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REINFORCED CONCRETE BEAMS — BEHAVIOUR UNDER SHEAR

CRACKING OF BEAMS WITH DIFFERENT STEEL
REINFORCEMENT

HIGH STEEL REINFORCEMENT
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LOW STEEL REINFORCEMENT 2
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REINFORCED CONCRETE BEAMS — BEHAVIOUR UNDER SHEAR

g ¥’
: i DIFFERENT FAILURE MECHANISMS
3 4/ e Leson FOR BEAMS WITH SMALL WEB
b L] THICKNESS
FAY ‘ p
7
P suresae | STEEL FAILURE
LM " (
3
l

CONCRETE FAILURE




Master Course — Advanced Design of Concrete Structures — Prof. C. Mazzotti

ineering

| Civil Eng

BEHAVIOUR UNDER SHEAR

REINFORCED CONCRETE BEAMS —

DIFFUSION (D) AND
BEAM (B) ZONES
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REINFORCED CONCRETE BEAMS - BEHAVIOUR UNDER SHEAR

RESULTS OF AN EXPERIMENTAL CAMPAIGN ON ROOF
PRECAST ELEMENTS
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REINFORCED CONCRETE BEAMS — BEHAVIOUR UNDER SHEAR

DIFFUSION ZONE — ARCH BEHAVIOUR CLOSE TO THE SUPPORTS

CONCRETE FAILURE IN
COMPRESSION

TN

D: Discontinuity/Disturbed




Civil Engineering Master Course — Advanced Design of Concrete Structures — Prof. C. Mazzotti

REINFORCED CONCRETE BEAMS — BEHAVIOUR UNDER SHEAR

‘ SECTIONAL FAILURE DUE TO UNCORRECT DETAILING \

= TR T T S
oa  BEpy . Blgas = ARy
R Tean Op "‘bg‘ Bere, T

_ 14101999
| e 3 oo THR

- Campione

;__Roﬁura <6435y,



Civil Engineering Master Course — Advanced Design of Concrete Structures — Prof. C. Mazzotti

SHEAR STRENGTH FOR A BEAM
WITHOUT SHEAR REINFORCEMENT

STRESS IN STIRRUPS

MORSCH MODEL
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RC BEAMS MAY CARRY LOAD ALSO WITHOUT SHEAR REINFORCEMENT
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PRINCIPAL MECHANISMS TO CARRY SHEAR
WITHOUT SHEAR REINFORCEMENT

VARIABLE TENSION IN
SHEAR STRENGTH OF THE STEEL BARS
COMPRESSION CHORD

)
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SHEAR STRENGTH OF THE COMPRESSION CHORD

| 1 The portion of beams above the neutral axis,
T!"V X which is under compression can carry shear
S == stresses (carrying capacity increased by
compressive load)

' ' * It goes almost to O in case of traction!

Ve =0-X-1jim(o¢)

Most important mechanism in “D”
zones

Ve =b-X-1)jm (o) -SIng

NOTE: if x/d<0.16 strength reduced 10
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2) “VARIABLE STRESS IN REBARS” /,\__T.

The stress AS depends on
the increments of bending
moment.

This mechanism is
h, controlled by the tensile
LEVER ARM | strength of concrete.

f.=030% f2

1:ctk =0.7 1:ctm

<~ AX ——>| Distance between cracks fq :%
V,=0.28-b-hy- fog 20.25-b-d - fy, I

f.,=0.143%/f2 (inN/mm?)
Empirical/theoretical formula 11
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3) DOWEL ACTION

yd Vb //////

The opening of an inclined crack produces a vertical relative displacement
between of the faces of the crack.

Longitudinal rebars carry a shear controbution contrasting this movement

NOTE: if there is no web reinforcement this mechanism depends on the tensile
strength of concrete

Vp =6.5-As- Tey

Empirical equation 12




Civil Engineering Master Course — Advanced Design of Concrete Structures — Prof. C. Mazzotti |

|
S

4) AGGREGATE INTERLOCK (i

A7
o i
The friction between the uneven faces
of cracks can transfer shear stresses.

« They depend on the presence of
d compression of the crack surfaces
and therefore:

* Friction forces become almost zero
in case of traction.

» Longitudinal and most importantly
web reinforcement can increase the
magnitude of this effect by bridging
s | the cracks

13
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4) AGGREGATE INTERLOCK

e The main effect is that related
to the different stress in the
rebars at two different cracks

 There is interaction among
the effects previously
described

 Web reinforcement has
positive effects

e Traction reduces the
magnitude of all the effects
previously described.

