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 finite element is described. Then, in Section 3, the material matrix based on the effective moment of inertial
 concept is derived. In order to predict the shear failure of the slabs, a softening curve for the bending and
 shear stiffnesses is also proposed based on an empirical failure criterion for RC slabs under bending and
 shear. Some numerical examples are worked out and compared with the experimental results in Section 4
 and the paper is summarized in Section 5. 2 FINITE ELEMENT FORMULA In this work, a 9-node heterosis
 shell element 7 is adopted. It had been modified to be a non‐ layered form8. In the non-layered shell
 element, the general strain vectors comprises of 8 component, i.e., (1) where E0,, E0, and Yo,, are the in-
plane strains at mid-plane (z = O); Yu and y,. are the transverse shear stains; ,p,, ,p, and ,p.,, are the
 curvatures. The new Bx45 geometric matrix which maps the general nodal displacements into the general
 strains, Bn, was
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derived to replace the original 5x45 geometric matrices, B, for the

 layered element where the general strain vectors include only 5 components (e, e,., y.,,, Yu and y,.). The
 first 5 rows of Bn are the same as those of matrix B at mid-layer

(z = 0). The last 3 rows of Bn are obtained from

 [mY<<.piz>y,,) [acl0, clo ] {00''} = ,'_,[NN0'! oNN;,':] ·{: ''} (2) = , · y x y where 8' and 91 ( i = I··9) are the
 nodal rotation angles; N' and N' ( i = 1..·9) are the partial % y x y

derivatives of the shape functions N ; with respect to x and y,

 respectively.

 With

material matrix, D, and the geometric matrix, B., the element stiffness

 matrix can be

 obtained by numerical integration as K• = ffB•r ·D· B • ·dQ . (3) The

selective integration scheme is adopted in Eq.( 3) to avoid the locking

 problem.

 The material " matrix D is discussed in the next section. 3 MATERIAL MATRIX 3.1 Material matrix before
 cracking For an orthotropic elastic plane stress problem, the stress-strain relationship is QO ] {Exy J . (4) ( 1
 - vxvy)Gxy Yxy where E,, v, and E,, v,are the moduli and Poisson's ratios in x and y directions, respectively;
 G,,is the shear modulus in x-y plane. In the shell element, the in-plane strains can be calculated from the
 curvatures and the mid-plane strains as {YEExyxy} = {YEoooxyxyJ + {<(<(JffJJyxxyJ z. (5) 4.1 Slabs
 supported on four edges with corners free to lift (Series II)12 The series II of the experiment involved 3
 panels of 152.4mm thick slabs loaded monolithically through 356mm column stubs. The slabs were simply
 supported at four edges with the corners free to lift. The slab details are shown in Table 1. Specimen
 Dimension Dept Concrete Reinforcement s (mm) h f'c(MPa) Ee (MPa) f,(MPa) p' % p % 1(m17m.6) A-4
 1828.8 x 1828.8 x 152.4 26.2 24449 332.7 0.6 1.2 A-5 1828.8 x 1828.8 x 152.4 114.3 27.8 25212 321.7 1.2
 2.5 A-6 1828.8 x 1828.8 x 152.4 114.3 25.1 23947 321.7 1.2 3.7 Table 1: Details of slabs in series II 1
 _,,_.'+-+- -+- 1-- -i- -+"- ·- ·x v = 0, 8y= 0 Figure 1: Computational modelling of slabs A quarter of slab is
 modelled using 121 nodes and 25 elements as shown in Figure 1. The loadings were applied equally at
 nodes 1, 2, 12 and 13 (position of column stud). Since only a quarter of slab is modelled, the rotation angle
 By. and the displacement v
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of the boundary nodes on line y = o are zeros, because of symmetry. The

 rotation angle 8,, and the displacement u of the

boundary nodes on line x = o are also zeros. The

 obtained

results of load versus central deflection curves are plotted in Figure 2

 together with the test results. The

 typical deflection distributions at the early stage and the near failure stage are shown in Figure 3. From
 Figure 3b, the deformation localization close to the column can be observed, which indicates that a
 punching shear failure has happened. The numerical results are generally agreeable with the experimental
 results. 500kN 400kN 300kN 200kN 100kN - ----

r-- -- - -r-- - - - -r- - - - - -r- - - -- -,-- -- -r- -- - - -1- - - - - -,- - - ---· . . . . . . . . . 1I

