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i. Introduction

It is well-known that the creep of concrete causes the gradual change with
time of deformations and stresses in concrete structures subjected to sustained
loads. Both experimental and theoretical studies with respect to this phenomenon
have been carried out in the past by many investigators, but most of them have
dealt with the cases under the action of sustained loads of constant magnitude.

Since main purpose of these works is satisfactory prediction of maximum deflec-
tion under constant sustained loads, it is difficult to obtain analytically def-
lections and stresses at an arbitrary time after loading. In addition, most of
these analytical methods are incapable of yielding reliable results for the creep
of concrete structures subjected to repeated or varying loads. Although the
creep-behavior of concrete under variable stress and repeated loads has been
studied by A.D.Rosd) C.A.Miller and S.A.Guralnick’! the subjects of their studies
are restricted to such uni-axial members as plain concrete Specimens and singly
reinforced concrete beams, and numerical results for response of stresses are
not obtained yet.

The authors published the papef)in 1969 with respect to the analysis of
creep in flexed reinforced concrete slabs subjected to constant sustained loads.

In the present paper, the previous theory is extended to the case subjected to
any load, the intensity of which varies with an arbitrary time-interval, and the
creep responses of deflections and stresses in reinforced concrete slabs obtained
from numerical calculations are illustrated.

In order to simplify the procedure, the following assumptions are made in
the subsequent development of our theory.

1) Plane sections normal to the neutral surface of the slab before bending
remain plane and normal to the neutral surface after bending even though creep
occurs in concrete.

2) The reinforcement behaves elastically under all conditions.

3) Modulus of elasticity in concrete is invariable with time.

4) The creep function of Arutyunyaﬁetype is used as the time-dependent law
connecting stresses and strains in plain concrete.

5) The effect of shrinkage in concrete is neglected.
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2. Stress-Strain Relation of Concrete Considering the Effect of Creep under
Repeated Loads

Let us consider that a structure made of concrete of age T, is subjected to
load 4i (i=0,1,2,------- ,n) which varies
with time-interval as shown in Fig.l.

Denoting the normal stresses of concrete
at an instant t (T,8tsT;)with respect to
any cartesian coordinate system o-xy by
Oxo(t)> and Oy (t), the total normal
strain £4,(t) of concrete at an instant

t (T, t4T)) is expressed as follows:

= Oxo (£)-D0yo(t)

El D) : E,
- jt [O}D(t)—DG,o(t)] %C(t,t)dt
) (1)

where E, and P are modulus of elasticity and Poisson's ratio of concrete, respec-
tively, and C(t,T) is creep function.

The form of function C(t,T) is determined on the basis of creep tests in
plain concrete, and an expression of Arutyunyan-type is used in this paper.

That is, c(t,T) = Q) [1-e~T(t-D)
Q) = /T +@ ]

where X , (3 and ¥ are constants.
To obtain the total strain fgp(t) of concrete at any time t (T,¢t<T,y), Eq.(1)
is easily extended as follows:

Load Stress
3

Q,MQ(tJ'O‘l(t}-G,m g,lt)

L J 1

]
t 1
T Ty T Ty T.T T T Ts

Fig. 1

(2)

1]

-1 (it
Gl )P 0Oplt) [
Eun( )= E r[G“m -0y ()t trat
_jt Gua(T) - 2Oyn(D) T CC £, T AT (3)
Substituting Eq.(2) into Eq.(3) and differentiating the obtained equation with
respect to t, we get, after some transformations, the following equation:

é (t) = Grn.(t) Doyw(t)
)

+ 7P (£) [Cral £)-P Oynl )} -rJz (Oxn(T)-» G%(t)]a%[qﬂ (’C)éar(t-ﬂ}dt

-w}: j “’[G,Lu:) -0, )& eV g, @

Eliminating the 1ntegral terms in Eq.(4) by using Eq.(3), we obtain the follow-
ing equation:

Exn( )+ ¥ Egn(t) = Oxn () g?ﬂ“(t) L {1+Ec(?(t)} (GanC -0 Oyl )
—TZFTOZ;,(T) Dagl(tﬂce(t)dt rj [0.¢T- Dwa(t)]tp(‘t)dt . (5)

leferentlatlng Eq.(5) with respect to t we can derive the following differen-
tial equation:

