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Abstract

For reinforced concrete structures, as beams, slabslls, failure under bending is well known
and its description and design is relatively inétiomally agreed. However for the shear failure
phenomenon, there is not yet a common agreemetiteainternational level, no consensus is
reached on the subject at this time. Many parameter involved in the shear resistance mechanism
and many phenomena coexist. The shear force transfehanisms are sometimes complex and
difficult to discern. By analyzing the differentesdr design codes, some shear parameters are taken
into account and ignored by others, which makes @hshear effect may be omitted. In addition,
different ways are adopted to take into accountifferent shear parameterhe main purpose of
this study is to help the engineering by presenéincbmparative study of all the main analytical
models for the determination of shear capacity: Bie 1992-1-1:2005 standard (EC@EN,
2005) French National AnnegD P 18-717, 2013)ACI 318-14(ACI Comittee 318, 2014, fib
Model Code 201@Fib Model Code 2010, 2012ysing level of approximation LoA | and LoA I
and (CSA Committee A23.3, 2004poth Modified Compression Field Theory (MCFT) based

models,and finally the Critical Shear Crack Theory (CSCT) which is thesis of the Swiss



standard SIA 262SIA 262, 2003)are all examined. The results obtained are disdussgarding
their agreement with eighteen shear experimengllteon thick slabs (30cm, 35cm, and 40cm)

and thin slabs (10cm) without shear reinforcement.

Keywords: reinforced concrete slabs; shear strength; stdadasults; experimental results

Nomenclature

a clear shear span: face-to-face distance betvieeload and the support
a horizontal distance from the axis of the loathtaxis of the support

ay maximum diameter of aggregate

As area of longitudinal tension steel

bw web width

Dest effective width at the support in shear

d effective depth of the cross-section

Ec modulus of elasticity of concrete

Es modulus of elasticity of reinforcement

fek nominal characteristic cylinder compressive gjtien

fem,meas measured cylinder compressive strength of thereda at the age of testing
k factor taking into account the size effect adawy to NEN-EN 1992-1-1:2005
ky factor determining the shear capacity in theMitdel Code 2010

M bendingmoment at the control section

Py measured peak load in an experiment

\% shear force at the control section

Vexp shear force at failure in the experiment

Vec2 shear capacity calculated according to European-EEN.992-1-1:2005
VErance shear capacity calculated according to French NatiAnnex

Vaci shear capacity calculated according to American 313-14
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V mcET shear capacity calculated according to Modified @aassion Field Theory
Vme shear capacity calculated according to fib Moded€2010

Vesa shear capacity calculated according to Canadian £&8373-04

Veser shear capacity calculated according to CriticaleBl@ack Theory

B aggregates interlocking factor in the MCFT

Bec2 factor taking into account arching action in Epean practice

€ strain in the CSCT control depth

Ex strain in the fib-Model Code 2010 control depth

Ye concrete partial safety factor in European peacti

Ske effective crack spacing accounting for aggregie in the fib Model Code 2010
o] ratio of flexural reinforcement in the longitudirdirection

Pt ratio of flexural reinforcement in the transvedsesction

1 Introduction

Structural concrete standards provide recommentafor calculating the shear strength of
reinforced concrete (RC) slabs or beams are basedrous parameters affecting shear strength.
These parameters influence various mechanisms jtiatly support the shear force§he
understanding of these different mechanisms orstréssion modes of shear force which act in
cracked concrete is a key element for the studshefir failures of RC members. Due to cracking,
several shear mechanisms must be activated in ¢odguarantee the loads transmission to the
supports. The shear strength of RC slabs and bmsaemsured by the following main mechanisms
(ASCE-ACI Committee 445 on Shear and Torsion, 1998)the shear stresses in uncracked
concrete which involves the concrete compressivength, the interlocking effect of aggregate
which involves the aggregate size, the dowel actidrich involves the amount of longitudinal

reinforcement, the residual tensile stresses, anevantually arching effecthe shear parameters



considered by the codes for estimating shear dtrearg those related to materials, such as concrete
compressive strength, aggregates size, longitudéaiorcement ratios, geometric parameters such
as the ratio @d, then the member depth related to size effeenpimenonFor having safe and
economical design rules, it is important to havekd understanding of the shear behaviour of RC
structures. However this is difficult because magarameters are involved in the resistance
mechanism and many phenomena coexist there. Iti@idhe shear force transfer mechanisms are
sometimes complex and difficult to discern. The ptaxity of the problem widely debated since
the last centuryJoint Committee on Concrete and Reinforced Concte, 1916) (Balazs, 2010),
(Mari et al., 2015)explains why there is still no unified and completesalistic theory of shear
behavior of slabs and beams and that the calcolatiethods adopted by engineering communities
are often empirical or semi-empirical.

From the examination of shear design standards,comsensus is reached allowing
determining the shear capacity of RC structureshi best way. There is not yet a common
agreement on the important shear param¢&hoya et al., 199Q)(Brown et al., 2006) the shear

mechanismg¢Bazant et al., 2007), (Collins et al., 2008)nd therefore the best standard. Depending

on the standards, as illustrateqTiable 1, the effect of some shear parameters which intenie - { Mis en forme : Police :12 pt, Gras

77777777777777777777777777777777777777777777 - ‘{Supprimé: Table 1 J
the resistance mechanism is omitted, consequebdyndoning eventually a shear aspect in the

capacity calculation. In addition, the standardepaddifferent ways to take into account the
different shear parameters. Some models for cdinglashear strength are quite readily
distinguishable from one another: the EuropeandstahEC2(CEN, 2005) the French National
Annex FNA(FD P 18-717, 2013)the American standard ACACI Committee 318, 2014) the
Canadian standard CSEESA Committee A23.3, 2004)the fib Model Cod€Fib Model Code
2010, 2012)the Swiss standard SISKA 262, 2003) These standards are for the most part based
on different theoretical methods or researchersragmhes. The European standard EC2 and

American standard ACI 318 of an empirical natuelased on Regan’s wori@egan, 1987)and



(Bresler and MacGregor, 1967)works respectively. The Canadian standard CSA2B@ fib
Model Code 2010 are both derived on the Modifieadn@ession Field Theory MCFT ¢¥ecchio
and Collins, 1986)and the Swiss standard SIA 262 derives from thtc@r Shear Crack Theory
CSCT of (Muttoni, 2003). Both MCFT and CSCT based calculation models dngsipal
(mechanical) models based on strain notion reguitinthe opening of a critical shear crack and
could provide a common approach for shear desigch 8 method takes into account the crack lips
roughness in order to apprehend their ability tansmit shear forces through aggregates
interlocking effect.

