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Summary: Non-homogeneous finite strip method is applied to material nonlinear
analysis of simply supported 20m long reinforced concrete folded plate structure. Finite
strips are divided into cells along their length and layered throughout the thickness. The
viscoelastoplastic constitutive matrix is developed using the rheological-dynamical
theory. The results of analysis are compared with the results of linear analysis. The
types of non-homogeneous finite strip method convergence of the stresses by the number
of strips and by number of series terms are shown.
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1. INTRODUCTION

Reinforced concrete folded plate structures (RCFPS) have significant nonlinear
behaviour. In earlier work [1] the authors showed how the geometric nonlinear analysis
of these structures can be performed using the harmonic coupled finite strip method
(HCFSM) [2]. Also, the impact regarding the neglecting of these effects on the results of
RCFPS with various lengths is presented in Ref. [3].

This paper describes a numerical analysis of a feasible RCFPS, based on inelastic
relationship between stress and strain of the constituent materials. The influence of the
effects of material nonlinearity on RCFPS is shown through comparison with the results
of the linear analysis on the same structure.

Performed analysis ilustrates the application of non-homogeneous finite strip method
(NHFSM) with viscoelastoplastic constitutive matrix for one- and two-dimensional state
of stress in concrete and rebar developed using the rheological-dynamical theory. The
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NHFSM, which is described in the previous paper of this Proceedings®, is programmed
in Wolfram Mathematica.

2. DESCRIPTION OF THE RCFPS AND METHODS OF ANALYSIS

The application is performed on the simply supported 20m long RCFPS under a vertical
uniformly distributed load. The structure is made of concrete C35/45 and steel B400.
The RCFPS geometry, finite strip mesh, and zones with different layer pattern for
material nonlinear analysis are shown in Fig. 1.
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Figure 1. Cross-section, load and discretization scheme of analysed RCFPS

Structure is designed according to linear homogenous FSM solution. The properties of
the concrete and steel are specified in Table 1. The rebar characteristics are summarized
in Table 2 and Table 3.

The load in Fig. 1 is multiplied by factor 1.8 in order to reach the limit state of structure.
This load intensity causes yield stress in the bottom steel layer of the beam's central
cross-section, which is furter considered as rebar failure. All presented results are shown
for this load level. The tension stiffening effects of concrete (after the cracking at 2.3
MPa) are not included in the computation, but they should be taken into account when
geometrically nonlinear problems are investigated.

* Milasinovié, D.D., Borkovi¢, A., Goles, D.: Rheological-dynamical approach in non homogeneous finite strip
method
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Table 1. Problem parameters for the RCFPS
Concrete C35/45 | Steel B400
Mechanical material properties

Secant modulus, E,,,=34000 MPa (ez =0.3 %o) Design modulus, E¢=210000 MPa (e =1%o)

Poisson’s ratio, 4=0.18 Poisson’s ratio, u=0.33
Elasticity stress, 0;=13.2 MPa Elasticity stress, o;=187 MPa
Ult. comp. strength, f.,=43 MPa (g.;,=2.25 %o) Characteristic yield stress, f,;=400 MPa
Ult. tens. strength, f,=2.3 MPa Ult. tens. strength, £,=500 MPa

Rheological-dynamical material properties
Initial modulus of elasticity, £,=52000 MPa Initial modulus of elasticity, £5=629000 MPa

Constant of the column, K,=0.0402 Constant of the column, K,=0.01068
E 1
RDA modulus: £ = ——"——, RDA working diagram: o, = ——(\[1+ 4K, E;r& —1),
I+ogpK 0 2K 0

1
Poisson's ratio: ;1((/7) =|1- -1000.

4{/0.0006((/)}&
1+¢

Table 2. Concrete and rebar details for the RCFPS's beam
0-2m 2-4m 4-6 m 6-10 m

Creep coefficient: ¢ = oK,
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After exhaustive convergence tests, the following discretization is adopted: beam is
divided into 14 and each plate into nsp=12 strips. Five series terms and nc=10 cells are
used. Cross-section of plates has ten concrete and four steel layers numbered as shown in
Fig. 1. In the beam, strips 8 and 13 represent rows 4 and 5 of rebar, while strip 2
represents sum of rows 1, 2, and 3 of rebar that are illustrated in Table 2 and Fig. 1.
Norm of residual strains is set to be less or equal to 0=0.001.
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Table 3. Rebar details for the RCFPS's plates