Oen £ -P gl 03+ 7 {14220} [Gen( DO 1)) = Ec{Eant >+ 1Em( 0] (6)

For determination of Qgm(t) and Jyn(t), another differential equation is neces-
sary and it is easily derived as follows:

63‘1(t)-9(.)'}_n(t)+a'{1+ﬁt(p(t)} [ng(t)-;)(‘)"xn(t)] = Ec{gyn(tﬁb'éw&t)} : (7)

On the other hand, by considering the total shearing strain Jynz(t) of concrete
subjected to shearing stressT;}n(t), the differential equation for determination
of Eﬁpﬁt) is obtained as

Tagd ) 1 {14E PO T O = sy (T D+ 1 D 0] (&)
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The initial conditions are

G (T #0600} +ECEJ“6;<1:)%C( THdT 5

4=0 Ti

B (£t +0E,, (T} +E ”‘z’ fﬂty @& cE,dt

Gmgm _1 v=

1= V

Loty
Eam(m) 2(“9) qgrﬁ)JrEczj E}L(I)atC(Tn,T)dt

OenlT) = = pz{mra+o834ro}+r5 zj 02 {ewe

(yyn(m— - pz {a (T +P £m,(rm)} +¥E z f”’d (5% . [‘{’(T) m“m}dt -YE. Q@) 0yn(T
2= GIHE Y, | Toyi ()2 (@ ()W DdrYE P Tyt -

Tl =30, 555 e Zjbx%‘- (¥ J Pl Tl - )

4=0
Solving the differential equations (6),(7) and (&) under the initial conditions
of Eq.(9), we find the required stress-strain relations of concrete considering
the effect of creep in the following form:

(9)

Y Gt R @I

t . T .. . e ]
o.‘mct>=czm<m+j e 1o crmcrmi‘—zj {e (O 47, (0 ) Egg(T)+rbyy(T))) 1 ar] ar,
Oynl )=0yn (T + j & 1P [Gynt) + 1 j {e AT FE D0 E T +8E,£T))} 1P az] at,  (10)

Tiyn( )= ’cxw(rwjte’u [T + z(w)j {wm” Lyl D) W de]de

where 7(t) = rjt {1+EDW(T)}dT..

3. Basic Equation of Flexed Reinforced Concrete Slab *
Take a cartesian coordinate system o-xy in the neutral -

plane of a rectangular reinforced concrete slab as shown in

Fig.2, where z-axis is perpendicular to x-y plane,and assume

that reinforcements are set parallel to x and y axes.

As the reinforcement is assumed to behave elastically under b

all conditions, its normal stresses Gsun(t), Osyn(t) and shear-

ing stress T&xgn(t) are expressed as 1 %

= >
Gsxn( t) _ES ESLI’L( t) ] O.Sy:n,( t) "Es 853'&( t) H -
- —EBs Fig. 2

Tng¢t) 20147 )Xugn(t) (11)

where Egem(t), Esyn(t) and ¥uyn(t) are normal strains and shearing strain of
reinforcement, g Es, Vs are modulus of elasticity and Poisson's ratio of rein-
forcement, respectlvely.

Denoting the bending moments and the twisting moments of a slab per unit
width by Mg,(t), Mya(t) and Mqrgt), Myn(t), respectively, we can express them
by using Eqs.(10),(11) and the deflection w(t) of a slab as follows:

Men(£)= Mo+ @)f . SN - Dj “'”"[j CDIPLLIC T 93"“(”>}e‘“‘bwt,

ﬂyz ax
T w(‘C) i(T) . FW(T) ﬁw(t)
Myn( )= M "L(r“)+Mcy,n(Tu)j el‘t’dt+Msyn(t) Dj:lm 'oay Daw +r( : )y )} nut;dt]d’(:

Zw
Mgy £)= uyncmmwéﬁ(rm)j md?:+Msxaﬂ,(t)+(1 D)DJ e"l‘”[ J{;b;t) fzg)} ’l‘”dz:]dt,
()

