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shear strain

tané=L, /d Kl

inelas. flex. def.

slip

* The static relationship between shear force and flexural moment in the span of the cantilever is
identical to that occurring over the length of the actual frame member extending from the point

of contraflexure (zero moment) to the fixed end support.

 Deformations are owing to flexure, shear action, and pull-out slip of the reinforcement from the
support or lap splice. These mechanisms of behaviour are considered to act in series, therefore
their effects are considered additive, as implied by the mechanical analogue of above Figure,
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used in computer simulations of inelastic RC Members.
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* The development of yielding
flexural moment in plastic hinges of
frame elements is synonymous with
yielding strain penetration in shear
span and anchorage.

*Yield penetration destroys
interfacial bond between bar and
______ concrete:

=» Reduction of column plastic
rotation due to flexure ( reduction of
strain development capacity of the

= Yield reinforcement)
Penetration

Slip

=)

= Increase of bar pull-out
contribution in the total column
=== Buckling rotation.

Anchorage === Shear Span
TN

=== Concrete crush
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Reinforcement to Concrete Bond<> Tension - Stiffening.

The basic equations that describe force transfer lengthwise from a bar to the surrounding
concrete through bond:

force equilibrium applied to an elementary bar segment of length dx

Kinematic relationship: The slip of the bar as the difference of the developed strains by
the two materials (Tassios and Yannopoulos 1981, Filippou et. al. 1983):

F(x) __ <—fb o FOx¥dx)  gF 4 s
<« mipiplpiptpipiptn —> .~ b |::]:| d_X:_(g_gc);_g
— — — - X b
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”$ _______ ! _____Jlgsh i
_J E i .I;mm
Esi e i i s
&y &y Sy s, S5
Steel reinforcing bar local bond - slip
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* The moment-shear relationship M - V in the span of a cantilever RC column under horizontal
loading is identical to that occurring over the length of the actual frame member (H) extending
from the inflection point at mid-height to the fixed end support (L.=H/2).

e Classic Theory of Flexure: a RC element is considered cracked when M>M_,

 Discrete Cracks

»  1stcrack at the support of the column: transistion from uncracked to cracked state=» for
imperceptible moment change to M_, =® jump in strains >/35
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Tension - Stiffening Model:

Plane Sections
[M] e, <¢

* Inthe interval between cracks- where M >M_, — the real bar strains deviate from those defined by
flexural analysis:
» Due to reinforcement slip, the degree of strain compatibility between steel and concrete in these
locations is not well understood (“plane-sections remain plane” assumption)
» Concrete CAN NOT be considered inert as would happen in a fully cracked tension zone.

> It takes some distance ¢, from a crack location before the reinforcement may fully engage its
concrete cover in tension = to satisfy the conditions of strain compatibility 6/55
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Tension — Stiffening Model: (3/3)

S
T @
(<}] - .
Q2 c Plane Sections
[M] S5 9 e <¢g
D
- — 0
0
Mcr
M
© 7/

* The bar strain (E) in the intervals between cracks (£,,) but also beyond the most distant crack ({Di)

until the point of full compatibility of the two materials (zero slip):
= Solution of the differential equation of bond

Disturbed Region (t’Do) “plane-sections remain plane” assumption is not valid anymore
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Use of the solution of bond in the anchorage after yielding of the reinforcement

(Tastani and Pantazopoulou 2013)

:? for > ) l Boundary Conditions (x = €,,)

| € e, | k—— > Matching of the slopes of bar

= strain distributions (left due to
_I‘O\f{ éec,,,z clastic bond and right due to elastic

somal | response response)

E’\\\ <, ~ » Matching of values (continuity).

\ > Compatibility of strains (zero
e Slip)-

R
(
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Plastic Hinge Length =yield penetration length

* The plastic hinge length (€,) is by definition the yield penetration length (/),
measured from the critical section inside the shear span and inside the anchorage.

> ltis triggered when slip is above the limit value of s, in both regions

» £, definition of the inelastic column

" iﬂ: pl rotation capacity
| | -

P »,

Total Disturbed Region; € Do

fres
b
1
. - ¢
S; S, 83

Ir :Ir Ip local bond slip
AnChorage ) Shear Span 9/55
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Tensile Bar Strain
2 4 6 8

1. Using standard section analysis with 3502
OpenSees obtain M-¢ and M-¢ diagrams x10]
(or better a unified diagram M-¢ -€) 300 d
given N for the typical section of the 950
reinforced concrete column studied. o
Z 200
2. Select value of bar strain after crack :;c: /
formation at the support. S 150
= 100
3. Solve for the length of the disturbed
region €,, emanating from the first 50
crack
0 15 3 45
L Curvature (1/mm) x 10°
le Pl E‘1=D.5-e”‘fﬂ[£;-(1—?+mi)—NH(E-'E-A}]
€1 Y w1
C,=05-e <D [s; (1 -—— —] —N/(E, -A}]
L. wL,

— s0)=C+ =5, 10/55
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4. Formation of the 2nd crack

> It is checked whether the next
crack will be formed inside the
disturbed region (balance of
forces due to bond and the
effective concrete area in
tension)

> It is checked whether the next
crack will be formed inside the
undisturbed region.