A X F Crack distance

This behaviour has a stabilizing effect of
the strength of the mechanism 1

14
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CODES
BEAMS WITHOUT WEB REINFORCEMENT

 |talian code (D.M. 1996) [OLD]
Vigy =0.25-b,-d - foq -8-(1+50pg)-T

N J A J
]

Vo4 = shear strength (without web reinforcement);

fiq = concrete tensile strength;
r = (1,6-d); d in meters (d < 0,60 m);
A
P = g P=002)
b,, = web width;
. d = H-c;
0 = 1 no axial forces;
0 = 0 traction;
IVIO
0 =1+ M, compression; M, decompression moment Mg,
A, = area of longitudinal steel bars. 15
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SHEAR STRENGTH WITHOUT WEB REINFORCEMENT

There is interaction among the effects previously
described

* |talian code (D.M. 1996)

VRdl ;OZSbW d . fCtd 5(1+50ps|)r
| |

AS
DOWEL EFF.
Axial force Aggregate interlock
5= 1 (P =0) )
5= 0 (Traction) r=(1,6-d) ford < 0,60 m

8§ > 1 (Pre-stressed) r=1perd>0,60m

NEXT SLIDE 16
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DOWEL EFFECT

Ve, l|° .
Su %‘:
e Py

T ——1 0166 (N)
Ve = 2 febud

[ +350 p\'/
0 1 'l A A A i A
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Asibyd
ACI proposal Ps

- Huge dispersion of results
- Empirical equations

For these reasons different codes use different equations

17
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NTC 2008 & EC2 [2005]
FULLY EI\/IPIRICAL EQUATIONS

Vig ={0.18-k-(100-p; - £ )" Iy +Oln Sep | Dy A2 (Vg + .i“s' "Es ) -b,d

'\/’

PRESTRESSING CONTRIBUTION

K=1+,— 200 <20
d = Asl /(b\v ' d) (<0,02):

V n — 0.035 ¢ %/kiz«\/ ka ch = NEd/Ac (S 0,2 fcd);

[} N P
d: distance from the extreme fibre in t /%/ { =
compression to the centroid ofthe / /A ___________ 7
longitudinal reinforcement on the tension h D
side (mm).

b,,: width of the web of the beam (mm)

w*
A,,: area of reinforcement near the tensim_<: (4 ) o |
t ./ A
face of the beam (mm*mm) - G
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EXAMPLE: SHEAR STRENGTH WITHOUT WEB
REINFORCEMENT

B=b,=30cm
H=50cm d=46cm Ry =25MPa=25N/mm* = fyq =1N/mm?
Longitudinal steel bars: 3 @& 16 = 603 mm?

DM1996 VRa1 =0.25-by, - d - Teyg -8-(1+50pg) -1

r=16-0.46=1.14 pg = 603 /(300 x 460) =0.0044 &=1

V., =0.25x300x 460 x 1x1x (1+50x0.0044) x1.14 = 48kN

NTC2008 — | Vi ={0.18-k-(100-p, - £,)""* /7, +0.15-0,, }- b, -d
EC2

=0 V

r = 1+(200/460)*(1/2)=1.65<2 o, b,,-d = 46 kN

p min— VY min

min| 19

1
Vo, = (0.18-1.65 -(100-0.0044 - 20)3/1.5j -300-460 =56kN >V
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SHEAR VERIFICATION

VSd < VRdl
N
YES NO !
No web reinforcement Web reinforcement required
required G
Minimum reinforcement Calculate beam strength with web

reinforcement

BEAMS WITH WEB REINFORCEMENT

2 POSSIBLE COLLAPSE MECHANISMS

——— —

CONCRETE CRUSHING STEEL FAILURE

V

Rd, max VRd,s 20
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. Classical Hypothesis:
Ritter — Morsch STRUT Concrete struts with

Concrete & TIE model 45° inclination

struts_
\ - Compression
X chord

|
VAR*

Shear reinforcement
with Ax spacing

Longitudinal steel

THE GENERAL
TRUSS ELEMENT

Multiplicity of
y4 the truss

L  z(1+cotga)
AX AX

7 Z cotg o m =

»
Ll |

A
v

L=z (1+ cotg o) 21

y
v
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Multiplicity of the
Isostatic lattice model

Z(1+ cotg o)

L_

AX

Fessurazione
da taglio

Fessurazione
ga taglio

r

2z

22
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THE SHEAR FORCE TO BE CARRIED OUT BY
THE REINFORCEMENT

NC NC+ dl\IC 9Im
—>» ]
e e Z
= LEVER ARM
l=z(1*colga) Lz . Ctee
L=z (1+cotg a)
V'S \V SHEAR FORCE TO BE CARRIED OUT ON
AN,=S=tb-L=—-b-L=—-L THE LENGTH L
Jb Z

