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Reinforced Concrete Structures Topic 15. —Intermediate state of stress

Modeling of structural behaviour of RC members

Numerical modelling Material properties
linear, non linear, plastic, 1t order homogen, inhomogen, izotropic, anizotropic
theory, 2" order theory, etc. elastic linear;, non linear elastic,

plastic, viscous, reological properties, etc.

Structural
behaviour

Engineering Size effect Environment
modelling effects, loads,
statics, strength of durability properties, etc.
materials, elasticity,
plasticity, dynamics, etc.

Experimental
modelling
full-scale,

non full-scale, etc.
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RC cross-section in the uncracked and elastic/cracked state of stresses
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Bending moment
v corresponds to the

fyo I | ielding of

a d-X reinforcement
fo. Iy Bending moment
Sy corresponds to the

crushing of concrete
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Curveture corresponds to the

. yielding of reinforcement

Curveture corresponds to the
Jcrushing of concrete
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Reinforced Concrete Structures Topic 15. —Intermediate state of stress

The first plastic phenomenon is the yielding of the reinforcemen - oy = f,

Geometry Deformation, & Normal stress, o
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The first plastic phenomenon is the crushing of the concrete — o, = f,

Geometry

I A
I A

/

_ Il
Mll—fcd'_
X

fg 1
K‘”:EC_._
cd X

EMAKOM Ltd. Complex Engineering Bureau

Deformation, &

“ Ky I X
M e I d—Xy
g <fyylEg

Normal stress, o

o—o
Tfyd/ES

Ecu3 T
Ec = &¢3 =fcd/Ecd €s <fyd/Es

O¢ :fcd
_______ NC
> S 9
_________________ | R —g'xu
Ns o zg =d =X
Os.li <fyd
0
’ 1
N =—-b-x,-f
GS” <fyd c 2 Il 'cd
Ns :As "Og
o > &
Euk

Coll. Prof. Dipl. Eng. Imre KOVACS PhD ® Al rights reserved!



Reinforced Concrete Structures Topic 15. —Intermediate state of stress

Load process of reinforced concrete member in the intermediate state (bending)

The first pla§tic Typical failure mode of the

phe.n:)drpenor} 5\ the under-reinforced RC cross-
yielding of the sections
reinforcement

Typical failure modes of the normally-
reinforced RC cross-sections!

“

The first plastic Typical failure mode of the

phenomenon is the over-reinforced RC cross-
crushing of the concrete sections
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Load process of reinforced concrete member in the intermediate state (bending)

&s fydf/ Es Typical failure mode of the
Os =y under-reinforced RC cross-
&gy <<<foq/E¢q sections
O <<<fey

reinforced RC cross-sections!

“
Ec = fcd / Ecd

o, =TIy Typical failure mode of the
Egp <<< f J |E s over-reinforc.ed RC cross-

’ / sections

O <<< fyd

Typical failure modes of the normally-
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Remforcement IS yleldlng concrete remains in the elastic state

The first pla§tic Typical failure mode of the
phenomenon is the under-reinforced RC cross-
yielding of the sections

reinforcement
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Let's examine 5 &
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The first plastic Typical failure mode of the

phenomenon is the
crushing of the concrete

over-reinforced RC cross-
sections
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Reinforcement is yielding, concrete remains in the elastic state

Geometry Deformation, & Normal stress, o
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Reinforced Concrete Structures Topic 15. —Intermediate state of stress

Reinforcement is yielding, concrete remains in the elastic state

Geometry Deformation, & Normal stress, o
‘901<fcd/Ecd O-CI<de Nc,
E3EY XD """""""""" “e tx ) 1z _2 X.
T P I o L. Wi i Y “c,f 3 I
d r M) \
h z d=xi . Zsi =d—X;
¥V Y - v
v
gSinyd/ES Gs_fyd

1. Horizontal force equilibrium:  XN=0"— N, —N ;=0

1 1 1 2 1
® Nc,i:E'O-c,l'Xi'b_E (K/ Xi'Ecd) X b:E'K/ X 'Ecd b:E"gc,l Xi'Ecd b
First order equation for x;, in
which equation g, ;is a o N;= yd A, )
parameter!!! 1 fd A
Solution can be made with SN=0 —» -— &g Xi'Ecd b fyd AS =0 > ;xl =2 Y 5
taking different &, ; values!! 2 ; Ecj Egyb
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Reinforcement is yielding, concrete remains in the elastic state

Geometry Deformation, & Normal stress, o
‘901<fcd/Ecd O-CI<de Nc,
E3Y XD """""""""" “e tx - 1z _2 X
d Mi
h Zi d=xi . Zsi =d—X;
¥V Y - v
v
gSI_fyd/ES Gs_fyd