Table 1 : Shear parameters considered depending on the stisnda

Parameters EC2 FNA ACI CSA SIA Fib Model Code

Compressive strength: fc

Aggregate size: dmax

Ratio: a/d

Long. reinforcement ratio: p,

Transv. reinforcement ratio: p,

ojlo|o|0|0|O0
NXNENXN
X XXEX~
X XNEN XN
NXNENNN
NXEHEEN
NXNENNN

Size effect related to depth: di

. The parameter is taken into account by the standard

. The parameter is ignored by the standard

The main purpose of this study is to help the emgiimg by focusing on the different
predictions provided by all the main shear desigwvigions in order to formulate recommendations
for engineers designing RC slabs without stirrdpeugh analytical investigation. Both the case of
thick and thin slabs is studied. The following misdier estimating the shear strength of RC slabs
are all examined: Europea(CEN, 2005) French (FD P 18-717, 2013) American (ACI
Committee 318, 2014) Model Code (Fib Model Code 2010)with LoA | and LoA I

approximation levels, and the Critical Shear Crabkory (CSCT). Note that the LoA Il of the fib
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Model Code 2010 corresponds to the Canadian stdrZiaA23.3(CSA Committee A23.3, 2004)
The results obtained are discussed regarding #gggement with experimental results. The tests
were carried out by varying on the slabs the diffieishear parameters, and also examining different

slab configurations.
2 Shear design models

2.1Eurocode 2 (EC2) and French National Annex (FNA) models

To estimate the shear capacity of a RC crossesentit containing shear reinforcement and
without axial load, the European standard EN 1992-2005 Section 6.2.ZCEN, 2005)takes into
account the effects of the longitudinal reinforcetatiop,, the concrete compressive strenfjih
and a size effect through a factor k. Recommendsitaye also provided to take into account the
influence of an eventual arch effect occurring fow values of the ratio &l. Note that the
influence of the concrete aggregates size is othifiie shear strength is calculatedgasn by
Equation 1 (f.x in MPa). It is an empirical relation, first propasiey (Regan, 1987)pn the basis of

the experimental results.

[CRd,c k- /100 - P fex| " by d = de,cl
[Vmin] by, rd= VRd,cZ

Vecz = Max{ ¢y

where:

k=1+ %sz.o

0.18
d, =
Rd,c Ye

=i<20/
P=p,d 2"

k is the size effect factor. When increasing theaife depth d (in mm) its value decreases, thus

allowing accounting a size effect phenomengg,. is anempirical factor used for characteristic



shear strength. Its value derives from comparisith experimental results gRegan, 1987and a
reliability analysis on 176 tes{&onig and Fischer, 1995)b,, is the smallest width of the cross-
section (in mm). In the case of slabs under comatat load, a shear effective widthy instead of
entire widthb,, is used.
Vmin fepresents the minimum shear stress that canrbecchy the member. Its expression is based
on the idea that, for low longitudinal reinforceneatios, the shear capacity can never be less than
the flexural capacityWalraven, 2013) EN 1992-1-1: 2005CEN, 2005)therefore recommends:

Vmin £cz = 0.035k%2 [y (2)
However, in the requirements of the French formoatFNA (FD P 18-717, 2013)another

approach is adopted to calculatg, :

Vmin

_ {0-23@ ©)
 10.053k%2 [f, (4)

(3) For slabs having an aptitude of transversestabution of loads and walls,
(4) For beams and other types of the slab.

Arching action is accounted assuming that the dmution of a load applied withif.5d < a, < 2d

to the design shear forcejfmay be reduced by the facftuc=a/2d.
2.2ACI 318-14 model

As European standaf@€EN, 2005) the American standar@ACI Committee 318, 2014)
Section 22.5.5.1, also takes into account the cesspre strength of concretg, and the
longitudinal reinforcement ratig, in the estimation of the shear capacity. Howevetika the
European standard which evaluates the effect of rdieforcement directly througlp,, the
American standard considers the associated regrfoent strain (or stress) in the critical section at
failure. According taACI Committee 318, 2014)it is not the longitudinal reinforcement ratio per

se that governs the shear strength but the Mjipvd. When adopting the ratio between the
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moment and shear at the section, the shear stramgshrelated to the strain demand in the
longitudinal reinforcemen{Khaja and Sherwood, 2013)also confirmed this by showing that the
increase op, with the simultaneous increaseagfd in order to make the ratid/pVd constant will
lead to shear failure stresses that are also aunétath (a/d)/p = M/pVd ). Note that(ACI
Committee 318, 2014)Yoes not consider both the influence of size éféexd aggregate size on

shear strength. For normal weight concrdte=(1), the shear strength is calculatedfgsin MPa)

Voo = (0.16@ +17p, ‘%l) budi < 0.20bud  (5)
Equation 5 is a semi-empirical formula recommended(AZI-ASCE Committee 326, 1962jand
developed byBresler and MacGregor, 1967)based on experimental results of 194 beams. The
quantityVd/M in Equation 5 cannot exceed one. In addition, thep,;(Vd/M) term is generally
negligible in case of practical designs accordm(Bresler and Cordelis, 1963)(ACI Committee
318, 2014)also provides a simplified formul@gquation 6) used by most engineers that do not

consider the effect of longitudinal reinforcement.

