BEHAVIOUR OF CONCRETE
MEMBERS UNDER CYCLIC
LOADING
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EfECT Ol CYCIICINEIAastiC deEferMations Gnshearhenaviour
aftergfiexuralyielding

VikN)

(a) M- loops next to end section; (b) V-y loops in plastic hinge region;
(c) loops of shear force (V) - stirrup strain
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(@), (b): M- loops next t base of 1st & 2Md storey; (c), (d): V-y loops over 1st& 2" storey; (f) base
shear v top deflection (e) loops of base moment v fixed-end rotation due to bar pull-out from footing




EunRdamentall moedels = moneteonIc shearnresistance

Truss model'w/ variable strut inclination 6, CEB/FIP. Model
Code 90 & Eurocode 2

— Shear resistance in diagonal tension,
due to transverse reinforcement: Vi = p,, T,,,0,2€0t5 +0.5N (h —x)/ L,

Eurocode 2: 0.4<tand<1, 22°<6<45°,
Model Code 90: 1/3<tand<1, 18°<6<45¢9

— Diagonal compression field at
angle 6 to member axis
= p,, f . (1+cot® §) < nf,

— may reach diagonal concrete
strength, nf
—n: reduction factor due to
transverse tensile stresses/strains

Eurocode 2 & Model Code 90:

n=0.6(1-f. (MPa)/250)



EundamentalimoedelSHormeneionic sheanresistance (contd)

AlJ Guidelines model
Concrete strut w/ width equal to 50% of section depth:
— contributes to Vy via transverse component of strut force;
— consumes part of the diagonal concrete strength, nf,
— rest of concrete strength is available for diagonal compression field in
truss mechanism (angle: 0)
Vi = pu frubyzcots +0.5b,h[nf, - p,, T, (1+cot® 5)]tane

h/2 h/2
b Vg, for cotd < min[2; N(nfJ/p,f,-1)]

-« unless: 0.5tang (=h/2L=h/L) > 2z/h
Then Vg reaches maximum value Iif:
coté=z/(htang)~4Lz/h?

Maximum Vy equal to (with {=z/h):

L=2L, VR = OSbWh[nfc tan¢+ Puw 1:yw(é/2 a tanz ¢)

Inelastic cyclic deformation effect:
cotd < max(2-500,, 1);

n on f, multiplied x max(0.25, 1-156,)
with 6,,=(ug-1)6,



Cyclic shearSstrengidegradation

Shear resistance degrades with cyclic loading: RC member that yields
In flexure may ultimately fail in sheatr.

Provisions of concrete design codes for shear strength apply to
monotonic loading; — shear suengtn

Seismic codes (e.g. EC8) may reduce Vy if cyclic

ductility demands are high.

Degradation mechanisms :
» Gradual reduction of aggregate interlock along diagonal cracis, as
Interfaces become smoother with cyclic loading.

» Degradation of dowel action (also due to accumulation of inelastic
strains in longitudinal reinforcement).

» Development of flexural cracks throughout the depth of the member —
reduction of contribution of compression zone to shear resistance.

* Bond slippage & accumulation of inelastic strains in shear reinforcement
— aggregate interlock reduced as diagonal cracks gradually open up.

» Softening of concrete in diagonal compression due to accumulation of
transverse tensile strains.



IVIOGEEISTO Alag GRal  tENSIONICY GG SHEd!,

resistance altersfiexuralyielding
Biskinis et al 2004, Part 3 off EC8
(circular columns, rectangular beams/columns/walls,
non-rectangular walls, hollew rectangular. piers)

VR_¥mm(N 0.55A. f; )+0.16- (1 0095m|n(5y Dmax(OS 100pt0t)£1 016m|n( D\FANVW

S

or.

Ve == min(N, 0.55A, f, )+ {1—0.05 min(5, 11 ){o 16 max(0.5, 1oopm)(1 0.16 mln( LTD\F A +V,

S

*V,, Vy, V. terms;
* Inclination of compression struts: 6 =45°  V,, = p, b, zf,,,

e Linear degradation of V. for ductility ratio demand from 1 to 6;
e In 1st model: V. for yg 2 6 is 52.5% of initial one
e In 2"d model: V,+V, for yg= 6 is 75% of initial one.