2. Bending moment equilibrium:  *M=0 — M,-N_;-z.;-N;-z;; =0

1 2
® M, R -E,, b-g-x, fg - As-(d=x;)=0
Taking x;and &_; values the 1 9
corresponding bending o Mi=—-¢..-x.-E.,-b-—-x,,+f -A-(d—Xx;)
moment M, togetherwitvthe '~ 2 "% 71 7% 73 el W ( ....... ) :
curvature x;, can be 1 ) e — Eei.
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Reinforcement is yielding, concrete remains in the elastic state

Geometry Deformation, & Normal stress, o
‘901<fcd/Ecd O-CI<de Nc,
B S W 7 N QU A Yok — — 2
X N f A_’_(_‘Il ______________________ I__)_(_’ ___________________ ¢ Zoi ==X
l—> y ; ; 3
d z ’ i
h d—x; N Zs; =d =X,
S |
v | v
v p—— T < —
Es,i =Tya I Es Os =lyd
E.i|l 1 d—X;
ilY X; {mm K =—L — M. |kNm Eyj = Epj —|C
c, MO] /[ ] i X, |:mm:| /[ ] S, C,i X, MO]
el g =ty lE;
€, Control for &; value!
£ <& =175%; max.&,; <&, (g,, )M
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Rupture of the reinforcement, concrete remains in the elastic state

----------------------------------------
* e
.

*
.

*>
g

The first pla§tic Typical failure mode of the
phenomenon is the under-reinforced RC cross-
yielding of the sections

reinforcement

Finally, at the end
of the calculation
we can arrive to

this state!

Typical failure modes of the normally-
reinforced RC cross-sections!

The first plastic
phenomenon is the
crushing of the concrete

Typical failure mode of the
over-reinforced RC cross-
sections
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Rupture of the reinforcement, concrete remains in the elastic state

Geometry Deformation, & Normal stress, o
Eej <fegEcq lxi 0, <fo N, | )
A 2 ________::X::-.5:::::::::' _____ T . 7, ==X
K | f 3
MI ! |
h d Z d — XI i ZSI = d —_ XI
Ns
_Y__v_ L ' : !
Es,i = Cuk Os :fyd
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Rupture of the reinforcement, concrete remains in the elastic state

Geometry Defromation, & Normal stress, o
‘901<fcd/Ecd lX,- O-CI<de Nc, | 9
I S Y 2 . Y ) —Z. ==X
M K. | 3
h d 74 d_xl ZSI:d_XI
Ng
LL U P s - 4
€si = Cuk Os :fyd
Eei| 1 d—x;
&9 X; |mm K=t M. [kNm c..—g..— 110
c,i MO] /[ ] i X, |:mm:| /[ ] S, C,i X; MO]
Eell e.=f IE
i Typical failure mode of the ST
Eci under-reinforced RC Control for &, ; value!
cross-sections! ’
Eci <&c3 =1’75%0 / \ Esi =guk(‘c"ud)!”
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Concrete compressed belt is crushing, reinforcement remains in the elastic state

The first plastic Typical failure- mode of the

Phe_nfdmemf; Itsh the under-reinforced RC cross-
yielding of the sections
reinforcement

Let's examine
now this state!

Typical failure modes of the normally-
reinforced RC cross-sections!

The first plastic
phenomenon is the
crushing of the concrete

Typical failure mode of the
over-reinforced RC cross-
sections
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Concrete compressed belt is crushing, reinforcement remains in the elastic state

Geometry Deformation, & Normal stress, o

fcd/Ecd Sgc,i <‘9cu3 fcd

fcd :

E; 000
‘9cu3T
€c3 < Eci <&z €3 Es <fyd /Es
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Concrete compressed belt is crushing, reinforcement remains in the elastic state

Geometry Defromation, & Normal stress, o
fcd /Ecd < 8c,i < Eeus fcd N

W U R [ ST i

803 ________ ;; ______________________________________ - .
X Ki Xi ! Ci Z,
Al d l—» 7 T = i T —+
V4 ' ! _
! \\\ ! d_XI Ns’i! ZSI_d_XI
v v e Y f /E -------------------------- - v
Esi < yd ' =s O-s,i<fyd

1. Horizontal force equilibrium: ~ XN=0 — N_ ;-N;=0

Second order equation for x;, d—x; d
in which equation ¢, ;is a ' ® Ngj=og-As=¢5Es-A =65 Y. By As =&, X Eg-As—&g-d-Es-Ag
parameter!!! T e L, .