Vacisimplified = 0.17y/fbwd;  (6)
2.3MCFT based models: Fib Model Code 2010 and CSA A23.3

Several shear design codes includ{ik#p Model Code 2010, 2012)(CSA Committee
A23.3, 2004 )r (AASHTO, 2004)derive from theModified Compression Field Theory (MCFT) of
(Vecchio and Collins, 1986) The concrete compressive strength, longitudinahfoecement
guantity, size effect and aggregate size are kéintanto account by these models, unl{EN,
2005) which omits the aggregates size (%CI Committee 318, 2014)which omits both the
aggregates size and the size effect. In the MClpfoagh, the failure shear stregg.rr (Equation
7) is determined through a factprwhich characterizes the competence of the crackedrete to
transfer the shear stress by aggregates interlpckihe higher the value df, the higher the

aggregate interlock capacity.



VMC FT

Vmerr =« = B X+/fc 025 with /fc <8MPa [f.inMPa] (7)
w

The MCFT allows to find the value d¢f through the resolution of the equations it proside
(Vecchio and Collins, 1986) However, solving these equations is a very timesaming effort.
They require either to use tabular formats, oradgrm iterations, and thus to have an appropriate
computer program. In addition, many engineers prafaple equations to tabular formats because
they are more convenient for spreadsheet calcaktid simplified approach to MCFT utilizing
continuous functions for shear capacity has thegefieen developed b{Bentz et al., 2006)
(Bentz and Collins., 2006)n which a simplified expressiofEquation 8) was given for find the
valuep.

0.40 1300
= X
(1+ 1500g,) ~ (1000 + Syo)

= (strain effect term) X (size effect term) (8)

In this simplified theory (SMCFT- Simplified Modéd Compression Field Theory), the estimation
of the factorf is founded on the fact that the crack widthis equal to the product of the mean
strain normal to the crack and the cracks spacirgin the normal directionw =€ xs). It is
known that aggregates interlocking capacity isinistcally related to the width of the crack, the
wider the crack, and the less effective the mecmanHowever, the width of the cracks increases
with the crack spacing and the longitudinal stiaithe membefWalraven, 1981) Consequently,
the shear capacity will decrease with all actiongeasing the longitudinal strain or crack spacing
as wider cracks will occur. Higher values of theditudinal strain can be obtained, for example, by
applying a tension axial load to the element, bgrel@sing the amount of the reinforcements or use
reinforcements with low Young modulus, by incregsithe ratio M/V at the section. At the
opposite, the application of an axial compressaaufor example will reduce the cracks formation
and thus increases the shear capacity. All thesenacare known as "strain effect". The size effect

phenomenon is also taken into account through ze "sffect” term. If the size effect is now an



established experimental fact, its explanationéemplex problem in structures involving different
approaches. The approach based on the fractureameshallows explaining the phenomenon.
However, according to the MCFT, the size effeatdased by a reduction in the crack lips capacity
to adequately transmit the shear forces througtreggdes interlocking, due to crack opening.
(Shioya et al., 19903howed that the longitudinal cracks spacing antitedepth of RC beams and
slabs not containing shear reinforcement tend® taklout one-half of effective depthirrespective

of the value ofl. Consequently, if the depth increases, the crpakiag at mid-depth will increase
and simultaneously the width of the cracks linkedthe crack spacing will also increase. The
parametef in the SMCFT is therefore estimated as the prodtiat"strain effect term” and a "size
effect term".(Lubell et al., 2009)work showed that adopt an approach by considahageffects

on the shear strength of size effects and strdectsf as independent effects was a conceivable
simplification. s, in the expression of is an “equivalent crack spacing factor” as defired
Equation 9. The longitudinal strain at the mid-depth of themfbere, is calculated as defined in

Equation 10for sections for sections without prestressing waiidout axial forces

35s
Sye = ——— > 0.85s,  (9)
(16 + ay)
1+ My
€ = VMcFT X Vd _ d (10)
X 2Ep 2E, X Aq

The crack spacing parametgrcan typically be taken as 0.9d angdthe maximum aggregate size.
M is the bendinghoment in the control section alidhe corresponding shear forég. is the cross-
sectional area of the longitudinal reinforcememts By their Young modulus.

a. Fib Mode Code 2010: LoA | and LoA |1

This code is based on comprehensible physicome&zdiamodels and represents a
significant advance compared to empirical methddse code(Fib Model Code 2010, 2012)

contains four levels of shear strength approxinmafloA | to LoA V) (Muttoni and Fernandez,
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2012)consisting in addressing a computation by increpsie level of complexity leading to more
precise results. Consequently, results closer atityeshould be obtained for a higher LoA. The
LoA | and LoA Il have been analyzed in this studje LoA Il of the(Fib Model Code 2010,
2012)corresponds to the SMCFT. The shear capacity &iruetural member not containing shear
reinforcement is calculated as indicatedEiquation 11 wherek, is a parameter with the same
physical sense gsthat is different depending on the level of appr@tion (LoA). Confronted to
the LoA |, the LoA Il gives a more precise valuetlodé parametek,. In the LoA |,s,. is assumed
by simplification to be equal to 1.25 (maximum aggate size > 9.6 mm) and the longitudinal
strain is assumed to be half the yield strain efrigtinforcements which leads ¢p= 0.00125 for
reinforcements witlfi;, = 500 MPa andEs = 200 GPa.