Test v model: Diagonal tension cyclic shear
resistance in plastic hinge (after flexural yielding)
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Cyclicsheanesistance ofisqguatwallsinrdiagenal

COMPrESSIONIBEIGrE e altersfiextralVielding
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Vienoetenicaternal orCE resIStanCe elisguat
MmembBerRsIW/leExure-sneainteraction

Generalization off AlJ Guidelines model

Concrete strut over depth x of compression zone:

— takes also the axial load, N;
— contributes to Vy via transverse component of strut force;

— consumes part of diagonal concrete strength, nf,
— rest of concrete strength is available for diagonal compression field in

truss mechanism, at angle &, w/ cotd <V(nf /p,, w-1); cotdo ~L/h



Viehoetenicaternal forCe resistance olisguatimempers:wi.
flexure-shearninteractioni(cent:d)

1. In axial force range: N,=0.5bhnf -A ,,f,+p, b, f,,, [COtO(2L+(z-0.5h)cotd)-0.5h]<
N < N,=0.5bhnf +Aq f,-0,,b,1,,, [COtO(2L ¢ z-0.5h)cotd)+0.5n]

Strut inclination |s:\/(2|_S jz oL

tan ¢ = +1-—2 Schematic

h interaction

Very brittle failure: diagram in
Concrete fails in diagonal dimensionless
compression, w/ yielding of transverse V-N space

reinforcement, but no yielding of
tension or compression reinforcement, LRSI M ES B
at an ultimate shear force of:

Vg =0.50,h[nf_ tang + p,, f,,, (& * —tan’ §)

a)tot h

05~ws+w(A-1+0)

N-range exists if: coto <

w. 2L

W S

maxuv, =

& +(0-5= i )(VA2 +1)- )



Viehoetenicaternal forCe resistance olisguatimempers:wi.

flexure-shearninteractioni(cent:d)
2. In axial force range: N; =2 N > -Ag . f

S,tot’y
Strut inclination is: : L)
tan ¢ = min —;] +

where: {

- N+ A o f, — oy Fuby (2L, +zcOtS)cot s Schematic

bwh(nfC — P fyw(l+ cot” 5» interaction

& ultimate shear is: ~ diagram in
V= dimensionless

=

V-N
(N+A, f)tane+p, f,, b, cotdz-(2L +zcoto)tang | space

05+ g — wy(A+ 1~

Moderately brittle failure:

Concrete fails by diagonal
compression, w/ yielding of transverse
reinforcement & of tension
reinforcement.

maxu, =

Wy E+(0-5 = J(AZ + 1)~ A



Viehoetenicaternal forCe resistance olisguatimempers:wi.
flexure-shearninteractioni(cent:d)
3. In axial force range: Nfb h+A T, =2 N >N,

2
Strut inclination is: : ( L. j
tan ¢ = min -

h "
where:
Schematic
(N = A, o F, )]+ oy fruby (2L, —zcot 8)cots —

7= . interaction

b h(nf ~ Pu fw,(1+ cot 5)) diagram in
& U|t|mate Shear IS. dimensionless
Vg= V-N space
(N-Aq ofy)tane+p, f, b, cotdz+(2L g zcoto)tang] ,
Moderately brittle failure: 0-5+wg-0,(A+1-0)

Concrete fails by diagonal
compression, w/ yielding of transverse
reinforcement & of compression
reinforcement.

0-5-ws+w(A-1+0)

If shear effects unimportant (L.,/h>>2.5),
interaction diagram degenerates into simple
u-v diagram:

p=0.5¢(vtw,,)  for 0.5n>vz-w,,
p=0.5{(n+w,-v) for n+w, >v>0.5n

maxuy,
W&+ (0 5-%)(;/(/1% 1)-A
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(b) Dimensional interaction M-N and V-N diagrams of 200mm square column

with four 16mm bars; (c) example dimensionless M-V-N diagrams



VIGNGLOENIG | ateral feCETESISIanGCe Blisguatimembers Wi,
feExure-shearinteractioni(cent:d)
Cyclic shear resistance ofisguat celumns in diagoenal

compression arter flexural yielding
d = angle of column

V, = diagonal to member
. axis: tand = h/2L,
N

;(1—0.02 min (5; 1. ))(1+1.35Ac—f](1+ 0.45-100p,,, )y/min(f,; 40) b, zsin 25

C

Experimental cyclic shear
resistance for shear compression
failure of squat columns after
flexural yielding v predictions

no. tests: 64, median=1.00,
CoV=10.4% 100 600




Viehoetenicaternal forCe resistance olisguatimempers:wi.
flexure-shearninteractioni(cent:d)

Diagoenal reinforcement in sqguat columns or. deep
peams

Veg=2A44f,¢4SINO

(tano = z/L = z/2L )

Coupling beams w/ diagonal reinforcement in Eurocode 8
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