Solution can be made with 1 ¢ A .E d-A -E
: 2

taking different g, ; values!!! SN=0 —: I8 xS g S 5 -0 — X

(o8] . / c, b f I c, b f I

: Il . . Cd
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Concrete compressed belt is crushing, reinforcement remains in the elastic state

Geometry Deformation, & Normal stress, o
fcd /Ecd < 8c,i < &3 fcd N

A 2 SRR T T C,i

4 803 ________ ;; ______________________________________ - Y
X Ki Xi I Ci Z,
h d ““'Z“' T “M """""""""""""""""""""""""""""""""""""""""""" ‘ -
I d—X; NS,i Zsi =0 —X
L Y — g “I<f /E\ -------------------------- - oy y
S, ~lyd ' =s Osi <lyg
2. Bending moment equilibrium:  XM=0 — M;-N_;-z.;—Ng;-z,;=0
1 Ee3 2 2"901 &e3 2
® Npj-zj=feg-b-Xj | 1=—-—=1-—-X; =fg b 3 Xi
Eei &
2
Taking x;and . ; values the _ d—X; _ (d — Xi)
J X ! : ® Ns,i 'Zs,i =& Es As (d _Xi)_ Eei Es As
corresponding bending X; X;
moment M;. together with the R 2 ........................................... ( ........... ) 2 ................ g,
curvature x;, can be Eci—E&c3 9 d—x E €,
I : d , : s

determined!!! e 3.801. I C.l X, § S : : X,
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Concrete compressed belt is crushing, reinforcement remains in the elastic state

Geometry Deformation, & Normal stress, o

¥V
i A

gS,I<fyd/ES O-Sl<fyd
% For | N =y I fog)
€¢,i /00 X; [mm] K = |mm i[ m] Esji = &) ” 00

i i
Eci 2 &3 Esi

€, Control for &; value!

max.s,; < &g, g <fylEg
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Failure of the compressed concrete belt, tensioned reinforcement remains in the elastic state

The first plastic Typical failure- mode of the

Phe_nfdmemf; Itsh the under-reinforced RC cross-
yielding of the sections
reinforcement

*

Typical failure modes of the normally-

Finally, at the end
of the calculation
we can arrive to
this state as well!

*

reinforced RC cross-sections!

------------------------------------------

The first plastic
phenomenon is the
crushing of the concrete

Typical failure mode of the
over-reinforced RC cross-
sections
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Failure of the compressed concrete belt, tensioned reinforcement remains in the elastic state

Geometry Deformation, & Normal stress, o

503 gS<fyd/ES
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Failure of the compressed concrete belt, tensioned reinforcement remains in the elastic state

Geometry Deformation, & Normal stress, o
gc,i = &3 fcd N
W U M [ S i
T . s - —5
X o K C; s zc,i
h d Zl_> M """"""""""""""""""""""""""""""""""""""""""" 4
I \\\ d—XI NSI ZSI:d_XI
v v e Y SO\ f /E ---------------------- - f v
S,I yd S GSI < yd
8ci[%o] X;[mm] K==L L M; [kNm] ‘9si=‘gciuooo]
| : "x; L mm : | X
8c,i = €c3 ) ) Esli
Typical failure mode of the
“a over-reinforced RC Control for & ; value!
cross-sections! ’
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Reinforcement is yielding, compressed concrete belt is crushing

The first pla§tic Typical failure mode of the
phenomenon is the under-reinforced RC cross-
yielding of the sections

reinforcement

Let's examine
now these two
same states!

Typical failure modes of the normally-
reinforced RC cross-sections!

The first plastic
phenomenon is the
crushing of the concrete

Typical failure mode of the
over-reinforced RC cross-
sections
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Reinforcement is yielding, compressed concrete belt is crushing

Geometry Deformation, & Normal stress, o
&c3 S‘9c,i < &3 Oci=led Nc,i
TR A BN I 5 2
. X D | L :g'xi
h d j r MI, 7'y
Z,;=d-X;
¥V — - & v
Oci =led
£, «—0—0606 ¢ ' > &
Ecu3 T Ec3 fyd/ES T Euk
€c3 < ‘9c,i <& fyd /Es < gs,i < Euk

EMAKOM Ltd. Complex Engineering Bureau Coll. Prof. Dipl. Eng. Imre KOVACS PhD ® Al rights reserved!