Ve

C

VModel Code = kV X X bw xd (11)
180

ky,(LoA D) = 000+ 1.250) (12)

0.40 1300

kv(LOA H) = B = (1 + 15008)() X (1000 + Sxe) (13)

Note that according to fib-Model Code 2010, archamgion is also accounted assuming that the
contribution of point loads applied within a distarnfd < a, < 2d from the face of the support to

the design shear forcezymay be reduced by the facfdogel coss Pec=a/2d.
b. CSA A23.3 modd

As the (Fib Model Code 2010, 2012)the Canadian standafCSA Committee A23.3,
2004) is also a Simplified Modified Compression Field dhe (SMCFT) based model and is

equivalent to the LoA Il. The shear capacity ig¢fiere given by:

0.40 1300 Vi
VCSA = X X
(1+ 1500, ~ (1000 + Sge) Ve

Xbyxd (14)
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2.4 Critical Shear Crack Theory (CSCT)

As the(Fib Model Code 2010, 2012)the CSCT introduced and developed (Muttoni
and Schwartz, 1991), (Muttoni, 20033) (Muttoni, 2003b), (Muttoni and Ruiz, 2008) also
derives from mechanical models which enable a physinderstanding of tests results. The
proposed theory also considers the influence of ymsimear governing parameters (concrete
compressive strength, longitudinal reinforcemerdardity, size effect and aggregate size) and has
been introduced into the Swiss code for structemicrete(SIA 262, 2003)after reasonable
simplifications.

According to CSCT, the shear capacity of membeiscontaining shear reinforcement is
governed by the width and the roughness of thecalishear crack. The critical shear crack theory
reflects this dependency as expressefignation 15wherew is the critical shear crack width, and

ag refers to the maximum aggregate size which corsithe roughness of the crack lips.

VCSCT —
b,d

Vi x f(w,ag) [MPa,mm] (15)

The CSCT assumes that the critical crack wigtis proportional to the product of the longitudinal
straine in the control section (the control depth is lechat a distanc@.6d from the compression
face) times the effective depth of elemdn©On the basis of these assumptions, the sheag#tre
for elements not containing shear reinforcemeghisn byEquation 17.
wxexd (16)
Veser 1/3

by df. _exd
wdy/fe 14120 76755

17)

The longitudinal straire in the control section can be approximated ushmy linear elasticity
theory, assuming that the Navier-Bernoulli hypothescording to which the plane sections remain

plane after deformation is verified (the concretasile strength is neglected). For sections not
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subjected to axial loads, the strain in the conttgpth can be estimated by using the bending
momentM in the control sectiofEquation 18). The compression zone depths calculated by
Equation 19in whichE. refers to the Young modulus of concrete.

M ><0.6d—x
E =
prxEsx(d—g) d-

(18)

_ Eq 2E,
x—prxE—x< 1+p—ES 1) (19)

C

Note that thgSIA 262, 2003)modelis justa simplified design method based on the CSCT shear
capacity expressiorEQuation 17). Some reasonable hypotheses are assiitetioni and Ruiz,
2008) First, it is assumed to calculatethat the depth of the compression zarng equal t00.35d
(which is a reasonable value accounting for varimisforcement ratios and concrete strengths),
thus:

0.6d — x
d—x

€=¢g X =041x¢g (20)

Then the reinforcement straig is assumed proportional to the bending momégf. At yielding
(Mggq = Mgg), its value ises = f,q/Eg with fy4 = f, /vy, the design strength of the reinforcement.
At last, the flexural strength can be estimatedoetiog to the theory of plasticity ddgy =
pdzfyd(l — pfya/(2/fcq)) with foq = fu /v, the design concrete compressive strength. Comsgler
these assumptions, the CSCT expression leads tsirtt@ified expression below faiSIA 262,
2003)

Vsia 0.3/yc

b, dyfr 50 fyx  Mgg
MV It Te e, X Yok, Y Mg

(21
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3 Experimental program

3.1 Thick slabs

To investigate the RC slabs behaviour under shmading, an experimental campaign
consisted in testing eleven full-scale thick slalithout stirrups, with various thicknesses of 30cm,
35cm and 40cnfNana et al., 2017)It is important to note that according to Euroc@jesection
9.3 (CEN, 2005) thick slabs are those where the depth h is higier one fifth of the span and
Euler-Bernoully theory is not valid for these caguifiations of slabs. The term "thick slabs" is used
here to highlight the fact that these slabs usedlémuclear power plant are thicker than those use
in the standard building3o study the shear capacity, the slabs are subj¢ézta concentrated load.
The shear force is favored with respect to the ingnchoment by applying the load near a support.
At the interface between the slab and the suppartayer of mortar was placed to ensure regular

contact and consistency of the support. Regardiagbbundary conditions, the slabs are simply

)

)

not occur by bending. It should be noted that #ieforcement’s diameter is modified while their
number is kept constant. The experimental campedgisisted of one slab (S6) of dimensions 4
mx2.6mx0.35m, another (S7) of dimensions 4 mx2.®@.4x m and the nine remaining slabs of
dimensions 4 mx2.6mx0.3 m. The mechanical loadysesn consists of a hydraulic cylinder of
200-ton capacity and the loading is applied vieeangular plate, the dimensions of which vary

according to the slabs tested. The loading appdicas carried out with a quasi-static speed until

U

slabs was a ready-mixed concrete from a local semppif VICAT concrete. The maximum
aggregate size was 11.2 mm (except for the slabv@2B20mm of the maximum aggregate size).
The concrete characterization tests are cylindgpakcimens measuring 11 x 22 cm carried out on

the day that slab testing was performed. The spawmvere placed in a humid chamber regulated

P { Mis en forme : Police :12 pt, Gras

——————————— - ‘[Supprimé: Table 2
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Table 2 : Concrete composition used for thick slabs

Designation: BPS NF EN 2061/CN Certification : NF
Exhibition class: X0 (F) Effective Water/ Binder equivalent: 0.8
Consistency: S3 Maximum aggregate size: D11.2
Characteristic resistance: C20/25 Dosage (Cement+Ecocem): 145 kg
Type and class of cement: CEM II/A-LL 42,5 R CE NF VMO VICA | Class Chlorides: Cl0.40
Adjuvant type: PRE1 0.35%