VL1 SHEAR FORCE TO BE CARRIED

S/m=—— OUT BY THE GENERAL TRUSS

Z M ELEMENT

23
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STRUT AND TIE MODEL WITH VARIABLE INCLINATION

HIGH STEEL REINFORCEMENT

1

LOW STEEL REINFORCEMENT

INCLINATION OF CONCRETE STRUCTS
MAY BE DIFFERENT FROM @=45°
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STRUT AND TIE MODEL WITH VARIABLE INCLINATION

A

z B
A
d
/
D s C
Moltiplicity of
the truss
- L z(cotg0+cotga)
AX AX

Im

zcotg o z cotg o

=z (cotg 0+cotg a)

- compression chord,

B

- struts

C |- tensile chord, | D |- shear reinforcement

‘ The inclination of the concrete struct is not 45° but @

Im

21,8° <0< 45°

2.5>cotgo > 1.0

25
APP
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SHEAR FORCES ON THE CONCRETE
STRUCT AND THE STEEL REINFORCEMENT

Im
< A
0 o z
% &A
V b7y f cotg & +cotg o RESISTANCE AGAINST
Rd,max ~— ~w cd 1+C0tg2 0 CONCRETE FAILURE
Z : RESISTANCE AGAINST
Vieas = Aw T H(cotg 6 +cotgo)sina STEEL YIELDING
DESIGN SHEAR i
RESISTANCE VRd T mm(VRd,max’ VRd,s)

ATTENTION: the concrete contribution is now not considered to calculate VVZV%
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EXAMPLE: STRUT AND TIE MODEL
WITH VARIABLE INCLINATION

0=45° = cotg6 =1 21,8° <0< 45°12.5>cotgb > 1.0
cotg 0+ cotg o
VRcd =V fcd bW /A 1+C0tg > VRCd B bW £ de 1+ CO'[g2 0
Z . Z :
Via = T -ASWR(SIHOL+COSOL) Ve = Au T &(cotg(ﬂcotg o) sina

IF VALUES OF cotg # GREATER THAN 1 ARE ASSUMED
(INCLINATION OF THE CONCRETE STRUTS SMALLER
THAN 45°);

« THE SHEAR STRENGTH AGAINST CONCRETE FAILUTE
IS SMALLER (but it is usually large for beams with
constant web width)

« THE FORCE ON THE STEEL REINFORCEMENT IS
REDUCED (and a smaller web reinforcement is required)

27
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EXAMPLE: STRUT AND TIE MODEL
WITH VARIABLE INCLINATION

b 3 Asw v
1.0 < cot < 2.0, V=2Vl = 5
cotO + tan O S Zf g cotO
yw
cot 6 Ve (KN) | Aw/s (cm2/m) Staffe
1.0 480.2 12.4 D8/8
1.50 4433 8.27 D812
2.0 384.2 6.20 ®8/16

IF VALUES OF cotg # GREATER THAN 1 ARE ASSUMED
(INCLINATION OF THE CONCRETE STRUTS SMALLER
THAN 45°);

« THE SHEAR STRENGTH AGAINST CONCRETE FAILUTE
IS SMALLER (but it is usually large for beams with
constant web width)

« THE FORCE ON THE STEEL REINFORCEMENT IS
REDUCED (and a smaller web reinforcement is required) 28
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STRUT AND TIE MODEL WITH
VARIABLE INCLINATION —
HOW TO OBTAIN DESIGN FORMULAS

V
s =——>—|  NON DIMENSIONAL (EXTERNAL) SHEAR FORCE
b,z T,
Y (cotg 0 +Cotg o) A NON DIMENSIONAL SHEAR STRENGTH
lhg =7— =V > AGAINST CONCRETE FAILURE
b,z T, 1+cotg” 0
de _ Asw 1:ywd

Z . .
t.., = cotgO+cotga)Sina = ., (cotg O+ cotg o) SIin o
Rsd bZ de bZ de AX( g g ) SW( g g )

NON DIMENSIONAL SHEAR STRENGTH
AGAINST STEEL YIELDING

f d
WHERE Oy = % b :;W IS THE NON DIMENSIONAL STEEL RATIO
cd

29
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STRUT AND TIE MODEL WITH VARIABLE
INCLINATION

BALANCE CONDITION tRcd — tde

v(COtgeJrCStga):coswsinoc(cotge+cotgoc) \Y% L —= W, Sina
1+cotg® 0 1+cotg® 0

Example: vertical stirrups: a=90°

V :ﬁ nyd
cotgf= |—-1| WHERE |Ow =7 "7 d
(DSW k

VERIFICATION PROBLEM: DESIGN PROBLEM:
Input data: Input data:
Cross-section, Steel reinforcement ., Cross-section, External shear force tg,

Calculate: Calculate:
Cotg 6, Design shear strength tg 4 Cotg @, Steel reinforcement wsw
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STRUT AND TIE MODEL WITH VARIABLE
INCLINATION — DESIGN FORMULAS