)y (T, 8W(T) ,  FW(T) )
AT+ My () ~(1-0) D jt el }[J {'ﬁXDY oy jel@at)at
(" "I.r

Mym(t)- M penTod + Mg )j

(12)
where
M (T = jo;ql,(tm) zdz, My, (Tw) =j0 (T 2dz, Moy (Tn) =Meyen(Ta) = jt}}}"(u) zdz,

B‘/l(.:(’l'L(‘[."l) = jd\x%(r"‘) zdz, MC‘J‘!L(T"\) =J 69%(T0 zdz ’ “Muyq‘_(rm) = Maﬂy_ﬂ(TM) = J ‘Ei,,&-m(tu) zdz,
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Fw(t) Fw( t) aw(t) Dy FW(t)
MSI.’ﬂg t)=_DSxW ’ Msan(t)z_DS}‘DTYz_' , Msxgn(t)= 1%? -3)(_by——, ngxﬂ(fi):-]ﬁ T

De : Flexural rigidity of concrete section per unit width with respect to
neutral axis,
Diy» Dsy : Flexural rigidity of reinforcement per unit width about y and x-axis,
respectively.
Denoting the intensity of the load acting on a slab at an instant t (T,s t<T,)
by q,(x,y), we represent the equation of equilibrium in the following form:

TMen(t), D Mym(t) _ IMut) , FMyia(t)
3 x? o v? XY 9x3y

=-q,(%,y) . (13)

Substituting Eq.(12) into Eq.(13), we can obtain the basic equation of a flexed
reinforced concrete slab subjected to repeated loads as follows:

B Mern(Ta) | T My FMexgm(Ta) | £ 0 Morn(ad . B Meya(Ta) 9 Meyn (T t g0
7 + -2 + { 2 + -2 } e dT
ox 9y? ?x3y ax 2y? 2 X0y T,
t _ T 3 2 - .
-DGJ e"L‘”[ L+ 22 s rac ) e”l("dz]d-c =-q,(x,y). (14)
?xt gyr | S
‘tm, T'VL
Putting t=T, in Eq.(14), we have the initial condition as
4 4 4
'w(Tw) 9 w(tw) O wTn) _ —
& axt 76 oyt el ax?oyl Q% ¥) : (15)
- . - Dyt Ds.
where p’ = D +Dsy pz— DC+D5} s 2@-2Dc+ l—"'l)si 7
- - e W) W) Dt Dy dW(T) g . :
AnCYI=anCx )BT [{-a; GG o= s TG Ot T -Ctd)]

T Fw(Te (T +Dey W (T;)
3y =) aw(Ty) a3 w(l) Dyt Dy 2w (T, _
* JTZZCWWTMP ct, 2} VR Ak g Ayt 1D, B

T 4 o . (T)
DCJT6V(W(T )+rw(T))el dt}d‘c]

Differentiating Eq.(14) with respect to t and putting t=Tm in the obtained eq-
ation, we can get a differential equation, which gives an initial condition of
w(t) as well as Eq.(15), as follows:

4e 4 4o 4 4 &
IW(T) |, L aw(Ta) W (Ta) _ W) 9 W(Ta) DiaDw dW(TW) 1l =
Ao B oyt s T B @) [qfn(x”’)'ibu axt R4yt 1, axz;yé}qn(x’y)’(lé)

where o B . L D_;b% j
- BW(T ) aW('E ) Do+ (t) = 'TW o ,,.,'I'
8o =iE [ ag oy en S en S 52« (06 &g 676410

.q T i =, Fe . $ N 3 . T
. 5 ﬂ{? @) érr(r..rm)_(e(t)eurﬂt)} 21 {an Wt o 2w(@) +D“1+Q3V(T‘)-D° Jtvlr( W) et ) el t} dq
T; )

o xt D“? ay*  1+kgxiow

Differentiating Eq.(14) twice with respect to t, we derive, after some transfor-
mations, the following differential equation for determination of w(t):
hy e . ’ &4 o 4§ . G4 »
W) _dw(t) Fu(t) . dw(t) . 2w(t) Dye+Dyy., , JoW(t)_
85 oyt oyt (1o R0} 55 +{m,+nsﬂ(t)} o «»{mmu——lﬂ>s $2 el
(17)

The solution of the basic equation (14) is equivalent to that of a linear
differential equation (17) under the initial conditions given by Egs.(15) and (16).

