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Summary: This paper presents the finite strip method adapted to the analysis of two-
dimensional nonlinear problems of reinforced concrete plate structures. Non-
homogenous finite strip, divided into cells along longitudinal direction and layered
throughout the thickness, is developed and the interpolation shape functions are
evaluated. The concrete is modelled with a biaxial state of stress that acts in the middle
plane and includes the following effects: nonlinear stress-strain relationship in
compression, compression failure, strength increase in biaxial compression and
cracking. The rebar is idealized by smeared biaxial orthotropic steel layer. Nonlinear
material behaviour is described by one- and two-dimensional models of concrete and
reinforcement using the analytically derived rheological-dynamical viscoelastoplastic
constitutive matrix.
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1. INTRODUCTION

Problems of the nonlinear analysis of reinforced concrete folded plate structures
(RCFPS) have gained importance during the past years due to the application of various
C/R materials and their utilization of high working stress. In the past years, the presented
problem was treated in the scope of many research projects theoretically and
experimentally. These structures generally include both nonlinearities: the geometric
nonlinear effects and the nonlinear stress-strain behavior of the composite (concrete and
rebar (C/R)) material. The aim of this paper is to present the finite strip method (FSM)
adapted for estimation of the ultimate resistance of RCFPS based on the material
nonlinear behavior. Here are used working diagrams of concrete and rebar, that represent
simultaneous stress-strain pairs, built on the basis of rheological-dynamical analogy
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(RDA) [1]. These working diagrams are presented and compared with recommended
diagrams according to Eurocode 2 (EC 2) in Ref. [2]. The C/R material is introduced
under the following aspects: C/R are integrated using a biaxial quasi-empirical inelastic,
orthotropic model, derived from uniaxial RDA material models; the cracking of concrete
is represented by the ‘smeared crack’ concept rather than by discrete cracks; no relative
displacement is allowed between steel layers and the adjacent concrete; viscoplastic
(VP) yield stress at the end of the iterations in steel layer is considered as rebar failure.
To account for the material nonlinearities a biaxial layered model throughout the
thickness of the strip is included [3]. Then, each strip is divided into cells in longitudinal
direction and material characteristics which depend of stresses are recorded in these cells
[4]. The integrations are performed on each cell domain and their sum provides the four
blocks of the strip stiffness matrix in the non-homogencous finite strip method
(NHFSM). Compared with the standard FEM, the main advantages of the NHFSM are in
data preparation, program complexity, and execution time. Further advantages of the
NHFSM lie in the possibility of modeling by using a small number of harmonics.

2. RHEOLOGICAL-DYNAMICAL APROACH

During the last decade, many papers have been published which have demonstrated that
RDA for 1D problems may be easier for application than other nonlinear theories for
damage of structures. One simple continuous RDA modulus function is found to
approximate the average 1D stress-strain diagram over both the elastic and inelastic
range of a specimen

E E
Ep=—=—H (1)
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The constant K, of a specimen must be determined at the elasticity border
3
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As shown in Fig. 1, all the individual Ex(A, o) curves coincide, which means that one
analytical function Ex(o,,) may be used for all concrete cylinder lengths. Fig. 2 shows
function E(o,,) for rebar.

Analytical RDA working diagram of specimen has been identified using previously
established analytical relation for £x(o,), as follows

o, =%(1/1+4K¢EH5—1) 3)
The constitutive orthotropic matrix of C/R layers is given by (Ref. [5])
Ep, ,um 0
D= iy Fy 0 @

0 0 (1) Gy
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Figure 1. The plots of Eg V/s o, for different slenderness ratios A of reference concrete
sample (cylinder) made of grade C35/45
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Figure 2. The plots of Eg v/s 6., of rebar (steel B400)

where Ej, and Ey, are obtained by RDA working diagrams of C/R, as follows

E 1
Ep=— — o, =——(J1+4K E e, —1),
Rx 1+O-cer¢; crx 2K¢( o ~H<x )
E 1
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The equilibrium equations for a system exhibiting nonlinear behaviour can be written as
K(D)g=Q (6)

The nonlinear term is the stiffness matrix K of the system, which depends on the
inelastic constitutive matrix D. In this paper a new iterative method, which is basically
the same as the procedure explained in Ref. [1], is applied. The RDA modulus iteration
starts with the form

