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ABSTRACT

Reinforced Concrete (RC) members are widely used in the construction of buildings
and bridges. At service load, concrete in tensile zone generally cracks owing to moment
in the zone being higher than the cracking moment. This cracking may result in change
in deflection, considerable moment redistribution along the member length, and stress
redistribution across the cross-sections. Further, under sustained load, the time-effects
(creep and shrinkage) in the concrete may lead to progressive cracking, increase in
deflection, moment and stress redistribution. The appropriate prediction of
instantaneous as well as time-dependent behaviour of RC beams and frames at service
load, considering the concrete cracking is therefore important. Of the two approaches
available in the literature for the analysis at service load stage, numerical approach
requires huge computational effort whereas empirical approach may not be accurate
and also does not take into account all the aspects. For application to large RC
structures, development of computationally efficient techniques that require a minimal
computational effort but give accuracy that is acceptable for practical applications is

desirable.

In the present study, first, a computationally efficient analytical-numerical
procedure has been developed to take into account the non-linear effects of concrete
cracking and time-dependent effects of creep and shrinkage in RC beams and frames
subjected to service load. A typical beam/frame member is modeled as a single element
and is visualized to consist of at the most five zones (cracked or uncracked). The
proposed element has been used to develop the procedure. The closed form expressions
for flexibility and stiffness coefficients, end displacements, load vector, cracked

lengths, and mid-span deflection of the element have been derived. The procedure is

v



analytical at the element level and numerical at the structural level. The procedure
yields inelastic deflections, redistributed moments as well as inelastic cracked lengths
and corresponding interpolation coefficients for tension stiffening. The proposed
procedure has been validated with experimental and other results available in the
literature and with finite element method (FEM) results. The procedure leads to a
considerable saving in computational time in case of large RC structures e.g. tall RC
building frames. The procedure, at minimal computational effort and reinforcement
input data, yields the results that are close to experimental and FEM results. Using the
proposed procedure, the effect of variations in tensile and compressive reinforcements
on the instantaneous and time-dependent behaviour of RC beams and frames has been

studied.

Next, a methodology has been presented to develop the neural networks for
rapid prediction of the inelastic bending moments and deflections in RC beams and
frames. In the present study, neural network models have been developed to predict the
instantaneous inelastic deflections and bending moments in RC beams considering
concrete cracking and tension stiffening. For development of these neural networks,
tens of thousands of analysis are required to generate data sets. The computational
efficiency of the proposed procedure is utilised to carry out such large number of
analyses. Closed form expressions are obtained from the weights and biases of the
developed neural networks. The proposed expressions predict the inelastic moments
and deflections (incorporating concrete cracking and tension stiffening) from the elastic
moments and deflections (neglecting concrete cracking and tension stiffening) in RC
beams. The elastic moments and deflections can be obtained from any of the readily
available software. The inelastic deflections and moments obtained from the proposed

expressions are compared with those obtained from the FEM for example beams of



different number of spans and cross-section properties and the errors are found to be

small.

Further, a sophisticated two stage procedure, which uses both the proposed
methodology of using neural networks and the analytical-numerical procedure, has
been proposed for instantaneous analysis of beams considering concrete cracking and
tension stiffening. The analytical-numerical procedure requires around six analyses to
yield results with sufficient accuracy for design purpose. In the two stage procedure,

only two analyses, one in each stage, are required to yield results with similar accuracy.
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LIST OF NOTATIONS

Alphabetic characters

AALA : areas;
A A, :area of top and bottom steel reinforcement respectively;
A : shearing steel area;
A;’ A;'b :area of top and bottom reinforcement respectively, in a layer (i) in
a region;
B,B.,B, : first moment of areas about reference axis;
B, .B, : width of flange and web respectively;
C :inertia ratio;
D : total depth of section;
D D" s elastic and inelastic deflection respectively;
D% : elastic deflection of an equivalent simply supported beam;
E : modulus of elasticity;
G : shear modulus of concrete;
1,11 : second moment of areas about reference axis;
1 ; :j’h input parameter;
I, 17 : moment of inertia uncracked and cracked section about neutral axis
respectively;
K : shearing rigidity;
: span length;
. :length of the cracked zone;
M, : cracking moment;
M M : elastic and inelastic moment respectively;