Longitudinal direction
0-4m 4-10 m
. . Asx Zy Asy Zy Agx Zy Asy Zy
Transverse direction . ) 5 5
(cm“/m) [(cm)|{(cm™/m){(cm)l(cm”/m)|(cm)|{(cm~/m){(cm)
Ist plate 2.8 251 28 (19| 14 (25| 14 |19
Ist, 2nd and 3rd quarter of 2nd plate] 1.4 25| 14 (19] 14 |25 14 |19
4th quarter of 2nd plate 39 (244 14 |[19] 39 [244] 14 |19
Asy Agx
1 | | | 1
[e . . o | TZ 7 10
| e . . . | L& |z iyé ;x
| |
\ \
| | |
Asy Asx

3. RESULTS OF ANALYSIS

The crack pattern of the RCFPS's beam reflects the pure flexural failure of concrete with
cracks opening only in longitudinal direction. In contrast to this the NHFSM plates
model leads to crack patterns shown in Fig. 2 simultaneous in both directions. It is
obvious that all crack patterns are realistic.
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Figure 2. Plan view of bottom layer of plates: Numerically computed crack pattern
(white-elastic; hatched-cracked; gray-plastic)
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Fig. 3 illustrates the variation in the moments M, and forces N, along the transverse
central line for material linear and nonlinear approach. Prominent influence of material
nonlinear effects is obvious.

=31.41

-18.64

1.00 Mx [kKNm/m]

-103.21

-67.38

180.18
17737

Figure 3. Variation of moment M, and force N, along the transverse central line: left -
elastic solution, right - last iteration solution

Fig. 4 illustrates the types of NHFSM convergence of the stresses by number of strips in
plates. It is apparent that forty strips in plates are required for the stress in steel layer to
converge to the exact answer. On the other hand the stress value in concrete in this case
converges at a slower rate.
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Figure 4. Types of NHFSM convergence by number of strips in plates: left —
compression stress o, in titled concrete layer; right — tension stress o, in titled steel layer

The rate of convergence for stresses by number of series terms was also analyzed. As it
is shown in Fig. 5, although nonlinear behaviour is very prominent, only seven terms are
required for the stresses to converge to the exact answer.

| 3BOPHUK PAOOBA TPABEBVHCKOI ®AKYJTITETA (2014) | 317



40 ANNIVERSARY FACULTY OF CIVIL ENGINEERING SUBOTICA

International conference

Contemporary achievements in civil engineering 24. — 25. April 2014. Subotica, SERBIA

)
S
=
by
o

N
o
>

)
{
!
i
l

IS
S
&

beam [MPa]

R R
>
I~

IS
S
IS}
| —

5
I~

395 +—4

X stress in concrete at the bottom
layer at the top of the structure [MPa]
4

Y stress in steel layer at the bottom of

%
%

390

o

2 4 6 8 10 12 14 16
Number of series terms for 38 strips and 10 cells

0 2 4 6 8 10 12 14 16
Number of series terms for 38 strips and 10 cells

Figure 5. Types of NHFSM convergence by number of series terms: left — compression
stress o, in marked concrete layer, right — tension stress o, in marked steel layer

4. CONCLUSIONS

The non-homogeneous finite strip method is successfully applied to material nonlinear
analysis of reinforced concrete folded plate structure. The RDA modulus iterative
method proves to be very useful for tracing the structural response after cracking. The
results obtained from the NHFSM algorithm implemented in Wolfram Mathematica
show very good convergence properties by number of series terms and number of strips.
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INPUMEHA HEXOMOI'EHOI' METOJA KOHAYHHUX
TPAKA

Pezume: Hexomocen memoO KOHAYHUX MpaKa NPUMErbeH je Ha MamepujaiHo
HEeIUHeapHy aHAau3y CJL0O00HO OCIOFEHe apPMUPAHOOEmOHCKe NOIUedapCcKe /bYCcKe
pacnona 20m. Komaume mpaxe cy no Oyocunu nooemene y henuje u ycinojene no
Oebswunu. Buckoeracmoniacmuyna KOHCIMUmMymueHa mampuya je oopehena npumeHom
peonouiko-ouHamuuke meopuje. Pesynmamu aumanuze cy ynopehenu ca pe3yamamuma
JnuHeapre auanusze. Ilpuxazanu cy munosu KoHepeeHyuje HANOHA ) HEXOMO2eHOM
MemoOy KOHAYHUX mpaxka y yHkyuju 6poja mpaxa u 6poja 4ianosa peoa.

Kawyune peuu: Hexomozenu memoo KOHAUHUX MPAKA, PeOIoUKO-OUHAMUYKA meopuja,
apmupanu OemoH, noauedapcka /bycKa
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