2¢+D,

SR
b ! - 5 }‘-:‘
|

O ,,Pﬁzg |

[(E.- A/ (for- A

b Asl

cerr)] [ — (@] = 1

=X P l

| I

| ; Y
eD,I

x=L.-[1—¢g_/ e, —N/E,As2)]
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5. After formation of the second crack:

» The new disturbed region €, , is
defined.

» The distributions inside the
disturbed region (€, ;) are computed

2
2(._./. o Y
€ €2 !

cr,1

6. Repeat until stabilization of principal
cracking (¢, < &)

Note: condensation of cracking inside the €,
has not been taken into account

e (ter_stabilization of cg&gking:

Sor>£y E(x)=£a—ESthx

X €y :i
ad s{x) =5, + 053, — je slx) + E.'Sy]

A

INT R ) Tot. Dist. Reg., BDO

4fbmﬂx
E.s DEJ

s(x) =5, +05(1,.+ 1, —x)[s(x) + &3]
The total disturbed region (£p,):

Extending frof e s pport to the end of
ra 1, the disturbed region of the last crack

(x—1.)

e(x) = &5y, —

s(x) =0 - E_m(x_lp_]r] +C, - Em[x—lp—]r]

s(x) = i(cl . E—ml::x—]p—lr] —C,- Eml::x—lp—]r:l} +C

max

f
f, () = 2
5

- 5(x)
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7. Termination: when the bar strain at the support T | €oi Pl
becomes equal to the strain corresponding to , , ,<_> i
ultimate moment . / 0 =
(Moment- Strain diagram ) Tot. Dist. Reg., €,

» Bar strain, slip and bond distribution inside

'BDo

» The plastic hinge length € : the yield
penetration length of reinforcement /,

(corresponds to the residual bond strength , ;")
inside €,

fo.res :_’—\x

+“——>—> Ip

Ir
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Numerical Results:

Saatcioglu and Ozcebe, 1989:

» Square column(350 mm)

» Shear span Ls=1000 mm

> Long. Reinf. 825, stirrups ®10/75
» Concrete 34.8 MPa, Steel fy=430MPa

Loading Direction S-N —

Loading directions «—— 1 Loading beam

.1 L
Spacer block T Emamm
Shear key plate
900mm
350mm—-|
~ f=45mm
4 | 350mm .
| .
i 500mm
8- . ] LI
25mm bars 10mm bars dl .| i

400
Force (kN)

TYPE A }-—125{Immﬁ

-100

1
100
Deflagction (mm)

fa)

=400

Ou =0.035 rad. s



Tensile Bar Strain

Tensile Bar Strain

Engineering Structures, Vol. 156, p. 161-174.

Numerical Results:

Third Crack Bar Strain Distribuﬂnn

x1[]4 Second Crack Bar Strain Distribution

a) E0 ———
E -----------------------------------------------
|:| ________________________
2nd Erack
LDCEtID:I"I ¥ =193
-120[][] -500 0 500 1000

Anchorage (-), Shear Span (+) (mm)
w10~ Fourth CrackBar Strain Distribution

: £0 I 4th Ermk
C 1 1
) ! T L&cahnnxa?ﬁﬂ

______________________________________________

Stahnlzah on
of Cracking

———————————————————————————————

-:11[][][] -500 0 500 1000

Anchorage (-), Shear Span (+) (mm)

Tensile Bar Strain

Tensile Bar Strain

-4
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of Cyprus (2018) Effect of Yield Penetration on Column Plastic Hinge Length,

1o : . 3rd Cratk
r FEE
10 b) g0~ f\ Location x—EEE
5
D L -
-15[][][] -500 0 500 1000
Anchorage (-), Shear Span (+) (mm)
X 10~ Bar Strain Distribution at Ultimate Moment
lpl = 313(-) + 319(+)
g __'_e_pl_____% _________________________
=632mm
| .
m Anchorage
mmmm Shear Span as an Anchorage
) = == :Plane Sections Assumption
-15[][][] -500 0 500 1000

Anchorage (-), Shear Span (+)'(fmm)
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span anch

. S
slip — yoru l yoru
yoru gu — !’ :9); ; zl x=0
* Classic Definition epl =(Mu.My)-Ls/Mu +C 04 u LY Cx
shear span anchorage
* Priestley et. al. 1996 €, =0.08L,+0.022D,f, / (g £ ) E_ D,
* Eurocode 8 - Part Il 2005 ¢ =0.1L+0.17h+0.24D,f,/ f 05 ' T4

Model, 632mm

Specimen U3

Slip (mm)

700
2.5
kCrack 600 B
width |  E-Pi e ot DB @ . (= = e e e e e o o e
= at the 500
support
4.7 mm
1.5
1 72
0.5 53
I S e
2D

00 0 2000 |
Anchorage (-)

Shear Span (+) mm

Plastic Hinge Length (mm)
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* The beam - column element is discretized in integration points — sections.