 15mm I I 1 I 1 I 1 I 1 I / 1 I I I

I I I I I I I I I I I I I I I I ----- ----- ----- 5---- --- r-----------:----'--:------: , , , experiment ,

 A,1 , / , • I I I I "I I I I - -- -- - -- -- - 7- - --- - - - - - -- --e -X' pe riment ,:r/---; o$•e,- --

 -:•I , , , , I I I f , I I I : A5 : : J : : i -- I

 0_ct =' -- -- - --ri- - - --

-l-- - ---l l I I I I \ I I I I I I I I I I I I I I I - -_M__

 _----- -------------- .--_:__---_:_--___: : expe ment : : : : : : : _ _ _ _

LI _ _ _ _ _ LI _ _ _ _ _ IL _ _ _ _ LI _ _ _ _ _ LI _ _ _ _ _ LIL,_ _ _ _ LI _ _ _ _

 JI_ _ _ _ _ JI I I I I I I I I I I I I I I I I; I I I I I I I I I I I I I I I I I I I I

 _ _ _ _ _IL_ _ _ _ _IL_ _ _ _ _ _ _ _ _ _LI _ _ _ _ _LI _ _ _ _ _ L _ _ _ _ _LI _ _ _ _ _LI _ _ _ _ _,I 5 10 0 • .
 5 _ • .• 1(! 0 5 10 1t CenlJal deflection (mm) Figure 2:Load-centraldeflection curves of slabs in series II a.
 Deflection distribution at early stage b.Deflection distribution near failure Figure 3:Typical deflection
 dsitributions 4.2 Slabs supported at four corners (Sarin IV)12 The series IV involves one slab supported on
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 four corners and loaded through a 254mm coulmn stub. The detasli of the slab are shown in Table 2.
 Similarly,

a quarter of the slab is modeled

 with "121nodes and 25 elements and the symmetric boundary conditions are applied to the nodes on lines
 test resultni Figure 4. The predicted strength confonns to the experimentalresult whilethe predicted = o andy
 = o. The obtainedolad versus centraldeflection curve are plotted and compared with the centraldeflection
 islarger thanthe experimentalobservation. Specimen Dimensions (mm) Depth (mm) fe(MPa) Concrete Ee
 (MPa) /y (MPa) Reinforcement p 'o/o p% A7a 1828.8 x 1828.8 x 152.4 114.3 28.5 25293 321.7 1.2 2.5
 300kN 200kN 100kN Table 2 Details of slab A7a in series IV ------------ II1IIII:I-_--A-_e-7xpAa-er-itn-e.-nL,I:I-
IIII---,-;-/-/-.III-_-_-_---_--_--:I-rI-II-----------------I;,-----:-I-II--------------------------------------------II I : 7 I I A7- - r -- ---
 1 ______ J _ --------a _ L _ _ _ _ _ _ J _ _ _ _ _ _ _ L_ _ _ _ _ _ J model 1 , I I I I -4I------ I-------I ------4I-------
I ------1I I I I I I I I I I I - ----4I------ I-------I ------4I-------I ------ I I I I I I I I I I I 0 5 10 15 20 25 3) Centraldeflection
 (mm) Figure 4: Load-centraldeflection curves for slab in series VI 4.3 Slabs supported on four edga with
 comers free to lift (SarinVlll)12 nI this work, 5 slabs in series VIII are also selected to anaylsis. They are
 loaded through 254mm column stubs, and simply supported at four edges with the comers free to lift. There
 si no compression steeland the tension steel reinforcement ratios range from 0.5% to 3.0%.For the slab
 DEH 812, two rows of verticalstinup with cross sectionalarea of 1419mm2 were used, and the shear
 reinforcement ratio is about 0.57%. The slab details are shown in Table 3. Again, a quarter of the slabis
 modelled with 121 nodes and 25 elements and the symmetric boundary conditions are applied at lines x = o
 and>' = o. The obtained load versus centraldeflection curves are compared with the test results in Figure 5.
 Specimen Dimensions Depth Concrete Reinforcement (mm) (mm) f 'e (MPa) E.,(MPa) Jy = fy, (MPa) p.,% p
 % - DEHB02 1828.8 x 1828.8 x 152.6 114.3 47.6 32978 320.6 0.5 - DEHB04 1828.8 x 1828.8 x 152.6
 114.3 47.7 33013 303.4 1.0 - DEH 809 1828.8 x 1828.8 x 152.6 114.3 43.9 31670 341.3 2.0 - DEH B14
 1828.8 x 1828.8 x 152.6 114.3 50.5 33968 325.4 3.0 DEH 812 1828.8 x 1828.8 x 152.6 114.3 45.9 32384
 331.6 0.57 3.0 Table 3 Details of slabs in series VIII 800kN - - - - - 1- - - - - ""t - - - - - ""1 - - - - - ---1 - - - - - -i-
 - - - - - r- - - - - - I - - - - - I -------1 -1 30mm