Reinforced Concrete Structures Topic 15. —Intermediate state of stress

Reinforcement is yielding, compressed concrete belt is crushing

Geometry Defromation, & Normal stress, o
Ee3 S Eci <Ews Oci=led Nc,i
A 2 EyesiEmey TG TR Y N —— 2
K ‘
X D ! I Xi I Ci Zg | :g X;
h d j r MI, 7'y
: d=X; Ng; Z,;=d-X;
A E \\\ : \\\ v
v . ’; ---/E --------------- - _f
yd '=s = Es,i < Euk Os,i yd

1. Horizontal force equilibrium: ~ ZN=0 — N, ;—-N;;=0
1 1 ¢ 1 ¢
‘ NC,i: Cd'b-xi—E- Cd.b.Ci:de.b.Xi.(1—E- I]:fcd.b.xi. _E.LS

First order equation for x;, in

which equation ¢, ;is a o Ngj= yd A

parameter!!! e, _
Solution canbe made with 1 & f .b 1 ¢

taking different ¢, ; values!! SN=0 — f,-b-x;-[1-=-Z& —fg-A =0 — §X,-:f0d i —E-L?’ ;
, . . E
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Reinforcement is yielding, compressed concrete belt is crushing

Geometry Deformation, & Normal stress, o
&e3 S‘9c,i <&ws Oci = Iled Nc,
A A ENEESE T W - - 3 2
K > _
X D ! IX: IC/ | ZCI_§'Xi
h d Z MI A
l : d=X; Ng; Zsi =0 —X;
v v [ . 1 Y - R
fyd/Es—gs,i<‘9uk GSI_fyd
2. Bending moment equilibrium:  XM=0 — M;-N_;-z.;—Ng;-z,;=0
1 Ee3 2 2"901 €c3 2
® Npj-zj=feg-b-Xj | 1=—-—=1-—-X; =fg b | Xi
g | 3 3-&;
Taking x;and &, values the o Nyizg=fy-A .(d _Xi)
corresponding bending
moment M, together with the rr— 2 ......................................................................................
curvature x;, can be "Ecj — 3 2 _ &
determined!!! M =foq-b- - X"+ A '(d X/) Ki '
C,l I
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Reinforcement is already yielding, crushing of compressed concrete belt occurs

The first pla§tic Typical failure mode of the
phenomenon is the under-reinforced RC cross-
yielding of the sections

reinforcement

...the previously explained
process can start with the

crushing of the compressed

concrete belt, at which point

the tensioned reinforcement
Is already yealding...
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.
.
.
.
.
u
u
u
u
u
uf
0
i
-
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Typical failure mode of the
over-reinforced RC cross-
sections

Typical failure modes of the normally-
reinforced RC cross-sections!

The first plastic
phenomenon is the
crushing of the concrete
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Reinforcement is already yielding, crushing of compressed concrete belt occurs

Geometry Deformation, & Normal stress, o
&c3 S‘9c,i <Eqys Oci =Ied NC,
W SR s A I SN g — 2
K - _
X D ! IXI IC/ ! 201_5 X;
hl z l_' M, i
d—X; Ns,i Zgj=d—X
v v I ——————————————— - Y e - v
fyd/Es—gs,i<‘9uk GSI_fyd
g 1 d—x
Eei [%0] Xi [mm] Ki :i|:_:| M/ [kNm] Esi = & : [%0]
X; | mm X;
€c3 N
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Compressed concrete belt is already crushing, reinforcement yielding occurs

The first pla§tic Typical failure mode of the
phenomenon is the under-reinforced RC cross-
yielding of the sections

reinforcement

...... or it can start with the
yielding of the tensioned

reinforcement while the
concrete compressed belt is \
already crushing ...

Typical failure modes of the normally-
reinforced RC cross-sections!

The first plastic
phenomenon is the
crushing of the concrete

Typical failure mode of the
over-reinforced RC cross-
sections
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Compressed concrete belt is already crushing, reinforcement yielding occurs

Geometry Deformation, & Normal stress, o
____________________ 5 (ii_i»ggc,i < 8CU3GCI =~ led Nc,
P L R O
h : Zr Mi Jd_xl NS, ZSI:d_Xi
B A Iy SO SN ! v
- fyd/Es S &g < Eyk A Os,i _fyd
Ecii [%o] X [mm] Ki :%[rr:_m} M; [kNm] Esi =€ d;—lxl[%o]
o fE:
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Compressed concrete belt failure, reinforcement is yielding

The first pla§tic Typical failure mode of the
phenomenon is the under-reinforced RC cross-
yielding of the sections

reinforcement

...the previously explained
process can end with the
failure of the compressed
concrete belt, at which point
the tensioned reinforcement
Is already yealding...

Typical failure modes of the normally-
reinforced RC cross-sections!