* ltis based in the discretization of the sections of the element in |ayers/fibers where through

appropriate constitutive laws the forces of the section are determined.
* These are distributed inelasticity models that can be force- or displacement -based.

* In order to evaluate flexural response those elements are based on Euler — Bernouli beam theory but

to evaluate shear- flexure interaction they are based on Timoshenko beam theory. 17/55
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Reference: MEGALOOIKONOMOU KG (2018) PHAETHON: Software for
Analysis of Shear-Critical Reinforced Concrete Columns, Modern Applied
Science, Vol. 12, No.3, p. 1-22.

#. T
f ;
Equilibrium

P
“14,200¢,

](62 = f;:Z,max ) [2[8_%\] - [g_?j :l
gc gc

f;x :Es'gx Sf‘y,x

Strain Compatibility

\fsy =E, ‘&, Sfy,y

Constitutive Law
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¢

*Due to the influence of bond, tensile
stresses can develop in the concrete
between cracks. To model this phenomenon,
which is referred to in the literature as
“tension stiffening”, the concrete tensile

stress is assumed to decay from the tensile
| strength as principal strain increases.

|
P
Al
|
|
!

In concretel I I I

* It is assumed that the average tensile
concrete stress, f¢1 gverage iS transmitted
across cracks. This implies that stress in the
reinforcement increases in proximity of
cracks but it is limited by yielding value.

19/55
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Fiber Stresses — Iterative procedure based on MCFT:

Impose g, V,, |
ny fcx fcy
Assume angle
| theta
| Yes
82 81 Ey Gsec Esec
theta (e theta(e =
fcl fcz fsy ( X ,va) ( X ,va)
0.assumed?

Root search based on numerical
method Regula Falsi 20/55
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Section State Determination:

Section Forces Section Stiffness
T, 7
-aﬁi af?l af?l- ol(x,y) = [T.ry.
£ = [ BT0)- a(ay)da G e Do
_ sz s2 s2 &)
N o k& aEl aﬂz EEE E{x’}r} - [}'r.x:yd
folx) = {M} glx,v) = [Tx] 0fs; 9fs; 9,
vV ¥ de;, de, deg do(x,¥) [E, O ]
de(x,y) Lo Gm
_[1 —¥ 0
B.(n)= [ﬂ 0 1] af. do(x,v) dz(x,v) do(x, v)
_9s _ T(Y. Y ' — Ty . '
ke = de f B () de(x,v) de a4 J-BS o) de(x,v) B;(y)dA
N = fﬂxdﬂ = Axial Force
n.layer nlayer n.layer

V= Jrr:;d"q' —Shear Force N = Z gidland V = Z T;yﬂ; and M = — Z glytAl
i=1 i=1 i=1
M= — f va,.dA =Moment Note: Parabolic Shear Strain Distribution along
Section height with maximum value (yxy ) at the
neutral axis. 21/55
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Reference: MEGALOOIKONOMOU KG (2018) PHAETHON: Software for
Analysis of Shear-Critical Reinforced Concrete Columns, Modern Applied
Science, Vol. 12, No.3, p. 1-22.
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Newton-
Raphson

Iteration

Ay, = A+ Ash 4+ AT

5
L
(d—0.4c,)

23/55
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Drift at Axial Failure — RC Column with Flexural Response :

Force-Displacement for Stress-St_rain_reIation Cantilever Column Model
RC Column 1 for Longitudinal Bar Axial Elongation
of Berry and Eberhard Database for RC Column 1 versus Lateral Displacement
of Berry and Eberhard Database
800 Jy—— 600 . 12 .
AR Axial Failure
600 P _ _ 10}
D“_’ 400 S
400 t =, © _ 8}
_ - EE
pa 5 200 S E
\x/ 200 B — 5} :’ 6 L
() © 0 c
o = T 2
S 0f ERC x 2 4
5 e S &
© 200 | S 2% 27
» = 200 | S 3
o B
-400 1 % () X 0r
() n
= 400 ©
-600 | 2 m 2t
-800 ' -600 : -4 :
-50 0 50 -0.1 0 0.1 -50 0 50
Displacement (mm) Strain of Longitudinal Bar Displacement (mm)
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« Elwood and Moehle (2005)

(ﬂ) 4 1 + (tan 65°)?

