV [kN]

20
Y

4.0
displacements [mm]

8.0 12.0 16.0 0 20 40

Vcr,FE [kN]

60 80

Figure 7-20: Comparison between numerical shear lakdisplacement diagrams (left) as
well as between calculated and numerical diagonatacking loads (right)

Comparing the experimental crack paths with thelipted critical section with models
with the R cracks (Figure 7-21, left) and the Fcksa(Figure 7-21, right), a visible ten-
dency with the shear span to depth ratio is visib® a certain range of shear span to
depth ratica/d, the F crack model leads to a better predictiofaidire crack path and
the critical section. According to existing tendiescincreasing shear span to depth ratio
leads to overestimated distances of critical sadtiom support axis for models with the

R cracks. For F cracks, the opposite tendencyssrold.
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Figure 7-21: Comparison between experimental and muerical crack distances from
support axis Xcr for rotating (left) and fixed (right) crack approaches

The coupled effects of convergence problem andkcnaadel on numerically attained

ultimate loads with the R crack model were alsceoled during reference evaluations.
Based on that, especially with increasing shear spdepth ratio, a premature numerical
failure was observed due to over-rotation of diagamacks or the abrupt violation of

convergence criteria observed by evolution of diadance energy. This different crack-
ing behaviour coupled with characteristics of therRck model is the reason for most
convergence problems and a premature numericatéail
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To solve the former problem, defining the cracksaating to fixed (RF) can be a good
method. The latter numerical problem will be stddidso in further parts of this chapter
using adaptive incremental methods.

7.7 Proposed iterative-incremental approach

Reference evaluations show a dependency betweesn#rgy release due to softening
in each load step and ultimate loads of the nurabnmdels. The out of balance energy
changes with the selection of convergence normedisas load incrementation approach.
Hence, an explicit loading can cause inefficienivergence behaviour, underestimated
diagonal cracking loads using R crack model dusotovergence problems and also dif-
ferent cracking patternsuv-2018b). A further disadvantage of explicit loads is thghh
computational effort due to a high number of reegiload steps.

For the adaption of the incremental approach, d $bap size based on flexural stiffness
of the beam can be advantageous and reduces #ghentwhber of required load steps
(especially for test configurations with large shspans). For this aim, an initial load
step size is proposed based on the beam defleatiber flexural cracking momenter cal

(W - fr) for a more differentiated incremental settingeTiitial load stepin corresponds
to:

fet: 1

Uin =107 E h

Eq. 7-9

As the calculated flexural cracking moméd; ca is lower than the numerical one, the
beam models remain uncracked at the initial loadirgadapt the size of applied load
increments as vertical displacement (after seweaghtional evaluations), three repre-
sentative incremental setting combinations 11 tar3selected and presented in this sec-
tion.

The adaptive incremental methods include arc-lemgthod (11 and 12) and a combina-
tion of arc-length method and energy based adaputidoad increment size (I13). The
arc-length control was performed in each load stethe vertical translation of attached
beam nodes to the loading plates.

Furthermore, the iterative setting is also adjustahtly. The evaluated reference mod-
els show that the energy norm was violated for atnewery load step. For this reason,
the energy convergence norm was increased to*lwifich is also a recommended value
according tdsel- a2017].
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The three incremental setting combinations 11 todBespond to:

= arc-length control with an initial step sizewf (11)
= arc-length control with an initial step size of D.&im (12)
= combined arc-length control and the energy-basagtaih of load steps (13)

A comparison between resulted shear load-deflectiones and the reference simulation
is possible with Figure 7-22. It is worth notinbat the curves are illustrated until the last
converged load step.
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Figure 7-22: Load-deflection curves of beam L6 fothe reference model and different
configurations of incremental and iterative simulaton settings

In the first model L6-R-I1, load steps are adaptieding the incrementation using

arc-length method. The initial load step is sebating to Eq. 7-8. It could be observed
that resulted ultimate load increases for this rh¢tdevard 52.6 kN), however, this load

step implies also the last converged step of thdahand the adaptive mechanism of
arc-length method can not lead to further convesges.

Using a smaller initial load step size of 0.01 nwanje value as reference simulations),
the ultimate load was underestimated by model Li@;Rvhich shows that smaller step
sizes are not necessarily beneficial for a preatictif ultimate load. In a third variational
evaluation 13, the available energy-based adaizding in DIANA FEA is applied in
combination with arc-length method. The initialpgize was set ag and the minimum
step size is selected as 0.01 mm. A maximum nufiedO load steps is chosen. Using
this adjusted incremental iterative process, theevafVer cais better approximated using
the FE-simulation (compare Figure 7-23).
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Figure 7-23: Load-deflection curve of beam L6-R-I3left) and flexural (right, down), di-
agonal (right, middle) and failure (right, up) cracking stages

A comparison between the achieved crack pathsiodifferent model configurations is
illustrated in Figure 7-24. It points out the irdhce of incremental procedure on the
obtained numerical critical sections and shows edgagreement between the experi-
mental and numerical diagonal crack paths for tbdehwith small increment size (12)
or an adaptive incremental approach (13). It advadditionally the reason of lower pre-
dicted numerical ultimate loads with incrementatisg 12. Comparing the critical crack
path in 12 and I3, it gets evident that the smatk&d increments in 12 enable a higher
crack rotation from the mid-depth of the beam, Wuhitight be the reason for the prem-
ature numerical failure.

Figure 7-24: Failure crack path of the reference daulation (L6-R-0) and models with
different incremental approaches 11-13
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Based on the out of balance energy in each logd tte difference between the iteration
procedure with arc-length method (12) and in coration with energy-based adaption of
increment size (I3) is shown in Figure 7-25.
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Figure 7-25: Out of balance energy of parameter cobination 12 (left) and 13 (right)

Comparison of approaches 12 and I3 shows that te8p faster calculation in 13, con-
vergence is reached after the short instable delgmacking phase using the energy-
based adaption of the load step size. Furtherntioeerequired number of applied load
increments to capture the diagonal cracking iseeduDue to this adaption of load in-
crement, higher numerical ultimate loads are redclvhich agree better with the analyt-
ical diagonal cracking loads and lead to a morksteacrack pattern.

7.8 Proposed rotating to fixed crack model (RF)

To counteract the over-rotation of R cracks, whitpedes a meaningful prediction of
diagonal cracking load using R crack for high shegzan to depth ratios, a rotating to
fixed crack model is proposed in this section.

To define this crack model, the concrete model mhagprovided with a threshold value,
from which the existing cracks are set as fixedsThreshold value is defined using the
analogy between uniaxial tensile cracking of corctehapter 2.1) and critical diagonal
cracking (chapter 4.1). Based on this assumpti@nctitical diagonal crack emerges as
the crack width exceeds the valwg 1and a tensile instable cracking begins (similar to
the assumption of the mechanical model propose@iRayw el al.). With this mechani-
cally sound assumption, a threshold total sttaifm is defined according to:

Dena Eq. 7-10
hcb q )

Ennlim = €el +

As the cracks change to fixed cracks, a shear tietefactorf should be defined for
reduction of lateral stiffness (compare chapte}. H2re, the variablg proposed byL-
MAHAIDI (Eg. 7-8) is used in conformity with previous mtzdeith the F crack model.
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Using the suggested RF crack model, beam L6 is teadand the numerical response
is compared with that of the R crack model in Fgyér26.
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Figure 7-26: Load-deflection curve of beam L6-RF-I3left) and flexural (right, down),
diagonal (right, middle) and failure (right, up) cracking stages

The comparison shows that the two shear load-deftecurves deviate from each other
from a point, which corresponds to the diagonatkiray load. This observations con-
firmed the reasonability of the defined threshaddliesnn im. After this point, the critical
diagonal crack is set as fixed and the shear strassfer over the cracked elements is
activated. Although the failure load is slightlyesvestimated, a good approximation was
possible using the proposed shear-retention fa€tw.failure crack path is not signifi-
cantly changed by the RF cracks and is almost airtol the predicted failure crack path
by model L6-R-I3. This crack path shows also a \gogd accordance with the experi-
mental location of the critical section.

The application of RF crack model will be showrthie next chapter on different shear
span to depth ratios and material and beam coufliguns to validate the defined thresh-
Old Value&'nn,lim.

7.9 Concluding remarks

The dependency of numerically reached ultimate daal characteristics of softening
behaviour of model due to cracking was investigatddis chapter using six benchmark
shear tests. The beams with different shear spdepth ratios were modelled once with
rotating cracks (R crack model) and afterwards wigielected fixed crack model (F crack
model). The resulted numerical ultimate loads @heaodel were compared with exper-
imental ultimate loads and analytically determidejonal cracking loads using the pro-
posed mechanical model in chapter 6.
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Based on this comparison, following conclusionsrasele:

The numerical ultimate load reached by FE modelk thie R crack model signi-
fies the ultimate failure load for beams with 2.8/d < 3.0 and the diagonal crack-
ing load for beams wite/d > 3.0.

With the F crack model, the ultimate loads are afnoverestimated for all simu-
lated beams (except for L3) but a better approxonabf critical section was
reached for beams witld > 3.0.

Based on the fixed crack model, load-bearing measharaused by aggregate
interlock can be simulated, whereas the R crackeigichulates the shear capac-
ity under diagonal tension and the formed direchpression strut after diagonal
cracking.

Critical diagonal cracking occurs in a more brittkanner for high shear span to
depth ratios, which can cause a premature failiraaglels due to convergence
problems.

Over-rotation of R cracks can lead to prematurifaiof FE models with high
shear span to depth ratios.

To provide solutions for premature numerical falaf models, a refined incremental-
iterative approach was proposed to adapt the loa@inentation on brittleness of diag-
onal cracking. To solve the problem of over-rotataf cracks, a new rotating to fixed
crack model (the RF crack model) was developedguie analogy between uniaxial
tensile cracking and critical diagonal cracking.

The proposed iterative-incremental approach shewlable a prediction of diagonal
cracking for different energy release rates dudritical diagonal cracking i.e. different
shear span to depth ratios. Furthermore, for berithspossible over-rotation of cracks
(higha/d), the diagonal cracking loads should be bettediptable.

The suggested iterative-incremental approach dsaswe¢he new RF crack model should
be validated using further investigations (see td1af).
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8 Numerical simulation of experiments in shear databse

8.1 Outline

The present chapter extends the application ofestgd model and incremental iterative
configuration with a rotating crack model (R model)different test setups, beam con-
figurations and loading regimes. To this end, thgedtivity of FE models is assessed
using the tests in the shear database.

Furthermore, the proposed rotating to fixed crackleh (RF crack model) is applied for
evaluation of representative shear tests in thebdae. The results are compared with the
results obtained using R model and limitations paténtials of RF model are empha-
sized. The influence of material input parametershe response of models with the RF
crack model will be further evaluated within a pagdric study.

The adapted concrete tensile curve (see chapig@pplied for nonlinear FE evaluation
of cyclically damaged reinforced concrete beamieésed tests of cRC database).

The finding of numerical investigations will be ds® propose conceptual methods for
evaluation of shear safety of reinforced concredenivers under shear loads.

8.2 General approach

To evaluate the applicability of suggested incretaleiterative approach and the R crack
model for evaluation of diagonal cracking load sB2ar tests in mRC-V subset of shear
database with documented. expand diagonal cracking loadé:exp are simulated in
FE programme DIANA FEA. To enhance the modellingdiferent tests with various
geometries and material properties, a parametribettiog script was developed (in Py-
thon), which is provided in appendix D.

The FE models are developed similar to the desgrigference models in chapter 7. The
incremental refined approach with a combined angrle control and energy-based adap-
tion of load increment size is implemented (vaoati3). The concrete is simulated using
a total strain based crack model. The materialgnt@gs of concrete are calculated (sim-
ilar to reference investigations in chapter 7 basedoncrete compressive strenfgtiin
overview of material and analysis set is given @l€ 8-1.

Necessary changes of material or analysis parasneteevaluation of cRC models and
the settings of the RF crack model will be desctilvethe corresponding chapters.

The models are evaluated first with a rotating ki@entation (threshold angée = 10°)

to assess the prediction accuracy of models raygurdimerical diagonal cracking load

Verre: The results are going to be analysed with regartimerically reached diagonal

cracking load¥.r,reand ultimate shear loa¥s e, the maximum deflections of the beams
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at the state of diagonal cracking,re as well as numerically estimated critical sections
Xer,Fe. The significant findings of evaluations are shoewemplarily for representative
models in this chapter. Further results of the mizakevaluations are documented in
appendix D.

Table 8-1: Material and analysis parameter setting®f FE models

Material parameters of concrete

setting

Elasticity modulus [N/mm?2]

E. = 21500 - (f./10)'/3

Concrete tensile strength [N/mm?]

fa =03 (f.—4)**

Tensile fracture energy [N/mm]

Ge = 0.073 - (£)°1®

Compressive fracture energy [N/mm] Gp = 250" Gy
Poisson's ratiov v=02

Material parameters of steel reinforcement setting

Elasticity modulus [N/mm?2] 210000 N/mm?
Poisson's ratio v=03

Yield stress as provided

Max. strain as provided ogg, = 0.05
Plastic strain &y — fey/Es

Analysis procedure setting

Iteration method

regularNEWTON-RAPHSON

Solution method

parallel direct sparse

Load incrementation approach

energy-based adaption and arc-length control

Initial step size

Ui = feo ' /(12 Ec - h)

Minimum step size 0.01 mm
Maximum number of load steps 500
Maximum iteration per load step 50
Energy convergence tolerance 1.10°
Force convergence tolerance 1-10?

8.3 Diagonal cracking of RC members under monotonic st loads
8.3.1 Diagonal cracking and failure loads

The shear tests in the mRC subset are simulatédhgtR crack model and the proposed
iterative-incremental approach. The resulted diagjoracking loads are determined us-
ing the short-term instable cracking for shear sppadepth ratios smaller than 3.0 and
correspond to the ultimate numerical loads attaindeE simulations of members with
highera/d values.

The resulted values of diagonal cracking loselge and ultimate shear loads e are
compared with experimental values (compare Figut®. 8&'he prediction accuracy is
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calculated based on median vatlagstandard deviatios and variation coefficient of

model safety factors, as introduced in chapter 6.
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Figure 8-1:  Comparison between the prediction accarcy of models with a rotating

crack model regarding diagonal cracking loadVer (left) and ultimate shear

load Vu (right)

Whereas the diagonal cracking load can be predsagsfactorily with a good prediction
accuracyifn = 1.17) and relatively small scatter< 0.11), the ultimate load is underes-
timated for most of the testm= 1.27). Based on the results, the path of faitweek
signifies if an immediate failure follows after d@nal cracking or not. A comparison
between the model safety factor and the sheartspdepth ratio shows that the ultimate
load is mainly underestimated for members with sBpan to depth ratios between 2 and

4.
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Figure 8-2:  Correlation between prediction accuracyof the model regardingVerre

(left) as well asVu,re (right) and the shear span to depth ratio

Results of selected tests (shown in black and lkedhéh Figure 8-1) would be discussed
in detail to give a better insight on performané¢he R crack model for simulation of

different beam and test configurations. For thdwation, the numerical shear load - de-
flection curves and the cracking states of beamsampared with the experimental di-
agonal and failure loads as well as experimeniatak sections.
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8.3.2 Load-displacement curves and crack propagation

An example of a nearly exact approximation of tilgonal cracking load and ultimate
shear load)tnod,cr= 1.0 andymodu= 0.92) is the FE model corresponding to beam 5A3
with a beam depth dfi=457.2 mm, a shear span to depth rati@/df=2.18 and a

p = 3.0 % tested by KEFELD.
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Figure 8-3:  Load-deflection curve of beam 5A3 (lejtas well as diagonal (right, down)
and failure (right, up) cracking stages

However, the high prediction accuracy of the madeiot accompanied by a good ap-
proximation of critical section. The resultegreis larger than the experimental value as
illustrated in Figure 8-4.

Xerexp XerFE

Figure 8-4:  Comparison of the experimental and numegcal critical section of beam
5A3 (cracks with a crack width > 0.1 illustrated inblack)

For a beam with the same shear span length, a loe&n depth ofi = 308.8 mm and
hence a higher shear span to depth rat@/@f 3.6 tested by KEFELD, direct after the
critical diagonal cracking, an instable crack opgrproceeds and no convergence under
a higher load level can be reached. This leadsjt@lenumerically obtained diagonal
cracking and ultimate loads. This model predictegl éxperimental diagonal cracking
load almost exactly (a deviation of of 4 % from exmental value) but underestimated
the ultimate shear load by 18 %.
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Figure 8-5:  Load-deflection curve of beam 20A2 (I€&f and flexural (right, down), diag-

onal (right, middle) and failure (right, up) cracking stages

Similar to beam 5A3, the experimental and numegcitical sections do not agree with
each other. In contrast to usual observations dustiear tests, the failure crack is not the
next emerged primary crack to support axis.

Xerexp Xer,FE

Figure 8-6:  Comparison of experimental and numerichcritical section of beam 20A2

(cracks with a crack width > 0.1 illustrated in black)

For shear test 5EC conducted byefcELD with considering higher shear span to depth
ratio of 6.99 and the same beam depth as beam 2062, be seen that also for long
shear spans, a reliable approximation of diagor@aking load can be reached for beams
with small depthsd/do = 1.54) using the proposed incremental method.

In contrast to beams with low and intermediate shpan to depth ratios, the numerically
obtained critical crack path and the critical satiis closer to support axis and underes-
timated the experimental critical section. Using tlumerical valug. re for the analyti-
cal determination of diagonal cracking lodd cawith the proposed mechanical model
(Eg. 6-8-Eg. 6-10) leads to an overestimated caledldiagonal cracking load.
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Figure 8-7:  Load-deflection curve of beam 5EC (lejtand flexural (right, down), diago-
nal (right, middle) and failure (right, up) crackin g stages)
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Figure 8-8:  Comparison of experimental and numerichcritical section of beam 5EC
(cracks with a crack width > 0.1 illustrated in black)

A high strength concrete beam tested tBHEANDE et al. with an intermediate shear span
to depth ratio o&/d = 3.49 and a concrete compressive strength of/8#R belongs to
the few tests conducted on high strength concregienls with documented experimental
diagonal cracking loads. The resulted shear lodig@at®n curve and crack patterns at
different load levels are depicted in Figure 8-9.

[EewxX]
120 ¥ | o
MPHONDE-AO-15-3¢ i 0.4
100 Fee==tFt===st===stb=—=—t-——— . | |f 036
%‘ { | 0.18
]
= 80 68.8 A | Lo
; ‘ EcwXX
= 55.4 [mm]
= :
2 o0 516 MPHONDE-AO-15-3¢ i I 023
=1 3 | 0.15
;.3 40 — I. | oos
@ —MPHONDE AO-15-3¢ | 0.00
20 ~——MPHONDE AO-15-3¢-V, o0 | [Eoxx
[mm]
0 = ~MPHONDE AO-15-3¢-V,, o\, MPHONDE-AO-15-3¢ U [y a2c02
0.0 0 20 30 40 50 } Ifj o
e~
max. deflection 6 [mm] ; 0.0e+0(

Figure 8-9:  Load-deflection curve of beam AO-15-3¢eft) and flexural (right, down),
diagonal (right, middle) and failure (right, up) cracking stages
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The diagonal cracking load of this member is nuoadly underestimated by 39 %. The

failure crack path achieved numerically for therheteviates also significantly from the

experimental crack path. The brittleness of craapagation can be a reason for the
premature numerical failure of the model. This bednows the limitations of proposed

incremental model for an appropriate adaption afliog increment to released energy
even at load levels beneath the experimental afitimgonal cracking.
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Figure 8-10: Comparison of experimental and numerial critical section of beam
AO-15-3c (cracks with a crack width > 0.1 illustraed in black)

Diagonal cracking load of deep beams tested liBoelong to numerically underesti-
mated diagonal cracking loads using a rotatingkcegaproach. A comparison between
experimental and numerical results of beam B3 witkkam depth df = 950 mm, a shear
span to depth ratio ad/d = 2.94 and @ = 1.26 % are presented in Figure 8-11. The
numerical diagonal cracking load underestimateceiperimental value by 36 %.
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Figure 8-11: Load-deflection curve of beam B3 (leftand flexural (right, down), diago-
nal (right, middle) and failure (right, up) crackin g stages

After new primary cracks appear in sections clésesupport axis, an adjacent crack to
a diagonal crack starts to over-rotate. This ciackarked in crack pattern short before
failure (Figure 8-12). A change of incremental neetfffor instance initial or minimum
load step size) could possibly influence this craatition and cause a better prediction
of critical section based on failure crack. Thishewever, not a useful method, as long
as the incremental method cannot be applied ta bem configurations.
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Cl

Figure 8-12: Comparison of experimental and numerial crack patterns of beam B3
(cracks with a crack width > 0.1 illustrated in black)
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Same model response is observed in FE resultsaof 86 withh = 650 mm, same shear
span to depth ratio and a lower longitudinal reioéonent ratio ofp = 0.63 %. The
FE model underestimated the diagonal cracking dmablultimate shear load of this beam
by 35 % and 41 %, respectively.
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Figure 8-13: Load-deflection curve of beam B6 (leftand flexural (right, down), diago-
nal (right, middle) and failure (right, up) crackin g stages

Based on short instable phases after each craskag, it can be concluded that a con-
vergence problems after diagonal cracki¥g s = 75.4) results in the numerical prem-

ature failure of the model. Based on the numeccatk path in Figure 8-14, the over-

rotating R cracks (marked) is spotted as the neasan for convergence problems after
cracking. Changing the crack model to a rotatinfited crack model (RF) prevents the

illustrated over-rotation and causes higher stgbili FE response.

)LMN\\\\\ \

Figure 8-14: Comparison of experimental and numerial crack patterns of beam B6
(cracks with a crack width > 0.1 illustrated in black)

BHAL-B6

A

over-rotating crack
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8.3.3 Brittleness of critical diagonal cracking and prior notice

For the observed rather brittle behaviour of diaya@nacking of concrete members with-
out shear reinforcement, a numerical approximadibthe prior notice is beneficial for
definition of a safety concept and assessment gegd-or an objective evaluation of
brittleness of diagonal cracking and subsequerardadure, parameters are required for
the quantification of prior notice.

As pointed out during the reference evaluationshiapter 7 and section 8.3.2, following
criteria are suggested for evaluation of prior centi

= diagonal cracking before ultimate shear failure
= maximum deflection at state of critical diagonaaking
= energy release at the state of critical diagoratiding

To define a scale using prior notice of failurehwdtuch criteria, a factor between zero
and one is derived. A brittle failure is designateith a brittleness factofy = 1 and a
higher value of; shows some kind of prior notice.

The first criterion was evaluated in chapter 5 Hase experimental results in mRC-V
dataset (Figure 5-8) and is difficult to quantising the experimental datasets due to the
existing large scatter. With the numerical evahluatiusing the R crack model, the rela-
tive difference betwee¥.reand Vyrewas more significant for members with a lower
shear span to depth ratio than 3.0. The highenatt shear load caused by the activation
of direct compressive strut after diagonal crackiog such models (compare Figure
8-15,left) can be quantified in correlation to shg@an to depth ratio.
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A A R crack
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ald[] a/d[]

Figure 8-15: Correlation between the difference beteen diagonal cracking loads and
ultimate shear loads with shear span to depth ratia/d for all models (left)
and for models with 2.0< a/d < 3.0 (right)

For the 23 beams with shear span to depth rats &d < 3.0 (Figure 8-15, right), a
correlation based on shear span to depth ratitvearsed for approximation of a brittle-
ness factor defined as
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a
e = 033 (E) for 2.0 < a/d < 3.0 Eq. 8-1

To determine a factor for higher shear span totdegitos, the results of R crack models
are not suitable, since the influence of furthedidearing mechanisms such as aggregate
interlock on ultimate shear load is not computalsimg the R cracks. The proposed RF
crack model is more appropriate for evaluationltiate loads of such beams.

The first criterion is evaluated based on FE resutting the numerical value of beam
maximum deflection at the state of diagonal cragkifre and the calculated beam de-
flection at the state of flexural failute caraccording to Eq. 8-2.