Shear action, shear resistance against concrete failure or steel yielding

0.30 . 0,30 |
fR.s‘d I I
025 1 'Red | 025 11
0,18 |
I 0.1 I
0,20 : | oD 0.20
Rsd
0,09 |
0.15 + 0,15
| \0.06
0,10 T I Wy 0,10 7
TRed 0,03 '
(RO 15 : 0,05 -
L 1 1 1 I 1 | 1 1 ' 9
0,00 ORI T, S A SIS BRGNP, 0.00
0= 544005 207 981 (3 385 Cury- 48 U0 g
Limits for @ Limits for cotg @

31
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SHEAR — VERIFICATION PROBLEM
HOW TO CALCULATE THE SHEAR RESISTANCE

Input data:
Cross-section
Steel reinforcement a,,

Select the Balance point A
Calculate:

Cotg @
Design shear strength t_4

Shear action, shear resistance against concrete failure or steel yielding 32



Civil Engineering Master Course — Advanced Design of Concrete Structures — Prof. C. Mazzotti

SHEAR - DESIGN PROBLEM

HOW TO OBTAIN THE SHEAR REINFORCEMENT

0,30
0,25
tSd
—) —0:20—r

0,10

0,05

DESIGN PROBLEM:

Input data:
Cross-section,
External shear force tg,

Select the Balance point A
Calculate:

Cotg 6,
Steel reinforcement aw,,,

Shear action, shear resistance against concrete failure or steel yielding 33
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THE EFFECT OF CRACK INCLINATION ON THE
STRESS ON LONGITUDINAL BARS

A

A A

z/2

Y s E

z/2

Y Y !
a d cot 0
- ot
a : Angle of web reinforcement 6. Angle of shear crack

EQUILIBRIUM EQUATION WITH RESPECT TO POINT P

Tz-V (a+zcotg€))+V§cotge+(V cotga)gzo

T

[
|

V;[a + % (cotg 0 — cotg oc)} 34
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THE EFFECT OF CRACK INCLINATION ON THE
STRESS ON LONGITUDINAL BARS

M V
__|__
z 2

Hence, due to the inclined crack, the force in the longitudinal bars is
greater than that calculated for the section at x=a

substituting M =V -a T= (cotg 6 —cotg o)

Z

AX =—(cotg 6 —cotg )
—1000-500 O 500 1000 1500 2000 2500 3000 3500 400( 2

0 — L

20
40
60
80

100

120

140

160

i 517,50 517,50
200 517,50 mm 517,50 mm

x (mm)

517,50 mm 517,50 mm

Mmax = 156,25 kNm

momento M (kNm)

35
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SHEAR IN BEAMS WITH VARIABLE SECTION

EXTERNAL SHEAR

EFFECTIVE SHEAR TO CONTRIBUTIONS OF VERTICAL
BE USED IN DESIGN COMPONENTS OF TENSILE

RESULTANT IN STEEL AND
COMPRESSION CHORD

36



EXAMPLES OF STRUT-AND-TIE MODELS
FOR DIFFUSION ZONES
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Fig. XIL.49
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STRUT-AND-TIE MODELS FOR DIFFUSION ZONES

IN THE CASE OF DIFFUSION ZONES, THE STRESS STATE IS VERY
COMPLEX, AND CLASSICAL MODELS DO NOT APPLY.

STRUT-AND-TIE MODELS are based on EQUILIBRIUM EQUATIONS,
and THE GEOMETRY is defined according to the experience or
GuideLines.

The safety verifications are done with respect to:
1. Resistance of the tensile elements (steel reinforcement) (R,)

2. Resistance of the concrete struts (R,) a

3. Anchorage of the steel bars (R,) ]

4. Resistance of the nodes (R,) P H
The following inequality is required in order —773

to have a DUCTILE FAILURE MECHANISM 7/’,// d |b

Rs < (Rn’ Rb, Rc )
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EXAMPLE: STRUT-AND-TIE MODEL FOR RC CORBELS

The STRUT-AND-TIE MODEL depends on the positioning of the
main steel reinforcement

RULES:

1. In column, position and
width of the concrete
struts are obtained from |\/|1
a beam analysis.

2. Ties where steel
reinforcement is placed.

3. Equilibrium of the nodes
must be satisfied

4. The widths of the
concrete struts are
defined according to
experience rules.
MZ

5. Accurate detailing rules
are required.
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EXAMPLE: STRUT-AND-TIE MODEL FOR RC CORBELS Nt
i N
C
EQUILIBRIUM EQUATIONS
h N.-siny+P=0 o Nc:_sir/:\p