L/ axial 1Uﬂ[tan55”+P'(A - fi fi tan65”)]
st Iyt =

Shear Failure

Axial Failure

DV
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Cantilever Column

Specimen 1 by Sezen and Moehle 2006

"m’ “llll ‘ ,,i.,mmmmw, 400 | : : : : : :
oL T B0
H | mm 1'||-l mn i E E ; /) E
M/ imz [#n] ﬁ:m ! 200f---=------ Pt e L L L L ELT 7E o Y } B S -
—— 'ﬁm 3')4]Srn.mlll2in.] g 100k--------- i __________ E _________ R 3 T T i. _________
;‘:::T ! ‘ 457 mm A ‘é' --'i _____ T~ A A g . S LT ;
i () 2 I . Y | Lt WYL :
g f D @Wsmm[12injos. [ O 0F “'“‘F#j- s RS
JEmexm [ 8 400 TR L A mees s
H O nghoded et 35 £ | Flexural analysis
12 am [inl]| | -200p--------- ' ---------- e 7hegt f--1-- Experiment -
@iraee :!:'1-- Sezen & 200 : b 2L ¥ 1 | Shear strength (EN1998-3)
e H L I Moehle : : ; i | Shear strength (ASCE-SEI41)
11 = | | i | | | | , I L
ool (2006) %0 20 20 0 20 20 50 80

Displacement (mm)
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Correlation with Experimental Results — Phaethon - Specimen 1:

M Phaethon
File  About
Geometry Concrete Numerical Results
Cro?s-Section Type ) Pushover | M B = |H||
@ Rectangular () Circular fo (MPa) = 211 for (MPa) = 1516 —
h {mm) = 4572 D {mm)= D |_|
0= 0.002 = 0.00007184
b {mm) = 4572 e = Lateral Load - Lateral Displacement
Hﬂil'f_ G2l o S0l il by EWood &
Lengitudinal Transversal Migaria (2005)
B 300 field-Point
nMd [ 1} nBars Es(MPa)= 200000 rsy= 0.0025
B R = 250
Area of Dbar fm) fy (MPa) = 434 fyy (MPa)= 476 Z
secti [+
s A [ ] Eh (WPa) = 00  Spimm)= 3048 g 200 P Y
layers — IS o~ \
Covmm)=|  6513||| nStegs 241 5 190 / 5
Dt m) = 9525 @ 100 - - -
. Forial Failure:],
50 / Eu_&zﬂ_[d -----
Solution Procedures I
— © Compressive N :
P Sec intTyp Sec [~ Midpoirt] NKN- 667 . m:res:ve 2 3 6 8 10 12 20 40 60
L]
o Displacement (mm)
Pushover | Moment - Curvature
Ls {mm) = 1473 nlP.Ls 5&' fe (MPa) — Lateral Displacement Coninbutions
onsn 5+ it — " - ,
¥P. v  Gauss-Lobatto Db fmm) = 287 [—— B
PushStep (<N} = 5 R 12 4 Anchorage Slip .. -
Lb {mm}) = 121 . B Flexure "
E 10 i
E 3 il
£ -
E wl D
2 B ~=ERRERRE AR
i -
& ==m
o 4 —
2 d =22
Pushover Step 27/55
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Correation with Experimental Results — Phaethon - Specimen 1:

Specimen 1 (Double Curvarure) tested by Sezen & Moehle (2006)

350.00
300.00 -
- e )
= N=T . == Experiment
_250.00 NS = - xperime
5 \
g 200.00 \ === Response 2000
= \
. 150.00 /
] .
s / - OpenSees -
= Flexure
100.00 \
\ «===Phaethon
50.00 '
0.00
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00 -

Horizontal Displacement (mm)
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|
100
g shear ‘q&:
£ £
g 80 3
L) @©
) 2
5 60 i
S o
o r5)
Q40 . @
S Phaethon i
c c
o 20 IS S S
5 o
Q @
Q o
0 1 2 3
Atotal / Ay Atotal / Ay
Numerical Experimental
Results Results
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Phaethon — Anchorage — Specimen 1 (Sezen & Moehle, 2006):