E,-13

Bucal = 48-E, I Eq. 8-2
WhereF, equals:
As foy 2
F==a— Eq. 8-3
With
z=d—h./3 Eq. 8-4

The moment of inertia of the cracked sectibis calculated using the following equation
according tdzil-2010]:

3

b-h
= 3°+a-AS-(d—hc)2 Eqg. 8-5

The value ofa is calculated based on Eq. 4-17 and the deptlodrete compression
zonehc according to Eq. 4-16. The ratio betwekere anddu,ca was evaluated in corre-
lation with shear span to depth ratio and longitatiieinforcement ratio (compare Figure
8-16).
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Figure 8-16: Correlation between the ratiodcr,re / ducal With shear span to depth ratio
a/d (left) and longitudinal reinforcement ratio pi (right)
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It is evident that the maximum deflection at thetestof diagonal cracking is in a range
much lower than the deflection due to flexural &mag (between 0.1 -0.3dy.ca). A clear
tendency is also observed between shear slendemesise ratidcr,re/ ducar AS a result,
a parameter based on shear span to depth ratibecgnoposed to quantify the prior
notice.
a

ns = 0.94 — 0.032 - (E) Eq. 8-6
Using Eq. 8-5 and Eq. 8-6, for beams with shean $palepth ratios 2.8 a/d < 3.0, an
increasing brittleness factor as a functiormfbased on difference between the ultimate
and the diagonal cracking loagls and a decreasing brittleness factor based on beam
deflection at diagonal cracking are acting. The total brittleness factor for sheams
corresponds to:

2

a a
n =031 (E) ~0.01- (E) for 2.0 < a/d < 3.0 Eq. 8-7

1.0

E 038 " !
A
: /
E 0.6 A
£ 04
E 0.2
— 20<aid<3.0

0.0

2.0 22 24 2.6 2.8 3.0
a/d [-]

Figure 8-17: Total brittleness factor for beams wih shear span to depth ratios
2.0<ald<3.0

The combination between displacement based bt factor and energy release evo-
lution is more relevant for beams with high shqarsto depth ratios. For such beams
higher beam deflections are also affecting the ggneglease factog during diagonal
cracking. This factor is calculated as a ratio lBemout of balance energy norm and the
energy convergence norm. A comparison between gnetgase of two beams 5A3
(a/d = 2.18) and 5ECAd = 6.99) are illustrated in Figure 8-18.
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Figure 8-18: Comparison of energy release during ecking for beams 5A3 (left) and
5EC (right)

A relative sudden increase in released energyeasttite of diagonal cracking for model
5EC shows a rather brittle formation of criticahgonal crack, which makes finding a
new equilibrium condition impossible for the modeth the R cracks. In contrast, the
smaller out of balance energy at the state of dialjoracking for model 5A3 is settled
within four load steps.

The evolution of out of balance energy is a powetfiterion, as it also accounts for
brittleness of cracking in members casted with fgtgength concrete. For instance, for
beam AO-15-3c (compare Figure 8-19), the out clulizd energy at the state of diagonal
cracking is higher than a comparable test on a abstnength concrete beam 19A2 tested
by KREFELD.
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Figure 8-19: Energy release during cracking for bems 19A2 (left) and AO-15-3c (right)

Using a scaling method with peak value of 20 fdatree out of balance energy the
brittleness based on energy release is definedllasvé:

113



Numerical simulation of experiments in shear databse

-1
Ny = (920 )
For beam 5A3 is the energy based brittleness facoal ta;g = 0.26 and for beam model
5EC, a factor equal tgy = 1.0 can be determined. Based on that, the duaitileness
factor of beam 5EC corresponds to

1.0 Eq. 8-8

n=mngns =072 Eq. 8-9
It must be noted that the introduced factors intengropose a conceptual method for

quantification of prior notice and should be impedwsing more refined numerical ap-
proaches for evaluation of both diagonal crackoagland ultimate shear load.

8.4 Evaluation of the rotating to fixed crack model (RFcrack model)
8.4.1 Diagonal cracking and failure loads

Six representative beams in the chapter 8.3.2 adeled with a rotating to fixed crack-
ing approach. Based on the proposed model, th&sme set as fixed cracks from a
threshold total straimnnim according to Eg. 7-10. The shear stiffness redoctias
adapted for cracked concrete with a variable stetantion factor£) proposed by A-
MAHAIDI with a minimum shear retention factor of 0.01 (skapter 7.8). The threshold
total strain proposed for the new RF crack modelsisessed for different material and
tests configurations. The benefits and limitatiohthe F model will be evaluated using
the simulations.

The obtained results using the RF crack model daimange significantly for beam 5A3.
This is a desired output, since the good accordaetweeen experimental and numerical
results for this beam shows that the main loadibganechanisms are adequately con-
sidered in the R crack model and aggregate intereas not a governing load-bearing
mechanism during the test. The numerical resulth@imodel 5A3-RF show merely a
reduction of failure crack width (from 1.53 to 1)18nd a reduced beam deflection at
failure state.
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Figure 8-20: Load-deflection curve of the model dbeam 5A3 with R and RF crack
model (left) and crack pattern at the state of diagnal cracking (right,
down) and under ultimate load (right, up) of the malel 5A3-RF

Similar to beam 5A3, the crack pattern and obtaiukichate load with the RF crack
model is not significantly changed for beam 20ABe Bhear-load-deflection curve and
cracking states are illustrated in Figure 8-21. Whienate crack width equals 0.32 mm,
which is lower than the resulted value by the mtacrack model (0.43 mm).

The results are less apt, as the crack over-rotafter diagonal cracking had to be coun-
teracted by activation of shear stresses alondsrade activation of shear stiffness of
the cracked elements could have enabled the pi@uict ultimate shear loads as well.
A comparison between model of beam 5EC with airgatrack model and the proposed
RF model is presented in Figure 8-22.
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Figure 8-21: Load-deflection curve of the model dbeam 20A2 with R and RF crack
model (left) and crack pattern at the state of flenral cracking (right,
down), diagonal cracking (right, middle) and underultimate load (right,
up) of the model 20A2-RF
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Figure 8-22: Load-deflection curve of the model dbeam 5EC with R and RF crack
model (left) and crack pattern at the state of flenral cracking (right,
down), diagonal cracking (right, middle) and underultimate load (right,
up) of the model 5SEC-RF

For beam 5EC, the shear-load displacement curvdgeahodels with the R cracks and
the RF cracks deviate as looked-for from a pointesponding to critical diagonal crack-
ing. Although the activated shear stiffness in ksao the RF model is not adequate for
a satisfactory prediction of ultimate shear lo&&, humerically predicted ultimate load
is higher than the models with the R cracks.

The path of the critical diagonal crack does natngje significantly form the resulted
critical cession using the R crack model (compagenie 8-8 and Figure 8-23).

Figure 8-23: Comparison of experimental and numerial crack patterns of beam 5EC
with the proposed rotating to fixed cracking approah
(cracks with a crack width > 0.1 illustrated in black)

Using the RF crack model, a better prediction ef titimate shear load is possible for
the high-strength concrete beam tested IPHONDE et al.. The brittle behaviour of this
beam at failure is reasonably reproduced usingapiied incremental method (even
after variation of minimum step size values in aatéonal approach). The numerical
diagonal cracking load was slightly higher than floe corresponding rotating crack
model with a lower maximum crack width. The failaecurred however at crack widths
significantly higher than in R model variation. Theedicted critical section did not
change with the RF crack model.
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Figure 8-24: Load-deflection curve of the model adbeam AO-15-3c with R and RF crack
model (left) and crack pattern at the state of fleural cracking (right,
down), diagonal cracking (right, middle) and underultimate load (right,
up) of the model AO-15-3c-RF

For beam B3 simulated with the proposed rotatingixed crack model, the resulted
ultimate load is significantly higher than the esipental failure shear load. A point with
a stiffness change is detected in nonlinear patthefr load-deflection curve, at which
no new cracks were formed and the main changeambiesponse was due to increasing
crack widths. In general, the resulted crack widtlese larger in comparison to calcu-
lated ones using the model with R cracks. The weal{deflection curves of R and RF
model deviate not at a point corresponding to diagjoracking load. The R crack model
caused a premature failure, which prohibited treljotion of diagonal cracking load.
Based on crack propagation sequence of the RF,dtekritical diagonal crack emerged
at V = 139.3. The load-deflection curve get stegqehis point, which is based on the
activated shear stiffness in the critical diagamatk. The ultimate shear load is overes-
timate using the RF crack model for beam B3. Tlesoa for the overestimation is an
overvalued shear retention factor. A modificatiétoaver bound for shear retention fac-
tor would rescind this problem (will be discussedhapter 8.4.2).
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Figure 8-25: Load-deflection curve of the model dbeam B3 with R and RF crack model
(left) and crack pattern at the state of flexural cacking (right, down), diag-
onal cracking (right, middle) and under ultimate load (right, up) of the
model B3-RF

As depicted in Figure 8-26, a very good accorddmtereen numerical and experimental
crack pattern is reached using the adjustmenteotitck model to RF.

N

Figure 8-26: Comparison of experimental and numerial crack patterns of beam B3
with the proposed rotating to fixed cracking approah (cracks with a crack
width > 0.1 illustrated in black)

BHAL-B3-RF

A

In contrast to model B3, the adaption of the crackiel to RF provides a good prediction
of the numerical diagonal cracking load as wellitisnate load possible for model B6.
The results are illustrated in comparison to nuca¢shear load-displacement curve ob-
tained with a rotating crack model in Figure 8-27.

The load-deflection curves of R model and RF matisliate also diverge also at the
point corresponding to critical diagonal crackiAgcomparison between ultimate crack
widths (compare Figure 8-13 and Figure 8-27) shioat in contrast to B3, the cracks
widths with RF model at ultimate load were lowearitthe resulted values using a rotat-
ing crack model. The failure crack path is alsddyeapproximated for beam B6 with the
new RF crack model (see Figure 8-28).
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Figure 8-27: Load-deflection curve of the model dbeam B6 with R and RF crack model
(left) and crack pattern at the state of flexural cacking (right, down), diag-
onal cracking (right, middle) and under ultimate load (right, up) of the
model B6-RF
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Figure 8-28: Comparison of experimental and numerial crack patterns of beam B6
with the proposed rotating to fixed cracking approah

For deep members, experimental observations e[thail¥68] show that the positive ef-
fects of longitudinal tensile reinforcement deceeadth a growing beam depth. The nu-
merical results for deep beams show that the vafifitimary cracks in such beams over-
step the critical crack widthv1 and further consideration of relative displacemant
crack faces influence the general load-deflectiehaviour. This is also in accordance
with the observations made during experimental stigations (e.g[Pla-1969], [Rei-1990]).
Therefore, a modification of shear retention factoght lead to a better approximation
of ultimate shear loads for deep beams.

8.4.2 Parametric study

Using the RF model, the influence of input paramseitecluding concrete tensile param-
eters (concrete tensile fracture ene@pand concrete tensile strendth can be evalu-
ated on the response of the numerical models. thetilixation of cracks from the thresh-
old total strain valuenn,im, the effects of parameter variation of the softgriehaviour

of model with R cracks is traced. The effects oftie parameters is also considered on
the value of threshold total strain valseim. As the crack model switches to the fixed
crack model, the same variable shear retentiomifactcording to A-MAHAIDI is con-
sidered. The reduction of the shear retention faggtdepends also on concrete tensile
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strength (compare Eq. 7-8). A further variable paeter is the value of minimum shear
retention factopmin, toward which the shear retention along cracksces.

Within the parametric study, three representatigans B6 (deep beam), 20A2 (beam
with intermediatea/d) and 5EC (beam with higi/d) are simulated with two different
tensile fracture energy values G1 and G2 and tfferdint concrete tensile strength val-
ues T1 and T2. Furthermore, the effects of thendefiminimum shear retention factor
(Bmin) is assessed for two values C1 and C2. An overdgkdesignations is given in
Table 8-2. The variable parameters are definedd@s@reviously introduced equations
in section 2.1.2.

Both fracture energy values G1 (according to CiEP90) and G2 (according to
BAZANT / BECQ-GIRAUDON) are lower than the basic value of fracture enagpording

to Model Code 2010. These suggestions considgrdugroperties of concrete such as
aggregate size (G1) and a combination of aggregisgeandw/c ratio (G2 < G1).

Table 8-2:  Overview of variable parameters

Tensile fracture energy setting

Basic setting Model Code 2010 (Eq. 2-14)

G1 CEP FIP 90 (Eq. 2-12)

G2 BAaZANT / BECQ-GIRAUDON (Eq. 2-11)
Tensile strength

Basic setting fee according to DIN EN 1992-1-1 (Eq. 6-4)
Tl few,005 (0.7 - £) according to DIN EN 1992-1-1
T2 fee according to RINECK (Eq. 6-8)

Min. shear retention factor

Basic setting 0.010

Cl 0.050

Cc2 0.001

For beam B6 the required concrete properties aitadle, whereas an approximation of
these properties is needed for beams 20A2 and %E€8urhed asly =30 mm and
w/c = 0.5). Since the value of fracture energy is atsplemented in the correlation for
determination of threshold strain of the RF maglglm, the effects of this variation are
also considered on the fixation state of the @itiiagonal crack. The results are illus-
trated for beam models 20A2 and 5EC in Figure 8-29.
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Figure 8-29: Shear load-deflection curve of the masl of beam 20A2 (left) and 5EC
(right) under variation of fracture energy

Using this comparison, a lower value of fracturergy reduces the ultimate shear load
and the activation point of shear stresses aloagksrin model 20A2. For the fracture
energy value G1, no further increase in shear isguabssible due to fixation of cracks,
whereas for the model with G2, the activation ofashstiffness for cracked elements
increases the numerical ultimate load. These iesah be discussed using the depicted
curve of shear retention factor in Figure 8-30.
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Figure 8-30: Shear retention factor upon cracking ér the RF crack model

A reduction of fracture energy in model 20A2-RF-Giduses a value @fnim = 0.003,
which corresponds to a shear retention value d®liking lower than the minimum
value of shear retention factor. Therefore, a @ntsthear retention factor of 0.01 (basic
value) is activated after cracking of elements.sTWalue is apparently not adequate to
reinstate a new equilibrium condition after critideagonal cracking. In contrast, the cor-
responding value of threshold strain for 20A2-RF€8Rals:nn,im = 0.002, which corre-
sponds to a shear retention factofef 0.013 (higher than the minimum shear retention
factor). Consequently, a strain dependent tandestiffness in cracked elements is acti-
vated.
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For beam model 5EC, the fracture energy influeticesactivation points of tangential
shear stiffness in cracked elements, which are edaik Figure 8-29, right. Since the
widths of primary cracks increase with the loweueeof fracture energy, the shear stiff-
ness of cracked elements is activated for beam BE@2 during the flexural cracking
(beam deflection of 5.5 mm). For 5EC-RF-G1, theknmaodel translation from rotating
to fixed occurs at the state of diagonal crackbepn deflection of 10.5 mm). The results
signify that an activation of shear stiffness inaked elements upon the state of critical
diagonal cracking leads to better prediction ofmdte shear loads. At the same time,
flexibility of the proposed RF crack model is showvhich makes activation of shear
stiffness possible in cracks in different crackatates.

The value of concrete tensile strength influenbesdiagonal cracking load, which is not
significant for small alterations as in case ofafitl T2. The results are depicted for beam
models 20A2 and 5EC in Figure 8-31. In generalhdigconcrete tensile strength de-
creases the threshold vakgim, increases the shear retention factor at the stat@ck-

ing and also increases the cracking loads.
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Figure 8-31: Shear load-deflection curve of the masl of beam 20A2 (left) and 5EC
(right) under variation of concrete tensile strengh

The influence of variation of concrete tensile isgyth is however not so significant for
beam models 20A2-RF-T1 and 20A2-RF-T2. Accordingitgure 8-31, the higher value
T2 causes for both models 20A2 and 5EC a higheyodial cracking load. Due to the
increase in shear retention factor, the model 5EECFR can also better approximate the
ultimate shear load. The results point out alsostesibility of results to slight changes
in input parameters, which causes for certain patansets a premature numerical failure
caused by convergence problems in case of 5EC-RF.

For all beam models, the role of minimum valueh® shear retention factgin is per-
ceptible on predicted ultimate shear loads.
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Figure 8-32: Shear load-deflection curve of the maal of beam 20A2 (left) and B6 (right)
under variation of minimum shear retention factor

The modification ofmin for beam 20A2 shows that for the highest valughéi ultimate
shear load is resulted. In contrast, the highenevalf minimum shear retention factor
causes for beam model B6-RF-C1 an over-stiff besspanse, which does not increase
the resulted numerical ultimate load. The C2 vahfg#in cause an increased softening
behaviour, which leads in the cause of simulategbdeam B6 to a premature numerical
failure.

Based on the parametric study and the charactepaints marked in Figure 8-30, it was
observed that the minimum value of shear reteritiotor should be selected smaller than
10% of the valugg (enn,im). Thereafter, following criterion should be fuléitl by the se-
lected minimum shear retention factor:

Brin < 0.1 (0-4 : L) Eg. 8-10

Ec " €nnlim

8.5 FE simulation of RC members under cyclic loading

To determine the cyclic diagonal cracking, selecte@ tests are simulated with similar

geometry and boundary conditions. The models aakiated using a stationary analysis
of a damaged beam through the adjustment of cotigétlaw of concrete under tension

as proposed in chapter 3. Nonlinear analysis ofaisaghder incremental loading is con-
ducted to determine the cyclic diagonal crackiragdlof the members. In the incremen-
tal-iterative approach, the minimum load step $izeeduced to enhance finding of an
initial equilibrium condition. For this aim, theifial size of load step was set as 0.1 mm
and not according to the proposed valueiof

To account for effects of cyclic loading in a statry numerical analysis, the existing
damage should be considered in constitutive matexies and model configurations. In

this part, cyclic effects on tensile behaviour ohcrete is investigated. Further effects
caused by bond loss of longitudinal reinforcemerompression failure of concrete due
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to fatigue are not the topic of this investigatidime observations within fatigue tensile
tests and the proposed tensile model using cymdiepcphenomenon is used to adapt the
tensile curve of concrete. Two documented beaneRiD subset (V3 and V5 tested by
KoHL) are modelled and compared with the reference moimtest V1 with a diagonal
cracking load of 60 kN. Both beams have similassfeection, a longitudinal reinforce-
ment ratio of 1.571 % and a shear span to depthofd/d = 5.0.

The cracking pattern of the reference monotonit\dsis illustrated in Figure 8-33 in
comparison to the experimental crack path. Theifaicrack path of the beam tested
under monotonic shear loading concurs with the migaky predicted crack path. The
numerically predicted ultimate shear |0&dre = 56.3 kN agrees with the experimental
value.

'
et e N

Figure 8-33: Comparison of experimental and numerial crack patterns of monoton-
ically tested beam V1 (cracks with a crack width .1 illustrated in black)

For adaption of tensile curve, two parameters hemged. One value corresponds to the
modified fracture energ$®r calculated based on proposed equationzsfd(ERKRAMER
(Eg. 2-25) and the other value is the internalsstigaused by cyclic damaggcr as pro-
posed in chapter 3 (Eq. 3-6).

The diagonal cracking occurred for beam V3 afteto&gl cycles with lower load level
of 5 kN and an upper load level of 52.5 kN. Thecgkited initial stress for tensile curve
of this beam corresponds to 0.47 N/mm2 using tlelicgreep coefficienpeycl,ca= 0.1.
The resulted numerical load-deflection curve igsiltated in Figure 8-34.
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Figure 8-34: Adapted tensile curve for beam V3 (I¢f and diagonal cracking load pre-
dicted with the numerical model (right)
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A reduction of the diagonal cracking load was regchumerically using the introduced
damage. Based on results, the ratiV@fyciexp/ Ver,exp= 0.875 was approximated numer-
ically asVer,cyel,Fe/ Ver,re= 0.877. The failure crack pattern of beam V3lissirated in
Figure 8-35. The comparably steeper failure crathkimthe cyclic test could also be
reached using the proposed numerical adjustmehieafoncrete tensile curve.

'
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Figure 8-35: Comparison of experimental and numerial crack patterns of monoton-
ically tested beam V3 (cracks with a crack width .1 illustrated in black)

The shear test V5 was conducted under a lowerrdgaainplitudeAV = 40 kN with an
upper shear load ofsup= 45 kN. Based on this number of load cycles dwddorre-
sponding creep value, an initial stress level 8L KN was calculated for adaption of the
concrete tensile curve (compare Figure 2-12, left).
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Figure 8-36: Adapted tensile curve for beam V5 (I¢f and diagonal cracking load pre-
dicted with the numerical model (right)

Due to the higher cyclic creep coefficient, a lowegonal cracking load was obtained
numerically. Furthermore, the ratio W cyciexp/ Verexp= 0.750 was approximated nu-
merically asVer,cycl,Fe/ Ver,re= 0.755.

A comparison between the numerical and experimengalking pattern of beam V5 is
also depicted in Figure 8-37. The predicted critgzction does not coincide with the
experimental location of the critical crack; howgwae profile of failure crack has some
similarities with the experimental one.
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Figure 8-37: Comparison of experimental and numerial crack patterns of monoton-
ically tested beam V5 (cracks with a crack width .1 illustrated in black)

8.6 Concluding remarks

In this chapter, the suitability of the R crack rabaind the proposed incremental-iterative
approach in chapter 7 was evaluated for the piedicf diagonal cracking load of mRC
members in shear database. Additionally, the nuraltyi determined critical sections
(distance of failure crack from support axis) ameain model deflections at the state of
diagonal cracking were documented. Using the mgatrack approach, an adequate pre-
diction of the diagonal cracking load was achiewgth a median of model safety factor
equal to 1.17 and a variation coefficient of 0.ténipare Figure 8-1). The prediction
accuracy of results regarding diagonal crackingl laad failure crack paths were ana-
lysed for four categories of tests exemplarily lblasa six selected mRC tests: beams
with an intermediate shear span to depth ratiomiseaith a high shear span to depth
ratio, high-strength concrete beams and deep beams.

For beams with the intermediate shear span to dafith a very good prediction of di-
agonal cracking load was possible. For shear t@ils a shear span to depth ratio
2.0<a/d < 3.0, the ultimate shear load was also predicteld adequate accuracy with
the R crack model. For larggd values, a good approximation of the diagonal dragk
was possible, but the ultimate load aagewas underestimated. The high-strength beam
was inadequately simulated with the R crack model the numerical ultimate loads
underestimated the experimental values consider&bolythe category of deep beams,
the diagonal cracking loads were underestimatedkapgwere higher than the experi-
mental values. During the evaluation of reasongbdf numerically resulted ultimate
loads, an over-rotation of diagonal cracks for deepms caused a premature numerical
failure. Based on evaluations, three sorts oflbriiss were detected and used to derive
a conceptual approach for evaluation of prior roiad quantify the shear failure brit-
tleness. Three different brittleness factors basedifference between diagonal cracking
and ultimate shear loag:, maximum beam deflection at state of diagonalldregys

and energy release at the state of diagonal crgagkiwere defined and used in a multi-
plicative approach to define a total brittlenessdey;.

To enhance the conceptual approach in termg:pfefined numerical models are re-
quired, which enable approximation of bath andV.. The new RF model is supposed
to be able of such approximation and was invesjasing six representative tests. With
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the RF model, the diagonal cracking load and ulinshear load of the high-strength
beam and deep beams were better predicted. A poedaf ultimate shear load of inter-
mediate beams and the beam with haghwas not enhanced using the RF crack model.

To better understand the effects of input modedupeters on the response of the models
with the new RF model, a parametric study was cotetl Based on the parametric
study, recommendations are made for calculativerdenation of minimum shear reten-
tion factor based on input tensile parameters otizte.

For simulation of diagonal cracking under cycliading, the adjusted concrete tensile
curve was implemented for two cyclic tests in stdsabase V3 and V5 and compared
with the reference monotonic tests V1. Based omehelts with a rotating crack config-
uration, a reduces cyclic diagonal cracking I¥agdyc was attained as assumed based on
experimental results. The reduction rat@,cyci/ Ver of numerical simulation and test
showed very good accordance for the beams V3 andMB, the cracking pattern could
be approximated numerically. However, for a genapgllication of the proposed tensile
curve, further justifications are required.
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9 Proposals for evaluation of shear capacity under mwtonic and
cyclic loading

9.1 General

Based on the investigation in this dissertatiom)gical approaches (mechanical models)
and numerical approaches are proposed for thelatiou of diagonal cracking load of
members with a flexure shear crack. Keeping safetyind for structures subjected to
cyclic loads such as traffic loads, the effectsyafic damage on concrete tensile strength
and its influence on diagonal cracking load (stoegracity provided by concrete tensile
strength) was quantified using tensile tests anplédmented in the analytical and the
numerical approaches. For existing structural meméthout shear reinforcement, a
further important criterion can be based on pratiae defined using both diagonal crack-
ing load and ultimate shear load. A robust sheiticar structural member is hence a
member with sufficient prior notice. To quantifyethrior notice (brittleness) of the shear
failure, a new numerical crack model was proposedrable a prediction of ultimate
shear load and crack path. Furthermore, conceptsugigested to distinguish shear crit-
ical members with sufficient prior notice.

This chapter gives a brief outline of the propoaadlytical, numerical and conceptual
approaches.

9.2 Analytical approach

A mechanical model was suggested for the calculatialiagonal cracking load of mem-
bers with a rectangular section and without lordjitel steel reinforcement in compres-
sion zone. Based on the assumed stress-distribotien the depth of cross-section
originally proposed by ® LEGO et al.[6al-2014], the following closed-form solution was
developed for determination of diagonal crackingd®/cr.ca of monotonically loaded
reinforced concrete beams:

2
Vcr,cal = § b hef,mRC ' fct,cal Eq 9-1

The effective depther consists of a compression and a tensile part (acenigure 4-9)
and corresponds to:

0.5

+

Eq. 9-2

&, §). g3
g [ea $(1-9)
ef,mRC_T +

2
4 2. e

In this equation, the value of relative compresgione¢ is determined as:
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¢=(~ap+V@prtzap)d Eq. 9-3
Where the coefficient is equal to:

a = Es/E, Eqg. 9-4
The longitudinal reinforcement ratjp is determined based on the cross-section of lon-
gitudinal steel reinforcemeit and the concrete cross-section with the effectefth of
longitudinal tensile reinforcemedt
— AS
" b-d
The location of the (critical) diagonal craxd should be provided for the evaluation of
experimental results.exp or should be approximated using the length oaskpara
with the following expression:

P1 Eq 9-5

Xerapr,rec = 0.5 @ Eqg. 9-6

The value of concrete tensile strength is defimeddrrelation with the concrete com-
pressive strength as:

fetea = 1115 (fe — 413 Eq. 9-7

To apply the proposed mechanical model for theiptied of diagonal cracking load of
prestressed members, some adjustments were mazke ficlude

= adjustment of basic expression. (Eq. 9-1) with reda MoHR's failure criteria
with existing lateral compression,

= adjustment of effective depth lermpcto account for prestressing and

= modification of calculated concrete tensile strérgtato a modified valuéc,mod
considering the effects of lateral compression.