Ni+N.-cosy=0 — N; = P- cofy

B . _ \
y ASSUMPTION
0.4d \\
“T”1~a+02d /

Design Value (concrete strength) PC’Rd = NC sin | =10.4d bsin /) fcd sin v =P

Design Value (steel yielding) = S N; = A .f_, ] > P
"R coty T F Y coty
A CORRECT DESIGN REQUIRES
HIERARCHY OF Po., =
RESISTANCES Ptrd < Perg| THEM Rd LRA| 40
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OTHER MODELS FOR RC CORBELS WITH ALTERNATIVE
STEEL POSITIONING

- "
- E v I
|~

-
L

-

SYSTEMS WITH STATICALLY REDUNDANT TRUSS SYSTEMS ARE POSSIBLE
(if both steel ties are present, two equilibrated mechanisms are possible)

-

-

- .  Pgrq 0 | 1 Prp,  The sum is motivated by the ductile
B N B ! behaviour of the system if the
r L ) — r— ! HIERARCHY OF RESISTANCES is
% . + W}k satisfied:
‘ %
/}L/ |- - Prd = Prit 0,8 Pgy |
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DETAILING FOR RC CORBELS

The steel tie must be adequately anchored

Struct and tie model is an EQUILIBRIUM MODEL.: additional distributed steel
Is required to reduce the cracking of the corbel under service loadings

,\fj\l A', =

Stirrups > 0,4 As

Stirrups > 0,4 As /

A—N A—A—-

42
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DETAILING FOR GERBER SADDLE

) B P A SECTION A-A
® O] ® 2 220
3 staffe 28 2 14 < 8 staffe 2 8_5 150 r ‘ .2-,25 2%
‘ I‘TT MITTT] T T 1T T T " T7 °°°
102 forcelle N |
< 650 © 20 14 |9 EE i l% 2220 |
-7 < T ‘ |
% © 10 18E| RS =} |
°:7' e NN @ forcellez 18 \\f\e) |
T NG
@ 1a14_] %:E | 29526\ \
forcelle G 3214 HEE E_— -
@le 14" : > 6226
151125 ,4060 22C |r—-|150 150 150 | 150 150|
4 D T
60 @ 60 I
—+ 3
b A
B
SECTION B-B
_ —2 220
Inclined bars to [ . ~1z18 @

reduce the width of

spinotto @ 26
the concrete crack

44
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_x
DETAILING FOR GERBER SADDLE Pos. () 3 staffe @ 14 \ 2182
Pos. (3) 4 staffe @8 2 182 \\ »
7~ 3@
s —
T -
350 | Pos. () 2 forcelle = 14 575
| L‘; d = 60 mm
— I |
1000 l | K =6l
| +—375 —+
._,10 WPos. @ 4 forcelle @ 18 A 2104
) k-‘_ d = 80 mm Pos. (©) 3 staffe @ 8 e
| . +—+2104
1160 } i=
270
‘ d = 40 mm
»‘———375 —
3 3%0 Pos. (@) 2 forcelle o 14
() d = 60 mm
+— |
+ 450 l

Pos. (3 3 forcelle @ 14

0 (G d=60mm

450 —1 45
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INDIRECT LOADING: SUSPENSION STEEL REINFORCEMENT

" SECTION A-A

Static scheme ; A' !
| - R M e \ O \\\\Y\j‘\\$“ B TS B AN
b | @] NG & IORN
| \h\ N
¢ SN |
N |
Al N -~ L
Ay = Support reaction Suspension steel bars
lll'
A
. i
Static scheme SECTION B-B

B
\\\.\ \\ . - \_‘{_\\ . — e - | ] ‘\\\\ \\ 5 ‘: : \. \\\‘\\ \: — f

A suspension reinforcement must be designed to Suspension steel bars
. sy
carry the support reaction A; B|
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PUNCHING SHEAR

Punching shear results from a CONCENTRATED LOAD or a REACTION acting on a
relatively small area (the loaded area A .4)

Example:
| SOLID SLAB OVER COLUMNS
b g4
({ U | D Other examples:
CONCENTRATED LOADS OVER
' SMALL THICKNESS SOLID
SLABS

g FOOTINGS




Civil Engineering Master Course — Advanced Design of Concrete Structures — Prof. C. Mazzotti

PUNCHING SHEAR

MODEL FOR CHECKING PUNCHING FAILURE AT ULTIMATE LIMIT STATE (EC2)
(circular section — axial force only, no bending)

Hluuuuuluulu Calculate the load which is
—_— — 1 transferred over the Basic
> ; g ,\ ' dw control Secthn | |
: | The load contribution acting
20 Q directly on the control area
can be subtracted
g=arctan (1/2) -'---|| R
= 26,6° . .
c Basic control section
SHEAR STRESS OVER THE ‘
BASIC CONTROL SECTION _ basic control area A ) @
V., = R— g Acont _ q(AsIab — Acont) [C] - basic control perimeter,
AA AA [D] - loaded area A :
CONTROL SECTION AREA reont further control perimeter

