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1.  INTRODUCTION

Several finite element studies have been carried out to analyse a 1:6 scale,
containment vessel model(1). An attempt has been made in this paper to analyse
the same containment using Endochronic concrete failure theory. Another depar-
ture is to assume that concrete is represented by a sophisticated 3D-32 noded
isoparametric element in which the reinforcement is placed in the body of this
element. The reinforcement is represented by 3D-4 noded line element attached
to a bond-linkage element (2,3), thus treating the reinforcement fullybonded.
The vessel model is pressurised using 20 incremental steps. Displacements,
strains, stresses, concrete cracking and reinforcement yielding are obtained at
every step where appropriate. A final post-mortem is presented.

2. THEORETICAL ANALYSIS USING FINITE ELEMENT

A three-dimensional incremental stresses are written for up to plastic
conditions as

Ac* + Ao * e B*f Ae* (1)
which can be interpreted in a matrix form as —_ —_
(10,+ b0, [k + 30 K- «-2 o 0 off a
a0+ a0, kKe3®) kK-35 0 0 o] s (2)
<A02+ AOZP = K + g—G) o 0 o0 Ae,
ATXy+ A‘rxy B°G O 0 Any
ATyZ+ Aryz 8°G O Asz
\ATZX+ ATZXP 5 B’i _AYZX |

Where K, G and gB” are moduli and aggregate interlocking parameters. The
material matrix D¥is constantly modified to reflect the reduced stiffness(4)
across the crack for example, where one crack normal to X* direction occurs,
the concrete is assumed not to resist any tensile stress in that direction. A
brief outline is presented later on for the non-linear steps taken in the finite
element analysis. The non-linear bond-linkage element is included to assume
that the 1:6 model is fully bonded. Since it is a reinforced concrete model it
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is imperative not to ignore the bond between the reinforcement and model
concrete. The stiffness matrix [K] is evaluated as

[K3= 77772 7 (B1T[D4 B 1d[I]dgdnde (3)
3. STEP-BY-STEP NON-LINEAR FINITE ELEMENT

1. Apply a load increment AP, where n is the load increment.
Accumulate total load Pp= Pp-,+APp, and R=AP_, where R is the
residual load vector
APn = KpaU=(mdL TTERT)AU, (4)

2. Solve AUi:K"R, vhere i is the iteration number and K; is the (5)
stiffness matrix of the structure.
Accumulate total displacements:

- ) - e7-1
Ui = Uj_, + AUy where AUi_ ASi T (6)
Total slip 'i', S; becomes
Si = Si_1 + AS§ (7)

3. For each element type calculate strain increments
AE, = BaUj (8)
and strains €; = €;_, + AE; (9)

4. For each element type
Aci = F(o)AE (10)

Acbi = Eb(Gbi—l) AS§

where Ep = [E, 0 O (11)
0 E O
v
0 0 %
Accumulate stresses
Opi = Opj-4 + Aobi (12)
5. Check the state of bond
If |S;]> S Bond is broken
max
If [Si|< S ., Bond stresses are computed
The correct stress is Opi = Opy -~ A0p (13)
6. The total stresses are converted into equivalent loads as
s Blojdvol = S8 5d[37dgdnde (14)
7. The total internal equivalent loads and residuals are written as
- T
Pint = T T Oh; (15)
R =P - fVB od| J|dgdndg (16)
For cracking Table 1 is referred to.
The Bond-linkage stiffness matrix is written as:
The explicit form of the bond-linkage stiffness is given as
i T . 2 2 2.
Kblle12 Kby, =mdL(Q2Ep+p2Ev+r2E;) (17)
eig = Kh21Kp22|’ Kpa2 =ndL (m2En+q%E\+s2E1)
where Kb33 :ﬂdL(anh+t2Ev)
Kb!z :Kb21 = -—Kb113 Kblz :ndL(QmEh+pqEv+rsE£) (18)
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szz =Kb11 Kb13 =ﬂdL(£nEh+rtEV)

Kb11 Kb12 Kb13 Kb23 :ﬂdL(mnEh+stE£)
Kbll = szz szz
3x3 Symmetry Kpss
1,m,n)
p,q,r) = direction cosines
s,t)

mdL = perimeter of the steel

Based -on the crack model given (4) for Endochronic failure model, Table 1 gives
a step-by-step layout of the crack propagation under incremental pressure.

4+ MODEL CONTAINMENT 1:6 SCALE

Figures 1 and 2 give the model parameters and the finite element mesh. The
results from this analysis are given briefly in Figs. 3 and 4 and are plotted
along with the results obtained by other researchers. (1) The safety factor
against the design computed to be 2.75 based on the loss of bond, excessive
cracking and the rupture of reinforcement.

5. CONCLUSIONS

The Endochronic Theory adopted in the over pressurisation of the 1:6 containment
model give results which are in agreement and disagreement in certain areas with
other approaches. It is now wide open to experimental tests to see how the test
results are compared. Since the Endochronic model has been tested in other
cases, the author is convinced that this analysis is more valid owing to its
true representation of constitutive elements.
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TABLEA CRACK INVESTIGATION

Crack .indicators

NCK (1) = 0
NCK (2) = 0

NCK (1), NCK (2), NCK (3) |
NCK (1) — crack normal-to the principal stress 1,
NCK (2) — crack normal to the principal stress 2
NCK(3) — crack normal to the principal stress 3

F L0 MCK(1)s2
Ftco WK(Deg
FEIG NK(SIs3

no cracks
NCK(3) =0
NCK (1) = 1
NCK (2) = 1 cracks open.
NCK(3) = 1
NCK (1) = 2
NCK (2)= 2
NCK(3)= 2

@, & — srress strain state at

intergrated point
€ — principal strains
[-A — principal stresses

cracked closed.

i—1,2,

[} 1Y — limiting tensile
strength ot concrete .

T, To — tranformation matrix

¥ed0 .
A -‘w}u:x(n 1

F E60 NX(D)2
Fec0 MK(S) 2

NK11):
(2)e 27
(3=

T € > q NCK(()sg

FeLio  WK(1)r2
F L0 NK()2

’ “"} K (3)3

KNOWN VALUES
g€
AND WCX (L)
Le 1.2 3

CALCULATE  PMRNCIPAL

STRESSES

L 1{ PP

CHECK FOR NEW

CRACK FORMATION

Fer0 WK()eg
FEr0 NK(): g

FEryo  WK(S)- 1

a -S—t. Auv g5

F 860 NX(1)e2
F Gyg NCX(2)
IF 626 NCK(s)1

&

£0 NCKU1)e2
€0 NCK(2)°2
60 NCK(S)-2

FL,e0 NCK(1)e2

L h“’}mu)-x
o= 6§30

Peyeo NOK(SI=2

i.1,2.8
L CRACK IN PRINCIPAL DIRECTIONS THREE AND ONE
L 4 [ 4 - o
15 ,, 9 l&/ Dy = D33=049 = Dyq=0
g% v Dy = D§; =033 = D34= 0
_lus s 02 D2—0;;01 -0z Dy3
>, D1 033
Dl = FD,,
D55 = PO
Dgs = PDgs

CRACKS IN ALL THREE PRINCIPAL DIRECTIONS

[D%1=10]
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Figure 1. SCHEMATIC OF THE 116 SCALE REINFORCED CONCRETE CONTAINMENT MODEL
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