M Phaethon
File  About
Geometry Concrete Numerical Results
Cross-Section Type Pushover | {-C — E
@ Rectangular ) Circular fc (MPa) = 211 for (MPa) = 1518 | — |—|| P Download RCSUH’S
oz Do Anchoroge [
hem= 4572 Dimj=| | — BU.H. on
—_ epcl = 0.002 ecr= 0.00007124
bimm)= 4572
Reinforcement Pushaover Step Ia-
Lengitudinal Transver=al - = Strain Slip =—— Bond
Mid [ 1= Biars piE Es(MPa)= 200000 rey= 0.0025
Vi lzl nboars {]{][]6
Ao of Dbar frm] fy (MPa) = 434 fyy (MPa) = 476 0.005
section — .
reforcement L] Eh (MPa) = 00 Spnm)= 048 0,004
| P =
ER Cov {mm) = 65.13 n.Stlegs 14 z 0.003 \'
w h
0.002
Dt (mm) = 9525 . iy
0,001 “"----..___________________
Solution Procedures
nIP Sec IntTyp.Sec [~ Midpoirt] N (<N = go7 & Compressie N :
) Tensile N
Pushover | Moment - Curvature _ 0.8
B Anchorage E 06
i 3
Ls fmm} = 1473 nlPls 5% =
f (MPa) = 211 2 04
= P =
NoPushsteps IntTyp Ls [v Gauss—Lnbartc.l Dbfm)= 287 02
PushStep (kN) = 5 D
Lb {mm) = 1121
6
s N
@ 4 .
=1 S
= 3
5 2
B == S
200 400 600 800 1000
Anchorage Length (mm) 30/55
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M Phaethon
File  About
Geometry Concrete MNumerical Results
Cross-Section Type Pust Moment - C fure ‘
@ PRectangular ) Circular fo (MPa) = 211 for (MPa) = 1516
himm)= 4572 Dfm=| | L s
R epcl = 0.002 ecr=  0.0D007184 500
b {mm) = 4572 250
Reinforcement 400 —\\
Longitudinal Transversal 50 _‘\
nMd | 113 nBars Es(MPz)= 200000 rsy= 0.0025 E 200 / o
Area of Dbar {mm] fy (MPa) = 434 fyy (MPa)= 476 ‘;é’ 250 /
ecti S @
reirforcement ] Eh (MP3) = 00 | Sp(nm)= 3048 E 2m /.
layers [ = 150 /
Cov {mm) = 6513 n.Stlegs 341 /
Dt (mm) 9525 100 /
m) = .
50
Solution Procedures
@ Compressive N 1,.0E-5 2.0E-5 3.0E-5 4 0E-5 5.0E-5
nlP.Sec IntTyp.Sec |~ Midpoint N N) = 667 o R
() Tensile N
_Pushmrer Moment - Curvature
Shear Force - Shear Strain
phi lncr. (1/mm) = 0,000001 120
SR 110
gamma Incr. = 0.00001 100 /.-..
65)2 50 4
MoSteps lZI = / \
e
= e N
L i -
2 60 - <]
; o - -
w40 4
30
20 //
10
31/55 50E-5 10E4 15E4 20E4 25E-4 30E4 35E4 40E4 45E4 50E-4 55E4
Shear Strain




Foundation

END OF FIRST PART — SEISMIC ASSESSMENT OF RC COLUMNS:

You can download Phaethon Windows software from the
following link:

254 | University g '
of Cyprus / Onassis

www.bigeconomy.gr/en/phaethon-en/

ANY

QUESTIONS
?
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Internal reinforcing

n & steel Concrete
=—— i sFRP wrap ¢
i
Concrete ‘ * | ‘ [\ fip

shortens

N\
-,‘

...FRP confines ...and places it in
...and dilates... the concrete... triaxial stress. ..

FRP Jackets have been found to be beneficial for the :
 Compressive Strength

e Shear Strength

* Flexural Strength

33/55
* Displacement ductility of RC columns.
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Reference: MEGALOOIKONOMOU K.G., Monti G., Santini S., “Constitutive
Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI/

Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

FRP and Steel Confined Concrete:

Axial Stress

Rupture of
FRP Jacket

.
e T ————_”"Z-ZZ-ZT"——=
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- :: - fljaalg;\t\-}\ -
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jacket
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b
—
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—

Axial Strain

ity Steel ties
3 fr 'E:’. 1 45::
= == -fl =_k¢ P f:'p Pst =
B . 2 sd;
fl f} lu-r
7 & FRP
o 1 4¢
i - — E _ _f
IRARRLR s ARARARRARALAL! /i g’of g Pr ]

*For low strain values, the stress state in the
transverse steel reinforcement is very small and
the concrete is basically unconfined. In this range,
steel and FRP jacketing behave similarly. That is,
the inward pressure as a reaction to the
expansion of concrete increases continuously.

*Therefore, speaking in terms of variable
confining pressures corresponding to the axial
strain level in the section and active triaxial
models defining axial stress-strain curves for
concrete subject to constant lateral pressure, it
can be stated that the stress-strain curve
describing the stress state of the section has to
cross all active confinement curves up to a
confined-concrete axial stress-strain curve that is
associated with a lateral pressure magnitude
equal to the tensile strength of the FRP jacket plus

the yielding strength of ties. 34/55



Reference: MEGALOOIKONOMOU K.G., Monti G., Santini S., “Constitutive
Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI/
Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

Impose €, Failure Criteria 0
T Y/
| f cc.core f c.core é -10 /7// /
R Assumefl.cover f f g -20 l/
e cc.cover J c.cover Y ‘.3 /// /
es
| | S -30
X
V(‘Econ ) fisteel €.core €l.cover E¢ g 40
©
3]
| | £ -50
f f‘/COVEf (SC) flcover (EC) = O
l.core ’ ’ -6
5 -q 0 -5 _ 0
Jrassumed Concrete axial strain < 10°

After imposing an axial strain on the section, a pressure coming from the FRP jacket is assumed. Then,

the Poisson’s coefficient until yielding of steel stirrups and the pressure coming from the steel ties, is

calculated based on the Braga model (2006). The confining pressure in the concrete core is simply the

summation of the lateral pressures contributed by the two confining systems (FRP and Steel). The
Spoelstra and Monti (1999) model beyond this point is basically used to define the remainder of the
parameters declared above, applying that model on the concrete core and concrete cover of the

. . 35/55
circular section.