4. Solution by Double Trigonometric Series

In this study we deal with only simply supported rectangular slabs, and
then analysis by double trigonometric series is quite suitable. By taking the
coordinate axes x and y as shown in Fig.2, boundary conditions for simple support
are represented in the following forms:

w(t)=0, Mxn(t)=0 for x=0, a and w(t)=0, M%n(t)=0 for y=0,b (18)
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where general expressions of Mym(t) and Muyw(t) are given by Eq.(12).
Now assume that the solution of differential equation (17) takes the following
form of series satisfying boundary conditions of Eq.{(18):
o]
w(t) =ZZ AJ" (1:).5'.J.n-—"—51nk;£y
=1 k=l
wheré Ajk(t) is a function of t only.

Substituting Eq.(19) into Eq.(17), we obtain the following differential equa-
tion for determination of Ajk(t)i

(19)

K (o) + QA (1) = 0 (20
_]‘* k‘f’ 2k?‘ Dsl“'D‘fg‘
Dsi" I,Ds 2
where ij(t) = h’[l " at b b aJl)kzlﬂ)s c,ce(t)]
FIRE TR

The solution of Eq.(20) can be expressed in the following form:

AjL (L) and A ik (T in Eq.(21) are determlned by the initial conditions of Eqgs.
(15) and (16) as follows:

A (T = — Qi
ik Fge g, siF
TGOl )
K k! D+ Dsy =
i TECCP('Q&)[ ka T"-( 4_ SL b,*Ds: J?.b'l ll+l] )A*k (T)] +q"ﬂjl(

Azl (T =
ik J K2
T“‘}(?@I‘F.—bﬁ-"ﬁz +2 zbzﬁg

where q'njk is a coefficient of load g (x,y) in double Fourier series, namely,

~ % b . Jux . kmny
q‘ﬂjk = —abj j qm(x,y)sul--—sul 5 dxdy,
d oS j[b (x, )s.lnmm-Jrr s1n <Y dxd a Ib_ (x, )51n‘]nxs'nk—u_ydxdy
an T b XY G ab ) ¥ a b

Substituting thus obtained results of Eq.(21) into Eq.(19), we finally find
the deflection w(t) in a slab at any time t.

By using Egs.(11) and (19), normal stresses of reinforcements are obtained as
follows:

R « "L

Osarl ) = Esz.sZZ,J +2 &k(‘c)snl—s:.nk_W
= k=1
[ ] kl—l

Cent) = E, Zedod = dk(t)51n———s1 kr;y

3‘! k=
where zs is a distance between neutral plane and reinforcement.
Stresses of concrete are also obtained from Eq.(10), but numerical calculation
for them has to make use of an iteration procedure.

5. Numerical Examples

To illustrate some practical applications of our theory, we consider sing-
ly reinforced . square slabs with various percentage of reinforcements. The fol-
lowing characteristics are assumed for elastic constants and the creep function:

E.=2.1x10° kg/cm®, P=0.15, BEy=2.1x10° kg/cm® 1;=0.3,
O=4.82x10 °, =0.9x10" ¥=0.026.
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2

Numerical calculations are performed for the following two purposes:

Il — CREEP IN REINFORCED CONCRETE SLABS SUBJECTED TO REPEATED LLOADS

{1) Pursuit of creep response of deflections and stresses in slabs for cyclic
sustained loads.

(2) Calculation of creep recovery of deflections and stresses after the applied
load is removed at any time.
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Response for Cyclic Loads

Fig.3 shows the calculated responses of deflections, stresses in reinforce-
ment and stresses in concrete at the center of square slabs, when a uniformly
distributed load g,(x,y)= q is applied at the age of concrete T,=2¢ days and
thereafter unloading and reloading are repeated cyclically with time-intervals
of 10 days, 20 days and 30 days, respectively. Here, solid lines are results
for 0.5 per cent reinforcements in both x and y directions and dashed lines are
those for 1.0 per cent. Deflections and tensile stresses in reinforcements
illustrate analogous curves and it is noticed that stresses in reinforcements
due to creep in concrete remain after complete removal of applied load. Stresses
in concrete decrease during a period of constant sustained loading, and immediate-
ly upon removal of applied load, compressive stress changes to tensile one.