\
rcont\\

A, =2n(2d., +¢/2)d,, =u,d,
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PUNCHING SHEAR

VERIFICATION OF THE CONCRETE (EC2)
Punching shear around the column

Ved = Vrd max = 05v f, v= 0.5 cracking of concrete due to shear

VERIFICATION OF THE TENSILE FORCE (EC2) f

In control perimeter u,

v

Punching shear reinforcement is not necessary if

\
Fcont?
N

Veg < Vg4 e

- basic control area Acont

Punching shear resistance per unit area (similar to shear in beams)

VRd,C = % k(lOO pl fck)1/3 > 0035 k3/2 f L2 [D]- loaded area Ajpaq

ck
C reont further control perimeter

k =1+,/200/d <2 Size effect O =P P, < 0,02 Tensile steel ratio

- basic control perimeter, u
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PUNCHING SHEAR In control perimeter u,

'

VERIFICATION WITH REINFORCEMENT (EC2)

PUNCHING SHEAR RESISTANCE (UNIT AREA) WITH SHEAR REINFORCEMENT

DA ¢ 71 Ning

S, Wwu, a/
/
/ / *~==" =— Control perimeter

Veges = 0,79Vgy  +1,5

concrete contribution 50
iiotrl di veri T Radial spacin
f:;;e(:;l di verifica per pilastri interni P g COMPARE WITH B EAMS
A Perimetro u,, 7
B Perimetro Uy, o de — ASW nyd - (Cotg 0+ Cotg (l) Sin o
A AX
o -
o« o soe B
o, OQ g oo 0?® WA ggg &
°°°°°°°°° ‘Q oooooooooocoo
AT T Definition of the perimenter
S e % " B4 000 87 where the reinforcement is not
- &S V necessary in order to obtain the
N e extension of the reinforcement
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PUNCHING SHEAR

In real cases, the problem can be more complex:

y N
7 \,/U1
/ \

2d 7 \
\
I \
1 |
I |
I |
\ /

N 7

o ————

““““ ~ . - N 7 T
| 2d | 2d // |
\\ \‘ / |
{ 1 / { !
7 | // : /i 2d
! /
7 Z 1 N B
] ,I 2d L
/’ /
s _ 7
_____ 2d 2d

CONTROL PERIMETERS AROUND LOADED AREAS OR COLUMN SECTIOR'S
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PUNCHING SHEAR

FOOTINGS WITH VARIABLE HEIGHT —

- loaded area

d 6 = arctan (1/2)

Figure 6.16: Depth of control section in a footing with variable depth

CONCRETE SLABS WITH ENLLARGED COLUMN HEAD

Fons B Feontext y
| Feont Feont | E j ) Feontnt __ Fcont,int L
= LA N at B aa LA [y e ) peati
h - LA) | hy ra ‘ T /
6 = arctan (1/2) \‘\ BF—"+—""" 1 A
VAR SR =2 SN
I, < 20h, I, < 20h, l>2d+h,) = [, >2(d+h,)
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PUNCHING SHEAR

MAXIMUM SHEAR STRESS IN THE CASE OF AN ECCENTRIC REACTION
VEd
u, d
B>1

depend on Moment and Shear acting on the base
and on geometrical parameters (many cases are
explicitly considered in EC2)

Vg :B

. N
N e N -
B=15 \ [A]- internal column _
| . Approximate values
| N [B]- edge column for Bcoefficient
- corner column
: ’
| R e | |
C B=14 L g=115 The effect of the moment is greater in the
~ ; case of edge columns 53
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PUNCHING SHEAR

Some examples of steel reinforcement against punching shear

PLAN

Arn&tura a
punzona n¥ nto

\
\
\

N
~
Armatura supsriore
longitudinde

~

*The individual contributions of the
steel bars crossed by the control
section must be computed

*Different control sections must be
considered — all of them must be
crossed by the shear bars against
punching

26,6° <0 <45°
/ s
/ e
Arn‘alurasdéericre <
tvasversale

P
X
Zz

k%
o & 9
Ferri di ripristinoX0g6/10
da posare in opegg

1]

) *]

\

L A Y

Ferri trasversali ©@16/15

SECTION pesatiin opera

Distanziatore
H=2.0cm
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PUNCHING SHEAR

Some examples of steel reinforcement against punching shear

I Armaturg ben rpara | *The individual contributions of the
steel bars crossed by the control
AR ENE R ‘ section must be computed
( ; ) hm d eDifferent control sections must be
considered

.