A“b’ él"A University Reference: .MEGALQOIKONOMOU K.G., I\/Ion.ti G., Saqtini S., “Constitutive
x of Cyprus Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI
M Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

“FRPConfinedConcrete” Uniaxial Material in OpenSees:

1 tag Material Tag
2 fpcl Concrete Core Compressive Strength
3 fpc2 Concrete Cover Compressive Strength
4 epscl Strain Corresponding to Unconfined Concrete Strength
5 D Diameter of the Circular Section
6 c Dimension of Concrete Cover
7 Ej Elastic Modulus of the Jacket
8 Sj Clear Spacing of the FRP Strips - zero if it's continuous U n itS
9 tj Total Thickness of the FRP Jacket
10 eju Rupture Strain of the Jacket ( N ,mnmm, M Pa )
11 S Spacing of the Stirrups
12 il Yielding Strength of Longitudinal Steel Bars
13 frh Yielding Strength of the Hoops
14 dlong Diameter of the Longitudinal bars
15 dtrans Diameter of the Stirrups
16 Es Steel's Elastic Modulus
17 vo Initial Poisson's Coefficient for Concrete
18 k Reduction Factor (0.5-0.8) for the Rupture Strain of the FRP
19 useBuck FRP jacket failure criterion due to buckling of longitudinal 36/55
compressive steel bars (0 = not include it, 1= to include it)




Ul’liVEl‘Si’[y Reference: MEGALOOIKONOMOU K.G., Monti G., Santini S., “Constitutive
Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI/
Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

of Cyprus

*‘The experimental study under consideration
contains a series of cyclic loading tests that was
conducted on six reinforced concrete column
specimens 400 mm in diameter and 1.350 mm in
effective height.

Lasteral Load

—l-

SD2U5A Db
SD295A DIy

*The specimens were grouped into A and B series
where each series consisted of three specimens
each; one was as-built while the second and the
third were wrapped laterally by CFRP with a single
layer and with two layers, respectively.

1500
1611

1350

16 |50

SD345A k SO29sA
D19 1 Dia

dIKE

* The specimens were laterally confined by 6mm
deformed bars having yield strength of 363 MPa
(SD295) with 1350 bent hooks. The tie
reinforcement spacing was 150 mm for the A-
series and 300 mm for the B-series.

1150
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A" \”& UI‘llVEl”Slty Reference: MEGALOOIKONOMOU K.G., Monti G., Santini S., “Constitutive
x of Cyprus Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI/
Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

* The cantilever column was modeled by a linear
0.40m beam element with the stiffness corresponding to

I
s—
-
™

i — flexural yielding and a fiber element used to
r
| 1 i i
g | - Cover Concrete capttfre .the flexural hysteretic behaviour at the
Lateral | [ 1 plastic hinge.
Load 1
t i Beam =
] Element |~ fA—————w\ \ Longindinai  *The length of the fiber element was assumed to
I Fe o] Reinforcement he half of the column’s diameter.
I
I 1
|

*A rotational spring at the bottom of the column
represents the longitudinal bar pullout from the
footing. Its property was based on moment-
rotation curve obtained from the experiment at

Core Concrele

ey

1

I

]

L

E_

|

HE.
T8

ol

.
040m 0.20m

T

1.15m
small amplitude loading and was assumed to have
an elastic stiffness.
FRPConflnedConcrete *No P-A effect was considered in the performed

analyses
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2 | University Reference: MEGALOOIKONOMOU K.G., Monti G., Santini S., “Constitutive
of Cyprus Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI
Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

Correlation with Experimental Results:

Comparison with Test Specimen A2

150 | | | ;
— FRPConfinedConcrete ! 5 ! 5
100 : Exp?nment A2 __________ |
| el S T S S -
[0}
=
LE 0_ _______________________________________ ]
©
S -50f 7 | S -
R s = ) — e

L 5%0 -60 -40 -20 0 20 40 60 80
Displacement(mm) 39/55
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[ of Cvorus Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, AC/
M Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

Correlation with Experimental Results:

Comparison with Test Specimen A3

150 | | | |
— FRPConfinedConcrete ! = E i
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TR T | E W— NA——————e N7/ WY L R i
D
O
O O o T 7 Y 2 ST .
_§ B0 L eahit b ELELUTEELERRREE SPPERLRREEED -
U) ! J: ; . : : ' :
RIS IR T A —"——

A 5%0 -60 -40 -20 0 20 40 60 80
Displacement(mm) 40/55
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Correlation with Experimental Results:

va | University
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Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