M" M, My M" ), : bending moments;
M M (1), M (1))

Xxil



AM ,AM‘,AM"“,
AMY  AMY ,AM,
AM (1), AM (1)),
AM™  AM™ , AM
AM (1)), AM} ()
N} Ny, Ny (@),

Ny (t)).N",N'(1))
AN,AN,AN“ ,ANY,
AN, AN", AN} (1)),
ANy (,),AN" , AN},
AN, AN; (1)), AN, (1))

o

PP @)
{PYAP" )}
R

R!,R},
RZ(t,-),RZ,(t,-)

AR{ AR,

AR} (1,), AR, (1),
ARL(t,)

S

bias

Xxiil

: changes in bending moments;

: axial forces;

: changes in axial forces;

output parameter;

:output parameter for prediction the cracked length and interpolation

coefficient at in-span location;

:output parameter for prediction the cracked length and interpolation

coefficient at support;

: fixed end force vectors for uncracked beam;
: residual force vectors;

: cracking moment to elastic moment ratio;

:end reactions;

: changes in end reactions;

: stiffness;
: bias of hidden or output neuron;

: effective depth of section;



d,, d;ﬁ , d”; (t,), : mid-span deflections;

d/tn ’ d’; (t/ )

c
Adm’ Adm’
c id

Adm(ti+] ’ti’tj)’Adm 4
Ady) (1,),Ad, (t),Ad,
Adz; (ti+l ol tj ),

Ad;, (.,5151)),

c,m\"T

A, (,151,51))

Ad,(t)), : changes in mid-span deflections;

d.d, : effective concrete cover at top and bottom respectively;

{ dgr} , { 4 (1 )} - error or difference in displacement vectors;

{ d*} , { 4 (1 )} :revised displacement vectors;

f : shear coefficient;

fi : flexibility coefficients;

1 : stress 1n steel reinforcement on tension face;

i f. : tensile strength and cylinder compressive strength of concrete at 28

days respectively;

h, : k™ hidden neuron;

kij : stiffness coefficients;

[k1,[k,(2;.1,)] : stiffness matrices;

Il :length of top and bottom reinforcement respectively, in a layer (i)

in a region;

n : modular ratio or number of spans in a beam;

n,n, : number of top and bottom layers respectively, in a region;
p : half band width;

{r}.{p” )}, : force vectors of an element;

{r" (tj )}

q : total number of DOF or number of input parameters;
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I, 1,

wy,uly” (1),

wy (), uy,(t,)

Auy, Auy (1,11 ),

Auy, Auy (1,511 ;)

w, W

cr

ih
.k

Greek letters

BB B Beis
B (@.1), B, 1)),
Bt ), B (t.t)

AB," (t51,01),
AB, (t51,51),
AIBCL»:Z (ti+1’ti’tj)o
AL, (ti+1’ti’tj)

c,un

£,&,,& (x),

it,m

&

it,n it

’ 80 ’ gO,un ’

it git 81

0,5 >~ 0,un>

&

0,cr?
g(r),t.\' ’ g(l)t,un (tj )’
g(l)r,cr (t_] )’ 8(l)t,ts (t] )’

g(t),un (tj )’ g(t),ts (tj)

XXV

:number of hidden neurons;
: spacing of reinforcements;

: time instants;

: axial displacements;

: changes in axial displacements;

:uniformly distributed load and cracking uniformly distributed load

respectively;

: weight of the link between /;and h,;
: weight of the link between 4. and O;

: cracked length; and

: length of a region.

: creep factors for curvature in a cross-section of an uncracked zone;

similarly, subscript cr indicates creep factors for curvature the

cracked state in a cross-section of cracked zone;

:changes in creep factors for curvature in a cross-section of an

uncracked zone; similarly, subscript c¢r indicates changes in creep
factors for curvature the cracked state in a cross-section of cracked

ZOne;

: top fiber strains;



A&

O,un>

A&l A&}

id
O,un° 0,un (t] )’ Ag’

id s
Ag(l),cr (t] )’ Ag(),un ’
A8 (1),
Agé,wi (ti+1 4 ti ’ tj )

£

t?