Cono di "Ottuo"a Dimensioni per scale
30° finoa 35 ~4bhm e gabbie di staffe

LA —. | | A
~09hm ‘ ‘
1

Pianta
Armatura di taglio
\» ==t Gabbia di staffe
, N5 === e
: | =4
Scale circolari di staffe Scale o gabbie di staffe

disposte in quadrato
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SHEAR AT THE INTERFACE BETWEEN THIN-WALLED RC ELEMENTS

The Walraven tests
Delft Polytechnic of Technology (1971)

V
A ¢ SECTION A-A
e
‘ — Force equilibrium for the
1 < left side of the wall
i = . Vv Sc If we assume 45°;
B 5@ B o 45°
""""""" T\{\ R ..
< o —
N\ o > \ SS =V
\
c

A A
Vv &TION B:\q =wall thickness

I | Concrete cracking
due to shear

56
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SHEAR AT THE INTERFACE — VARIABLE INCLINATION MODEL (EC2)

Equilibrium of forces per unit length

9 N
n, b n, =ttan S ] v
coS 3 1

. t 1-sin 9\
O h-1-sin 9 :—8
COS
DESIGN OF THE TRANSVERSE

REINFORCEMENT (t -> As)

SHEAR STRENGTH AGAINST A t
CONCRETE FAILURE —f 2

Veey =V T, -h-c0s3-sin 9 St cotg 9

EFFICIENCY OF CONCRETE STRUTS

VRcd > VEd

v :0.6{1— fo } with f_ in MPa
250
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SHEAR AT THE INTERFACE — VARIABLE INCLINATION MODEL (EC2)

Vg =V f iy -h-C0S3-SIN S
MINIMUM TRANSVERSE

REINFORCEMENT

(BALANCE POINT) _ As
Vigy = S f,q cotgd
AS f
- f cotg9=v f heos9sing .
S, Rd
vf,-h
Setting (transverse reinforcement ratio) cosy ]
Al f, sin® 9 !
pS — E .I: ,
Sf v cd I
|
|
Balance condition I >
1 Y cos 9 L
ps,mm — Rd — sin” 9 pS

sin?9 vf,-h sin®9
58
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SHEAR AT THE INTERFACE — VARIABLE INCLINATION MODEL (EC2)

Vg
+ V de 'h

3 =30°

3 =45°

59
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SHEAR AT THE INTERFACE — VARIABLE INCLINATION MODEL (EC2)

APPLICATION OF THE METHOD

VRcd ’Vde F A,
Vv fcd -h \L - compressive struts
4
: I
Design
Procedure??
» 2,
VRcd ’Vde \9‘
vf,-h .
A
| Fy + AR //
Design | buw
Procedure?? .
1,0 <cot 8¢ < 2,0 for compression flanges (45° =26 = 26,5°)
. 1,0 < cot 61< 1,25 for tension flanges (45° = @ = 38,6°)

cotg 9 With more details in the following... 60
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OTHER EXAMPLES:

SHEAR AT THE INTERFACE BETWEEN CONCRETES CAST AT DIFFERENT TIMES
b.

N

Tml

In these cases, the
inclination angle must be
defined as a function of
the friction between the
two materials

_ h2<10 d /{\c
A /
C

\ /
//VEd J’
/\‘ \ d=>5mm
hi<10d I
<30’ T Ves
' 61

A |- new concrete, |B |- old concrete, |C |- anchorage

L.—c.._l

]

—
——

INDENTED JOINT
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AN EXAMPLE:
CONCRETE — POLYSTIRENE SANDWICH PANEL
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AN EXAMPLE:
'CONCRETE — POLYSTIRENE SANDWICH PANEL

7
RN
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AN EXAMPLE:
CONCRETE — POLYSTIRENE SANDWICH PANEL
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. Classical Hypothesis:
Ritter — Morsch STRUT Concrete struts with

Concrete & TIE model 45° inclination

struts_
\ - Compression
X chord

|
VAR*

Shear reinforcement
with Ax spacing

Longitudinal steel

THE GENERAL
TRUSS ELEMENT

Multiplicity of
y4 the truss

L  z(1+cotga)
AX AX

7 Z cotg o m =

»
Ll |

A
v

L=z (1+ cotg o) 65

y
v
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THE SHEAR FORCE TO BE CARRIED OUT BY
THE REINFORCEMENT

NC NC+ dl\IC 9Im
—>» ]
e e Z
= LEVER ARM
l=z(1*colga) Lz . Ctee
L=z (1+cotg a)
V'S \V SHEAR FORCE TO BE CARRIED OUT ON
AN, =S=1tb-L=—-b-L=—-L THE LENGTH L
Jb Z