Comparison with Test Specimen B2

150 —FRPConfinedConcrete I I I I
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g Y0 S SR S YA . J
QD
=
IE 0_ .................................... i
S
ﬁ -50F----- ------------------------------------ i
Lo o FA s/ 77 S S S S— .
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-20
Displacement(mm)

0 80
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Reference: MEGALOOIKONOMOU K.G., Monti G., Santini S., “Constitutive
Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI/
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of Cvorus Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI/
IP Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

Correlation with Experimental Results:

Comparison with Test Specimen B3

150 | | | |
‘ —FRPConfinedConcrete g g g g
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D T T
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TSR AP AT " - 7/ 50 N . — —

& 5%0 -60 -40 -20 0 20 40 60 80
Displacement(mm) 42/55



A‘“'f 4“54 University Reference: MEGALOOIKONOMOU KG, Papavasileiou GS (2019) Analytical
x Of Cvprus Stress-Strain Model for FRP-Confined Rectangular RC Columns, Frontiers in
yp Built Environment, Section Earthquake Engineering. Vol.5, p.309.

Seismic Retrofit of Substandard RC Columns with FRP Jacket:

* Circular FRP-confined RC sections = radial dilation = uniform stresses
* Rectangular FRP-confined RC sections - more efficient confinement at the corners
= non-uniform stresses

* Analysis-oriented model - easy application in practice & implementation in software

0.45

Selected slice

Loading
225
1.80 <g
1.35
Unconfined concrete 0.90

mmmmm Confined concrete 0.00
-0.45 / \
== Reinforcement 090 SN

-1.35
m— [RP Jacket -1.80
. 225 T~
—+ «+— Passive confinement 2,70 <l
stress 315 (
-3.60 "
Loading
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A‘“'f Q‘)'IA University Reference: MEGALOOIKONOMOU KG, Papavasileiou GS (2019) Analytical
x of Cvprus Stress-Strain Model for FRP-Confined Rectangular RC Columns, Frontiers in
ypP Built Environment, Section Earthquake Engineering. Vol.5, p.39.

3D FEM Analysis Results:

s
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Stress-Strain Model for FRP-Confined Rectangular RC Columns, Frontiers in

j’;xqg University Reference: MEGALOOIKONOMOU KG, Papavasileiou GS (2019) Analytical

of Cyprus

Yes

Built Environment, Section Earthquake Engineering. Vol.5, p.309.

Proposed Iterative Procedure :

Impose €,

Lateral

Pressures for
each region

Assume G,

Vertical Stress
for each region

€V, €4 _ Eside

F diag Vertical Stress

Uniaxial
Confinement
Biaxial

[ Confinement
Axial Behaviour Lateral Behaviour

(Quartile of a rectangular section)

Chfﬂk EsjdgE k Eju

Yes FRP rupture

Gec.total =

Oc.assumed ?
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s4 | University Reference: MEGALOOIKONOMOU KG, Papavasileiou GS (2019) Analytical
Of Cvprus Stress-Strain Model for FRP-Confined Rectangular RC Columns, Frontiers in
yp Built Environment, Section Earthquake Engineering. Vol.5, p.309.

New Version of Uniaxial Material - “FRPConfinedConcrete” - in OpenSees:

uniaxialMaterial FRPConfinedConcrete SmatTag $SecTyp $Sh $w $rc $fpc SEj
$tj Seju Sk

matTag Material tag

SecTyp Section Type—> C: circular, R: rectangular

h Section Depth (mm)
w Section Width (mm)
rc Radius of Rounding Corners (mm)
fpc Concrete Strength of Existing RC Column (MPa) ¥
rc _ -
Ej FRP Jacket Elastic Modulus (MPa) = b Z
tj FRP Jacket total thickness (mm)
eju Rupture Strain of the FRP jacket from tensile coupons. 46/55

k Reduction factor for the rupture strain of the FRP jacket, recommended values 0.5-0.8. (Lam & Teng, 2003)



University Reference: MEGALOOIKONOMOU KG, Papavasileiou GS (2019) Analytical
of Cvprus Stress-Strain Model for FRP-Confined Rectangular RC Columns, Frontiers in
yp Built Environment, Section Earthquake Engineering. Vol.5, p.39.

Correlation with Experimental Results :

Memon and Sheikh (2005)

{) {
S AL
NNl

300 o -
300 @ Yielding of transverse ties 0] Yleldlflg of transverse ties
@ Buckling of long, rebars @ Buckling of long. rebars
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100 100
0 0
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P=0.33p, P=0.56P,
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300 I ] ] | 300 | | ] 1
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300

Experiment

[x-axis: Curvature x10° (rad/mm),
y-axis: Moment (kNm)]
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Reference: MEGALOOIKONOMOU KG, Papavasileiou GS (2019) Analytical
Stress-Strain Model for FRP-Confined Rectangular RC Columns, Frontiers in
Built Environment, Section Earthquake Engineering. Vol.5, p.39.