As a result, the expression for the calculatiodia§onal cracking load for monotonically
loaded PC members corresponds to:

|06p|

Eq. 9-8
fct,mod

Vcr,cal = § b hef,mPC ' fct,mod 1+

The effective depthermpc consists of depth of compression zone of an etgrivaon-
prestressed membér d and an additional terim, due to prestressing.

hef,mPC = f -d + hp Eq 9-9

The modified concrete tensile strenfifhoashould be calculated using the following ex-
pression:
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 _lal
fe
fct,mod = 1 ' fct Eq 9-10

et
fe

The following termssc, defines the correlation betwebnandfct,mod:

P

Opp = ———
b- hef,mPC

o Eq. 9-11
For the determination of these termgshould be determined, which is calculated using

the iterative solution of following equation:

g'hz’ ) (E'd + hp) 'xcr'\/fczt,mod + |acp| * fetmod
£d-|og|+ dz.i.(l_i) -
2 3

The proposed mechanical model is also applicabpeedict the diagonal cracking load
after a significant number of applied loads withidaing adaptions:

o Eq.9-12

= Changing the effective depth tercrcto account for cyclic creep
= Modification of calculated concrete tensile strénfitcato the fatigue tensile
strengthfct rarat the depth of neural axis

The cyclic effective depthercrcis determined iteratively, until the initial gugss: cre,)
equals the latter onéé crc,) by fulfilling following equations:

g Vit
" 2 b - hegerei Eq. 9-13

With this lower principal stress, the fatigue témsitress is determined as:

o’.
fettat = ﬁt;e; . <14.81 +2.79 20 _ log Ncr) Eq. 9-14

ct,ref

The diagonal cracking loaé cyci is determined using:

2
Vcr,cycl = § b hef,cRC,i ' fct,fat Eq 9-15

With the initial guess fohetcrg the relative depth of compression zdfe is simply
calculated as:

h .
e = Eq. 9-16
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With the initial guess fofner andVer,cye, the latter value dfiercrejis resulted using:

heterej = SN " d | 1+ Eq. 9-17

Vcr,cycl *Xer
Using the final value ohercrc, Secondary parameters such as cyclic creep cieeffic
@cycl,caican be determined as follows:

- fafe -
Peycl,cal 2-E- (1 - fNCr) )

The value of cyclic creep coefficient is a usefatgmeter to consider the cyclic damage
in the structural scale.

9.3 Numerical approach

To propose a unified FE-modelling approach for ntica¢ evaluation of diagonal crack-
ing under shear loads, the influence of assumetk eredels and selected incremental-
iterative procedure are accentuated in the bendhemaluations in chapter 7. Based on
parameter variations, a refined iterative appromab suggested. The shear load applied
as displacement increments is adapted using agtHeontrol and energy based adaption
provided in DIANA FEA. The lower bound of the stege was set as 0.01 mm and the
initial load increment was set based on flexuratking displacement according to:

U = fct 12

T 12-E.-h
The maximum number of load steps was limited to. &ng this refined iteration pro-
cess, instable cracking state at critical diagonatking was detectable from the numer-
ical load-deflection curve, even in the case ofiativg Ver,reand Ve determined with
the R crack model. Based on numerically evaluat®Cntests, it was shown that FE
models with the rotating crack model provides adjapproximation of diagonal crack-
ing load in most cases. However, the over-rotatiotie rotating cracks caused a prem-
ature numerical failure for deep beams, which ntadeprediction of diagonal cracking
load inaccurate. To solve this problem and enat#diption of ultimate shear loads, a
new crack model was proposed based on the ana&igyebn the uniaxial tensile behav-
iour of concrete and the critical diagonal crackasgwell as observation during bench-
mark evaluations. In this model, the crack widthsiag an instable tensile crack propa-
gationwer,1 was assumed to correspond with the width of diaborack at the state of
critical diagonal cracking. Hence, the criticalghaal crack initiates as the total normal
strainenn exceeds the following threshold value:

Eq. 9-19
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Wer,1

Ennlim = Ee T hey Eq. 9-20
Here, the elastic strain is calculated using:
fer
fa = Eq. 9-21

The value ofwe,1 corresponds to the crack width causing an instahlaxial tensile
cracking, which was approximated as:
Gp

fet

With this threshold value, it was shown that in tre@Eses, the numerical load-deflection
curves obtained with the RF crack models deviate pbint corresponding to experi-
mental diagonal cracking load from those achievid the R crack model. Justifications
for the RF crack model was sought using a paramstudy. A significant influencing
parameter for all models were found out to be ti@mum shear retention factmin.
Based on tensile parameters of concfgt@ndGr, following criteria should be fulfilled
for the appropriate selection fin:

Wera =

Eq. 9-22

Brnin < 0.1 <0.4 . L) Eq. 9-23

E.: €nn,lim
After evaluation of cRC tests, a cyclic creep cioght pcyc Was determined, which was

used to calculate the modified stiffness of thenbeathe state of diagonal crackiBg.
Based on the modified stiffness, an equivalensstrgeswas calculated as:

E
Opres(N) = for <E_CN - 1) Eq. 9-24

Furthermore, the fracture energy was also moddimzbrding to:
Gp(N) = Gp — 0.0214 - log N Eq. 925

With the above-mention adjustments, the new matlifiencrete tensile curve was sug-
gested (compare Figure 9-1). Using the new tensitee for the displacement-controlled
numerical evaluation of selected cRC tests shohaithe effects of cyclic damage were
considered adequately on the diagonal crackingsleath the modifications.
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Figure 9-1:  Proposed modified tensile curve

The possibility of predicting critical section uginonlinear FE evaluations was investi-
gated. In general, the numerically approximatech gzt the critical diagonal crack
showed a good accordance in some cases and defvaatethe experimental one in some
other cases. A good approximation of the critieadt®n was not necessarily leading to
better numerical prediction of diagonal shear csaBlased on the crack path of the mod-
els with the R crack model, a premature numericzdlysed failure due to over-rotation
of the R cracks was discernible. However, theaaitsection predicted using the smeared
crack models are too sensible to the iterativeeimantal approach and input material
parameters. A possible solution is to combine theased cracks with crack propagation
algorithms such as the proposed ongldr015].

9.4 Conceptual approachConceptual approach and recommelations

For development of safety concepts for shear atiticembers, an objective quantifica-
tion of brittleness of shear failure is requiretieTanalytical and numerical observations
within this thesis were used to define a conceptji@ntification of prior notice. For this
aim, a brittleness factaris defined based on three criteria:

= diagonal cracking before ultimate shear failyge
= maximum deflection at state of critical diagonaakingys
= energy release at the state of critical diagorediingsg

The overall brittleness factgrwas defined using a multiplicative approach as:
1 =TMcr"Ng ™ MNs Eq. 9-26

The first criterion plays a significant role accimgito database evaluation and numerical
investigations for beams with shear span to degiths 2.0< a/d < 3.0. The derived brit-
tleness factonr was determined using a correlation between shgar ®© depth ratio
and the ratio\{u — Vcr) / Vu.

Ner = 033 (g) for 2.0 <a/d < 3.0 Eq. 9-27
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The ratio betweedc e andduca Was evaluated in correlation with shear span fide
ratio and longitudinal reinforcement ratio. A cléandency was also observed between
shear slenderness and the ratige / ducar As a result, a parameter based on shear span
to depth ratio was proposed to quantify the britikes as follows:

76 = 0.94 — 0.032 - (g) Eq. 9-28

Using a scaling method, the brittleness factor haserelative out of balance eneray (
would be defined as follows:
-1
Ng = (920 ) <1.0 Eqg. 9-29
The first and second brittleness factors dependlgnan shear span to depth ratio. The

factor based on out of balance energy however,iderssalso the effects of concrete
strength on brittleness of failure.
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10 Conclusions and outlook

10.1 Conclusion

The major aim of this thesis was to derive new nwded make proposals for a detailed
investigation of diagonal cracking of concrete mensbwith a potential flexure shear
crack. The load-bearing mechanism attributed t@ie tensile strength was analysed
theoretically, experimentally and numerically. Taralogy between uniaxial tensile
cracking of concrete and diagonal cracking causeshkar loads is used in this thesis to
derive new models.

In the first step, the uniaxial tensile crackinglatrength was evaluated theoretically and
experimentally. A tensile database of uniaxial lertests under cyclic loading (fatigue
tensile tests) and monotonic tests on cyclicallglgaded specimens (residual tensile
tests) were compared to understand the cyclic darmagnacroscopic tensile parameters
of concrete. Although fatigue tensile tests in da¢abase showed a reduction of peak
stress with the number of applied load cycles rédsidual tensile strength of cyclically
preloaded specimens in the database remained ugethafo understand the cyclic dam-
age phenomena and justify this discrepancy, anrempetal programme of residual ten-
sile tests was conducted on cyclically preloadestispens. The results of database eval-
uation were affirmed using own tensile tests. Usiegcyclic creep during tests and stiff-
ness of the preloaded specimens in the monotoadiig phase, a new concrete tensile
curve (Figure 3-12) was proposed for a displaceroentrolled numerical evaluation of
cyclically preloaded specimens.

Diagonal tension caused by shear loads has beé&maga theoretically for beams with
a rectangular cross-section and without shearoriament. Influencing parameters af-
fecting the primary cracking and the stress statieeadiagonal cracking were figured out
to be the shear span to depth ratio, longitudieaiforcement ratio, and depth of the
member. Provided mechanical models for predictibdiagonal cracking load using a
limitation of principal tensile stress to concragasile strength were introduced. To eval-
uate and adjust the available mechanical modedshbar database was compiled, which
includes shear tests on members with a rectangrdas-section and without shear rein-
forcement with a documented diagonal cracking laadter monotonic loads (mRC and
mPC) and cyclic (cRC) loads. Using the comparisetwben mechanical models, a se-
lected model was modified (Eqg. 6-8 - Eq. 6-10) adjlisted for a consistent evaluation
of diagonal cracking load of PC members (chaptg) & well as for cyclically loaded
RC members (chapter 6.4). The new models wereaapfdicalculate the diagonal crack-
ing load of the corresponding tests in the shetabdae and showed a very good to good
agreement with the experimental values. It coulgdsn, however, that for an appropriate
application of models, the location of the critisgiction should be provided. This fact
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limits the applicability of the provided model ftre existing structures, as the critical
section is also not a priori during the assessmkexisting concrete members.

For prediction of the critical section as well ashable prediction of diagonal cracking
load in a higher approximation level, the accurafcyonlinear FE models regarding pre-
diction of diagonal cracking loads, critical seatiand ultimate shear loads was investi-
gated. In a first step, the applicability of noelim FE analysis is investigated using
benchmark shear tests acfbNHARDT / WALTHER. A total strain-based crack model was
used for the simulations. A rotating crack modelniBdel) and a fixed crack model (F

model) were applied for the simulation of the benakk tests. With the R crack model,

a prediction of diagonal cracking load was confidm&he accuracy of prediction de-

pends on the shear span to depth ratio. Usingithelations, two sorts of premature

numerical failure, one based on high energy relaeasiee state of cracking and conver-
gence difficulties and one based on over-rotatioR oracks were figured out. Two so-

lutions, a refined energy based adaptive increnhétetative approach and a new rotat-
ing to fixed crack model (RF model) was proposed.

Combining R crack model and the refined energy-thastaptive incremental-iterative
approach leads to good numerical prediction of ahad cracking loads, which was ver-
ified using simulation of 82 mRC tests in the shdatabase. For deep beams and
high-strength beams, the results were not suitatdethe diagonal cracking loads were
considerably underestimated. Furthermore, a conaeppproach for the quantification
of shear failure brittleness was developed baseduomerical investigations with the R
crack model.

The new RF crack model was applied to selected meRiS and proved to provide better
prediction of diagonal cracking loads and ultiméiads for deep beams and high-
strength concrete beams. Within a parametric stindyinfluence of input tensile param-

eters of concrete and shear retention factor guorese of the RF model are evaluated.
Based on the results, a high sensitivity of theoese of RF crack models was detected
to the input value of concrete tensile fracturergpeFurthermore, suggestions were
made to determine tensile parameters of concrekeregpect to the threshold parameters
of the RF crack model.

Finally, the proposed modification of concrete tlensurve was used for stationary non-
linear FE evaluation of some tests in cCRC databidsetensile curves were adapted using
the cyclic creep coefficient determined during Bate evaluation and were implemented
in FE models with a rotating crack model. The nuoatanalyses were able to reproduce
the reduction of diagonal cracking load due to icydamage. However, further investi-
gations are required to validate this approach.

Based on the theoretical, experimental and numidrigastigations in this work, a me-
chanical model was proposed for calculation of dieg cracking load of RC members
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under monotonic and cyclic loads as well as forrR&nbers. Although this model cal-

culates the diagonal cracking with a good to verydyprediction accuracy, prediction of
critical section is necessary to obtain realist®uits. Applicability of nonlinear FE mod-

els for numerical prediction of the diagonal crackioad was confirmed. The predicted
critical sections were proved to be quite sendibiaput parameters and iterative-incre-
mental approach.

10.2 Outlook

Although the residual tensile tests often showethiction of peak tensile stress of cy-
clically preloaded members, these observationsoahg valid up to a certain state of

damage. For the experimental determination oftacatidamage state for cyclically pre-

loaded members, new measurement methods are r@guich as computer tomography
or ultrasonic measurements, which visualize theaniack development during cyclic

tests. Using the cracking intensity and the lengftimicrocracks, the residual tensile
strength of critically damaged concrete speciméwsilsl be determined.

Application of mechanical models for the analytidatermination of diagonal cracking
loads can be generalized and enhanced. This reqeiliable methods for the prediction
of the critical section. The numerical investigagshowed that such prediction is not
possible using available smeared crack modelsfufore evaluations, the combination
of crack models with crack propagation algorithinsidd be studied.

To further refine the new RF crack model, experitaehackgrounds are required for
determination of crack width (threshold strain afor fixation of cracks) and the acti-
vated aggregate interlock upon the crack fixation.

The proposed modified concrete tensile curve adsoomly for constant amplitude ap-
plications and should be generalized to variablpldnde loading for a practical appli-
cation. The proposed modified concrete tensile € cyclically preloaded members
should be also further evaluated and generalizeduch applications. Furthermore, in-
vestigations regarding the influence of cyclic dgman softening behaviour of concrete
and crack width development, specifically undegralt compression due to prestressing,
are still missing.

The rotating crack model with the proposed modébanation and the new rotating to
fixed crack model should be validated or extendathér for evaluation of diagonal
cracking as well as ultimate shear load of prese@snembers and cyclically damaged
members.