@ : longitudinal reinforcement gauges,
= : transverse reinforcement gauges, ;o
|

~ =80
. —
1 %
:: gg 2201300 |
177} 77|
7 i 2251300 1810/150
7 7 ——
7 11| Axis
179) 77 load
7 #
7! %4
7 7 150
7 7 ~—a=675——
L s L s e —1?200 2251150 214150 Load
S——
L
| =—ay=560—=150—
| oad Depth I '
oal . .
@14 /150 —600— / @10 /150 I |—i==s0
; : B40-== i
300 \ | 290
2257150 320925/ 150 ——200——

Figure 1: Reinforcement layout and test setup of thick slabs

The slabs are grouped by series. In each seriegnalyze the effect of a given shear
parameter. In Series | (S2, S8) the effect of celeccompressive strength, in Series Il (S2, S6 and
S7) the effect of & ratio, in Series Ill (S1, S4, and S5) the effettongitudinal reinforcement
ratio, in Series IV (S1-S3) the transverse reirdorent ratio, in Series V (S2, S2B) the concrete

maximum aggregate size and finally in Series VI, (&2, S10) the loading plate length.
15



Table 3 : Properties of thick slabs

Series Slabs  pl pt d d; a, a,/d, Concrete Maximum Loading
(%) (%) [mMm]  [mm] [mm] class aggregate size plate length
[MPa] [mm] [mm]

S2 1.223 1.106 2675 2425 560 2.1 C20/25 11.2 BBROx
! S8 1.223 1.106 2675 2425 560 2.1 C40/50 11.2 BROx
S2 1.223 1106 2675 2425 560 21 C20/25 11.2 BROx
I S6 1.030 0.917 3175 2925 560 1.8 C20/25 11.2 BROx
S7 0.890 0.783 367.5 3425 560 15 C20/25 11.2 BROx
S1 1.223 0.854 2675 2450 560 2.1 C20/25 11.2 BROx
11 sS4 1.003 0.854 2675 2450 560 21 C20/25 11.2 BROx
S5 1551 0.837 270.0 250.0 560 2.1 C20/25 11.2 BROx
S1 1.223 0.854 2675 2450 560 2.1 C20/25 11.2 BBROx
v S2 1.223 1106 2675 2425 560 21 C20/25 11.2 BROx
S3 1.223 1349 2675 2425 560 2.1 C20/25 11.2 BROx
S2 1.223 1.106 267.5 2425 560 2.1 C20/25 11.2 BROx

v S2B 1.223 1106 267.5 2425 560 21 C20/25 20.0 xBB0
S2 1.223 1.106 2675 2425 560 21 C20/25 11.2 BROx
VI S9 1.167 1.056 267.5 2425 560 2.1 C20/25 11.2 0%

S10 1.117 1.010 267.5 2425 560 2.1 C20/25 11.2 *x BRI

3.2Thin slabs

Another shear experimental campaign was perfortiégifime on seven thin slabs of 10cm
also under a concentrated load located at the mitkiof the support. The tests were carried out
with a structure like a floor system in which a crete floor slab was supported by the reinforced
concrete beam@ui et al., 2017) This other experimental campaign consisted of glab (N1)
measuring 2.9 mx2.9 mx0.1m and six slabs (N2, N&,MbBis, N6, N6Bis) measuring 2.9 mx2.5
mx0.1m. The slabs are grouped by series. In eadbssave study the effect of a given slab
configuration under shear loading. In Series A $&LN2) the effect of the boundary conditions
with slab supported on two sides instead four sideSeries B (N2 Vs N3) the effect of loading
plate length, in Series C (N5, N5Bis Vs N6, N6Bi&5, N6 Vs N5Bis, N6Bis) the effect of both

loading plate length and boundary condition by gimgl a lateral restraint at the two extremities of
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the beam supports for N5Bis and N6Bis tests cont@mother tests where the beams are directly

supported by the laboratory floor with a mortarelaplaced at the interface. The reinforcement

NG ‘[Mis en forme : Police :12 pt, Gras

NS

The specimens were cast using ready-mixed conefe@25/30. A maximum aggregate size of 20\\{5upprimé: Table 5

{Mis en forme : Police :12 pt, Gras

N ‘[Supprimé: Table 4

o 0

Table 4: Concrete composition used for thin slabs

Designation: BPS NF EN 2061/CN Certification : NF
Exhibition class: XC1 (F) Effective Water/ Binder equivalent: 0.65
Consistency: S3 Maximum aggregate size: D20
Characteristic resistance: C 25/30 Dosage (Cement+Ecocem): 260 kg
Type and class of cement: CEM II/A-LL 42,5 R CE NF VMO VICA | Class Chlorides: C10.40
Adjuvant type: SPHR3 0.40% PRE2 0.20%

Table 5: Properties of thin slabs

Series Slabs  Number pl pt d a, a,/d, Concrete  Maximum Loading
supports (%) (%) [mm] [mm] class aggregate plate
[MPa] size length
[mm] [mm]

N1 4 0.770 1.039 85 170 2.0 C25/30 20.0 1000%x200

A N2 2 1.160 0.303 85 170 2.0 C25/30 20.0 1000%x200
N2 2 1.160 0.303 85 170 2.0 C25/30 20.0 1000%x200

® N3 2 1.160 0.182 85 170 2.0 C25/30 20.0 400%200
N5 2 1.000 0.406 85 170 2.0 C25/30 20.0 1000%200
N5Bis 2 1.000 0.406 85 170 2.0 C25/30 20.0 1000%200

¢ N6 2 1.010 0.406 85 170 2.0 C25/30 20.0 400%200
N6Bis 2 1.010 0.406 85 170 2.0 C25/30 20.0 400%200