VL1 SHEAR FORCE TO BE CARRIED

S/m=—— OUT BY THE GENERAL TRUSS

Z M ELEMENT

66
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FORCES ACTING ON THE
CONCRETE STRUTS AND THE
STEEL REINFORCEMENT

Im

<

45° o Z =LEVERARM

/A RN

S,S = vV AX Traction force on the steel reinforcement
Z(sino.+Ccosa)
: 2sin V AX 2 V AX
SC=\/§SIHOL-SS= _\FS ¢ — V2
(sino.+cosa) Z (1+cotg o) z

Compression on concrete struts

67
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Forces acting on the concrete
struts and the steel reinforcement

Example: vertical Im
stirrups: a=90°

S _VAX 45° 3
1+cotgo=1 Tz

Im

SC:\/EVA 2  /
Z

Im Example: a = 45°

1+cotgo =2
o S) 2 V2 V Ax
45 45° S, =
4 2 1
S Im
/%' \ S :«EVAX

2 2

68
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CHECK OF THE CONCRETE STRUT

Force on the V2V AX

concrete struct| | =13 cotgo. z

Ultimate strength of the | |g _ ¢/, AX
cd — “cd Mw

concrete struct \/E
Maximum compression " =|vl|f
strength cd cd
EFFICIENCY COEFFICIENT v =0.5| [talian NTC 2008

FOR THE CONCRETE
STRUCTS DUE TO FLEXURE

v :0.6{1— fo } with f_ in MPa
250

WE SET (LIMIT CONDITION):
S . S EC2
¢c “cd 69
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CHECK OF THE CONCRETE STRUT

Sc — Scd j> VRcd

V2V AX AX
l1+cotga 2 V2

SHEAR RESISTANCE FOR A BEAM WITH
FAILURE OF CONCRETE STRUTS (with
45° inclination)

1+cotga

VRcd =V 1:cd bW z

70
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DEFINITION OF THE WEB =
THICKNESS ° “ |
R
i i i " i
(e
by, b,

71



| Civil Engineering Master Course — Advanced Design of Concrete Structures — Prof. C. Mazzotti

SHEAR RESISTANCE AGAINST STEEL -
FAILURE — HOW TO CALCULATE THE
WEB STEEL REINFORCEMENT (6=45°)

Vkd = Ved T Vg

RESISTANCE

WEB
REINFORCEMENT | |g _ vV AX
CONTRIBUTION | | °  z(sin o +C0Sa)

DESIGN SHEAR ‘ \

CONCRETE
CONTRIBUTION

‘//// SETTING | A, T 4= S,

Vg =0.6- fuq -0, d -0

« CONCRETE CONTRIBUTION IS SIMILAR de
TO THAT OF THE BEAMS WITHOUT
SHEAR REINFORCEMENT

zZ .
= fu -ASW&(smowcosoc)

« ITALIAN CODE (D.M. 1996)

« Coefficient 0.6 has been obtained *Ved not allowed by NTC2008

experimentally (aggregate interlock is and EC2 (see next section)

more favourable) *The ACl approach is similar 2
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EXAMPLE: CALCULATE THE WEB REINFORCEMENT

Same example considered before
V 4 = 150 KN
B=b,=30cm STIRRUPS (a=90°)
H=50cm d=46cm J8 @ 200 mm

Ry =30N/mm? = fy =132N/mm? = fuq =1.1N/mm?

SHEAR RESISTANCE AGAINST
CONCRETE FAILURE Vi =0.5b,d f, (1+cotga)

V.., =0.5x300x 460x13x (1+0) =896 kN > V., \/

Ved=Veat Vg | = | Viwdmin = Vsd - Ved

V,=06-f,-b,d-6=0.6x11x300x460x1=382kN

Vi min =Veg —V.y =150 —82 = 68kN

0.9d , . 460 }\/
V =f . ———(sina+cosa) =374x101x0.9x——x1=78kN
wd ywd Asw AX ( o O(') X X X 200 X 7
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EXAMPLE: WEB REINFORCEMENT CALCULATED WITH THE 1° METHOD

Same section as before

Sp— V 4 =192 KN
=b,=sUcCm VERTICAL STIRRUPS (a=90°)
H=50cm d=46cm ® 8 mm

R0k=30N/mm2 = f4 =132N/mm* = fyy =1.1N/mm?

CALCULATE THE MAXIMUM STIRRUP SPACING

Vegz =030, d f.4, Vwd = Vsai— Ves A _ Via
s 09d fyua
| Veae (KN) Veg (KN) | Au/s (cm2m) |  STIRRUPS \/
o9 52 9.0 o8/
ACCORDING THE THE ALLOWABLE Asw — Vsd 11'5 ~121cem2/m \/
STRESS METHOD S 7 G,

Stirrups & 8 @ 80 mm 74