The first plastic
phenomenon is the
crushing of the concrete

Typical failure mode of the
over-reinforced RC cross-
sections
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Compressed concrete belt failure, reinforcement is yielding

Geometry Deformation, & Normal stress, o
Eci = Cous Oci =Ied Nc:
A A EEENEERTTTTTTTTTTT G L TR - = 5 2
K ‘ _
X D ! IXI IC/ ! 201_5 X
h d Z MI ; A
I d—X; Ns,i Zgj=d—X
v v - ——— - Y - A 4
fyd/Es—gs,i<‘9uk GSI_fyd
£ 1 d—x
Ecii [%0] X [mm] Ki :i|:_:| M/ [kNm] Esi =& : [%0]
X; | mm =
One of the typical failure modes
Egj of the normally-reinforced RC Controll for &, ; value!
cross-sections! :
{5, = £, A IE <ey <y
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Rupture of the reinforcement, compressed concrete belt is crushing

The first pla§tic Typical failure mode of the
phenomenon is the under-reinforced RC cross-
yielding of the sections

reinforcement

...... or it can end with the
rupture of the tensioned
reinforcement at which point —
the compressed concrete
belt is already crushing...

Typical failure modes of the normally-
reinforced RC cross-sections!

The first plastic
phenomenon is the
crushing of the concrete

Typical failure mode of the
over-reinforced RC cross-
sections
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Rupture of the reinforcement, compressed concrete belt is crushing

Geometry Deformation, & Normal stress, o
Ee3 S Eci <Ews Oci=led Nc,i
A 2 EyesiEmey TG TR Y N —— 2
K ‘ —
X D ! IXI IC/ ! 201_5 X;
h d j r MI, 7'y
d—X; Ns,i Zgj=d—X
v v
v [, - - - - - - - - - - - - - - - - - - Ak — - _f
Es,i = Cuk Os,i yd
% For | = i o)
Eeil/00 Xi [mm] Ki=—|—" MI [kNm] Esi = & 00
X; | mm =

Other typical failure mode of
Egj the normally-reinforced RC Controll for & ; value!

cross-sections! \
/ " 1E
Ec3 S i < €cu3

Egs,i = gUk"'
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Topic 15. —Intermediate state of stress

End point of the intermediate state is no more than the failure — |ll. state of stress

Eci [%0]

X; [mm]

M. [kNm]

One of the typical failure

€, modes of the normally- Controll for & ; value!
reinforced RC cross- '
sections!
IIIIIIIIIIIIIII / \\
" %
,:ﬁa,j:gcu ”"E fyd/Es Sgs,i<‘9uk

Other typical failure mode of

the normally-reinforced RC
cross-sections!

&c3 < 5c,i < Eous
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Topic 15. —Intermediate state of stress

Reinforced Concrete Structures

J

The I., the |l., the intermediate and the lll. state of stresses

M [KNm]

v

MI :Mcrack :fctd ) h—x
A

A

Intermediate > ||
Miy Bending moment
¢ v corresponds to the
yd yielding of
Cla d—x reinforcement
¢ Iy Bending moment
cd X, corresponds to the
) ~ crushing of concrete
Kin

m
Curveture corresponds to the

. yielding of reinforcement
@ . | Curveture corresponds to the

e

| Eece Xu ) crushing of concrete
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Topic 15. —Intermediate state of stress

Reinforced Concrete Structures

Application of the |., the Il., the intermediate and the Ill. state of stresses

M [KNm|

Ultimate limit state ULS My =Mz,

Ped =76 Gk +7q Q > Mgy <Mpgy

e.g: peg =135-8,60+150-2,50 ~ 1540 kN/m? )

Behaviour
considering

Serviceability limit state SLS
PE char = Gk + Qk —>M E char
€.9: Pg char = 8,60+2,50 ~11,10kN/m?

effect (real
behaviour)

PE freq =Gk +¥1- Q = Mg g
€.9: Pgfreq =860+0,50-2,50~9,90 kN/m?

PE quasi = Gy +yy Qe >M E quasi
.9 Pequasi = 8,60 +0,30-2,50~ 9,40 kN/m?

[
A A A
[ 1 1 [ )
i
I
I
I

tension stiffening ~\\*

Mcrack o V.

Intermediate Il

Pey = 1540 kN/m?

t ULS:
* Determination of the load-bearing
capacity of the RC cross-section

PE char = 1110KN/m?
PE freg = 9,90 kN/m?

e B O e quasi = 940KN/m?

. SLS:

i » Deflection (QUASI)

\ = Crack controll (QUASI)
'\« Stress controll (CHAR)

_____________________________________________________________________

______________________________________________________________________

Behaviour without
tension stiffening effect
(simplified behaviour)
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