17



»
>
100 A
B B
| _— Load
Load 200170 200
ay
31 Frame: = .
261491 g6is0 > iy fa-e5
3\ u
40 [‘ W |300
28112 L
250 S SESs === - N\ N @6r120
@400
@6/35
2*31 Frame
Spacing 60
26130 60
= 38 38
@10/40 18
L A
705 1608/160
6/80 8/160
2 @ 200
1100
BB 40 @10/40 + @635 + B6/40 + @8/120
2900

Figure 2: Reinforcement layout and test setup of thin slabs
4 Experimental results

4.1 Failure modes

The failuremodesobtained for slabs are presentegrigure 3 andFigure 4 for thick slabs__ -  supprime: Figure 3

NG ‘[Supprimé: Figure 4

and thin slabs respectively. The first overloadtinee is observed at the proximity of the support\{Mis en forme 1 Police :12 pt, Gras

{Mis en forme : Police :12 pt, Gras

o

what is apparent to a one-way shear (shear faillite$ cracking line whose length is equivalent to
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the shear effective widthep has a relatively larger opening than that of theeo cracking lines
observed. The mechanism of slabs shear failureegponds to the appearance of this macro

cracking.

Figure 3 : Thick slab failure mode: a) bottom face; b) saw-cut

Figure 4: Thin slab failure mode: a) top face; b) bottom face

4.2 Shear capacities

For slabs under concentrated load, the shear $frshguld not be calculated over the entire
width as in the case of beams but over the effeatiidth hy. The French codé-D P 18-717,

2013)and the(Fib Model Code 2010, 2012adopt different approaches to calculate the effecti

width as shown irFigure 5 In the French approach, the hypothesis of a 45% |difoSi0n,<,/{Misen forme : Police :12 pt

o ‘[Supprimé: Figure 5

resulting from the contour of the load zone in thigection of the supports {#,) is assumed

(Figure 5a). Some studies showed that the shear strengthndegd using the French effective - { supprimé: Figure 5

o {Mis en forme : Police :12 pt

width recommendation has a good capacity to préldéecexperimental shear capacitiBegan and

Rezai-Jorabi, 1988) (Lantsoght et al., 2012) (Belletti et al., 2014) In the present study, to
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facilitate comparisons between the design codes,stme effective width {p,) of the French
approach was used. Note that the values @3 becording tqFD P 18-717, 2013&nd h 3 for the

(Fib Model Code 2010, 2012pre very close as given jfiable § and don't affect the result/s/{

significantly.
SUPPORT SUPPORT
N . Z b A< av/2
\ eff,2 / } eff,3
\ / ~ - av _ -
J RN 6o~
AN ~/ P SR P
e

LOAD LOAD

Figure 5: Determination of the effective width beff; (a) Forapproach; (b) fib-Model Code 2010 approach

The peak loads values obtained from the experimkn@nd the corresponding ultimate

~
~

Mis en forme : Police :12 pt, Gras,

Anglais (Royaume-Uni)

o

Supprimé: Table 6

|
)

shear load¥.,, are given iffable 6. For each slab, the ultimate shear logdsg is calculated from _ - {Supprimé: Table 6

the peak load®, through a model using the Navier method with Indisplacement hypothesis {
(Timoshenko and Woinowsky-Krieger, 1959)It should be noted that the slabs self-weight is no
taken into account in the determination of themdtie shear load.,p, its effect is negligible

compared with that of the localized load causiregftilure.

Table 6: Peak loads obtained for slabs

Slabs a/d, pl pt  fommeas Defiz  Defis Failure mode Ve  Vex/Vfem
[MPa]
e [%] [mm]  [mm]  [kN] [kN]
S1 21 1223 0854 241 2100 2270 1111 Shear 680 9 13
S2 21 1223 1106 309 2100 2270 1220 Shear 747 4 13
S2B 21 1223 1106 305 2100 2270 1353 Shear 828 50 1
S3 21 1223 1349 188 2100 2270 1032 Shear 632 6 14
S4 21 1003 0854 239 2100 2270 1050 Shear 643 2 13
S5 21 1551 0.837 346 2100 2270 1257 Shear 769 1 13
S6 1.8 1.030 0917 332 2100 2100 1427 Shear 888 4 15
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S7 15 0.890 0.783 34.2 2100 2230 1796 Shear 1135 194

S8 21 1.223 1.106 51.7 2100 2270 1632 Shear 999 9 13

S9 21 1167 1.056 30.4 2200 2370 1350 Shear 825 0 15

S10 21 1117 1.010 30.6 2300 2470 1221 Shear 745 35 1

N1 2.0 0.770 1.039 25.8 17401987 294 Shear 212 42

N2 2.0 1.160 0.303 30.4 17401987 308 Shear 275 50

N3 20 1160 0.182 30.4 11401387 196 Shear 175 32

N5 2.0 1.000 0.406 30.2 1740 1987 342 Shear 305 56
N5Bis 2.0 1.000 0.406 30.2 1740 1987 351 Shear 313 57

N6 2.0 1.010 0.406 19.2 1140 1387 185 Shear 165 38
N6éBis 2.0 1.010 0.406 19.2 1140 1387 166 Shear 148 34

5 Experimental results Vs Analytical predictions

The experimental results are compared to the Edeo@(EC2), French (FNA), ACI 318-
14, Fib Model Code 2010 (MC) using level of appmation LoA | and LoA Il and Critical Shear
Crack Theory (CSCT) predictions models. The effectiwidth according to French
recommendationd is used instead of the entire widtfa &ll the partial safety factors are set equal
to 1 ¢ = 1) and the mean values of the concrete mechanicplepiies measured are used. The
shear strength of slabs according to the fib M&@tede LoA 1l, CSCT and ACI 318 (non-simplified
expression) which are sensitive to the applied nmn{with a lesser degree for ACI), are
determined in a shear control section that musspgeeified. The bending moment and the shear
force obtained at the control section are usedHercalculations and predict shear failure in the
region along the shear span in which the momehigiser. The control section is generally defined
at a distance d (the effective depth of the spetjnfi]om the face of the load. This potentially
critical section is admitted in our study. The femeement’s Young modulus is assumed to be 210