With reliable numerical approaches for the assesspfeshear critical members, costly
experimental investigations can be replaced by migaldénvestigations. Using such ap-
proaches, new datasets can be generated to riaiftatistical bias in shear databases.
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Appendix A: Database of cyclic tensile tests
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1 Cornelissen-1 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.85 0 0.50 6 -
2 Cornelissen-2 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0 171 6 -
3 Comnelissen-3 | FT cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 0.85 0 1.80 6 -
4 Cornelissen-4 FT cylinder (dogbone) 120 175 2.46 16 dry 0.80 0 1.97 6 -
5 Cornelissen-5 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0 2.03 6 -
6 Cornelissen-6 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.75 0 217 6 -
7 Cornelissen-7 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0 2.23 6 -
B Comnelissen-8 | FT cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 0.80 0 2.29 6 -
9 Cornelissen-9 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0 2.40 6 -
10 Cornelissen-10 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0 2.51 6 -
11 Cornelissen-11 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.75 0 2.54 6 -
12 Cornelissen-12 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.85 0 2.70 6 -
13 Cornelissen-13 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.70 0 271 6 -
14 Comnelissen-14_| FT_| cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 080 0 | 280 | 6 -
15 Cornelissen-15 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.75 0 2.83 6 -
16 Cornelissen-16 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.70 0 2.85 6 -
17 Cornelissen-17 FT cylinder (dogbone] - - 120 175 2.46 16 dry 0.80 0 2.96 6 -
18 Cornelissen-18 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.70 0 2.97 6 -
19 Cornelissen-19 FT cylinder (dogbone] - - 120 175 2.46 16 dry 0.90 0 312 6 -
20 Cornelissen-20 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0 3.71 6 -
21 Cornelissen-21 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0 4.11 6 -
22 Cornelissen-22 FT cylinder (dogbone] - - 120 175 2.46 16 dry 0.70 0 4.35 6 -
23 Cornelissen-23 FT cylinder (dogbone] - - 120 175 246 16 dry 0.90 0 4.40 6 -
24 Cornelissen-24 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.70 0 5.12 6 -
25 Cornelissen-25 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.60 0 5.62 6 -
26 Cornelissen-26 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.60 0 6.10 6 -
27 Comnelissen-27 | FT cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 0.64 0 6.25 6 -
28 Cornelissen-28 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.60 0 6.30 6 -
29 Cornelissen-29 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.80 0 0.92 6 -
30 Cornelissen-30 FT cylinder (dogbone) - - 120 175 292 16 wet 0.90 0 169 6 -
31 Cornelissen-31 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.90 0 1.81 6 -
32 [g" "ggi] Cornelissen-32 | FT_| cylinder (dogbone) B - 120 | 175 | 292 | 16 wet | 085 0 | 240 | 6 B
3 {Cz " 1986} Comnelissen33 | FT_|_cylinder (dogbone) B | 120 | 175 | 292 | 16 | wet | 074 | 0 | 244 | & B
34 Cornelissen-34 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.85 0 2.52 6 -
35 Cornelissen-35 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.85 0 291 6 -
36 Cornelissen-36 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.79 0 3.16 6 -
37 Cornelissen-37 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.69 0 3.18 6 -
38 Cornelissen-38 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.80 0 3.26 6 -
39 Cornelissen-39 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.69 0 3.30 6 -
40 Cornelissen-40 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.64 0 3.65 6 -
41 Cornelissen-41 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.74 0 3.87 6 -
42 Cornelissen-42 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0.4 152 6 -
43 Cornelissen-43 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0.4 214 6 -
44 Cornelissen-44 FT cylinder (dogbone] - - 120 175 246 16 dry 0.90 04 264 6 -
45 Cornelissen-45 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0.4 2.95 6 -
46 Cornelissen-46 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.85 0.4 2.96 6 -
47 Cornelissen-47 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 04 3.05 6 -
48 Cornelissen-48 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0.4 3.16 6 -
49 Cornelissen-49 | FT | _cylinder (dogbone) B - 120 | 175 | 246 | 16 dry 090 | 04 | 339 6 B
50 Cornelissen-50 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.75 0.4 3.44 6 -
51 Cornelissen51 | FT cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 080 | 04 | 351 6 -
52 Comnelissen52 | FT_ | _cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 080 | 04 | 363 | 6 B
53 Cornelissen-53 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0.4 3.86 6 -
54 Cornelissen-54 | FT cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 0.80 04 | 472 6 -
55 Cornelissen-55 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0.4 5.20 6 -
56 Cornelissen-56 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0.4 5.31 6 -
57 Comnelissen57 | FT cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 080 | 04 | 630 6 -
58 Cornelissen-58 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.85 0.4 1.96 6 -
59 Cornelissen-59 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.90 0.4 2.34 6 -
60 Cornelissen-60 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.85 0.4 2.47 6 -
61 Cornelissen-61 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.90 0.4 2.48 6 -
62 Cornelissen-62 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.80 0.4 2.96 6 -
63 Cornelissen-63 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.83 0.4 3.25 6 -
64 Cornelissen-64 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.80 0.4 3.30 6 -
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65 Cornelissen-65 FT cylinder (doghone) - - 120 175 2.92 16 wet 0.74 0.4 3.37 6 -
66 Cornelissen-66 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.80 0.4 3.42 6 -
67 Cornelissen-67 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.74 0.4 3.85 6
68 Cornelissen-68 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.70 0.4 4.24 6 -
69 Cornelissen-69 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.70 0.4 471 6 -
70 Cornelissen-70 FT cylinder (dogbone) - - 120 175 292 16 wet 0.63 04 471 6 -
71 Cornelissen-71 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.85 0.2 1.02 6 -
72 Comnelissen-72_| FT | cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 090 | 02 | 131 6 -
73 Cornelissen-73 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.90 0.2 143 6 -
74 Cornelissen-74 FT cylinder (doghone) - - 120 175 2.46 16 dry 0.80 0.2 1.92 6 -
75 Cornelissen-75 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.76 0.2 1.95 6 -
76 Cornelissen-76 FT cylinder (doghone) - - 120 175 2.46 16 dry 0.80 0.2 2.02 6 -
7 Cornelissen-77 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.91 0.2 2.09 6 -
78 Cornelissen-78 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.86 0.2 219 6 -
79 Cornelissen-79 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0.2 2.21 6 -
80 Cornelissen-80 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0.2 2.34 6 -
81 Cornelissen-81 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0.2 2.52 6 -
82 Cornelissen-82 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.86 0.2 2.62 6 -
83 Comnelissen-83 | FT | cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 091 | 02 | 262 6 -
84 Cornelissen-84 FT cylinder (dogbone; - - 120 175 246 16 dry 0.91 0.2 293 6 -
85 Cornelissen-85 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0.2 3.36 6 -
86 | [Cor-1981] | Cornelissen-86 | FT | cylinder (dogbone - - 120 | 175 | 246 | 16 dry 080 | 02 | 346 | 6 -
87 [Cor-1984] Cornelissen-87 FT cylinder (dogbone) - - 120 175 2.46 16 dry 0.80 0.2 3.54 6 -
88 [Cor-1986] [ Cornelissen-88 FT cylinder (doghone) - - 120 [ 175 | 2.46 16 dry 0.75 0.2 | 359 6 -
89 Cornelissen-89 FT cylinder (dogbone) - - 120 175 246 16 dry 0.76 02 3.89 6 -
90 Cornelissen-90 FT cylinder (doghone) - - 120 175 2.46 16 dry 0.80 0.2 4.35 6 -
o1 Comnelissen-91 | FT | cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 070 | 02 | 486 | 6 -
92 Cornelissen-92 FT cylinder (dogbone) - - 120 175 246 16 dry 0.70 02 5.00 6 -
93 Comnelissen-93 | FT | cylinder (dogbone) - - 120 | 175 | 246 | 16 dry 065 | 02 | 511 6 -
04 Cornelissen-94 | FT | cylinder (dogbone) B B 120 | 175 | 246 | 16 dry 071 | 02 | 590 | 6 -
95 Cornelissen-95 FT cylinder (doghone) - - 120 175 2.92 16 wet 0.75 0.2 1.81 6 -
96 Cornelissen-96 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.90 0.2 1.95 6 -
97 Cornelissen-97 | FT | cylinder (dogbone) - - |10 [ 175 | 292 | 16 wet 08 | 02 | 196 | 6 -
98 Cornelissen-98 FT cylinder (doghone) - - 120 175 2.92 16 wet 0.90 0.2 2.39 6 -
99 Cornelissen-99 | FT | cylinder (dogbone) B B 120 | 175 | 292 | 16 wet 085 | 02 | 250 | 6 -
100 Cornelissen-100 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.75 0.2 2.66 6 -
101 Cornelissen-101 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.75 0.2 3.04 6 -
102 Cornelissen-102 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.80 0.2 3.06 6 -
103 Cornelissen-103 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.70 0.2 3.11 6 -
104 Cornelissen-104 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.65 0.2 3.65 6 -
105 Cornelissen-105 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.75 0.2 3.78 6 -
106 Cornelissen-106 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.70 0.2 4.00 6 -
107 Cornelissen-107 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.71 0.2 4.14 6 -
108 Cornelissen-108 FT cylinder (dogbone) - - 120 175 2.92 16 wet 0.65 0.2 467 6 -
109 Cornelissen-109 FT cylinder (doghone) - - 120 175 2.92 16 wet 0.65 0.2 6.30 6 -
110 HSC-1-2 FT prism (dogbone) 100 60 - 220 5.36 16 sealed 0.90 0 132 10 -
111 HSC-1-3 FT prism (dogbone) 100 60 - 220 5.36 16 sealed 0.80 0 4.13 10 -
112 HSC-1-4 FT prism (dogbone) 100 60 - 220 5.36 16 sealed 0.70 0 4.68 10 -
113 NSC-I-1 FT prism (dogbone) 100 60 - 220 3.49 16 unsealed 0.90 0 335 10 -
114 [Kes-2002] NSC-1-2 FT prism (dogbone) 100 60 - 220 3.49 16 unsealed 0.80 0 4.74 10 -
115 NSC-1-3 FT prism (dogbone) 100 60 - 220 3.49 16 sealed 0.91 0 3.68 1 -
116 NSC-I-5 FT prism (dogbone) 100 60 - 220 3.49 16 sealed 0.82 0 4.33 1 -
117 NSC-1-6 FT prism (dogbone) 100 60 - 220 3.49 16 sealed 0.91 0 1.08 10 -
118 NSC-1-8 FT prism (dogbone) 100 60 - 220 | 449 16 sealed 0.62 0 233 10 -
119 NSC-1-9 FT prism (dogbone) 100 60 - 220 5.49 16 sealed 0.45 0 5.44 10 -
120 Chen-1 FT cylinder 73 - - 146 3.59 16 - 0.95 0 123 4 -
121 Chen-2 FT cylinder 73 - - 146 3.59 16 - 0.95 0 173 4 -
122 Chen-3 FT cylinder 73 - - 146 3.59 16 - 0.95 0 178 4 -
123 Chen-4 FT cylinder 73 - - 146 3.59 16 - 0.95 0 1.99 4 -
124 Chen-5 FT cylinder 73 - - 146 359 16 - 0.95 0 2.01 4 -
125 [Che-2017] Chen-6 FT cylinder 73 - - 146 3.59 16 - 0.95 0 213 4 -
126 Chen-7 FT cylinder 73 - - 146 3.59 16 - 0.95 0 2.34 4 -
127 Chen-8 FT cylinder 73 - - 146 359 16 - 0.95 0 238 4 -
128 Chen-9 FT cylinder 73 - - 146 3.59 16 - 0.95 0 2.58 4 -
129 Chen-10 FT cylinder 73 - - 146 359 16 - 0.95 0 2.65 4 -
130 Chen-11 FT cylinder 73 - - 146 3.59 16 - 0.95 0 2.95 4 -
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Chen-12 FT cylinder 73 - - 146 3.59 16 - 09 0 215 4 -
Chen-13 FT cylinder 73 - - 146 3.59 16 - 0.9 0 2.32 4 -
Chen-14 FT cylinder 73 - - 146 3.59 16 - 0.9 0 245 4 -
Chen-15 FT cylinder 73 - - 146 3.59 16 - 09 0 252 4 -
Chen-16 FT cylinder 73 - - 146 3.59 16 - 0.9 0 2.61 4 -
Chen-17 FT cylinder 73 - - 146 3.59 16 - 0.9 0 2.68 4 -
Chen-18 FT cylinder 73 - - 146 3.59 16 - 09 0 2.74 4 -
Chen-19 FT cylinder 73 - - 146 3.59 16 - 0.9 0 2.76 4 -
Chen-20 FT cylinder 73 - - 146 3.59 16 - 09 0 3.02 4 -
Chen-21 FT cylinder 73 - - 146 3.59 16 - 0.9 0 3.39 4 -
Chen-22 FT cylinder 73 - - 146 3.59 16 - 0.9 0 3.51 4 -
Chen-23 FT cylinder 73 - - 146 3.59 16 - 09 0 3.63 4 -
Chen-24 FT cylinder 73 - - 146 3.59 16 - 0.85 0 2.98 4 -
Chen-25 FT cylinder 73 - - 146 3.59 16 - 0.85 0 3.11 4 -
Chen-26 FT cylinder 73 - - 146 3.59 16 - 0.85 0 3.39 4 -
Chen-27 FT cylinder 73 - - 146 3.59 16 - 0.85 0 3.54 4 -
Chen-28 FT cylinder 73 - - 146 3.59 16 - 0.85 0 3.63 4 -
Chen-29 FT cylinder 73 - - 146 3.59 16 - 0.85 0 3.74 4 -
Chen-30 FT cylinder 73 - - 146 3.59 16 - 0.85 0 3.80 4 -
[Che-2017] Chen-31 FT cylinder 7| - — [ 146 [ 359 | 16 - 085 | 0 | 387 | 4 -
Chen-32 FT cylinder 73 - - 146 3.59 16 - 0.85 0 3.97 4 -
Chen-33 FT cylinder 73 - - 146 3.59 16 - 0.85 0 4.02 4 -
Chen-34 FT cylinder 73 - - 146 3.59 16 - 0.85 0 4.08 4 -
Chen-35 FT cylinder 73 - - 146 3.59 16 - 0.85 0 4.24 4 -
Chen-36 FT cylinder 73 - - 146 3.59 16 - 0.85 0 4.32 4 -
Chen-37 FT cylinder 73 - - 146 3.59 16 - 0.85 0 4.59 4 -
Chen-38 FT cylinder 73 - - 146 3.59 16 - 0.85 0 4.68 4 -
Chen-39 FT cylinder 73 - - 146 3.59 16 - 08 0 3.38 4 -
Chen-40 FT. cylinder 73 - - 146 3.59 16 - 0.8 0 3.57 4 -
Chen-41 FT cylinder 73 - - 146 3.59 16 - 0.8 0 3.67 4 -
Chen-42 FT cylinder 73 - - 146 3.59 16 - 08 0 372 4 -
Chen-43 FT cylinder 73 - - 146 3.59 16 - 0.8 0 4.01 4 -
Chen-44 FT cylinder 73 - - 146 3.59 16 - 08 0 4.20 4 -
Chen-45 FT cylinder 73 - - 146 3.59 16 - 0.8 0 4.26 4 -
Chen-46 FT cylinder 73 - - 146 3.59 16 - 0.8 0 4.39 4 -
Chen-47 FT cylinder 73 - - 146 3.59 16 - 0.8 0 4.77 4 -
Chen-48 FT cylinder 73 - - 146 3.59 16 - 0.8 0 4.89 4 -
Chen-49 FT cylinder 73 - - 146 3.59 16 - 0.8 0 5.12 4 -
Chen-50 FT cylinder 73 - - 146 3.59 16 - 08 0 537 4 -
Chen-51 FT cylinder 73 - - 146 3.59 16 - 0.8 0 5.48 4 -
111-06 RT cylinder (dogbone) 120 | 175 | 245 16 wet 0.7 04 | 56 6 1.05
117-06 RT cylinder (doghone) 120 175 2.45 16 wet 0.7 0.4 5.6 6 1.2
111-09 RT cylinder (dogbone) 120 175 245 16 wet 0.7 0.4 53 6 1.01
112-10 RT cylinder (doghone) 120 175 245 16 wet 0.7 0.4 53 6 0.89
111-10 RT cylinder (dogbone) 120 175 245 16 wet 0.7 0.4 5.0 6 1.08
114-09 RT cylinder (doghone) 120 175 245 16 wet 0.7 0.4 5.0 6 117
116-12 RT cylinder (dogbone) 120 175 245 16 dry 0.6 04 56 6 1.06
116-11 RT cylinder (dogbone) 120 175 245 16 dry 0.6 0.4 53 6 122
116-09 RT cylinder (doghone) 120 175 245 16 dry 0.6 0.4 5.0 6 1
106-05s RT cylinder (dogbone) 120 175 2.88 16 sealed+dry 0.6 04 56 6 0.94
121-06s RT cylinder (doghone) 120 175 2.88 16 sealed+dry 0.6 0.4 5.6 6 1.02
121-07s RT | cylinder (dogbone) 120 | 175 | 288 | 16 | sealedtdry | 06 04 | 53 6 | 095
[Cor-1984] 122-14s RT cylinder (doghone) 120 175 2.88 16 sealed+dry 0.6 0.4 53 6 0.94
107-055 RT cylinder (dogbone) 120 | 175 | 2.88 16 | sealed+dry 0.6 04 | 50 6 1
108-08s RT cylinder (dogbone) 120 175 2.88 16 sealed+dry 0.6 04 5.0 6 1.04
107-06 RT cylinder (dogbone) 120 | 175 | 245 16 dry 0.4 01 | 63 6 1.01
108-06 RT cylinder (dogbone) 120 175 245 16 dry 05 01 6.3 6 1.09
101-13 RT cylinder (dogbone) 120 175 245 16 dry 05 0 6.3 6 0.81
109-11 RT cylinder (dogbone) 120 | 175 | 245 16 dry 0.6 0 6.3 6 1.06
11111 RT cylinder (dogbone) 120 | 175 | 245 16 dry 0.6 0 6.3 6 1.06
95-15 RT cylinder (dogbone) 120 175 245 16 dry 0.7 0 6.3 6 112
97-05 RT cylinder (dogbone) 120 | 175 | 245 16 dry 0.7 0 6.3 6 1.08
110-12 RT cylinder (dogbone) 120 175 245 16 dry 0.6 02 6.3 6 116
112-12 RT cylinder (dogbone) 120 | 175 | 245 16 dry 0.6 02 | 63 6 112
114-12 RT cylinder (dogbone) 120 | 175 | 245 16 dry 0.6 02 | 63 6 121
97-01 RT cylinder (dogbone) 120 175 245 16 dry 07 02 6.3 6 119
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197 [Cor-1984] 111-12 RT cylinder (dogbone) 120 175 245 16 dry 0.7 0.2 6.3 6 133
198 106-10 RT cylinder (dogbone) 120 175 2.45 16 dry 0.65 0.4 6.3 6 1.07
199 11-232 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 0.1 40 01 1.09
200 11-242 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 0.1 40 01 0.97
201 11-254 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.1 4.0 0.1 123
202 111-249 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 03 40 01 120
203 111-250 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 03 4.0 01 114
204 111-251 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.3 4.0 0.1 1.28
205 111-252 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 03 40 01 123
206 111-296 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 03 4.0 0.1 121
207 111-286 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 03 4.0 0.1 1.26
208 1Va-245 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 0.1 40 1 0.97
209 1Va-246 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.1 4.0 1 0.92
210 1Va-297 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.1 4.0 1 0.87
211 1Vb-291 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.1 4.0 0 1.08
212 [Bla-1993] 1Vb-283 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.1 4.0 0 119
213 1Vb-281 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 0.1 40 0 122
214 V-271 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 01 5.0 0.1 112
215 V-295 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.1 5.0 0.1 112
216 V-290 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 0.1 50 01 112
217 Vla-282 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.6 0.1 4.0 0.1 1.03
218 Vla-268 RT prism 200 | 200 - 1000 156 16 sealed+dry 06 0.1 40 01 1.09
219 Vla-253 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.6 0.1 40 01 1.09
220 VI1b-265 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.5 0.1 4.0 0.1 0.90
221 V1b-268 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.5 0.1 4.0 0.1 112
222 VIb-253 RT prism 200 | 200 - 1000 156 16 sealed+dry 05 0.1 4.0 01 0.97
223 VII-284 RT prism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.1 4.0 0.1 111
224 VII-285 RT prism 200 | 200 - 1000 156 16 sealed+dry 0.75 0.1 40 01 1.08
225 VI1-288 RT rism 200 200 - 1000 1.56 16 sealed+dry 0.75 0.1 4.0 0.1 116
226 1 RT | prism (dogbone) | 100 | 100 | - 10 | 27 - dry 075 | 0 | 40 | - 038
227 2 RT prism (dogbone) 100 100 - 110 2.7 - dry 0.75 0 4.0 - 0.9
228 3 RT prism (dogbone) 100 100 - 110 2.7 - dry 0.75 0 13 - 0.9
229 4 RT prism (dogbone) 100 100 - 110 2.7 - dry 0.75 0 4.3 - 0.7
230 5 RT prism (dogbone) 100 100 - 110 2.7 - dry 0.75 0 4.2 - 0.9
231 6 RT prism (dogbone) 100 | 100 B 110 | 27 - dry 0.75 0 4.0 - 10
232 7 RT prism (dogbone; 100 100 - 110 2.7 - dry 0.75 0 1.5 - 1.0
233 8 RT prism (dogbone] 100 100 - 110 2.7 - dry 0.75 0 4.5 - 0.8
234 9 RT prism (doghone] 100 100 - 110 2.7 - dry 0.75 0 4.2 - 10
235 | [Men-2007] 10 RT prism (dogbone] 100 100 - 110 2.7 - dry 0.75 0 4.0 - 1.0
236 11 RT prism (doghone] 100 100 - 110 2.7 - dry 0.75 0 17 - 11
237 12 RT prism (dogbone; 100 100 - 110 2.7 - dry 0.85 0 3.1 - 0.9
238 13 RT prism (dogbone] 100 100 - 110 2.7 - dry 0.85 0 3.0 - 0.9
239 14 RT prism (doghone] 100 100 - 110 2.7 - dry 0.85 0 3.4 - 0.8
240 15 RT prism (dogbone] 100 100 - 110 27 - dry 0.85 0 33 - 09
241 16 RT prism (doghone] 100 100 - 110 2.7 - dry 0.85 0 3.0 - 10
242 17 RT | prism (dogbone) | 100 | 100 | - 10 | 27 - dry 08 | 0 | 38 | - 09
243 18 RT prism (dogbone) 100 100 - 110 2.7 - dry 0.85 0 3.3 - 1.0
244 19 RT prism (dogbone) 100 | 100 - 10 | 27 - dry 0.85 0 3.0 - 11
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B-1 Concrete mixture

Specimens ZP1-ZP6 were casted using the concrete mixed in the first batch and the rest
of specimens (Z1-Z5 and ZO1-Z010) were casted with the concrete mixed in the second
batch. Both mixtures were identical with a target compressive strength
fary,cune = 37 N/mm2,

Table B-1: Concrete mixture composition
component batch 1 batch 2
volume [litre] 76 396
cement content [kg/m?3] 350 350
cement type [-1 CEM 1/42.5R CEM 1/42.5R
aggregate content [kg/m?3] 1854 1854
max. aggregate size dg [mm] 16 16
water-cement ratiow / ¢ [ 0.5 0.5
aggregate type [-] sand and gravel stone sand and gravel stone
air content [vol-%] 15 15
Table B-2: Aggregate grading for batch 1 and 2
sieve no. aggregate size relative mass [%0]
01/13 0/1 0
02/15 0/2 35
03/15 2/8 30
04/14 8/16 35

B-2 Concrete properties

Fresh concrete

Table B-3: Fresh concrete properties
property Batch 1 Batch 2
slump [mm] 46/46 44/45
temperature [°c] 20.1 18.9

B-1
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Hardened concrete

The first tests (ZP) were conducted on ZP1 to ZP6 at the age of 41-42 days on specimens
casted with batch 1. Second test group (Z) was conducted at an age of 118-120 days on
specimens casted with batch 2. The last testing interval was 254-336 days after casting
of specimens Z1-Z10 with batch 2. The reference mean values of concrete properties at
different ages are provided for age of concrete at three different testing intervals.

Table B-4: Hardened concrete properties
Propetry / test group ZP VA Z0
concrete compressive strength fc | [N/mm?] 42.2 433 47.2
elasticity modulus Ec [N/mm?] 35600 35000 28883
splitting tensile strength fetsp [N/mm?] - 2.94 -
flexural tensile strength fet [N/mm?] - - 6.26

B-3 Overview of results

Table B-4: Specimen properties and test results

Specimen|Mass [kg] (A [mm?]|Fmax[KN]| N [-] |Fsup [KN]|Finf [KN]|&max [pm/m] | &sup1 [pm/m] | &supN [ppm/m]

ZP1 313 20180 44 1 - - 76.7 -
P2 313 20180 45.8 1 - - 73.8 -
ZP3 313 19910 46.1 1000 30.0 15.0 - -
ZP4 313 20511 50.6 2460 30.0 18.0 - -

ZP5 313 20000 46.3 1 - - 68.4 -

ZP6 31.3 20220 40.8 1 - - 104.3

Z1 31.4 20180 46.5 1 - - -

z2 31.4 19910 46.6 |10336| 320 20.0 95.6

Z3 314 20511 51.3 |10124| 36.0 20.0 166.9 70.5 131.0
Z4 314 20000 46.7 |31053| 36.0 20.0 165.1 69.2 120.6
Z5 314 20220 46.3 1 - - 116.1 70.4 97.7

Z01 313 20000
Z02 30.9 20000

(520) | 10 | 520 | 310 107.3 - -
46.0) | 3 460 | 310 - - -

Z03 311 23400 50.5 |16182| 39.0 27.0 - 92.3 147.9
204 313 24676 48.4 1 168.5 - -

Z05 314 23115 50.8 |43200| 43.0 27.0 145.8 71.4 142.2
Z06 315 20341 51.8 |86400| 43.0 27.0 151.0 91.4 136.6
Z07 314 20241 43 3530 | 43.0 17.0 173.0 87.5 173.0
Z08 313 20210 49.7 |129600 43.0 27.0 257.3 106.5 2515
Z09 31.0 20331 53.7 |129600| 33.0 17.0 232.4 67.5 219.6
Z010 31.4 20140 49.1 |86400| 33.0 17.0 114.7 58.5 73.4

B-2
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B-4 Failure sections and surfaces

Table B-5: Failure sections and surfaces of tensile specimens
specimen failure section failure surface
ZP1 - / _
|
ZP2 < / -
)
ZP3 - / _
J
ZP4 - -
|
ZP5 = / -
J
ZP6 - -
)
Z1 = -
|
2 T/ % :
Z3 = -
|
Z4 = _
|

B-3
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specimen failure section failure surface
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Appendix C: Shear database

C-1 Calculation of concrete properties

The provided concrete compressive strength in ACI-DAfStb database correspond to uni-
axial concrete compressive strength fic. However, to use the correlations for a calculative
determination of fe, Ec and Gr, mean value of cylinder compressive strength fc (cylinder
150/300 mm) is required, which was calculated according to [Rei-2012] based on the fol-
lowing equation and documented in the database.

fe = f1c/0.95 Eg. C-1-1
Based on applied test type for determination of concrete compressive strength, the pro-
vided mean values are calculated to cylinder compressive strength according to [Rei-2012]:

fe =0.789  fecuiso Eq. C-1-2

The cube compressive strength fc cutso (150 x 150 x 150 mm) equals:
fc,culSO =1.05- fc,cuZOO Eq C-1-3
feeurso = 0.90 " f cua00 Eq. C-1-4

Conversion to SI-Units

1.0in=25.4 mm

1.0 Ibf = 4.4482 N

1.0kip=4.4482 N

1.0 kp/cm? =

1.0 kgf/cm2 = 1.0 kp/cm?2 = 0.0981 N/mm2
1.0 psi = 1 Ibf/in2 = 6.8948-10° N/mm?