In the slab with high percentage of reinforcement, both deflections and
stresses in reinforcements naturally decrease but residual stresses in concrete
somewhat increase.

When a cyclic load, with a period of full loading and half loading, is ap-
plied, the calculated responses are as illustrated in Fig.4, where response of
stress in reinforcement is omitted because of its similarity to that of deflec-
tion. It is interesting that during early periods of half loading deflection

increases and stress in concrete decreases, namely, creep is in progress, but
during later periods of half loading creep is in recovery.

10 days interval 20 days interval 30 days interval
Q'IMLJ"LFU'U_UT TLA_LF—L_I 1 L. LT 1
0 . (I)?q T T (r) 4 T g' O.gq T > t
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3 10316qa4
b r
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50 100  150days 50 160  1sbdays
= B
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_‘ E -4 16qa’
25& (-»39D¢ Ee STRESS IN CONCRETE
O, 1)

Fig. 4
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Creep Recovery

Immediately upon complete remo-
val of applied load, deflections and
stresses in concrete structures do
not recover to zero, but a certain
deflection andstress due to creep in
concrete remain. Although these
residual deflection and stress are
gradually reduced to zero, i.e. it is
called creep recovery, some quantiti-
es remain permanently. In reinforced
concrete structures this phenomenon
of creep recovery becomes especially
complicated, because creep recovery
of concrete and elastic recovery of
reinforcement are mixed in them.

By using the theory in this paper,
creep recovery of reinforced concrete
slabs is easily calculated, that is,
we only have to set q,(x,y) equal to
zero during the period of unleading.

The solid lines plotted in Fig.
5 show creep and recovery curves of
deflections, stresses in reinforce-
nents and stresses in concrete at
the center of square slab of 0.5 per
cent reinforcements in both x and y
directions, when a uniformly distri-
buted load q,(x,y)= q is applied at
the age of concrete 7,=28 days and

the load is removed after a period
of 10, 20, 30, 40 and 60 days, res-
pectively. Dashed lines in Fig.5

are results for the cases when the
load is not removed completely,but
left by half. It is noticed that
recovery of stress in concrete is
almost independent to the length
of loaded period.
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SUMMARY

Deflections and stresses in simply supported reinforced concrete slabs sub-
jected to repeated sustained loads have been treated in this paper. A theory for
calculating slab deflections and stresses in reinforcement and concrete has been
developed which uses the creep function of Arutyunyan-type for plain concrete. By
using electronic digital computer for the numerical work, creep response of flexed
reinforced concrete slabs under the action of an arbitrary varying load can be easily
calculated. Creep recovery curve of deflections and stresses at an arbitrary time after
unloading can be also obtained without adding any serious complications in the proce-
dure.

RESUME

On étudie dans le présent article les fléches et les contraintes des dalles en béton
armé simplement appuyées et soumises 3 des charges répétées. On développe une
théorie pour calculer les fléches de la dalle et les contraintes dans 1'armature et dans
le béton, en utilisant la fonction de fluage d'Arutyunyan. A 1'aide de l'ordinateur, on
peut alors facilement calculer le comportement au fluage des dalles en béton armeé
soumises a une charge variable quelconque. En outre, on peut obtenir sans difficulté
la courbe de recouvrement du fluage pour les fléches et les contraintes 4 un moment
quelconque aprés la suppression ou la diminution de la charge.

ZUSAMMENF ASSUNG

In diesem Beitrag werden die Durchbiegungen und Spannungen von frei aufliegen-
den Stahlbetonplatten unter Wechsellast behandelt. Es wurde eine Theorie zur Be-
rechnung der Plattendurchbiegungen und -spannungen in der Bewehrung und im Beton
entwickelt, welche auf der Kriechfunktion von Arutyunyan (4) fiir Vollbeton fusst.
Mittels digitaler Elektronenrechner kann das Kriechverhalten biegebeanspruchter
Stahlbetonplatten unter beliebiger Wechsellast leicht ermittelt werden. Ebenso kann man
die Kriecherholungskurve (creep recovery curve) der Durchbiegung und der Spannungen
zu beliebigem Zeitpunkt nach Entlasten ohne zusitzliche Schwierigkeiten erhalten.

Bg. 30 Schlussbericht
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