GPa.
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The confrontation between the experimental resaftd the design models is shown in

Jable 7, ,Table § Table 9 andTable 1Q The average (AVG) and standard deviation (STDthef {Supprimé: Table 7

NG ‘[Mls en forme : Police :

\\

12 pt, Gras

{Supprlme Table 8

——————————————————————————————————————————————————————————————————— {Supprlme Table 9

\ W

\\\

French National Annex approach FNA (AVG=1.09, ST4) give predictions that are very closé '

{ Mis en forme : Police :

12 pt, Gras

) \\\ fMls en forme : Police

:Gras

to experimental ones. The Eurocode 2 approach gile® acceptable results as this code rs {M's en forme : Police :

12 pt, Gras

\\\ Mis en forme : Police

:Gras

reasonably predicting the shear capacities (AVGZ1ID=0.09). However the ACI 318-14 and “{Suppnme Table 9

f Mis en forme : Police :

12 pt, Gras

ACI simplified give conservative results with (AVG&:82, STD=0.08) and (AVG=1.43, STD=0.08) {s..ppr.me Table 10

o 0 A 0 U U U U

respectively, the results are underestimated irexgleriments. The comparison of experimental

:12 pt, Gras

‘[ Mis en forme : Police

:Gras

o

conclusions are drawn, in the sense that the digsesdlictions with the experimental results are
obtained in the order with FNA (AVG=1.52, STD=0.1Eurocode 2 (AVG=1.69, STD=0.14) and
ACI 318-14 (AVG=1.90, STD=0.15However compared to prediction levels for thickbslafor

thinner 10cm slabs, the predictions for all modsem more conservative. The comparison of

:12 pt, Gras

{Supprlme Figure 7

illustrated inFigure 1Qb. - - { Mis en forme : Police

:12 pt, Gras

b ‘[Supprimé: Figure 10

o

Concerning the Fib Model Code 2010 with LoA Il apximation level (equivalent to CSA
A23.3) and the Critical Shear Crack Theory CSCT {li@ case of thick slabs, the results show that
both models give excellent predictions with (AVG34,. STD=0.11) and (AVG=1.04, STD=0.08)
respectively. In the case of thin slabs, the saamelosions are also drawn with Fib Model Code
2010 LoA Il (AVG=1.29, STD=0.15), CSCT (AVG=1.11TB=0.12). However, the predictions
also seem a little more conservative. As Fib Mo@etle 2010 and CSCT models are physical
(mechanical) based models contrary to others eogpicodes and, given the very good accuracy of

predictions, they could provide a unified approéetshear design for one way shear. The Model
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Code 2010 with the first level of approximation A.¢) seems to be very conservative (AVG =
1.83, STD = 0.12 for thick slabs and AVG = 2.156% 0.23 for thin slabs). This seems logical as
the LoA 1 is suitable for pre-dimensioning of stiw@l elements, where a conservative calculation

method is acceptable. The comparison of test metulthe Fib Model Code 2010 (LoA | and LoA

7777777777777777777777777777777 - {Supprimé: Figure 8

N, ‘[Mis en forme : Police :12 pt, Gras

W

Table 7: Thick slabs: experimental results Vs predictions£62, French approach, ACI 318-14, Model Code ZO\Z\L\Q\{ Supprimé: Figure 9

\\\ Mis en forme : Police :12 pt, Gras
\

(MC) and Critical Shear Crack Theory (CSCT). \ { Mis en forme : Police :12 pt, Gras

{Supprimé: Figure 10

o L

Test Experiment V With e meas
Py Vexp Vecz | Verance | Vac VACI.simplified VMmc-voat1 | Vmc-roan | Vescr
[KN]  [kN] | [kN] | [KN] | [kN] [kN] [KN] [kN] [kN]
S1 1111 680 582 625 518 469 372 661 665
S2 1220 747 633 708 576 531 421 721 76
S2B 1353 828| 630 703 578 527 418 728 762
S3 1032 632 536 552 466 414 329 600 600
S4 1050 643 544 622 502 467 370 621 6pR7
S5 1257 769| 716 756 638 567 449 836 8p4
S6 1427 888 719 804 706 653 495 891 949
S7 1796 1135 833 931 828 767 557 930 1039
S8 1632 999 751 916 728 687 545 816 8B5
S9 1350 825 649 735 596 552 438 751 789
S10 1221 745 | 670 771 621 579 459 834 781

Table 8: Thin slabs: experimental results Vs predictions£@R, French approach, ACI 318-14, Model Code 2010

(MC) and Critical Shear Crack Theory (CSCT).

Test Experiment V with fem meas

Py Ve | Vec2 | Verance | Vaa Vactsimplfied | Vmc-roa1 | VMc-Loan | Vescr

[kN]  [kN] | [kN] | [KN] | [kN] [KN] [kN] [kN] [KN]

N1 294 212 139 173 124 128 122 194 281
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N2 308 275| 167 188 15 139 133 239 255
N3 196 175| 111 123 99 91 87 134 171
NS 342 305| 166 187 15 138 132 217 252
N5Bis 351 313| 166 187 15 138 132 215 251
N6 185 165| 94 98 81 72 69 114 137
N6Bis 166 148 94 98 81 72 69 119 138

Table 9: Thick slabs: ratios between experimental resultsrandels predictions.