I : I : I I : -, I : I J j j mCDdel '- I I o¢HB12 I : I : I t : t - - - - - +- - - - - - -+ - - - - - --l

 - - - - - -1- - - - - -j - - - - - - I- - - - - t- - - - - + --------------------------I 600kN J I I I J

 I I I I I I I I l I t l I I I l I t l I I I I I I I ----- -----+ ----- ----- ----- ------ ---- -----+ ----- : : : :

 DEHB14 : : : 1

1 1 , Experiment , 1 1 1 DEHB09 1 1 1 1 ----- -- --- - --- mqcte1--- - , -- --- I - - - - - -

 -L - - - - - 400kN _____L _____.1______

 J___

I I I I I I I _ _I_ _ _ _ _ _l _ _ _ _ _ L _ _ _ _ _ L ----- ----- I I I I t 200k N l I I I I
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 Expeiment : : --- --, -- - --I------ ----- I ----- TI -------------------------I Experirnen -------- -- ---
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 t 0 10 20 30 Central deflection {mm) Figure 5 Load-central deflection curves for slab in series VIII In
 experiment, slabs 809, 812 and 814 are observed to fail by punching shear. The predicted strengths and
 central deflections generally agree with the test results. For slabs 802 and 804, the numerical results still
 suggest a shear failure; however, they are actually failed by flexure in the experiment. It shows that, the
 proposed method maybe only applicable for the slabs subjected to shear failure 5 CONCLUSIONS In this
 work, efforts have been made to predict the failure of RC slabs using the FE analysis based on the effective
 stiffness approach. The non-layered form of the 9-node heterosis shell element is used and the degradaiton
 of material matrix due to concrete cracking is reflected by the stiffness reduction factors. In order to predict
 the failure of the slabs, a softening curve for the bending and shear stiffnesses was proposed based on an
 empirical failure criterion for RC slabs under bending and shear. The stiffness reduction factors defined by
 Polak5 are modified accordingly to consider the further degradation of the stiffnesses due to steel yielding
 and shear failure of the concrete. The model parameters CM and CQ in the softening curve are set to be
 3.3 and 1.6, respectively, by trial and error method. Three series of RC slabs were analysed using the
 proposed method. The computed deflection responses and shear strengthes are agreeable with the test
 results for the slabs subjected to shear failure. Further work is needed to

predict the deflection and the strength of slabs

 subjected to flexure. REFERENCES [1] J. Jiang and F. A. Mirza, "Nonlinear analysis of reinforced concrete
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