K(D*)q=Q %

Solving these linear equations, stress 0.,” and strain £ in all points of a continuum can
be obtained. When the stress component is greater than the elasticity stress oz, Eq. (7)

may be solved to give a better approximation

1
ol =§(1/1+4K¢EH5(0) —1) (8)
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Figure 3. RDA modulus iterative method
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The corresponding slope for next iteration is the RDA modulus,

m__ Ey
ATy ©)
cr [
Also,
(1)
(l)_O-cr
&= (1) (10)

1
The iterative process is deemed to have converged when some measure of change J in
the & between successive iterations has become tolerably small. Thus,

5= ‘ o) _ (1)

(11)

The scheme of the RDA modulus iterative method is illustrated in Fig. 3.

3. NON-HOMOGENEOUS FINITE STRIP MODELLING

In order to apply presented RDA approach on C/R materials, non-homogenous finite
strip, divided into cells and layered throughout the thickness, is developed. As shown in
Fig. 4 the strip is divided along longitudinal direction into nc cells while throughout
thickness there are n/ layers, which constitute non-homogeneous LO2 finite strip.
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Figure 4. Division of strip into nc longitudinal cells and nl layers throughout thickness

During the integration required for determination of stiffness matrix, the following two
independent integrals should be evaluated for longitudinal non-homogenous strip
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For the strip with both ends simply supported Y,=sin(mzy/a) and Y,,"=cos(mny/a), these

integrals can be evaluated in closed form, as follows

- for m=n

I =a b = by | sin(2hmzr )= sin(2h,,mz)
2 dmr

(13)
I = é(—%mﬂ[Zmﬂ'(hi —-h,, )+sin(2hl.m7r)—sin(2hi+1m7r)]j

-for m#n

n [cos(hHlnﬁ) sin(h,, mr) —cos(hinﬂ)sin(hl.mir)]
=a

: m'r—nrx
m{[cos(hmr )sin(hnx)—cos(h,
a

i+1

mﬂ)sin(hmmr)]
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(14)

1 mnx {n [cos(hl.mﬂ') sin(hnrx)— cos(hl.ﬂmﬂ)sin(hmn;r)]}

5 2 2
a m —n

1 mnx {m [cos(hmmr)sin(hmmﬂ) - cos(hinﬂ)sin(hlmﬂ)]}

a m* —n’
where y=ha.

4. CONCLUSIONS

Constitutive compliance matrices to predict the ultimate resistance of RCFPS on the
basis of RDA are derived in the frame of non-homogeneous finite strip method.
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PEOJIOHIKO-AUHAMNYKO MO/JIEJIMPAILE Y
HEXOMOI'EHOM METO4Y KOHAYHHUX TPAKA

Pesume: Pao npedcmasma memood KOHAUHUX Mpaxa Koju je npunazohen amanusu
0800UMEH3UOHAHUX — HEIUHEAPHUX  NpodiemMa  apMupaHOOemoOHCKUX — Nio4acmux
koHcmpykyuja. Pazeujene cy nexomozene konayne mpake Koje cy nooemene y henuje y
NOOYICHOM Npasyy u ciojege no Oebmunu. 3a mux cy gopmupane oozoeapajvhe
unmepnoaayuone Qyukyuje. bemon je mooerupan y 080AKCUjATHOM CMARY HANOHA Y
Cpedboj pasHu KoHaune mpake ykwyuyjyhu ciedehe epexme: neruneapna 6e3a HAnoH-
dedhopmayuja 'y npumucky, 10mM Y HPUMUCKY, oOjaduaree Y HPUMUCKY U HPCIUHE.
Apmamypa je mooderupana Kao pasmazaH opmomponau Cioj y 080aAKCUjAIHOM CHARY
Hanoua. Henuneapno nonawiaree mamepujana je OnucaHo jeOHOOUMEH3UOHATHUM U
0BOOUMEHSUOHANHUM Modeauma 6emoHna u apmamype Kopuwhersem aHATUMUYKU
usgedeHe peorouKo-OUHAMUYKe KOHCMUMYMUsHe Mampuye.

Kwyune peuu: Hexomozenu memoo KOHAUHUX Mpaxa, peosiouKo-OuHamMudKka auaiocuja,
apmupanu Oemon, HeluHeapHa aHaIu3a
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