Correlation with Experimental Results:

Memon and Sheikh (2005)
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y-axis: Moment (kNm)]
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Reference: MEGALOOIKONOMOU KG, Papavasileiou GS (2019) Analytical
Stress-Strain Model for FRP-Confined Rectangular RC Columns, Frontiers in
Built Environment, Section Earthquake Engineering. Vol.5, p.39.

Correlation with Experimental Results:

Memon and Sheikh (2005)

300
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[ of CYpI'llS (2018) Effect of Yield Penetration on Column Plastic Hinge Length,
Engineering Structures, Vol. 156, p. 161-174.

Conclusions:

* Yield penetration occurs from the critical section towards both the shear span and the
support of columns (nonlinear region of reinforcement = Plastic Hinge Length, P.H.L.)

= pull-out slip measured at the critical section = contribution of pullout rotation to
column drift and column stiffness

. Contrary to the fixed design values adopted by codes of assessment, the yield
penetration length is actually the only consistent definition of the notion of the P.H.L.

. In order to establish the plastic hinge length in a manner consistent to the above
definition, we pursued the explicit solution of the field equations of bond over the
shear span of a column:

=» principal flexural cracking before stabilization
=» reinforcing bar strain distribution in the disturbed region
= at ultimate: extent of yield penetration = P.H.L.

* The numerical results show good agreement with the experimental evidence.
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A[ of Cyprus Anglysis of Shear-Critical Reinforced Concrete Columns, Modern Applied
Science, Vol. 12, No.3, p. 1-22.

Conclusions:

e A Windows-based software was developed for fiber-based, distributed nonlinearity
analysis of prismatic frame elements undergoing lateral sway such as would occur during

an earthquake.

e The formulation was extended to fiber-type analysis with distributed nonlinearity also
considering the exact Timoshenko beam theory whereby shear deformations are explicitly

considered in the state determination.

e Moment, shear and axial load interaction were considered in calculating the resistance
curve for a number of different column cases that underwent flexure shear or purely shear
dominated mode of failure, and the distinct contributions of the many contributing sources
of column deformation (curvature, shear angle, axial elongation, pullout rotation) were

illustrated through the developed algorithm.
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sh | University Reference: MEGALOOIKONOMOU K.G., Monti G., Santini S., “Constitutive
of Cyprus Model for Fiber —Reinforced Polymer - and Tie — Confined Concrete”, ACI
Yp Structural Journal, Vol. 109, No. 4, July 2012, pp. 569-578.

Conclusions:

*A recently developed material model for FRP and Steel — confined concrete was
implemented in OpenSees under the name ‘FRPConfinedConcrete’ with no tensile
strength and degraded linear unloading/reloading stiffness in the case of cyclic loadings
based on the work of Karsan and lJirsa .

*In case of bridge pier modelling with a fiber nonlinear beam-column element in which
the developed constitutive law for concrete is implemented, the averaged response of
the two different regions - concrete core (confined both by the FRP & the existing
reinforcement) and concrete cover (confined only with the FRP wrap) - in the cross-
section allows the assignment of a unique stress-strain law for all the fibers/layers of the
circular section.

*The results yielded by the analytical modelling of the cyclic loading procedure of FRP-
confined bridge piers are indicative of the effectiveness of the applied material model,
i.e. the ‘FRPConfinedConcrete’, as they were found to simulate with adequate accuracy

the records of the experimental procedure.
52/55



A‘ﬁ'f éa University Reference: MEGALOOIKONOMOU KG, Papavasileiou GS (2019) Analytical
x of Cvprus Stress-Strain Model for FRP-Confined Rectangular RC Columns, Frontiers in
yp Built Environment, Section Earthquake Engineering. Vol.5, p.309.

Conclusions:

e A mechanistic model was developed to evaluate the confining effects of FRP jacketing
used as a means of retrofitting old columns with a rectangular cross section, in terms of

confined concrete stress-strain response.

e The model illustrated that the arching action effect which is widely accepted in the
literature oversimplifies the true nature of the state of confinement in the encased

member.

e Confining forces near the perimeter were found to have strong directionality effects. A
novel constitutive approach that accounts for the kinematics of the restrained region was

developed and implemented along with the fiber model in OpenSees.

e All developed methodologies correlate adequately to experimental findings.
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Future Research Priority:

* The Performance-Based Earthquake Engineering main objective is to define an “acceptable”
probability of collapse. Collapse shall be quantified as realistically as possible, using non-

linear dynamic analysis which incorporates several suites of ground motions.

e A comprehensive set of guidelines will form the starting point for addressing the
complexity inherent in nonlinear softening response under large displacements and
deformations and will contribute to the acceptance of nonlinear response studies in

professional practice.

* The deployment of a new class of column models that account for localized phenomena

such as shear and reinforcement pull-out in a consistent iterative element formulation will

help minimize the non-convergence issues that arise with the large collection of zero length
nonlinear spring and plastic hinge elements currently in use in nonlinear column response

simulations. 54/55
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