£, E

u’ "y

8sh , gsh (tl , tJ)

ﬂ’ﬂi’ﬂA’nB’ni(tj)’ .

M4(1;),1,(1;)

6,.6,.6".6.,
6, (1.0, (),
6,,(1,),05,(t;)

Aej (tH.] ’ tl" tj )’
Aeg(tm,fi,fj),
Ae,: (t,ur]at,‘,tj)a
Agg(tﬁl’ti’tj)

K

ﬂ/c,m lc,n ﬂc,m

un *“un °“c.un’

Ao A" (1),

C,un’®

ﬂ/c,n (tl , tj )’ lc,m (t

un c,un 1

PRACRD

Cun \'i

M:;;m(tiﬂ’ti’tj)’

M:nn (ti+1’ L tj )s
A (0Lt

Cun \'i

M::n (ti+1 o1 ’tj)

A&y, (b1, changes top fiber strains;

: cracking strain, maximum tensile strain, and strain at a distance y

from the reference axis respectively;

: shrinkage strains;

average interpolation coefficient;

: end rotations;

: changes in end rotations;

: coefficient representing influence of duration of application or

repetition of loading on interpolation coefficient;

: tolerance value;

:creep factors for strain in a cross-section of an uncracked zone;

similarly, subscript c¢r indicates creep factors for strain the cracked

state in a cross-section of cracked zone;

: changes in creep factors for strain in a cross-section of an uncracked

zone; similarly, subscript cr indicates changes in creep factors for

strain the cracked state in a cross-section of cracked zone;
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U

6162642656 (1)),

a5 (1))

p.p(x),p", p"(x),
P P P P
Pis>Prns Pro> P (1),
,0”(1 ), Py (1)),

pun(tj)’pts(tj)

Apl:.n’Ap:n(tiH’ti’t‘)’

ALy AP (1), Apsy,
o (1,),A0;,,
Ap,,(t;.1,),
Ap,, (t.,,1;,t;)

p.vt’psh

l[ m

0'0' (x)O'

lt n it

O, G (oF

O,un® " 0,cr?

o, ,o!

0,ts> > 0,un?

Oun(t ), O, (,(l‘ ),
Ots(t ) O-Oun(t )
Otv(t )

o,

0,ts°

()

v

9.0(1,.1)

V4

Subscripts
0

A,B
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: Poisson’s ratio of concrete;

:average interpolation coefficient;

. curvatures;

: changes in curvatures;

: percentage steel reinforcement at top and bottom respectively;

: top fiber stresses;

- shearing steel content;

- creep coefficients; and

:aging coefficient.

: top fiber of beam or left face of column;

:end A and end B of an element;
: bottom fiber of beam or right face of column;
:in-span position of an element;

. concrete;



cr

Ay

un

Superscripts

b
c
cr

el

ho

id
ih
in

it

un

: cracked state;

: age-adjusted;

: flange;

- " span;

: input neuron number;

: hidden neuron number or function number;
: output neuron number;
: steel;

: tension stiffening;
:uncracked state;

:web; and

: distance from top fiber of section.

: bottom fiber;
: creep;

: cracked state;
: elastic;

: gross;

: connection between hidden and output layers;
- " support;

:indeterminate;

: connection between input and hidden layers;
:inelastic;

: instantaneous;

: moment;

: axial force;

: shrinkage;

: top fiber; and

:uncracked state.
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Parentheses

one term

two terms

three terms

XXiX

:indicates time instant at which the quantity is evaluated or assumed

to arise;

:the first term indicates the time instant at which a quantity is

evaluated whereas the second term indicates the time of initiation of

the cause owing to which the quantity arises; and

: first and second terms indicate the time of the end and the beginning

of the interval and the third term indicates time of initiation of a

cause from which the change arises.
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