C-1
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C-2 Shear tests on RC members with diagonal cracking load (mRC-V)
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1 B1 3-point 240.0 350.0 300.0 300.0 905 24.0 1.26 425.8 513.1
2 B2 3-point 240.0 650.0 600.0 600.0 1810 24.0 1.26 425.8 513.1
3 B3 3-point 240.0 950.0 900.0 900.0 2714 24.0 1.26 425.8 513.1
4 [Bha-1968] B5 3-point 240.0 650.0 600.0 600.0 905 24.0 0.63 425.8 513.1
5 B6 3-point 240.0 650.0 600.0 600.0 905 12.0 0.63 421.8 522.4
6 B7 3-point 240.0 950.0 900.0 900.0 1357 24.0 0.63 425.8 513.1
7 B8 3-point 240.0 950.0 900.0 900.0 1357 12.0 0.63 421.8 522.4
8 0A-1 3-point 309.9 556.3 461.0 461.0 2579 28.7 1.81 555.2 957.9
9 0A-2 3-point 304.8 561.3 466.1 466.1 3224 28.7 2.27 5565.2 957.9
10 0A-3 3-point 307.3 556.3 461.5 461.5 3868 28.7 2.73 552.4 933.1
11 A-1l 3-point 152.4 304.8 254.0 254.0 380 12.7 0.98 458.6 834.5
12 A-2 3-point 152.4 304.8 254.0 254.0 380 12.7 0.98 469.0 834.5
13 [Bre-1963] A-3 3-point 152.4 304.8 254.0 254.0 380 12.7 0.98 452.4 834.5
14 A-4 3-point 152.4 304.8 254.0 254.0 380 12.7 0.98 459.3 834.5
15 A-11 3-point 152.4 304.8 254.0 254.0 1289 28.7 3.33 341.4 519.3
16 A-12 3-point 152.4 304.8 254.0 254.0 1289 28.7 3.33 313.8 519.3
17 A-13 3-point 152.4 304.8 254.0 254.0 1289 28.7 333 393.1 519.3
18 A-14 3-point 152.4 304.8 254.0 254.0 1289 28.7 3.33 364.1 519.3
19 A-15 3-point 152.4 304.8 254.0 254.0 1289 28.7 3.33 3317 519.3
20 11-4A3 3-point 203.2 457.2 390.1 390.1 1583 318 2.00 364.8
21 5A3 3-point 203.2 457.2 390.1 390.1 2375 318 3.00 364.8
22 11A2 3-point 152.4 381.0 313.9 313.9 1583 31.8 3.31 364.8
23 12A2 3-point 152.4 304.8 237.7 237.7 1583 318 4.37 364.8
24 111-18A2 3-point 152.4 381.0 316.0 316.0 1283 28.6 2.66 370.3
25 18B2 3-point 152.4 381.0 316.0 316.0 1283 28.6 2.66 370.3
26 18C2 3-point 152.4 381.0 316.0 316.0 1283 28.6 2.66 370.3
27 18D2 3-point 152.4 381.0 316.0 316.0 1283 28.6 2.66 370.3
28 1V-13A2 3-point 152.4 381.0 319.0 319.0 388 22.2 0.80 378.6
29 14A2 3-point 152.4 304.8 242.8 242.8 388 22.2 1.05 378.6
30 15A2 3-point 152.4 381.0 316.0 316.0 641 28.6 1.33 370.3
31 1582 3-point 152.4 381.0 316.0 316.0 641 28.6 1.33 370.3
32 16A2 3-point 152.4 304.8 239.8 239.8 641 28.6 1.75 370.3
33 17A2 3-point 152.4 304.8 242.8 242.8 776 22.2 2.10 378.6
34 18E2 3-point 152.4 381.0 316.0 316.0 1283 28.6 2.66 370.3
35 19A2 3-point 152.4 304.8 239.8 239.8 1283 28.6 3.51 370.3
36 20A2 3-point 152.4 304.8 237.7 237.7 1583 318 4.37 364.8
37 21A2 3-point 203.2 304.8 237.7 237.7 2375 318 4.92 364.8
38 2AC 3-point 152.4 304.8 254.0 254.0 507 25.4 1.31 393.8
39 3AC 3-point 152.4 304.8 255.5 255.5 776 22.2 1.99 378.6
40 AAC 3-point 152.4 304.8 254.0 254.0 1013 254 2.62 393.8
41 5AC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
42 [Kre-1966] B6AC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
43 3CC 3-point 152.4 304.8 255.5 255.5 776 22.2 1.99 378.6
44 4CC 3-point 152.4 304.8 254.0 254.0 1013 25.4 2.62 393.8
45 5CC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
46 6CC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
47 4EC 3-point 152.4 304.8 254.0 254.0 1013 25.4 2.62 393.8
48 5EC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
49 B6EC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
50 4GC 3-point 152.4 304.8 254.0 254.0 1013 254 2.62 393.8
51 5GC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
52 6GC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
53 VII-6C 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
54 VIII- 3AAC 3-point 152.4 304.8 255.5 255.5 776 222 1.99 378.6
55 4AAC 3-point 152.4 304.8 254.0 254.0 1013 25.4 2.62 393.8
56 5AAC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
57 B6AAC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
58 3AC 3-point 152.4 304.8 255.5 255.5 776 22.2 1.99 378.6
59 4AAC 3-point 152.4 304.8 254.0 254.0 1013 25.4 2.62 393.8
60 5AC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
61 B6AC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
62 4cC 3-point 152.4 304.8 254.0 254.0 1013 254 2.62 393.8
63 5CC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
64 6CC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
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232 cu 30.0 70.14 70.99 227.0 480
29.6 cu 30.0 117.23 119.48 415.4 1200
27.5 cu 30.0 152.06 166.38 632.3 1875
26.6 cu 30.0 83.39 106.90 446.0 1022 applied shear load at major diagonal cracking
24.7 cu 30.0 102.02 115.38 462.8 853
27.2 cu 30.0 117.72 140.05 613.4 1757
217 cu 30.0 117.72 127.63 635.0 1785
226 cyl 19.1 133.44 170.38
23.7 cyl 19.1 144.56 184.37 356.3 716
376 cyl 19.1 155.68 195.12
28.1 cyl 25.4 45.81 73.77
315 cyl 25.4 41.81 42.32
194 cyl 254 34.25 35.05 252.7 449
%68 o 254 514 35.90 diagonal tension cracking load
283 cyl 25.4 62.94 103.79
26.7 cyl 254 58.94 59.44
22.1 cyl 25.4 46.93 47.56
275 cyl 254 54.71 55.47
25.0 cyl 25.4 49.37 50.26
30.3 cyl 0.0 100.08 109.87 305
29.9 cyl 0.0 100.08 170.36 394
30.2 cyl 00 66.72 73.39 203
30.1 cyl 0.0 55.60 64.05 318
193 cyl 00 57.82 63.16 330
19.9 cyl 0.0 57.82 72.06 254
22.6 cyl 0.0 53.38 73.39 546
221 cyl 0.0 53.38 60.05 318
19.9 cyl 0.0 37.81 48.48 381
20.7 cyl 00 26.69 35.14 343
20.1 cyl 0.0 40.03 45.81 445
20.7 cyl 0.0 48.93 52.04 406
222 cyl 00 37.81 41.81 279
220 cyl 0.0 40.03 44.04 381
19.8 cyl 0.0 53.38 81.84 343
206 cyl 0.0 42.26 46.26 419
21.0 cyl 0.0 44.48 50.71 356
19.9 cyl 0.0 62.27 76.51 445
23.0 cyl 0.0 3114 37.81 737
20.8 cyl 0.0 40.03 44.04 267
16.5 cyl 0.0 37.81 37.81 724
183 o 00 781 4181 381 critical state of diagonal crack, as the crack extends a short
ig‘; 3: gg g:gg 2::2 :‘8’2 st into the compression zore
20.6 cyl 0.0 40.03 40.03 699
20.3 cyl 0.0 44.48 44.48 330
206 cyl 0.0 44.48 44.48 546
212 cyl 0.0 41.81 4181 1156
195 cyl 00 39.59 39.59 1321
19.1 cyl 0.0 42.26 42.26 1257
21.0 cyl 0.0 35.58 36.92 1448
219 cyl 00 37.81 41.81 1448
214 cyl 0.0 40.48 40.48 1435
20.1 cyl 00 51.15 5115 254
34.6 cyl 0.0 53.38 55.60 191
29.2 cyl 0.0 55.60 57.82 292
32.8 cyl 0.0 53.38 56.93 330
344 cyl 00 57.82 60.05 330
319 cyl 0.0 48.93 53.38 533
30.5 cyl 00 48.93 53.82 330
328 cyl 0.0 48.93 54.27 305
34.1 cyl 0.0 53.38 59.16 533
384 cyl 0.0 48.93 52.49 432
374 cyl 00 53.38 57.38 838
38.4 cyl 0.0 51.15 63.16 991
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65 5EC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
66 6EC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
67 IX-3AAC 3-point 1524 304.8 2555 2555 776 222 1.99 378.6
68 4AAC 3-point 152.4 304.8 254.0 254.0 1013 25.4 2.62 393.8
69 5AAC 3-point 1524 304.8 2525 2525 1283 28.6 3.33 3703
70 B6AAC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
71 3AC 3-point 152.4 304.8 255.5 255.5 776 22.2 1.99 378.6
72 4AC 3-point 1524 304.8 254.0 254.0 1013 254 2.62 3938
73 5AC 3-point 152.4 304.8 252.5 252.5 1283 28.6 3.33 370.3
74 B6AC 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
75 [Kre-1966] 3CC 3-point 152.4 304.8 255.5 255.5 776 222 199 378.6
76 4cc 3-point 152.4 304.8 254.0 254.0 1013 25.4 2.62 393.8
7 5CC 3-point 1524 304.8 2525 2525 1283 286 333 3703
78 6CC 3-point 1524 304.8 2504 250.4 1583 318 4.15 364.8
79 X-C 3-point 203.2 533.4 482.6 482.6 1520 254 1.55 393.8
80 XI-PCA 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
81 PCB 3-point 152.4 304.8 250.4 250.4 1583 318 4.15 364.8
82 s-1-OCa 3-point 152.4 304.8 254.0 254.0 1013 254 2.62 393.8
83 OCb 3-point 1524 304.8 254.0 254.0 1013 254 2.62 393.8
84 s-11- Oca 3-point 254.0 508.0 455.7 455.7 2565 28.6 2.22 370.3
85 OCb 3-point 254.0 508.0 455.7 455.7 2565 28.6 2.22 3703
86 Illa- 17 4-point 203.2 457.2 402.8 402.8 2074 29.7 253 506.7 568.0
87 Il1a-18 4-point 203.2 457.2 402.8 402.8 2074 29.7 2.53 506.7 568.0
88 Va-19 4-point 203.2 457.2 402.8 402.8 768 18.1 0.94 684.7 850.6
89 Va-20 4-point 203.2 457.2 402.8 402.8 768 18.1 0.94 684.7 850.6
90 [Mat-1963] Vib-21 4-point 203.2 457.2 402.8 402.8 681 17.0 0.83 714.4 849.4
91 VIb-22 4-point 2032 457.2 402.8 402.8 681 17.0 0.83 7144 849.4
92 VIb-23 4-point 203.2 457.2 402.8 402.8 681 17.0 0.83 714.4 849.4
93 Vla-24 4-point 2032 457.2 402.8 402.8 383 127 047 695.9 915.9
94 Vla-25 4-point 203.2 457.2 402.8 402.8 383 127 0.47 695.9 915.9
95 Al 3-point 177.8 304.8 261.6 261.6 1007 35.8 2.17 310.3 510.3
96 A2 3-point 1778 304.8 266.7 266.7 1013 254 214 3103 5103
97 A3 3-point 1778 304.8 268.0 268.0 1061 212 2.23 3103 510.3
98 A4 3-point 177.8 304.8 270.0 270.0 1140 19.1 2.37 310.3 510.3
99 Bl 3-point 1778 304.8 266.7 266.7 760 18.0 1.60 3103 510.3
100 B2 3-point 1778 304.8 268.0 268.0 776 222 1.63 310.3 510.3
101 B3 3-point 177.8 304.8 270.0 270.0 768 18.1 160 3103 510.3
102 B4 3-point 177.8 304.8 2715 2715 792 159 164 3103 510.3
103 C1 3-point 1778 304.8 268.0 268.0 388 22.2 0.81 310.3 510.3
104 C2 3-point 177.8 304.8 271.8 271.8 396 159 0.82 3103 510.3
105 C3 3-point 1778 304.8 273.1 273.1 380 127 0.78 310.3 510.3
106 Cc4 3-point 177.8 304.8 274.3 274.3 396 12 0.81 3103 510.3
107 1 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 510.3
108 [Moo-1954] 2 4-point 152.4 304.8 268.2 268.2 776 222 1.90 310.3 510.3
109 3 4-point 152.4 304.8 268.2 268.2 776 22.2 1.90 310.3 510.3
110 4 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 510.3
111 5 4-point 152.4 304.8 268.2 268.2 776 22.2 1.90 310.3 510.3
112 6 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 510.3
113 7 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 510.3
114 8 4-point 152.4 304.8 268.2 268.2 776 22.2 1.90 310.3 510.3
115 9 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 5103
116 10 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 510.3
17 1 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 5103
118 12 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 510.3
119 13 4-point 152.4 304.8 268.2 268.2 776 22.2 1.90 310.3 510.3
120 14 4-point 152.4 304.8 268.2 268.2 776 222 190 3103 510.3
121 15 4-point 1524 304.8 268.2 268.2 776 222 1.90 3103 510.3
122 16 4-point 152.4 304.8 268.2 268.2 776 22.2 1.90 310.3 510.3
123 B28 B2 3-point 304.8 406.4 362.0 362.0 2122 212 192 471.0 867.6
124 B28 E2 3-point 308.1 406.4 3716 3716 649 144 0.57 463.4 846.2
125 B28 A4 3-point 304.8 406.4 368.3 368.3 2803 24.4 2.50 3324 584.1
126 [Mor-1056] B28 B4 3-point 304.8 406.4 368.3 368.3 2122 212 1.89 441.4 833.1
127 B28 E4 3-point 304.8 406.4 368.3 368.3 1425 19.1 127 429.0 771.2
128 B28 A6 3-point 308.1 406.4 368.3 368.3 4220 27.7 3.72 455.2 880.7
129 B28 B6 3-point 304.8 406.4 368.3 368.3 2122 212 1.89 451.7 877.2
130 B40 B4 3-point 304.8 406.4 368.3 368.3 2122 21.2 1.89 3779 677.9
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37.4 cyl 0.0 40.03 53.38 1384
33.8 cyl 0.0 40.03 48.93 889
126 cyl 00 40.03 40.48 356
129 cyl 0.0 40.03 42.70 483
154 cyl 00 46.70 50.26 229
134 cyl 0.0 44.48 62.27 508
13.7 cyl 0.0 35.58 36.92 724
129 cyl 00 35.58 40.03 445
15.4 cyl 0.0 42.26 43.59 406
124 o 00 3558 4092 &0 critical state of diagonal crack, as the crack extends a short
gi 3: gg i:ii iéij sig dis(anc% into the ol)mpression zone
147 cyl 00 33.36 34.25 330
137 cyl 0.0 37.81 39.59 762
16.8 cyl 0.0 84.51 84.51 635
363 cyl 0.0 53.38 53.38 1321
36.3 cyl 0.0 53.38 53.38 1321
35.7 cyl 0.0 44.48 48.48 991
39.0 cyl 0.0 51.15 52.49 1016
38.3 cyl 0.0 137.89 146.78 800
383 cyl 0.0 128.99 133.44 584
29.2 cyl 254 77.84 88.07 3259 896
25.2 cyl 25.4 73.39 80.73
235 cyl 254 53.38 63.27
25.6 cyl 25.4 55.60 65.94 N N
26.1 ol 254 55.60 7139 shear load, at which (heldlag\)nfalhteri’smn crack crosses the
258 cyl 254 53.38 62.38 3239 645 neutral s of the beam
30.6 cyl 25.4 60.05 75.06
263 cyl 254 46.70 54.49
25.8 cyl 25.4 40.03 49.93
30.3 cyl 25.4 57.82 60.53
310 cyl 254 66.72 67.21
31.0 cyl 254 62.27 76.10
315 cyl 25.4 66.72 71.65
212 cyl 254 50.93 56.75
216 cyl 25.4 60.05 60.53
19.2 cyl 25.4 53.38 56.09
16.8 cyl 254 52.93 56.09
6.3 cyl 25.4 20.02 20.50
6.1 cyl 25.4 24.46 24.95
6.9 cyl 25.4 25.35 25.84
6.8 cyl 25.4 25.13 25.62
36.7 cyl 254 51.15 58.79
16.7 oyl 254 33.36 36.55 initial diagonal tension cracking load, at which a stress re-
25.8 cyl 25.4 51.15 53.23 distribution occurs
154 oyl 254 37.81 41.45
30.7 cyl 25.4 46.70 53.01
158 cyl 254 33.36 3544
30.9 cyl 254 44.48 52.12
122 cyl 25.4 31.14 32.10
41.2 cyl 254 51.15 54.34
239 cyl 254 42.26 49.90
38.1 cyl 254 48.93 61.02
20.2 cyl 254 46.70 48.12
37.8 cyl 25.4 44.48 56.57
22.6 cyl 25.4 42.26 4411
37.4 cyl 25.4 51.15 52.12
16.3 cyl 25.4 35.58 38.78
147 cyl 254 122.32 201.49
137 cyl 25.4 88.96 130.34
275 cyl 25.4 151.23 32381
géi g: ;:j ﬁig; iz;gi first diagonal cracking load
47.2 cyl 25.4 211.28 334.95
43.9 cyl 25.4 177.92 323.81
34.8 cyl 25.4 154.57 157.42
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131 B56 B2 3-point 304.8 406.4 368.3 368.3 2122 21.2 1.89 471.0 869.7
132 B56 E2 3-point 304.8 406.4 368.3 368.3 649 14.4 0.58 462.1 839.3
133 B56 A4 3-point 304.8 406.4 3747 374.7 2803 244 245 329.7 578.6
134 B56 B4 3point | 3048 | 4064 | 3683 | 9683 | 2122 | 212 | 189 | 4407 | 8503
135 B56 E4 Spoint | 3048 | 4064 | 3683 | 3683 | 1425 | 191 | 127 | 4200 | 7772
136 B56 A6 Spoint | 3081 | 4064 | 3556 | 9556 | 4220 | 277 | 385 | 4386 | 8897
137 B56 B6 3-point 304.8 406.4 371.6 371.6 2122 21.2 1.87 466.2 881.4
138 B70 B2 3-point 304.8 406.4 365.3 365.3 2122 21.2 191 462.1 871.0
139 B70 A4 3point | 3048 | 4064 | 3683 | 9683 | 2803 | 244 | 250 | 4359 | 85656
140 B70 A6 3-point 304.8 406.4 355.6 355.6 4220 21.7 3.89 435.2 872.4
141 B84B4 Spoint | 3048 | 4064 | 3635 | 8635 | 2122 | 212 | 12 | 4648 | 8738
142 B113 B4 3-point 304.8 406.4 365.3 365.3 2122 21.2 191 469.0 874.5
143 [Mor-1956] A0-3-3b 3point | 1524 3366 2085 2085 1520 254 334 1138
124 AG-3:3¢ 3point | 1524 | 3366 | 2985 | 2085 | ol | 212 | 2383 | 4138
145 AO-7-3a 3-point 152.4 336.6 298.5 298.5 1520 25.4 3.34 413.8
126 AO-7-3b Spoint_| 1524 | 3366 | 2985 | 2985 | 1520 | 254 | 334 | 4138
147 AO-11-3a 3-point 152.4 336.6 298.5 298.5 1520 25.4 3.34 413.8
148 AO-11-3b 3-point 152.4 336.6 298.5 298.5 1520 25.4 3.34 413.8
129 AC-153b 3point | 1524 | 3366 | 2985 | 2085 | 1520 | 254 | 334 | 4138
150 AO-15-3¢c 3-point 152.4 336.6 298.5 298.5 1520 25.4 3.34 413.8
151 AO-3-2 3-point 152.4 336.6 298.5 298.5 1520 25.4 3.34 413.8
152 AGT2 3point | 1524 | 3366 | 2985 | 2085 | 1520 | 254 | 334 | 4138
153 AO-11-2 3-point 152.4 336.6 298.5 298.5 1520 25.4 3.34 413.8
154 AO-15-2a 3point | 1524 | 3366 | 2985 | 2085 | 1520 | 254 | 334 | 4138
155 AC-152b 3point | 1524 | 3366 | 2985 | 2085 | 1500 | 254 | 334 | 4138
156 D-1 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
157 D-2 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
158 D3 Zpoint | 2086 | 4191 | 9502 | 3592 | 3547 | 254 | 432 | 2759 | 4690
159 D-4 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
160 D5 Zpoint | 2086 | 4191 | 9502 | 3592 | 3547 | 254 | 432 | 2759 | 4690
161 D-6 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
162 D-7 4-point 228.6 419.1 359.2 359.2 3547 254 432 275.9 469.0
163 D-8 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
164 D9 4point | 2286 | 4101 | 3592 | 3592 | 3547 | 254 | 432 | 2759 | 469.0
165 D-10 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
166 D11 4point | 2286 | 4101 | 3592 | 8592 | 3547 | 254 | 432 | 2759 | 469.0
167 D12 Zpoint | 2086 | 4191 | 9502 | 3592 | 3547 | 254 | 432 | 2759 | 4690
168 D-13 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
169 D-14 4-point 228.6 419.1 359.2 359.2 3547 254 4.32 275.9 469.0
170 D15 Zpoint | 2086 | 4191 | 9502 | 3592 | 3547 | 254 | 432 | 2759 | 4690
171 D-16 4-point 228.6 419.1 359.2 359.2 3547 254 4.32 275.9 469.0
172 an-1962] D17 Zpoint | 2086 | 4191 | 9592 | 3592 | 3547 | 254 | 432 | 2759 | 4690
173 D-18 Zpoint | 2086 | 4191 | 9502 | 3592 | 3547 | 254 | 43 | 2759 | 4690
172 D19 Zpot | 2286 | 4191 | 3502 | 3592 | 3547 | 254 | 432 | 2750 | 4690
175 D-20 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
176 El 4point | 2286 | 4101 | 3592 | 3592 | 3547 | 254 | 432 | 2759 | 469.0
177 E-2 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
178 E-3 4-point 228.6 419.1 359.2 359.2 3547 254 4.32 275.9 469.0
179 E4 Zpoint | 2086 | 4191 | 9592 | 3592 | 3547 | 254 | 432 | 2759 | 4690
180 E-5 4-point 228.6 419.1 359.2 359.2 3547 25.4 4.32 275.9 469.0
181 A5-1 4-point 304.8 419.1 359.2 359.2 3547 254 3.24 275.9 469.0
182 A52 Zpoint | 2086 | 4191 | 9592 | 3592 | 149 | 145 | 182 | 269.0 0.0
183 A53 Zpoint | 2086 | 4191 | 3592 | 392 | 3016 | 207 | 367 | 2690 00
184 A54 Zpoint | 2086 | 4191 | 9592 | 3592 | 2043 | 164 | 249 | 269.0 0.0
185 A-5 4-point 228.6 419.1 359.2 359.2 1457 14.4 177 269.0 0.0
186 A56 Zpoint | 2086 | 4191 | 3592 | 3592 | 1829 | 161 | 223 | 2690 00
187 A7 Zpoint | 2286 | 5080 | 4481 | 4481 | 3547 | 254 | 346 | 2759 | 4690
188 NNN-3 4-point 127.0 254.0 215.9 215.9 570 19.1 2.08 420.7 0.0
189 NHN-3 Zpoint | 1270 | 2540 | 2159 | 2159 570 191 | 208 | 4207 0.0
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14.7 cyl 25.4 100.08 102.21 279.0 883
147 cyl 25.4 66.72 81.91
25.0 cyl 25.4 137.89 140.17
27.2 cyl 25.4 122.32 124.61
284 cyl 25.4 108.98 111.26
39.9 cyl 254 177.92 180.23
45.7 cyl 25.4 136.78 139.06
16.3 cyl 25.4 88.96 91.72
272 cyl 254 132.33 135.09
45.0 cyl 25.4 177.92 180.68
272 cyl 254 11120 114.44
32.6 cyl 25.4 104.31 108.53 o
213 oyl 95 56.76 64.60 first diagonal cracking load
278 cyl 95 37.94 66.79
38.6 cyl 9.5 66.79 82.16
427 cyl 9.5 62.40 82.79
76.8 cyl 9.5 66.79 89.69
76.5 cyl 9.5 66.79 89.37
96.1 cyl 95 84.67 100.03
94.2 cyl 9.5 95.64 97.84 216.9 409
211 cyl 9.5 62.09 77.71
46.3 cyl 95 79.96 117.91
813 cyl 9.5 89.06 111.32
85.9 cyl 95 106.62 177.80
712 cyl 95 79.96 205.71 216.9 411
417 cu 19.1 146.78 154.02
35.9 cu 19.1 131.22 134.01
30.2 cu 19.1 128.99 13178
29.7 cu 19.1 133.44 147.35
359 cu 19.1 122.32 134.01
345 cu 19.1 126.77 142.90
27.0 cu 19.1 140.11 142.90
213 cu 19.1 113.42 120.66
126 cu 19.1 88.96 91.75
22.3 cu 19.1 126.77 129.56
16.0 cu 19.1 108.98 11177
195 cu 19.1 100.08 109.54
17.4 cu 19.1 99.19 101.98
20.0 cu 19.1 106.75 109.54
187 cu 19.1 102.30 105.09
217 cu 19.1 111.20 113.99
185 w 191 10458 10732 shear load causing the first main diagonal crack
204 cu 19.1 104.53 107.32
229 cu 19.1 115.65 118.44
20.2 cu 19.1 106.75 109.54
55.0 cu 19.1 149.01 15146
395 cu 19.1 144.56 147.01
34.6 cu 19.1 128.99 131.44
303 cu 19.1 128.99 131.44
16.7 cu 19.1 97.86 100.31
372 cu 19.1 177.92 188.31
17.0 cu 19.1 100.08 102.87
196 cu 191 95.63 98.42
19.1 cu 19.1 95.63 98.42
20.9 cu 19.1 102.30 105.43
225 cu 19.1 111.20 123.22
221 cu 19.1 153.46 156.84
38.5 cyl 19.1 29.00 36.91
100.9 cyl 19.1 40.39 45.96
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190 BO01 4-point 200.0 300.0 270.0 270.0 804 16.0 149 525.0 0.0
191 [Sch-2014] B0O02 4-point 200.0 300.0 270.0 270.0 804 16.0 1.49 525.0 0.0
192 [Hol-2014] BO03 4-point 200.0 300.0 270.0 270.0 804 16.0 149 525.0 0.0
193 BO04 4-point 200.0 300.0 270.0 270.0 804 16.0 149 525.0 0.0
194 S4 4-point 1200 250.0 2200 220.0 509 18.0 193 453.0 698.0
195 S5 4-point 120.0 250.0 220.0 220.0 509 18.0 1.93 453.0 698.0
196 S3 4-point 1200 250.0 2200 220.0 509 18.0 193 453.0 698.0