Test Experiment| EC2in EC2with ACI ACI 318 Model Model Critical Shear
general French 318 Simplified Code Code Crack Theory
(EC2a) approach (ACI (ACI (LoAT) (LoA 1) (CSCT)
(EC2b) 318a) a18h) MC 1) MC

P, Vep Vexy/ Vexy/ Vex Vex Vexy/ Vex/ Vexy/

[kN]  [kN] Vec2 VErance Vaci  Vacl simpified  Vmctoal  Vmc-Loal Veser
S1 1111 680 117 1.09 131 1.45 1.83 1.03 1.02
S2 1220 747 1.18 1.06 1.30 141 1.77 1.04 1.03
S2B 1353 828 131 1.18 1.45 1.57 1.98 1.14 1.09
S3 1032 632 1.18 1.14 1.35 1.53 1.92 1.05 1.05
S4 1050 643 1.18 1.03 1.28 1.38 1.73 1.04 1.03
S5 1257 769 1.07 1.02 122 1.36 171 0.92 0.92
S6 1427 888 1.23 1.10 1.26 1.36 1.79 1.00 0.94
S7 1796 113S 1.36 1.22 1.37 1.48 2.04 1.22 1.09
S8 1632 999 1.33 1.09 1.38 1.45 1.83 1.22 1.20
S9 1350 825 1.27 1.12 1.38 1.50 1.88 1.10 1.12

S10 1221 745 111 0.97 1.20 1.29 1.62 0.89 0.95

AVG 1.22 1.09 1.32 143 1.83 1.06 1.04

STD 0.09 0.07 0.08 0.08 0.12 0.11 0.08

5% Percentile 1.09 1.00 1.21 1.33 1.67 0.91 0.93

Table 10: Thin slabs: ratios between experimental resultsraadels predictions.

Test Experiment | EC2in EC2with  ACI ACI 318 Model Model Critical
general French 318 Simplified Code Code Shear Crack
(EC2a) approach (ACI AT (LoAl)  (LoAlN) Theory
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(EC2b)  318a) 318b) (MCT) (MC) (CSCT)

Py Vexp Vexpl Vexpl Vexpl Vexpl Vexpl Vexpl Vexpl

[kN] [kN] VEC2 VFrance VACI VACI, simplified VMC-LOAI VMC-LOAII VCSCT
N1 294 212 1.52 1.23 1.70 1.66 1.73 1.09 0.92
N2 308 275 1.65 1.46 1.83 1.98 2.07 1.15 1.08
N3 196 175 1.58 1.42 1.77 1.92 2.01 1.30 1.02
N5 342 305 1.84 1.63 2.04 221 231 1.40 1.21
N5Bis 351 313 1.89 1.67 2.09 2.27 2.37 1.46 1.25
N6 185 165 1.76 1.69 2.04 2.29 2.39 1.45 1.20
N6Bis 166 148 1.58 1.52 1.83 2.05 2.14 1.25 1.08

AVG 1.69 1.52 1.90 2.05 2.15 1.29 1.11

STD 0.14 0.17 0.15 0.22 0.23 0.15 0.12

5% Percentile 1.54 1.29 1.72 1.74 1.82 1.11 0.95

Vexperimental/Vcalculatec

3.5

¢ Eurocode 2 (EC2)
0O EC2-French National Annex (FNA)
©ACI318-14 Simplified

Thick slabs : h=30cm, 35cm, 40cm

®ACI 318-14
| o
o
¢ ¢ + 2§ ¢ % $ ¥ 8 $
J & ] & O & O (] (] s
S1 S2 S2B sz S4 S5 S6  S7 S8 S9  S10

Figure 6: Thick slabs: experimental results Vs EC2, Frengtrasch and ACI 318-14.
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Figure 7: Thin slabs: experimental results Vs EC2, Frengir@ach and ACI 318-14.
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Figure 8: Thick slabs: experimental results Vs Model Code®@C) and CSCT.
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Figure 9: Thin slabs: comparisons of test results from Mdziedle 2010 (MC) and Critical Shear Crack Theory

(CSCT).
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Figure 10: Comparisons between modelustration of the conservatism degree

6 Conclusions

This paper presents a comparative study of alhth&n analytical methods to estimate the
shear capacity of thick and thin RC slabs withdaintugs. The experimental results are compared
to the Eurocode 2, French National Annex, ACI 3b8 as simplified version, Fib Model Code
2010 using level of approximation LoA |, LoA I, thi LoA Il equivalent to the Canadian
standard CSA A23.3, and Critical Shear Crack Th&®CT, basis of Swiss standard SIA 262
design models. These comparisons delivered valuafiemation for engineers that design thick
or thin RC slabs under shear loading, as curretfitbre is not yet a general agreement on a design
model giving the shear strength of RC structures cantaining shear reinforcement. The

following conclusions were drawn:

* The French National Annex approach FNA resultedhiear capacities predictions that
are very close to the experimental values. HowderEurocode 2 approach resulted in

an underestimation.

 The shear strengths predicted by ACI 318-14 and A@hplified also gave

underestimations when confronted with all the eixpental results.
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e The Fib Model Code 2010 using level of approxinmatiaA Il and the Critical Shear
Crack Theory CSCT gave the best agreements whepareoh with the experimental
results. The Model Code 2010 with the first leveapproximation (LoA ) appeared as
very conservative. The fib Model Code 2010 based@¥T and Critical Shear Crack
Theory CSCT provisions for shear represent a saamif evolution in standardization
with the abandonment of empirically based modefavior of physically sound models.
Empirical formulations as Eurocode 2 and ACI 318 lass accurate and may neglect
the role of some shear governing parameters. TorereMCFT based models (fib
Model Code 2010, CSA, AASHTO LRFD) or CSCT basedleis (SIA 262) have the
resources to create a modification in the way sketieated at the international level

and a unified international approach could be dréram these models.

» Compared to prediction levels for thick slabs (30&acm and 40cm), for thin 10cm

slabs, the predictions for all models seem morsemtive.

In a future work, own amendments to the standanshitas should be proposed based on the experimental
results. In particular a modification of the Eurded®, ACI 318-14, ACI simplifiedandFib Model Code
2010 using level of approximation LoA | (MCdhould be proposed to make it more accurate arrd mo

physical while taking into account the effect df slear parameters (for example, the effect of egaes

size may be taken into account).
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