197 S2 4-point 1200 250.0 220.0 220.0 509 18.0 193 453.0 698.0
198 0l-2 4-point 120.0 250.0 2200 2200 509 18.0 193 453.0 698.0
199 [Slo-2014] Ol-1 3-point 1200 250.0 2200 2200 509 18.0 193 453.0 698.0
200 S1 3-point 120.0 250.0 220.0 220.0 509 18.0 1.93 453.0 698.0
201 S5k 3-point 1200 250.0 2200 2200 509 18.0 193 453.0 698.0
202 S3k 3-point 1200 250.0 2200 220.0 509 18.0 193 453.0 698.0
203 PI-2 3-point 120.0 250.0 220.0 220.0 509 18.0 1.93 453.0 698.0
204 S2k 3-point 1200 250.0 2200 2200 509 18.0 193 453.0 698.0
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339 cu 16.0 58.02 60.88
33.9 cu 16.0 35.00 60.98 . " " :
=9 w 160 2284 56.07 shear load, at which the failure diagonal crack is formed
339 cu 16.0 39.50 51.27
35.0 cyl 0.0 42.00 82.50
35.0 cyl 0.0 40.50 40.50 330
35.0 cyl 0.0 33.00 42.00 343
35.0 cyl 0.0 37.50 42.00
35.0 cyl 0.0 37.50 43.50
35.0 cyl 0.0 37.50 45.00 shear load causing first diagonal cracking
35.0 cyl 0.0 37.50 43.50
35.0 cyl 0.0 45.00 51.00
35.0 cyl 0.0 37.50 51.00
35.0 cyl 0.0 37.50 71.00
35.0 cyl 0.0 45.00 75.00
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C-3 Shear tests on RC members with crack detail (mRC-D)
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1 B1 4point | 1270 | 2540 | 2017 | 8067 | 508 | 4138 | 5000 | 687 ol | 127 | 1503 | 602
2 B2 [Anm-1086) |00 | 1270 | 7540 | 9017 | 6050 | 603 | 4138 | 5000 | 687 ol | 127 | 1804 | 424
3 B7 4point | 1270 | 2540 | 2080 | 8321 | 225 | 4138 | 5000 | 687 ol | 127 | 1972 | 429
4 B8 4point | 1270 | 2540 | 2080 | 6241 | 225 | 4138 | 5000 | 68.7 ol | 127 | 1787 | 444
5 2 4-point_| 10000 | 2734 | 2500 | 9200 | 064 | 5435 | 5994 | 269 | 300 - 801
6 3 4-point | 10000 | 2784 | 2500 | 9200 | 091 | 5248 | 58L7 | 27.3 | 300 - 349
7 11 4-point_| 10000 | 5284 | 5000 | 18250 | 046 | 5248 | 56L7 | 246 pr_| 300 - 953
9 2 4-point | 10000 | 529.1 | 5000 | 18250 | 065 | 5248 | 58L7 | 273 | %00 - 683
10 16 4-point | 10000 | 7820 | 7500 | 27500 | 042 | 5258 | 6004 | 304 pr_ | 300 - 1176
11 111-25-00 4-point | 5334 | 10668 | 0804 | 22411 | 220 | 4552 | 00 | 214 oyl | 191 - 1113
2 0B28 4point | 3048 | 4064 | 8683 | 8001 | 189 | 5193 | 9428 | 376 ol | 254 g 493
13| AT-1-East 4-point_| 20160 | 10050 | 9160 | 26620 | 0.76 | 4650 | 6740 | 646 oyl | 100 - 1399
) AT-1 West ) 4-point_| 20160 | 10050 | 9160 | 26620 | 076 | 4650 | 6740 | 646 ol | 100 - 1273
15 | Ara2/zson | RF2012 g [ 2500 | 4690 | 4370 | 12620 | 092 | 4650 | 6180 | 317 ol | 100 - 459
16| AT-21250W 4-point | 2520 | 4710 | 4390 | 12620 | 090 | 4650 | 6180 | 385 oyl | 100 - 674
17| _AT-2/1000W 4-point_| 10020 | 4710 | 4390 | 12620 | 091 | 4650 | 6180 | 390 ol | 100 - 527
18| AT-2/1000N 4-point | 10020 | 4700 | 4380 | 12620 | 091 | 4650 | 6180 | 37.9 ol | 100 - 555
19 AT-213000 4-point_| 30050 | 4720 | 4390 | 12620 | 091 | 4650 | 6180 | 406 ol | 100 - 486
20 AT-3INL 4-point | 6970 | 3390 | 3070 | 10009 | 093 | 4650 | 6180 | 875 ol | 200 - 533
21 AT-3IN2 4-point | 7060 | 3390 | 3060 | 10019 | 093 | 4650 | 6180 | 371 ol | 200 - 509
2 AT-3/T1 4-point | 7000 | 3380 | 3060 | 1009 | 093 | 4650 | 6180 | 37.8 oyl | 200 - 400
23 AT-3T2 4point | 7060 | 339.0 | 8070 | 10019 | 092 | 4650 | 6180 | 871 ol | 200 - 345
2 B1 4-point | 2400 | 3500 | 3000 | 8813 | 126 | 4258 | 5131 | 232 cu_ | 300 | 2270 | 480
%5 B2 4point | 2400 | 6500 | 6000 | 17625 | 126 | 4258 | 5131 | 296 cu_ | 800 | 4154 | 1200
26 B3 4point | 2400 | 9500 | 9000 | 26438 | 126 | 4258 | 5131 | 275 cu_ | 300 | 6323 | 1875
27 B4 Bha-106s) | oM | 2400 | 12500 | 12000 | 35260 | 126 | 4258 | b1a1 | 262 cu 30.0 - 2138
28 B5 4point | 2400 | 6500 | 6000 | 17625 | 063 | 4258 | 5131 | 266 cu_ | 300 | 4460 | 1022
29 B6 4point | 2400 | 6500 | 6000 | 17625 | 063 | 4218 | 5224 | 247 cu_ | %00 | 4628 | 853
30 B7 4-point_| 2400 | 9500 | 9000 | 26438 | 063 | 4258 | 5131 | 272 cu_ | 300 | 6134 | 1757
31 B8 4point | 2400 | 9500 | 9000 | 26438 | 063 | 4218 | 5224 | 277 cu_ | 300 | 6350 | 1785
32 0A2 [Bre-1063] | 4-point | 3048 | 5613 | 4661 | 22098 | 227 | 5552 | 957.0 | 237 ol | 101 | 3563 | 716
33 H 5011 [Cla-2005] | 4-point | 2000 | 4000 | 8600 | 10425 | 223 | 5000 | 00 | 499 oyl | 120 | 2279 | 458
34 B100 4-point | 3000 | 10000 | 9250 | 26620 | 101 | 5500 | 00 | 360 oyl | 100 | 5958 | 149
35 B100H [COH19%9] 1 pgint | 3000 | 10000 | 9250 | 26620 | 101 | 5500 | 00 | 980 ol | 100 | 6735 | 1727
36 A3 [Dia-1960] | 4-point | 1524 | 3048 | 2540 | 10922 | 098 | 4524 | 8345 | 104 oyl | 254 | 2527 | 449
37 F12 4point | 1778 | 3048 | 2683 | 10732 | 244 | 4345 | 5783 | 20.7 ol | 127 - 707
38 FL 4point | 177.8 | 3048 | 2609 | 10795 | 1.0 | 4345 | 5783 | 665 ol | 127 - 564
39 2 4point | 1778 | 3048 | 2683 | 10732 | 244 | 4345 | 5783 | 655 ol | 127 - 547
20 F3 4point | 1778 | 3048 | 2699 | 5398 | 119 | 4345 | 5783 | 690 ol | 127 - 320
4 L1 4point | 1524 | 3048 | 2525 | 5080 | 335 | 3084 | 5193 | 210 oyl | 254 - 326
2 2 [Rei-2012] | 4-point | 1524 | 3048 | 2525 | 7620 | 833 | 3103 | 5193 | 215 ol | 254 | 1914 | 54
43 L2A 4point | 1524 | 3048 | 2525 | 7620 | 335 | 2828 | 5193 | 367 oyl | 254 - 497
4 3 4point | 1524 | 3048 | 2525 | 10160 | 335 | 3103 | 5193 | 280 ol | 254 - 648
%5 [ 4point | 1524 | 3048 | 2525 | 12700 | 335 | 3034 | 5193 | 258 ol | 254 g 940
46 L5 4point | 1524 | 3048 | 2525 | 15240 | 335 | 38L0 | 5193 | 27.9 ol | 254 - 1029
47 2R 4point | 1524 | 3048 | 2525 | 7239 | 335 | 3103 | 5193 | 215 oyl | 254 | 1957 | 401
) N90 (N) 4point | 4000 | 900 650 | 1625 | 192 | 4770 | 6700 | 342 ol | 200 | 559 | 88
) N485 (N) 4-point | 4000 | 4850 | 4400 | 11000 | 199 | 3850 | 637.0 | 342 oyl | 200 | 8521 | 516
50 N85 (S) 4point | 4000 | 4850 | 4400 | 11000 | 1.10 | 3850 | 637.0 | 342 oyl | 200 | 3570 | a1t
51 N960 (N) 4-point | 4000 | 960.0 | 8890 | 22225 | 197 | 3850 | 637.0 | 342 oyl | 200 | 6755 | 1449
52 N96O (S) 4-point | 4000 | 960.0 | 8890 | 22225 | 1.8 | 3850 | 637.0 | 342 cyl | 200 | 6266 | 1542
53 H155 (N) 4point | 4000 | 1550 | 1275 | 3188 | 196 | 4440 | 6670 | 586 ol | 100 | 932 | 193
54 HISS (S) 4point | 4000 | 1550 | 1275 | 3188 | 1.8 | 4440 | 667.0 | 586 ol | 100 | 1139 | 164
55 H220 (N) | [Gha-1998] | 4point | 4000 | 2200 | 1900 | 4750 | 197 | 4330 | 6860 | 586 ol | 100 | 1337 | 286
56 H220 (S) 4-point | 4000 | 2200 | 1000 | 4750 | 1.18 | 4380 | 6860 | 586 ol | 100 | 1539 | 230
57 H350 (N) 4-point | 4000 | 3500 | al25 | 7813 | 200 | 4360 | 6750 | 586 oyl | 100 | 2369 | 332
58 H350 (5) 4point | 4000 | 3500 | 8125 | 7813 | 120 | 4360 | 6750 | 586 ol | 100 | 2528 | 315
59 1485 (N) 4-point | 4000 | 4850 | 4400 | 11000 | 199 | 3850 | 637.0 | 586 ol | 100 | 3521 | 516
60 H485 (S) 4-point | 4000 | 4850 | 4400 | 11000 | 1.19 | 3850 | 637.0 | 586 cyl | 100 | @570 | 477
61 1960 (N) 4-point | 4000 | 960.0 | 8890 | 22225 | 197 | 3850 | 637.0 | 586 oyl | 100 | 6755 | 1449
62 HI60 (S) 4-point | 4000 | 960.0 | 8890 | 22225 | 1.8 | 3850 | 637.0 | 586 cyl | 100 | 6266 | 1542
63 S11 [oritgor] |0 | 3000 | 7000 [ 1550 | 5700 | 13¢ | 6600 | 7390 | 01 ol | 160 | 1416 | 213
64 s12 4point | 3000 | 2000 | 1520 | 5700 | 220 | 517.0 | 5800 | 912 ol | 160 | 117.3 | 293
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& s13 -point_| 3000 | 2000 | 1460 | 5700 | 422 | 4870 | 6240 | 937 | o | 160 | 1507 | 277
66 S22 4-point | 3000 | 4000 | 3480 | 12300 | 188 | 4690 | 5700 | 913 | oyl | 160 | 2521 | 615
o7 s24 “-point_| 3000 | 4000 | 3280 | 12300 | 375 | 4870 | 6240 | 941 | o | 160 | 2767 | 625
68 S32 {Griagor) |_opoint | 3000 | 8000 | 7180 | 26300 | 172 [ 4870 | 60 | 97 | ot | 160 | - | 13
69 533 -point_| 3000 | 8000 | 7460 | 26300 | 083 | 487.0 | 6240 | 44 | ol | 160 | - | 1063
70 s41 -point | 3000 | 2000 | 1530 | 5700 | 134 | 6600 | 7300 | 1108 | o | 160 | 1429 | 309
7 S42 4-point_| 3000 | 2000 | 1520 | 5700 | 220 | 6170 | 5800 | 1109 | <yl | 160 | 1143 | 203
72 543 -point_| 3000 | 2000 | 1460 | 5700 | 422 | 487.0 | 6240 | 1108 | ol | 160 | 1420 | 208
73| BoisDL- 4-point | 1560 | 2470 | 1030 | 7000 | 300 | 4040 | 6130 | 608 | oyl | 180 | - | 350
74| B91SD2-461 -point | 1560 | 2480 | 1950 | 7000 | 396 | 4940 | 6130 | 608 | <yl | 180 | - | 438
75| B91SD5-458 -point | 1560 | 2490 | 1955 | 7000 | 395 | 4940 | 6130 | 5683 | o | 180 | - | 42
76 | B9ISD6-458 | [Rei2012) | 4-point | 1500 | 2490 | 1955 | 7000 | 41 | 4940 | 6130 | 583 | oy | 180 | - | 375
77 G1 -point_| 1000 | 4000 | 3700 | 12550 | 170 | 4000 | 5650 | 303 | < | 200 | - | 79
78 G2 “-point_| 1000 | 4000 | 3720 | 12550 | 108 | 4600 | 7400 | 235 | < | 200 | - | 84
79 Gaa -point_| 1000 | 4000 | 8720 | 21950 | 108 | 8000 | 8880 | 220 | < | 200 | - | 1520
80 &A point | 1524 | 3048 | 2667 | 6604 | 249 | 8381 | 00 | 277 | o | 00 | 2104 | 39
81 88 4point | 1504 | 3048 | 2667 | 6604 | 249 | 3381 | 00 | 371 | oyl | 00 | 2384 | 409
82 8C 4point_ | 1524 | 3048 | 2667 | 6604 | 499 | 8331 | 00 | 580 | <y | 00 | 2072 | 37a
83 ) B oy [point | 1524 | 3048 | 2667 | oo0a | 499 | sa1 | 00 | 77 | o | 00 | 245 | 3
8 884 -point | 1524 | 3048 | 2667 | 13208 | 125 | 6109 | 00 | 310 | o | 00 | 2240 | 721
85 882 4-point_ | 1524 | 8048 | 2667 | 13208 | 253 | 6365 | 00 | 308 | o | 00 | 2287 | 791
8 883 -point_ | 1524 | 3048 | 2667 | 6604 | 125 | 8341 | 00 | 301 | o | 00 | 2125 | 33
87 8 4point | 1511 | 3048 | 2710 | 10851 | 284 | 8421 | 00 | 274 | o | 191 | 2004 | 706
88 7 [Kan-1068] | 4-point | 1524 | 6096 | 5232 | 16307 | 284 | 365 | 00 | 272 | oyl | 101 | 3872 | 23
89 3044 -point | 1524 | 12102 | 10073 | 43687 | 272 | 8759 | 00 | 295 | o | 191 | - | 2842
% CTL2 -point_| 1700 | 8000 | 2700 | 8100 | 187 | 4770 | 00 | 520 | oyl | 250 | 2008 | 478
o PLO2 -point_| 1700 | 3000 | 2720 | 8160 | 101 | 4770 | 00 | 520 | o | 250 | 2249 | 4e6
% P3.42 4point | 1700 | 3000 | 2670 | 80L0 | 33 | 4770 | 00 | 520 | oy | 250 | 2349 | 609
% Pa62 [Kim-1991] [ 4-point | 1700 | 3000 | 2550 | 7650 | 468 | 4770 | 00 | 520 | oyl | 250 | 2355 | 603
% A452 “-point_| 1700 | 3000 | 2700 | 12150 | 187 | 4770 | 00 | 520 | ol | 250 | 2163 | 440
% D5502 4-point | 3000 | 6200 | 5500 | 16500 | 188 | 477.0 | 00 | 520 | oyl | 250 | 4897 | 1038
% D9152 -point_| 3000 | 10000 | €150 | 27450 | 187 | 4770 | 00 | 520 | oyl | 250 | 7804 | 1867
o7 1-4A3 4point | 2082 | 4572 | 3001 | 8500 | 200 | 3648 | 00 | 303 | o | 00 — %
% 5A3 point_| 2032 | 4572 | 3901 | 8509 | 300 | 3648 | 00 | 299 | o | 00 T
% 112 -point | 1524 | 8L0 | 3139 | 8509 | 331 | 8648 | 00 | 302 | ol | 00 — s
100 12A2 4point | 1504 | 3048 | 2377 | 8500 | 437 | 3648 | 00 | 301 | o | 00 — [ s
101 i1-16A2 4-point_| 1524 | 3810 | 3160 | 8509 | 266 | 803 | 00 | 193 | o | 00 — [
102 1882 -point | 1524 | 810 | 3160 | 8509 | 266 | 8703 | 00 | 199 | ol | 00 — | o
103 18C2 4-point_| 1524 | 3810 | 3160 | 8509 | 266 | 8703 | 00 | 226 | o | 00 — | s
104 1802 -point | 1524 | 810 | 3160 | 8509 | 266 | 8703 | 00 | 221 | ol | 00 — s
105 IV-13A2 -point | 1524 | 3810 | 3190 | 8509 | 080 | 8786 | 00 | 199 | ol | 00 — [
106 14A2 4point_| 1524 | 3048 | 2428 | 8509 | 105 | 8786 | 00 | 207 | o | 00 — s
107 15A2 -point_| 1524 | 810 | 3160 | 8509 | 133 | 803 | 00 | 201 | ol | 00 — s
108 1582 point | 1524 | 8L0 | 3160 | 8509 | 133 | 8703 | 00 | 207 | ol | 00 — [ %
109 16A2 4point | 1524 | 3048 | 2398 | 8509 | 175 | 803 | 00 | 222 | ol | 00 — [
110 17A2 point | 1524 | 3048 | 2428 | 8509 | 210 | 8786 | 00 | 220 | ol | 00 — [
11 18E2 4point | 1524 | 3810 | 8160 | 8500 | 266 | 3703 | 00 | 108 | o | 00 — s
112 1082 4point_| 1524 | 3048 | 2398 | 8509 | 351 | 803 | 00 | 206 | o | 00 — [ e
113 2082 [kre-tog | ot | 1524 | s0as | 2377 | es09 | as7 | 48 | 00 | 210 | ol | 00 — [
11 2182 4point | 2082 | 3048 | 237.7 | 8500 | 4902 | 348 | 00 | 109 | oy | 00 — [
115 2AC point | 1524 | 3048 | 2540 | 11557 | 131 | 8938 | 00 | 230 | ol | 00 — [
116 3AC 4point | 1524 | 3048 | 2565 | 11567 | 100 | 3786 | 00 | 208 | oy | 00 — [ o1
17 4AC 4point_| 1524 | 3048 | 2540 | 11557 | 262 | 3938 | 00 | 165 | o | 00 — [
118 5AC 4point_| 1524 | 3048 | 2525 | 11557 | 333 | 803 | 00 | 183 | ol | 00 — [
110 6AC point | 1524 | 3048 | 2504 | 11557 | 415 | 3648 | 00 | 228 | ol | 00 — [
120 3cc 4-point | 1524 | 3048 | 2555 | 14605 | 199 | a786 | 00 | 205 | ol | 00 — [ e
121 acc -point | 1524 | 3048 | 2540 | 14605 | 262 | 3938 | 00 | 206 | ol | 00 — [ e
122 5CC apoint | 1524 | 3048 | 2525 | 14605 | 333 | 3703 | 00 | 203 | ol | 00 — [
123 6cC 4-point_| 1524 | 3048 | 2504 | 14605 | 415 | 3648 | 00 | 206 | ol | 00 — | s
124 4EC -point_ | 1524 | 3048 | 2540 | 17653 | 262 | 3988 | 00 | 212 | ol | 00 — [ 1%
125 5EC 4point | 1524 | 3048 | 2525 | 17663 | 333 | 803 | 00 | 195 | o | 00 — [
126 6EC point | 1524 | 3048 | 2504 | 17653 | 415 | 8648 | 00 | 191 | ol | 00 — [ 157
127 4GC 4point_ | 1524 | 3048 | 2540 | 20701 | 262 | 3938 | 00 | 210 | o | 00 — |18
128 56C 4point_| 1524 | 3048 | 2525 | 20701 | 333 | 803 | 00 | 219 | ol | 00 — [
129 6GC point | 1524 | 3048 | 2504 | 20701 | 415 | 3648 | 00 | 214 | ol | 00 — [
130 Vil-6C 4point | 1524 | 3048 | 2525 | 8509 | 333 | 3703 | 00 | 201 | oy | 00 [ 2
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131 VIII- 3AAC 4-point 152.4 304.8 255.5 850.9 1.99 378.6 0.0 34.6 cyl 0.0 - 191
132 4AAC 4-point | 1524 | 3048 | 2540 | 8509 | 262 | 3988 | 00 | 202 | oy | 00 - 292
133 5AAC 4-point 152.4 304.8 252.5 850.9 3.33 370.3 0.0 328 cyl 0.0 - 330
134 6AAC 4-point | 1524 | 3048 | 2504 | 8509 | 45 | 3648 | 00 | 344 | oy | 00 - 330
13 3AC 4point | 1524 | 3048 | 2565 | 11557 | 199 | 3786 | 00 | 310 | o | 00 - 533
136 4AC 4-point 152.4 304.8 254.0 1155.7 2.62 393.8 0.0 30.5 cyl 0.0 - 330
137 5AC 4point | 1524 | 3048 | 2525 | 11567 | 333 | 3703 | 00 | 328 | o | 00 - 305
138 6AC 4point | 1524 | 3048 | 2504 | 11557 | 415 | 3648 | 00 | 341 | oy | 00 - 533
139 acc 4point | 1524 | 3048 | 2540 | 1a605 | 262 | 3938 | 00 | 384 | o | 00 - 432
140 5CC 4point | 1524 | 3048 | 2525 | 14605 | 333 | 3703 | 00 | 374 | o | 00 - 838
141 6CC 4-point 152.4 304.8 250.4 1460.5 4.15 364.8 0.0 38.4 cyl 0.0 - 991
142 5EC 4point | 1524 | 3048 | 2505 | 17653 | 333 | 3703 | 00 | 374 | o | 00 — |13
143 6EC 4point | 1524 | 3048 | 2504 | 17653 | 415 | 3648 | 00 | 388 | oy | 00 - 889
144 IX-3AAC 4-point 152.4 304.8 255.5 850.9 1.99 378.6 0.0 126 cyl 0.0 - 356
15 4AAC apoint | 1524 | 3048 | 2540 | 8500 | 262 | 3938 | 00 | 120 | o | 00 - 83
146 5AAC [Kre-1066] 4-point 152.4 304.8 252.5 850.9 3.33 370.3 0.0 15.4 cyl 0.0 - 229
147 B6AAC 4-point 152.4 304.8 250.4 850.9 4.15 364.8 0.0 13.4 cyl 0.0 - 508
148 3AC 4point | 1524 | 3048 | 2565 | 11567 | 199 | 3786 | 00 | 137 | o | 00 - 724
149 4AC 4-point 152.4 304.8 254.0 1155.7 2.62 393.8 0.0 12.9 cyl 0.0 - 445
150 5AC 4-point 152.4 304.8 252.5 1155.7 3.33 370.3 0.0 15.4 cyl 0.0 - 406
151 B6AC 4-point 152.4 304.8 250.4 1155.7 4.15 364.8 0.0 12.4 cyl 0.0 - 800
152 3cc 4-point 152.4 304.8 255.5 1460.5 1.99 378.6 0.0 12.2 cyl 0.0 - 889
153 acc 4-point | 1524 | 3048 | 2540 | 14605 | 262 | 3988 | 00 | 171 | o | 00 - 940
154 5cC 4point | 1524 | 3048 | 2525 | 14605 | 333 | 3703 | 00 | 147 | o | 00 - 330
155 6CC 4-point 152.4 304.8 250.4 1460.5 4.15 364.8 0.0 13.7 cyl 0.0 - 762
156 X-C 4point | 2032 | 5334 | 4826 | 14605 | 155 | 3938 | 00 | 168 | o | 00 - 6%
157 XI-PCA 4-point 152.4 304.8 250.4 1765.3 4.15 364.8 0.0 36.3 cyl 0.0 - 1321
158 PCB 4point | 1524 | 3048 | 2504 | 17653 | 415 | 3648 | 00 | 363 | o | 00 — 1
159 s1-0Ca 4point | 1524 | 3048 | 2540 | 14605 | 262 | 3938 | 00 | 357 | o | 00 - 991
160 0OCb 4-point 152.4 304.8 254.0 1460.5 2.62 393.8 0.0 39.0 cyl 0.0 - 1016
161 sil-oca 4-point | 2540 | 5080 | 4567 | 17653 | 222 | 3703 | 00 | 383 | o | 00 - 800
162 och 4-point | 2540 | 5080 | 4557 | 17653 | 222 | 3703 | 00 | 383 | o | 00 - 584
163 E [Hol-2014] | 4-point | 1400 | 2300 | 2000 | 5000 | 110 | 4918 | 6592 | 189 cu | 300 | 1630 | aar
164 P2 4point | 5030 | 1620 | 1420 | 4900 | 095 | 4267 | 5366 | 124 | w00 | - 306
165 3 4-point 190.0 320.0 270.0 540.0 2.07 465.0 549.4 30.4 cyl 30.0 - 350
166 41 4-point 190.0 320.0 270.0 670.0 2.07 465.0 549.4 30.4 cyl 30.0 2317 355
167 ar 4-point | 1000 | 3200 | 2700 | 6700 | 207 | 4650 | 5494 | 304 | oyl | 300 | 2250 | 3%
168 5l 4-point 190.0 320.0 270.0 810.0 2.07 465.0 549.4 30.4 cyl 30.0 236.0 355
169 5 4point | 1000 | 3200 | 2700 | 8100 | 207 | 4650 | 5494 | 304 | oy | 300 | 2328 | 454
170 6l 4-point 190.0 320.0 270.0 1100.0 2.07 465.0 549.4 30.4 cyl 30.0 226.3 707
171 6r 4-point 190.0 320.0 270.0 1100.0 2.07 465.0 549.4 30.4 cyl 30.0 226.3 580
172 71 4-point_| 1000 | 3200 | 2780 | 18500 | 201 | 4650 | 5494 | 301 | oyl | 300 | 2374 | 856
173 51 point | 1900 | 3200 | 2780 | 16200 | 201 | 4650 | 5494 | 336 | oyl | 300 | 2088 | 970
174 EA1 [Leo-1962] 4-point 190.0 320.0 270.0 750.0 1.82 439.8 555.2 20.4 cu 30.0 213.4 414
175 EA2 point | 1900 | 3200 | 2700 | 7500 | 178 | 4297 | 5007 | 204 cu | 300 | 1896 | 380
176 D1/1 4-point 50.0 80.0 70.0 210.0 1.62 451.3 553.3 29.5 cu 15.0 55.4 140
177 D2/2 4-point 100.0 160.0 140.0 420.0 162 426.7 536.6 313 cu 15.0 1118 240
178 Dar2r point | 1500 | 2400 | 2100 | 6300 | 162 | 4130 | 5268 | 338 cu | 150 | 1642 | 36
179 D4/1 4-point 200.0 320.0 280.0 840.0 1.68 439.5 555.2 34.6 cu 15.0 203.2 380
180 c1 -point | 1000 | 1800 | 1500 | 4500 | 133 | 4248 | 5297 | 383 cu | 300 | 1220 | 238
181 Cc2 4-point 150.0 330.0 300.0 900.0 1.34 424.8 529.7 38.3 cu 30.0 289.8 404
162 [ point | 2000 | 5000 | 4500 | 13500 | 134 | 4248 | 5297 | 383 cu | 300 | 392 | ow
183 ca 4point | 2250 | 6700 | 6000 | 18000 | 134 | 4248 | 5297 | 383 o | 300 | 4732 | 1000
184 E6 4-point 190.0 320.0 270.0 750.0 3.58 425.3 520.7 28.3 cu 30.0 236.8 466
185 Illa- 17 4-point 203.2 457.2 402.8 1524.0 2.53 506.7 568.0 29.2 cyl 25.4 325.9 896
186 Vib-22 [Mat-1963] 4-point 203.2 457.2 402.8 1143.0 0.83 7144 849.4 25.8 cyl 25.4 323.9 645
187 B56 B2 [Mor-1956] 4-point 304.8 406.4 368.3 1511.3 1.89 471.0 869.7 14.7 cyl 25.4 279.0 883
16 | AO5%c | oo | point | T524 | 3366 | 2085 | toita | 834 | 4138 | 00 | 42 | o | 95 | 2160 | a09
189 AO-15-2b 4-point 152.4 336.6 298.5 720.7 3.34 4138 0.0 712 cyl 9.5 216.9 411
190 BRL100 4-point 300.0 1000.0 925.0 2662.5 0.51 550.0 0.0 94.0 cyl 10.0 626.3 1503
101 BRH100 4-point_| 3000 | 10000 | 8950 | 26625 | 344 | 5500 | 00 | 940 | oy | 100 | 7181 | 1670
192 BN100 4-point 300.0 1000.0 925.0 2662.5 0.76 550.0 0.0 37.0 cyl 10.0 686.4 1504
103 BH100 [Pod-1098] | 4-point | 3000 | 10000 | 9250 | 26625 | 0.76 | 500 | 0.0 | 990 | eyl | 100 | 669 | 1444
104 BNS0 -point | 3000 | 5000 | 4500 | 13125 | 081 | 4862 | 6770 | 370 | oy | 100 | a8z | 6%
195 BH50 4-point 300.0 500.0 450.0 1312.5 0.81 486.2 677.0 99.0 cyl 10.0 370.0 785
1% BNZ5 4-point | 3000 | 2500 | 2250 | 6635 | 089 | 4370 | 6430 | 870 | oy | 100 | te81 | 3%
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197 BH25 [Pod-1998] | 4-point | 3000 | 2500 | 2250 | 6635 | 089 | 4370 | 6430 | 990 | o | 100 | 1663 | 249
198 PL [Rei-1990] | 4-point | 9000 | 3400 | 3130 | 10000 | 121 | 5641 | 6220 | 237 pr_ | 300 | - 690
199 1 4point | 1500 | 2000 | 1650 | 3810 | 187 | 5230 | 00 851 | cyl | 160 | 1309 | 149
200 2 (Rem-1904) | PO | 1500 | 2000 | 1650 | 5049 | 1&7 | 5230 | 00 81 | ol | 160 | 1419 | 320
201 4 4point | 1500 | 2000 | 1600 | 3580 | 409 | 5540 | 00 845 | ol | 160 | 1451 | 175
202 5 4point | 1500 | 2000 | 1600 | 4896 | 409 | 5540 | 00 845 | ol | 160 | 1213 | 280
203 1271 [Hol-2014] | 4-point | 2000 | 3000 | 2600 | 8750 | 855 | 5500 | 00 34 cu 00 | 2363 | 435
204 X 4point | 900 | 1340 | 1110 | 4000 | 265 | 4807 | 00 230 | 300 | 850 | 257
205 M [Hol-2014] | 4point | 1200 | 2290 | 1990 | 7168 | 265 | 4071 | 00 230 cu | 300 | 1592 | 313
206 z Zpoint | 1800 | 3010 | 2620 | 9472 | 264 | 4120 | 00 242 cu | 300 | 2179 | 609
207 A2 Zpoint | 2000 | 4000 | 3720 | 11160 | 081 | 5000 | 00 806 | oyl | 160 | 2289 | oM
208 A3 Zpoint | 2000 | 4000 | 3720 | 14880 | 081 | 5000 | 00 806 | ol | 160 | 2519 | 1165
209 B2 4point | 2000 | 4000 | 3680 | 11040 | 200 | 5000 | 00 845 | oyl | 160 | 2517 | a®2
210 B3 [Hob2ony | PO | 2000 | 4000 | 3680 | 14720 | 200 | 5000 | 00 85 | oyl | 160 | 2786 | 52
211 c2 Zpoint | 2000 | 4000 | 3660 | 10980 | 3.36 | 5000 | 00 89 | ol | 160 | 2734 | 518
212 c3 4point | 2000 | 4000 | 3660 | 14640 | 3.36 | 5000 | 00 839 | ol | 160 | 3418 | 1039
213 D2 4point | 2000 | 4000 | 3620 | 10860 | 194 | 5000 | 00 968 | cyl | 160 | 2328 | 571
214 D3 Zpoint | 2000 | 4000 | 3620 | 14480 | 194 | 5000 | 00 968 | cyl | 160 | 2900 | 500
215 | _MHB250 4point | 1250 | 2500 | 2150 | 563 | 377 | 4101 | 00 520 | oy | 190 | - 285
216 HB 2.5-0 4point | 1250 | 2500 | 2150 | 563 | 377 | 4104 | 00 730 | oy | 180 | - 297
217 a2 Zpoint | 2000 | 4500 | 4200 | 12600 | 0.74 | 4400 | 00 221 pr | 160 | - 751
218 A3 4point | 2000 | 7500 | 7200 | 21600 | 0.79 | 4400 | 00 24 pr_ | 160 | - | 181
219 | YB200000 4point | 3000 | 20000 | 1890.0 | 5327.0 | 0.74 | 4570 | 6420 | 336 | oyl | 100 | - | 3013
220 AWL Reiz01z) |_Pon | 11700 | 5900 | 5360 | t7736 | 079 | aez0 | 6370 | 369 | o [ to0 | - 607
221 AW 4-point | 11680 | 5900 | 5060 | 17738 | 169 | 4670 | 6370 | 399 | oyl | 100 | - 590
222 AWE 4point | 1169.0 | 5010 | 5070 | 18120 | 169 | 4670 | 6370 | 394 | oyl | 100 | - 649
223 AX6 4point | 7030 | 3380 | 2880 | 10020 | 173 | 4670 | 6370 | 410 | oyl | 100 | - 387
24 AXT 4point | 7040 | 3350 | 2870 | 10020 | 104 | 4130 | 5980 | 410 | oyl | 100 | - 375
225 AX8 Zpoint | 7050 | 3390 | 2890 | 10020 | 172 | 4670 | 6370 | 410 | oyl | 100 | - 732
226 AVl Zpoint | 2490 | 4670 | 4340 | 12620 | 033 | 9000 | 11000 | 407 | oyl | 100 | - 814
227 L-10NL Zpoint_| 3000 | 15100 | 14000 | 40120 | 0.83 | 4520 | 00 384 | oyl | 95 — [ 2073
228 L-10N2 4point | 3000 | 15100 | 1400.0 | 40120 | 0.83 | 4520 | 00 203 | ol | 95 — [ 2092
229 101 4point | 3000 | 15100 | 1400.0 | 40120 | 0.83 | 4520 | 00 736 | ol | 95 [ %
230 L-20N1 Zpoint_| 3000 | 15100 | 1400.0 | 40120 | 0.83 | 4520 | 00 34| oy | 100 | - | 2210
231 L-20N2 Zpoint | 3000 | 15100 | 14000 | 40120 | 0.83 | 4520 | 00 332 | o | 100 | - | 1939
232 L-40N1 Zpoint | 3000 | 15100 | 14000 | 40120 | 083 | 4520 | 00 281 | oy | %80 | - | 2su
233 L-40N2 4point | 3000 | 15100 | 1400.0 | 40120 | 0.83 | 4520 | 00 285 | oy | %80 | - | 2w
231 L-50N1 4point | 3000 | 15100 | 14000 | 40120 | 083 | 4520 | 00 40 | o | 510 | - | 2331
235 L-50N2 4point | 3000 | 15100 | 14000 | 40120 | 0.83 | 4520 | 00 01 | ol | 510 | - | 2483
236 L-50N2R Zpoint | 3000 | 15100 | 14000 | 40120 | 0.83 | 4520 | 00 01 | ol | 510 | - |1
237 SIONL [Hol-2014] | 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 s | ol | 95 B 39
238 S10N2 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 49 | ol | 95 - 478
239 S10H 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 773 | oy | 95 g 489
240 S20N1 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 392 | oyl | 100 | 2006 | 458
211 S20N2 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 381 | oy | 100 | - 458
222 S40NL 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 291 | oy | %80 | - 528
243 S-40N2 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 291 | oyl | 880 | 2172 | 408
224 S50NL 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 $35 | ol | 510 | - 524
225 S50N2 4point | 1220 | 3300 | 2800 | 7795 | 083 | 4940 | 00 435 | ol | 510 | 2295 | 486
226 200 Zpoint | 2950 | 15100 | 14500 | 40120 | 0.5 | 880.0 | 11500 | 354 | oyl | 100 | - | 2428
227 L20LR 4point | 2950 | 15100 | 14500 | 40120 | 0.5 | 880.0 | 11500 | 354 | oyl | 100 | - | 23%
228 T1 ohne 4point | 4000 | 3000 | 2480 | 1030.0 | 0.3 | 5810 | 6760 | 256 w | 160 | - 740
249 | 7770 oben 4point_| 4000 | 3500 | 2070 | 10300 | 135 | 5800 | 6520 | 246 w | 160 | - 496
250 T9_ohne 4point | 4000 | 2000 | 1670 | 8300 | 241 | 6320 | 7100 | 418 w | 160 | - 470
251 T13_ohne Zpoint | 4000 | 2500 | 2170 | 8300 | 185 | 6320 | 7100 | 425 w | 160 | - 500
252 | T10_40_oben 4point | 4000 | 2500 | 1670 | 8300 | 241 | 6320 | 7100 | 418 w | 160 | - 495
253 B2 4point | 1500 | 2400 | 2000 | 7818 | 119 | 5727 | 6457 | 351 | oyl | 160 | - 305
254 B3 4point | 1500 | 3450 | 3000 | 11750 | 118 | 5659 | 6431 | 351 | oyl | 160 | - 830
255 SB4 [Rei-2012] | 4-point | 2250 | 4950 | 4500 | 17688 | 120 | 5665 | 6467 | 351 | oyl | 160 | - 965
256 SB5 4point | 3000 | 6470 | 6000 | 23625 | 120 | 5904 | 6802 | 351 | oyl | 160 | - 980
257 SB 6 Zpoint | 4500 | 9500 | 9000 | 35500 | 120 | 5708 | 6731 | 351 | oyl | 160 | - | 1150
258 111 4point | 2000 | 3000 | 2600 | 8750 | 065 | 5500 | 00 34 w | 160 | - 435
259 211 4point | 2000 | 3000 | 2600 | 8750 | 355 | 5500 | 00 434 w | 160 | - 480
260 V-SL Zpoint | 4572 | 4064 | 3604 | 11811 | 096 | 5241 | 6276 | 409 | oyl | 1o1 | - 650
261 Vs2 Tpoint | 4572 | 4267 | 3604 | 11sii | 12 | 5241 | 6276 | 414 | oy | 1o1 | - 623
262 VD2 Zpoint | 4572 | 4064 | 3604 | 11811 | 036 | 7448 | 10000 | 437 | oyl | 1o1 | - 596
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263 SBB1.1 4-point 104.0 103.0 84.0 235.0 1.63 400.0 0.0 35.6 cyl 10.0 - 131
%4 SBBL2 -point_| 1050 | 1030 | 840 | 2350 | 161 | 4000 | 00 | %6 | o | 100 | - 131
265 SBB1.3 4-point 104.0 103.0 84.0 235.0 1.63 400.0 0.0 35.6 cyl 10.0 - 121
266 SBB2.1 -point_| 1060 | 2060 | 1680 | 4825 | 159 | 4000 | 00 | 343 | o | 100 | - 224
267 SBB2.2 “-point | 1050 | 2060 | 1680 | 4825 | 161 | 4000 | 00 | 48 | o | 100 | - 21
268 SBB2.3 4-point 106.0 204.0 166.0 482.5 1.61 400.0 0.0 343 cyl 10.0 - 207
269 SBB3.L -point | 1050 | 3780 | 3330 | o775 | 155 | 4000 | 00 | 361 | o | 100 | - 592
270 SBB3.2 4-point | 1010 | 3780 | 3330 | o775 | 161 | 4000 | 00 | 61 | o | 100 | - 268
271 SBB33 -point | 1010 | 3780 | 3330 | 9775 | 161 | 4000 | 00 | 361 | oy | 100 | - 499
272 1 -point | 3048 | 3063 | 2333 | 6795 | 120 | 4310 | 6690 | 640 | oyl | 95 - 330
273 12 4-point 306.3 611.1 531.7 1536.7 1.24 453.1 687.6 64.0 cyl 9.5 - 739
274 13 4-point | 3048 | 7620 | 68LO | 10653 | 124 | 4738 | 696 | 630 | ol | 05 s
275 1-4 4-point 306.3 914.4 822.1 23749 1.60 475.2 703.4 72.4 cyl 9.5 - 1361
276 2-1 4-point 203.2 306.3 234.9 679.5 1.24 482.8 737.9 66.4 cyl 9.5 - 366
277 22 -point | 4079 | 6081 | 5271 | 15367 | 120 | 4738 | 6966 | 628 | oyl | 95 - 815
278 2-3 4-point 508.0 762.0 684.2 1965.3 1.30 473.8 696.6 66.0 cyl 9.5 - 889
279 2-4 [Rei-2012] 4-point 612.9 914.4 820.3 23749 1.60 475.2 703.4 70.6 cyl 9.5 - 1608
280 | 703112 -point_| 5000 | 7000 | 6500 | 16250 | 031 | 5603 | 6600 | 435 | oy | 200 | - | 1050
281 4-point 500.0 700.0 650.0 1625.0 0.48 531.7 654.3 43.1 cyl 20.0 - 1000
282 4-point 500.0 700.0 650.0 1625.0 0.76 500.0 0.0 42.7 cyl 20.0 - 1000
283 4-point 228.6 485.8 4255 1238.3 1.04 551.7 696.6 35.9 cyl 19.1 - 510
284 4-point 203.2 485.8 406.4 1181.1 3.07 469.0 0.0 26.7 cyl 19.1 - 665
265 -point_| 1350 | 5000 | 4650 | 15500 | 100 | 5800 | 00 | 810 | o | 100 | - 800
286 4-point | 185.0 | 5000 | 4650 | 15500 | 100 | 5800 | 00 | 810 | o | 100 | - 900
287 4-point 135.0 500.0 465.0 1550.0 1.00 580.0 0.0 69.2 cyl 10.0 - 990
268 -point_| 1350 | 5000 | 4650 | 15500 | 100 | 5800 | 00 | 692 | oy | 100 | - 800
289 4-point 200.0 300.0 260.0 720.0 1.47 550.0 640.0 26.0 cyl 32.0 - 440
290 -point | 1400 | 2600 | 2350 | 8460 | 138 | 5880 | 00 | 249 | o | 00 - 457
201 4-point_| 1400 | 2600 | 2350 | 8460 | 138 | 5880 | 00 | 224 | o | 00 - 705
292 4-point 140.0 260.0 235.0 846.0 1.38 588.0 0.0 22.4 cyl 0.0 - 569
203 -point | 2000 | 3500 | 3089 | 10000 | 298 | 6207 | 8250 | 402 | oy | 250 | - 398
204 4-point_| 2000 | 3500 | 3039 | 10000 | 298 | 6207 | 6259 | 468 | oy | 250 | - 638
2% -point | 2000 | 3500 | 3080 | 10000 | 298 | 6207 | 8250 | 415 | oy | 250 | - 430
296 3point | 2500 | 600.0 | 5560 | 3850.0 | 0.89 | 7130 | 8200 | 353 | cyl | 160 | 3690 | 2739
297 3-point 250.0 600.0 556.0 3150.0 0.89 713.0 820.0 32.9 cyl 16.0 323.0 1090
298 SC61 3-point 250.0 600.0 556.0 2450.0 0.89 713.0 820.0 35.3 cyl 16.0 80.0 750
299 SCeé [Cav-207] 175 hoim | 250.0 | 6000 | 5560 | 17500 | 088 | 7130 | 8200 | 356 | oy | 160 | 2290 | 1079
300 SC68 3-point 250.0 600.0 556.0 1400.0 0.89 713.0 820.0 32.6 cyl 16.0 29.0 750
301 SC65 3point | 2500 | 600.0 | 5590 | 17500 | 054 | 7600 | 9200 | 355 | cyl | 160 | 3200 | om1
302 SV1-1 [Tun-2016] 3-point 170.0 450.0 407.0 1500.0 0.74 670.0 800.0 26.3 cu 16.0 272.0 838
303 SV1-2 3-point 170.0 450.0 407.0 1500.0 0.74 670.0 800.0 253 cu 16.0 349.0 700
304 VOA 3point_| 2000 | 3000 | 2620 | 9000 | 281 | 5576 | 6628 | 417 | oyl | 160 | 520 | 50
305 voB [Kle-2016] | S-point | 2000 | 3000 | 2620 | 9000 | 281 | 5576 | 6628 | 417 | o | 160 | 450 | 517
306 Voc 3-point 200.0 300.0 262.0 900.0 2.81 557.6 662.8 41.7 cyl 16.0 103.0 313
307 5 {Sozots |_Roint | 1200 | 2500 | 2200 | 5600 | 195 | 4530 | 6980 | 350 | o1 | 00 | 500 [ w0
308 S3 3-point 120.0 250.0 220.0 594.0 1.93 453.0 698.0 35.0 cyl 0.0 50.0 343
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C-4 Shear tests on PC members with diagonal cracking load (mPC)
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1 A-1 4-point 127 254 178 889 101 0.45 1386 1559 186149
2 A-4 4-point 127 254 178 622 194 0.86 1476 1628 193044
3 A5 4-point 127 254 178 533 194 0.86 1476 1628 193044
4 A-6 4-point 127 254 178 711 155 0.69 1476 1628 193044
5 AT 4-point 127 254 178 686 194 0.86 1476 1628 193044
6 A-8 4-point 127 254 178 737 194 0.86 1476 1628 193044
7 A9 4-point 127 254 178 686 194 0.86 1476 1628 193044
8 [Kar-1969] A-10 4-point 127 254 178 889 194 0.86 1476 1628 193044
9 A-12 4-point 127 254 178 711 155 0.69 1476 1628 193044
10 B-3 4-point 102 203 152 533 155 1.00 1476 1628 193044
11 B-4 4-point 102 203 152 610 155 1.00 1476 1628 193044
12 B-5 4-point 102 203 152 686 155 1.00 1476 1628 193044
13 B-6 4-point 102 203 152 711 194 125 1476 1628 193044
14 B-7 4-point 102 203 152 533 155 1.00 1476 1628 193044
15 B-9 4-point 102 203 152 762 155 1.00 1476 1628 193044
16 B-10 4-point 102 203 152 762 155 1.00 1476 1628 193044
17 Al1143 4-point 152 305 209 1321 284 0.89 1434 1655 206897
18 Al1151 4-point 152 305 214 1321 161 0.49 1503 1710 206897
19 A1153 4-point 152 305 204 1321 241 0.78 1503 1710 206897
20 A1223 4-point 155 305 237 914 161 0.44 1503 1710 206897
21 A1231 4-point 152 305 219 914 201 0.60 1503 1710 206897
22 A1234 4-point 152 305 208 914 284 0.89 1434 1655 206897
23 A1236 4-point 155 305 233 914 150 0.41 1421 1697 206897
24 A1242 4-point 152 305 211 914 284 0.88 1434 1655 206897
25 A1246 4-point 152 305 208 914 227 0.72 1434 1655 206897
26 A1253 4-point 152 305 218 914 201 0.60 1503 1710 206897
27 A1256 4-point 152 305 218 914 234 0.70 1472 1759 206897
28 A1439 4-point 152 305 212 610 141 0.44 1503 1710 206897
29 Al444 4-point 152 305 216 610 161 0.49 1503 1710 206897
30 A1455 4-point 152 305 217 610 201 0.61 1503 1710 206897
31 A2129 4-point 152 305 215 1321 101 0.31 1503 1710 206897
32 [So0z-1959] A2139 4-point 152 305 227 1321 141 0.41 1503 1710 206897
33 A2151 4-point 152 305 206 1321 301 0.96 1503 1710 206897
34 A2220 4-point 152 305 215 914 114 0.35 1434 1655 206897
35 A2224 4-point 152 305 224 914 95 0.28 1434 1655 206897
36 A2227 4-point 152 305 213 914 114 0.35 1434 1655 206897
37 A2228 4-point 155 305 222 914 114 0.33 1434 1655 206897
38 A2231 4-point 152 305 205 914 114 0.36 1434 1655 206897
39 A2234 4-point 152 305 212 914 151 0.47 1434 1655 206897
40 A2236 4-point 152 305 212 914 114 0.35 1434 1655 206897
41 A2239 4-point 152 305 224 914 114 0.33 1434 1655 206897
42 A2240 4-point 152 305 208 914 246 0.77 1434 1655 206897
43 A2249 4-point 152 305 208 914 246 0.77 1434 1655 206897
44 A3222 4-point 152 305 238 914 114 0.31 1434 1655 206897
45 A3227 4-point 152 305 233 914 114 0.32 1434 1655 206897
46 A3237 4-point 152 305 208 914 246 0.77 1434 1655 206897
47 A3249 4-point 152 305 208 914 246 0.77 1434 1655 206897
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35.9 oyl 19.05 Post 80.06 22.68 27.08
288 oyl 19.05 Post 82.69 40.89 55.56
345 oyl 19.05 Post 104.79 52.20 69.30
28.0 oyl 19.05 Post 48.93 25.20 38.90
302 cyl 19.05 Post 82.60 34.99 45.76
34.1 oyl 19.05 Post 125.88 39.87 43.79
338 cyl 19.05 Post 145.76 47.24 54.61
318 cyl 19.05 Post 145.76 34.91 40.78 applied shear load at diagonal
34.9 oyl 19.05 Post 102.75 37.43 44.28 crackin
292 oyl 19.05 Post 48.93 24.91 28.83
320 oyl 19.05 Post 48.31 19.99 29.29
28.0 cyl 19.05 Post 4119 18.02 25.85
302 oyl 19.05 Post 59.60 2339 2732
332 oyl 19.05 Post 65.47 26.86 3858
333 oyl 19.05 Post 65.47 19.48 26.33
35.4 oyl 19.05 Post 82.69 28.78 33.65
42.9 oyl 38.1 Post 227.03 43.05 54.84
20.0 oyl 38.1 Post 126.26 29.70 3160
30.1 cyl 38.1 Post 206.56 38.60 42.20
39.0 oyl 38.1 Post 126.37 52.19 60.82
40.0 oyl 9525 Pre 157.70 45.50 60.07
55.1 oyl 38.1 Post 215.28 63.29 74.39
237 oyl 38.1 Post 117.54 47.30 48.90
432 cyl 38.1 Post 202.37 61.07 70.03
32.1 oyl 38.1 Post 205.73 52.17 63.14
234 oyl 9.525 Pre 149.81 41.05 54.75
26.1 oyl 9525 Pre 194.03 49.95 50.71
231 cyl 38.1 Post 113.45 63.12 65.23
23.1 oyl 38.1 Post 130.69 62.01 7197
229 oyl 38.1 Post 161.85 74.24 81.47
23.1 oyl 38.1 Post 42.40 16.36 1858
216 oyl 381 Post 57.11 1858 2495 applied Sh:iagn";?:ci‘ir"gc“”ed ten-
38.8 cyl 38.1 Post 122.76 31.93 38.93
36.9 oyl 38.1 Post 47.91 2171 33.20
239 oyl 38.1 Post 3851 23.26 3224
26.6 oyl 38.1 Post 46.97 2171 3184
24.0 oyl 38.1 Post 38.59 25.50 20.68
243 oyl 38.1 Post 69.99 26.15 34.18
286 oyl 38.1 Post 61.41 29.93 3160
19.9 cyl 38.1 Post 68.89 27.71 3371
17.8 oyl 38.1 Post 28.26 23.26 24.82
39.9 oyl 38.1 Post 122.02 41.72 50.71
328 oyl 38.1 Post 96.26 36.60 52.02
296 oyl 38.1 Post 18.79 21.71 32.24
193 cyl 38.1 Post 7.83 2171 28.77
222 oyl 38.1 Post 8.47 24.59 39.96
328 cyl 38.1 Post 57.62 29.04 47.50
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C-5 Shear tests on RC members under cyclic loading (cRC)
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1 1-5 4-point 101.6 152.4 136.7 482.6 401.38 16 2.89 327.6 500
2 2-5 4-point 1016 1524 136.7 482.6 401.38 16 2.89 3276 500
3 3-5 4-point 1016 1524 136.7 482.6 401.38 16 2.89 3276 500
4 4-3 4-point 101.6 152.4 136.7 482.6 258.33 12 1.86 327.6 500
5 4-8 4-point 101.6 152.4 136.7 482.6 258.33 12 186 327.6 500
6 4-9 4-point 101.6 152.4 136.7 482.6 258.33 12 1.86 327.6 500
7 4-11 4-point 101.6 152.4 136.7 482.6 258.33 12 186 327.6 500
8 4-12 4-point 1016 1524 136.7 482.6 258.33 12 1.86 3276 500
9 4-14 4-point 101.6 152.4 136.7 482.6 258.33 12 1.86 327.6 500
10 4-19 4-point 101.6 152.4 136.7 482.6 258.33 12 186 327.6 500
11 4-24 4-point 1016 1524 136.7 482.6 258.33 12 1.86 3276 500
12 4-25 4-point 101.6 152.4 136.7 482.6 258.33 12 1.86 327.6 500
13 [Cha-1958] 4-26 4-point 1016 1524 136.7 482.6 258.33 12 1.86 3276 500
14 4-27 4-point 101.6 152.4 136.7 482.6 258.33 12 1.86 327.6 500
15 4-28 4-point 101.6 152.4 136.7 482.6 258.33 12 1.86 327.6 500
16 4-29 4-point 1016 1524 136.7 482.6 258.33 12 1.86 3276 500
17 5-4 4-point 1016 1524 136.7 482.6 401.38 16 2.89 327.6 500
18 5-5 4-point 1016 1524 136.7 482.6 401.38 16 2.89 3276 500
19 5-6 4-point 1016 1524 136.7 482.6 401.38 16 2.89 3276 500
20 5-8 4-point 101.6 152.4 136.7 482.6 401.38 16 2.89 327.6 500
21 5-11 4-point 101.6 152.4 136.7 482.6 401.38 16 2.89 327.6 500
22 5-13 4-point 1016 1524 136.7 482.6 401.38 16 2.89 3276 500
23 5-14 4-point 101.6 152.4 136.7 482.6 401.38 16 2.89 327.6 500
24 5-15 4-point 1016 1524 136.7 482.6 401.38 16 2.89 3276 500
25 5-16 4-point 101.6 152.4 136.7 482.6 401.38 16 2.89 327.6 500
26 5-17 4-point 101.6 152.4 136.7 482.6 401.38 16 2.89 327.6 500
27 VAL 4-point 300.0 300.0 260.0 1354.0 1884.96 20 242 3276 500
28 [Zan-2008] VB1 4-point 300.0 300.0 260.0 1354.0 480.66 16+10 0.62 327.6 500
29 VB2 4-point 300.0 300.0 260.0 1354.0 480.66 16+10 0.62 327.6 500
30 V3 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 327.6 500
31 V4 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 327.6 500
32 V5 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 3276 500
33 V6 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 327.6 500
34 V7b 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 327.6 500
35 [koh-2014] V8 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 3276 500
36 Vi3 3-point 200.0 340.0 300.0 1500.0 942.48 20 1.57 327.6 500
37 V14b 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 3276 500
38 Vi5a 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 3276 500
39 Vis 3-point 200.0 340.0 300.0 1500.0 942.48 20 157 327.6 500
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19.90 cyl 254 0.50 12.25 63400 1027200 concrete
19.70 cyl 254 0.50 11.10 976100 976100 concrete
25.00 cyl 254 0.50 13.35 418600 467200 concrete
32.00 cyl 254 0.50 11.10 519200 2114500 steel reinforcement
27.00 cyl 254 0.50 13.35 425000 557000 concrete
27.20 cyl 254 0.50 13.35 1500 16800 concrete
29.60 cyl 254 0.50 9.50 292800 1900200 concrete
37.30 cyl 254 0.50 1110 5700 1142100 concrete
35.90 cyl 25.4 0.50 12.25 8000 19300 concrete
3170 cyl 254 0.50 10.95 6690200 6690200 concrete
29.50 cyl 25.4 0.50 12.25 135100 4822400 concrete
35.30 cyl 254 0.50 12.70 1000 1097300 concrete
37.40 cyl 254 0.50 12.25 97500 1493600 steel
37.00 cyl 254 0.50 12.80 700 1250400 concrete
37.00 cyl 254 0.50 13.90 500 578800 concrete
32.20 cyl 25.4 0.50 13.35 1207600 1207600 concrete
34.70 cyl 254 0.50 17.80 1700 1700 concrete
34.50 cyl 254 0.50 16.45 1300 402900 concrete
24.80 cyl 254 0.50 14.45 71200 15871700 concrete
30.60 cyl 254 0.50 15.55 202800 11217700 concrete
36.80 cyl 254 0.50 13.35 39800 39800 concrete
33.20 cyl 25.4 0.50 13.35 1133100 3666500 concrete
27.60 cyl 254 0.50 15.55 13000 13000 concrete
35.80 cyl 254 0.50 13.35 239000 239000 concrete
26.60 cyl 254 0.50 14.45 2100 4300 concrete
41.90 cyl 254 0.50 14.45 87800 87800 concrete
41.90 cyl 20 25.00 60.00 50000 56596 concrete
42.00 cyl 16 2.50 25.00 128000 166684 steel reinforcement
42.00 cyl 16 10.00 25.00 77000 170718 steel reinforcement
42.70 cyl 16 5.00 52.50 73 289 concrete
42.70 cyl 16 5.00 52.50 4500 7290 concrete
39.00 cyl 16 5.00 45.00 140000 153000 concrete
39.00 cyl 16 5.00 42.50 870000 986000 run out
39.00 cyl 16 30.00 60.00 5600 13500 concrete
39.00 cyl 16 30.00 56.25 19900 1000000 run out
39.00 cyl 16 16.40 50.85 379500 1000000 run out
0.00 cyl 16 16.40 54.15 940000 1000000 run out
0.00 cyl 16 24.90 54.15 164000 1000000 run out
0.00 cyl 16 32.80 57.45 307000 1000000 run out
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Appendix D: Finite Element Models
The models are generated using parametrized commands in python scripts.
D-1 Input

Sample python code

### Shear test Krefeld 20A2 full-model
# Date: 2018-10-22

# Version: 1

# Units mm, N

#

# PROJECT INITALIZATION

#

" do not change!

### generic import of functions ™

import time, os, inspect, math

if "dirPath” in locals(): #if old name of dirPath is in memory it should be deleted.
del dirPath

" following line can be (un)commented "
#dirPath=r"project path" #dirPath=r.....don't forget r before the working dirPath. If not specified it takes the dirPath of the script
location.

™ dictionaries for script, do not change™
#soilLayer={}
#

# MODEL INITIALIZATION

#

newProject( "project path”, 10000 )
setModelAnalysisAspects( [ "STRUCT" ] )
setModelDimension( "2D" )
setDefaultMeshOrder( "QUADRATIC" )
setDefaultMesherType( "HEXQUAD" )
setDefaultMidSideNodeLocation( "ONSHAP" )
setUnit( "MASS", "T" )

setUnit( "FORCE", "N")

setUnit("ANGLE", "DEGREE" )

setUnit( "LENGTH", "MM" )

# Geometry (should be defined)

b=152.4 # beam width

h =304.8 # beam height

#l = 3200 # beam length

love = 457.2 # bA beam overstand

llp = 2127 # 2*aF length of load plate
hlp =63.5 # height of load plate

Isp = 190.5 # aA length of support plate
hsp =63.5 # height of support plate
leff = 1828.8 # beam effective length

a = leff/2 # length of shear span

| = leff+2*love # beam total length
d=237.7 #effective depth

c=h-d # cover of reinforcement from bar centreline
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# Concrete compressive strength (should be provided)

fc =21.03 # mean value of uniaxial concrete compressive strength in MPa
dg =30 # max. aggregate size

CGamma = 2.5e-09 # density of concrete T/m3

Cnu=0. # poisson's ratio concrete

# Reinforcement properties (should be provided)

Es = 210000 # E-modulus steel reinforcement
Snu=0.3 # poissions ratio steel

fsy = 364.83 # yield strength N/mm?

fsu =512 # ultimate strength N/mm?

tsh = 0.05 # total strain at fsu

psh = tsh-(fsy/Es) # plastic stain hardening

ds =31.75 # bar diameter mm

As = 1583.46 # total area of reinforcement mm?

# Element size
selem = h/20 # element size

#

# GEOMETRY

#

x1=0

X2 = love-(Isp/2)

x3 = love

x4 = love+(Isp/2)

x5 = love+a-(llp/2)
X6 = love+a

X7 = love+a+(llp/2)
X8 = love+2*a-(Isp/2)
X9 = love+2*a

x10 = love+2*a+(Isp/2)
x11 =1

# shapes

createPolyline( "Beam", [[x1, 0, 0],[x2,0,0],[x3,0,0],[x4,0,0],[x5,0,0],[x6,0,0],[x7,0,0],[x8,0,0],[ x9, 0, 0],[ x10, 0, O
1.[x11, 0, 0]], False )

extrudeProfile( [ "Beam" ], [0, h,0])

createPolyline( "Support Plate 1", [ x2, 0, 0],[ x3, 0, 0],[ x4, 0, 0]], False )
extrudeProfile( [ "Support Plate 1"], [ 0, -hsp, 0] )

createPolyline( "Load Plate", [ x5, h, 0],[ x6, h, 0],[ x7, h, 0 ]], False )
extrudeProfile( [ "Load Plate"], [0, hip, 0])

createPolyline( "Support Plate 2", [[ x8, 0, 0],[ x9, 0, 0],[ x10, 0, 0 ], False )
extrudeProfile( [ "Support Plate 2" ], [ 0, -hsp, 0] )

createPolyline( "Reinforcement”, [ x1, ¢, 0],[ x11, c, 0 ]], False )

#

# MATERIAL

#

# material properties calculated with fc

fck = fc-4
Ec =21500%(fc/10)**(1/3)  #according to CEB-fib 90
if fck<= 50:
fet = 0.3*fck**(2/3)
else:
fct = 2.12*log(fc, €)
Gf = (73*(fc)**0.18)/1000  #according to model code 2010
Gc = 250*Gf #according to Guideline FE RIJKSWAATERSTAAT

# concrete model
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addMaterial( "TSCR", "CONCR", "TSCR", [])

setParameter( MATERIAL, "TSCR", "LINEAR/ELASTI/YOUNG", Ec )
setParameter( MATERIAL, "TSCR", "LINEAR/ELASTI/POISON", Cnu )
setParameter( MATERIAL, "TSCR", "LINEAR/MASS/DENSIT", CGamma )
setParameter( MATERIAL, "TSCR", "MODTYP/TOTCRK", "ROTATE" )
setParameter( MATERIAL, "TSCR", "TENSIL/TENCRV", "EXPONE" )
setParameter( MATERIAL, "TSCR", "TENSIL/TENCRV", "HORDYK" )
setParameter( MATERIAL, "TSCR", "TENSIL/TENSTR", fct )

setParameter( MATERIAL, "TSCR", "TENSIL/GF1", Gf )

#setParameter( MATERIAL, "TSCR", "TENSIL/POISRE/POIRED", "DAMAGE" )
setParameter( MATERIAL, "TSCR", "COMPRS/COMCRV", "PARABO" )
setParameter( MATERIAL, "TSCR", "COMPRS/COMSTR", fc )

setParameter( MATERIAL, "TSCR", "COMPRS/GC", Gc )

setParameter( MATERIAL, "TSCR", "COMPRS/REDUCT/REDCRV", "VC1993" )
setParameter( MATERIAL, "TSCR", "COMPRS/REDUCT/REDMIN", 0.6 )
#setParameter( MATERIAL, "TSCR", "COMPRS/CONFIN/CNFCRV", "VECCHI") # for prestressed concrete

# reinforcement model

addMaterial( "Embedded", "REINFO", "VMISES", [])
setParameter( MATERIAL, "Embedded"”, "LINEAR/ELASTI/YOUNG", Es )
setParameter( MATERIAL, "Embedded”, "PLASTI/YLDTYP", "KAPSIG" )

setParameter( MATERIAL, "Embedded”, "PLASTI/YLDTYP", "KAPSIG" )

setParameter( MATERIAL, "Embedded", "PLASTI/HARDI2/KAPSIG", [ 0, fsy, psh, fsu])

# elastic load plates

addMaterial( "Steel", "MCSTEL", "ISOTRO", [] )
setParameter( MATERIAL, "Steel", "LINEAR/ELASTI/YOUNG", Es )
setParameter( MATERIAL, "Steel", "LINEAR/ELASTI/POISON", Snu )

#

# ASSIGN MATERIAL PROPERTIES

#

#BEAM

addGeometry( "Beam", "SHEET", "MEMBRA", [] )
setParameter( GEOMET, "Beam"”, "THICK", b )
setParameter( GEOMET, "Beam"”, "LOCAXS", True )
addElementData( "Beam" )

setElementClassType( SHAPE, [ "Beam" ], "MEMBRA" )
assignMaterial( "TSCR", SHAPE, [ "Beam” ] )
assignGeometry( "Beam”, SHAPE, [ "Beam"])
assignElementData( "Beam”, SHAPE, [ "Beam” ] )
setParameter( DATA, "Beam", "INTEGR", "HIGH")

#PLATE

addGeometry( "Plate”, "SHEET", "MEMBRA", [] )

setParameter( GEOMET, "Plate", "THICK", b )

addElementData( "Plate" )

setElementClassType( SHAPE, [ "Support Plate 1", "Load Plate", "Support Plate 2"], "MEMBRA" )
assignMaterial( "Steel", SHAPE, [ "Support Plate 1", "Load Plate", "Support Plate 2"])
assignGeometry( "Plate”, SHAPE, [ "Support Plate 1", "Load Plate", "Support Plate 2"])
assignElementData( "Plate”, SHAPE, [ "Support Plate 1", "Load Plate", "Support Plate 2"] )
setParameter( DATA, "Plate”, "INTEGR", "HIGH" )

# REINFORCEMENT
setReinforcementAspects( [ "Reinforcement” ] )

assignMaterial( "Embedded", SHAPE, [ "Reinforcement" ] ) # Material shold be called embedded
addGeometry( "Reinforcement", "RELINE", "REBAR", [] )
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setParameter( GEOMET, "Reinforcement”, "REIEMB/CROSSE", As ) # As is the total cross section
assignGeometry( "Reinforcement”, SHAPE, [ "Reinforcement” ] )

addElementData( "Reinforcement" )

assignElementData( "Reinforcement”, SHAPE, [ "Reinforcement" ] )
setReinforcementDiscretization( [ "Reinforcement” ], "ELEMENT" )

#

# DEFINE BOUNDARY/LOADING CONDITION

#

createPointSupport( "Support”, "Support" )

setParameter( GEOMETRYSUPPORT, "Support", "AXES", [ 1, 2])
setParameter( GEOMETRYSUPPORT, "Support", "TRANSL", [0, 1,01])
setParameter( GEOMETRYSUPPORT, "Support", "ROTATI", [0,0,01])
attach( GEOMETRYSUPPORT, "Support", "Support Plate 1", [ X3, -hsp, 0]] )
attach( GEOMETRYSUPPORT, "Support", "Support Plate 2", [ X9, -hsp, 0]] )

createPointSupport( "x", "Support" )

setParameter( GEOMETRYSUPPORT, "x", "AXES", [ 1, 2])
setParameter( GEOMETRYSUPPORT, " "TRANSL",[1,0,0])
setParameter( GEOMETRYSUPPORT, "x", "ROTATI",[0,0,01])
attach( GEOMETRYSUPPORT, "X", "Support Plate 1", [[ x3, -hsp, 0] )

X

createPointSupport( "loading point", "loading point")

setParameter( GEOMETRYSUPPORT, “loading point*, "AXES", [ 1,2])
setParameter( GEOMETRYSUPPORT, "loading point”, "TRANSL", [0, 1,0])
setParameter( GEOMETRYSUPPORT, "loading point”, "ROTATI", [0, 0,0])
attach( GEOMETRYSUPPORT, "loading point”, "Load Plate", [[ x6, hlp+h, 0] )

createPointLoad( "Load", "Load" )

setParameter( GEOMETRYLOAD, "Load", "LODTYP", "DEFORM")
setParameter( GEOMETRYLOAD, "Load", "DEFORM/TR/VALUE", -0.1)
setParameter( GEOMETRYLOAD, "Load", "DEFORM/TR/DIRECT", 2)
attach( GEOMETRYLOAD, "Load", "Load Plate", [[ X6, hip+h, 0]])

a

#

# MESH PROPERTIES

#

setElementSize( [ "Beam", "Load Plate", "Support Plate 1", "Support Plate 2" ], selem, -1, True )
setMesherType( [ "Beam", "Load Plate", "Support Plate 1", "Support Plate 2" ], "HEXQUAD" )
setMidSideNodeLocation( [ "Beam", "Load Plate", "Support Plate 1", "Support Plate 2" ], "ONSHAP" )
saveProject( )

generateMesh( [])

#

# ANALYSIS PROPERTIES

#

addAnalysis( "Analysis1")

addAnalysisCommand( "Analysis1", "NONLIN", "Structural nonlinear" )

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "TYPE/PHYSIC/CRACKI/TOLDIR", 10 ) # crack rotation with a
threshold angle of 10°

#

#incremental setting

#

addAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/LOAD/LOADNR" )
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/LOAD/LOADNR", 1)
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/LOAD/STEPS/STEPTY", "ENERGY")
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/LOAD/STEPS/ENERGY/INISIZ", 0.9 )
setAnalysisCommandDetail( "Analysis1”, "Structural nonlinear"”, "EXECUT(1)/LOAD/STEPS/ENERGY/MINSIZ", 0.1)
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/LOAD/STEPS/ENERGY/NSTEPS", 500 )
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#

#arc-length setting

#

addAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/LOAD/STEPS/ENERGY/ARCLEN/REGULA/SET")
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/LOAD/STEPS/ENERGY/ARCLEN/REG-
ULA/SET(1)/DIRECT", 2)

addAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/LOAD/STEPS/ENERGY/ARCLEN/REG-
ULA/SET(1)/NODES" )

removeAnalysisCommandDetail( “Analysis1", “Structural nonlinear", "EXECUT(1)/LOAD/STEPS/ENERGY/ARCLEN/REG-
ULA/SET(1)/NODES(2)")

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/LOAD/STEPS/ENERGY/ARCLEN/REG-
ULA/SET(1)/NODES(1)/RNGNRS", "17")

#

#iteration setting

#

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/ITERAT/MAXITE", 50 ) # number of iteration per load
step

#

#convergence setting

#

addAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/ITERAT/CONVER/ENERGY" )
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/ITERAT/CONVER/FORCE", True )
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/ITERAT/CONVER/ENERGY", True )
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/ITERAT/CONVER/DISPLA", False )
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/ITERAT/CONVER/ENERGY/NOCONV", "CONTIN" )
# continue in case of not converging

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/ITERAT/CONVER/ENERGY/TOLCON", 0.001 )
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/ITERAT/CONVER/FORCE/NOCONV", "CONTIN" )
# continue in case of not converging

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "EXECUT(1)/ITERAT/CONVER/FORCE/TOLCON", 0.01)

#

# OUTPUT

#

#

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "EXECUT(1)/ITERAT/LINESE", True )# output
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/SELTYP", "USER" )
addAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "OUTPUT(1)/USER" )

addAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "OUTPUT(1)/USER/STRAIN(1)/TOTAL" )
addAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/STRAIN(2)/TOTAL/GREEN/PRINCI")
addAnalysisCommandDetail( "Analysis1”, "Structural nonlinear", "OUTPUT(1)/USER/STRAIN(3)/CRACK/GREEN")
addAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/STRAIN(4)/CRKWDT" )
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "OUTPUT(1)/USER/STRAIN(4)/CRK-
WDT/GREEN/GLOBAL/LOCATI", "INTPNT" )

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "OUTPUT(1)/USER/STRAIN(2)/TO-
TAL/GREEN/PRINCI/LOCATI", "INTPNT" )

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/STRAIN(1)/TO-
TAL/GREEN/GLOBAL/LOCATI", "INTPNT")

addAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/STRESS(1)/TOTAL/CAUCHY")
addAnalysisCommandDetail( "Analysis1", "Structural nonlinear”, "OUTPUT(1)/USER/STRESS(2)/TOTAL/CAUCHY/PRINCI" )
addAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/STRESS(3)/CRACK/CAUCHY" )
setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/STRESS(1)/TOTAL/CAU-
CHY/GLOBAL/LOCATI", "INTPNT" )

setAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/STRESS(2)/TOTAL/CAU-
CHY/PRINCI/LOCATI", "INTPNT" )

addAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/DISPLA(1)/TOTAL")
addAnalysisCommandDetail( "Analysis1", "Structural nonlinear", "OUTPUT(1)/USER/FORCE(1)/REACTI")

#

# EXECUTE MODEL

#

#
runSolver( "Analysis1")
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D-2 Results of benchmark models

Numerical results
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Crack patterns of models with the rotatinq crack model (R)
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Figure D-4:  Crack pattern of beams L3 to L8 modelled with the rotating crack model
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Crack patterns of models with the fixed crack model (F)

Figure D-4:  Crack pattern of beams L3 to L8 modelled with the fixed crack model
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D-3

Results of mRC beams
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1 B1 3-point 240.0 350.0 300.0 8813 126 42538 5131 232 30,0
2 B2 3-point 240.0 650.0 600.0 17625 126 42538 5131 206 300
3 83 3-point 2400 950.0 900.0 26438 126 42538 513.1 275 300
4 B4 3-point 2400 12500 | 12000 | 35250 126 4258 5131 252 300
[Bha-1968]
5 85 3-point 240.0 650.0 600.0 17625 063 42538 5131 26.6 30,0
6 86 3-point 2400 650.0 600.0 17625 063 4218 522.4 247 300
7 87 3-point 2400 950.0 900.0 26438 0,63 42538 5131 272 300
9 83 3-point 240.0 950.0 900.0 26438 063 4218 5224 217 30,0
10 Brel [Bre-1963] |  4-point 3048 5613 466.1 22008 2.2 555.2 957.9 237 191
11 D-1 [Dia-1960] |  3-point 1524 3048 2540 10922 0.98 4524 8345 194 25.4
12 Ki-11-4A3 3-point 2032 4572 390.1 850.9 200 3648 5120 303 160
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20 | KeIV-13A2 3-point 1524 3810 319.0 850.9 0.80 37856 5120 199 160
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21 K10-14A2 Spoint | 1524 3048 2428 8509 105 3786 5120 207 160
2 K11-15A2 Spoint | 1524 3810 3160 8509 133 3703 5120 201 160
2 K12-1582 Spoint | 1524 3810 3160 8509 133 3703 5120 207 160
2% K13-16A2 Spoint | 1524 3048 2308 8509 175 3703 5120 222 160
2 Ki4- 17A2 Spoint | 1524 3048 2428 8509 210 3786 5120 220 160
2% K15-18E2 Spoint | 1524 3810 3160 8509 266 3703 5120 108 160
27 K16-19A2 Spoint | 1524 3048 2308 8509 351 3703 5120 206 160
2 K17- 202 Spoint | 1524 3048 2377 8509 437 3648 5120 210 160
29 K18-21A2 Spoint | 2032 3048 2377 8509 492 3648 5120 199 160
3 K19-2AC Spoint | 1524 3048 2540 1155.7 131 3938 5120 230 160
[Kre-1966]
3 K20- 3AC Spoint | 1524 3048 2555 1155.7 199 3786 5120 208 160
2 K21-4AC 3point | 1524 3048 2540 11557 262 3938 5120 165 160
3 K22- 5AC Spoint | 1524 3048 2525 1155.7 33 3703 5120 183 160
3 K23- 6AC Spoint | 1524 3048 2504 1155.7 415 3648 5120 228 160
3 Ka4- 3CC Spoint | 1524 3048 2555 14605 199 3786 5120 205 160
3 K25-4CC Spoint | 1524 3048 2540 14605 262 3938 5120 206 160
a7 K26-5CC Spoint | 1524 3048 2525 14605 33 3703 5120 203 160
38 Ka7- 60C Spoint | 1524 3048 2504 14605 415 3648 5120 206 160
39 K28- 4EC 3point | 1524 3048 2540 17653 262 393.8 5120 212 160
4 K29-5EC Spoint | 1524 3048 2525 1765.3 33 3703 5120 195 160
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41 K30- 6EC 3-point 152.4 304.8 250.4 1765.3 4.15 364.8 512.0 191 16.0
42 K31- 4GC 3-point 152.4 304.8 254.0 2070.1 2.62 3938 512.0 21.0 16.0
43 K32-5GC 3-point 152.4 304.8 2525 2070.1 333 370.3 512.0 219 16.0
44 K33- 6GC 3-point 152.4 304.8 250.4 2070.1 4.15 364.8 512.0 214 16.0
45 K34-VI1-6C 3-point 152.4 304.8 252.5 850.9 3.33 370.3 512.0 20.1 16.0
46 K35-VIII- 3AAC 3-point 152.4 304.8 2555 850.9 1.99 3786 512.0 346 16.0
47 K36- 4AAC 3-point 152.4 304.8 2540 850.9 2.62 3938 512.0 29.2 16.0
48 K37-5AAC 3-point 152.4 304.8 252.5 850.9 333 370.3 512.0 328 16.0
49 K38- 6AAC 3-point 152.4 304.8 250.4 850.9 4.15 364.8 512.0 344 16.0
50 K39- 3AC 3-point 152.4 304.8 2555 1155.7 1.99 3786 512.0 319 16.0
[Kre-1966]
51 K40- 4AC 3-point 152.4 304.8 254.0 1155.7 2.62 393.8 512.0 305 16.0
52 K41- 5AC 3-point 152.4 304.8 252.5 1185.7 333 370.3 512.0 328 16.0
53 K42- 6AC 3-point 152.4 304.8 250.4 1155.7 4.15 364.8 512.0 341 16.0
54 K43- 4CC 3-point 152.4 304.8 254.0 1460.5 2.62 3938 512.0 384 16.0
55 K44-5CC 3-point 152.4 304.8 252.5 1460.5 3.33 370.3 512.0 374 16.0
56 K45- 6CC 3-point 152.4 304.8 250.4 1460.5 4.15 364.8 512.0 384 16.0
57 K46- 5EC 3-point 152.4 304.8 2525 1765.3 333 370.3 512.0 374 16.0
58 K47- 6EC 3-point 152.4 304.8 250.4 1765.3 4.15 364.8 512.0 338 16.0
59 K48- IX-3AAC 3-point 152.4 304.8 255.5 850.9 199 378.6 512.0 126 16.0
60 K49- 4AAC 3-point 152.4 304.8 254.0 850.9 2.62 3938 512.0 129 16.0
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Z o3 w
61 KS0- SAAC Fpoint | 1524 | 3048 | 2525 8509 33 | 303 | 5120 | 154 | 160
62 K51- GAAC Spoint | 1524 | 3048 | 2504 8509 415 | 3648 | 5120 | 134 | 160
63 K52-3AC Spoint | 1524 | 3048 | 2555 | 11557 19 | a6 | s120 | 137 160
64 K53- 4AC Spoint | 1524 | 3048 | 2540 | 11557 262 | 3938 | 5120 | 129 160
6 K54-5AC Spoint | 1524 | 3048 | 2525 | 11557 33 | 303 | 5120 | 154 | 160
66 K85-6AC Spoint | 1524 | 3048 | 2504 | 11557 415 | 3648 | 5120 | 124 | 160
67 Ks6- 3CC 3point | 1524 | 3048 | 2555 | 14605 19 | 3186 | s120 | 122 160
68 Ks7-4CC Spoint | 1524 | 3048 | 2540 | 14605 262 | 3938 | 5120 | 174 160
6 K58-5CC [Kre-1966] | 3-point | 1524 | 3048 | 2525 | 14605 33 | 3703 | 5120 | 147 160
70 K59- 6CC Spoint | 1524 | 3048 | 2504 | 14605 415 | 3648 | 5120 | 137 160
n K60- X-C Spoint | 2032 | 5334 | 4826 | 14605 155 | 3038 | 5120 | 168 160
7 K61-XI-PCA Spoint | 1524 | 3048 | 2504 | 17653 415 | 3648 | 5120 | 363 160
7 K62-PCB Spoint | 1524 | 3048 | 2504 | 17653 415 | 3648 | 5120 | 363 160
7 K63-5-1-0Ca 3point | 1524 | 3048 | 2540 | 14605 262 | 3938 | 5120 | 357 160
7 K64- OCb Spoint | 1524 | 3048 | 2540 | 14605 262 | 3938 | 5120 | 390 | 160
7% K65-5-11- Oca Spoint | 2540 | 5080 | 4557 | 17653 222 | 303 | 5120 | 383 160
7 K66- OCb Spoint | 2540 | 5080 | 4557 | 17653 222 | 303 | 5120 | 383 160
8 M- lla- 17 apoint | 2032 | 4572 | 4028 | 15240 253 | 5067 | 5120 | 202 | 254
[Mat-1963]
7 M2- Vib-22 4point | 2032 | 4572 | 4028 | 11430 083 | 7144 | 7800 | 258 | 254
80 Mphl-AO-15-3¢ [Mph-1984] | 3-point | 1524 | 3366 | 2085 | 10414 334 | 4138 | 5120 | 942 95
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