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Abstract

In this paper, the result of the tests of 1/10th scale model of PCRV in elastic range, cracked
condition and ultimate loading conditlon are shown. The linear, nonlinear stress analysis and ultimate
load of the model are also presented, In the linear analysis, 3D finite elements with arbitrarity
arranging nodes were used, and in the nonlinear analysis axi-symmetric (SD) finite elements were used.
The interaction of linear, prestressing cable, rebar and concrete solid are considered in both analy-
sis, The ultimate load of PCRV was calculated by using the yield line method,

There were generally good agreements between the test results and theoratical predictions.
1. Introduction

The 1/10th PCRV model was a cylindrical vessel with thick end slab in flat form and the pre-
stress was provided by a helical tendon system as it was used in the PCRV of Hinkley Point 8 Power
Station Fig, 4. The orestresses system consists of 180 No, 7@4 stands, and every three 7¢4 stands
were formed a tendon, so that the average anchorage load of each tendon was 23 tonnes which is 70%
GUTS. A specisl lubricant was used to decressed the loss of prestressed., All of these tendons were
arranged into four layers in the barrel., A sealed steel liner with 0.04m in thick, 0.9m in diameter
and 0.9m in height was put in the cylinder to exert interior pressure loading and was used to main-
tain the seal integrality. The nomal working interior pressure was 40kg/cm® and the design interior
pressure was assumed as 44kg/cm*, The desigred ultimated pressure is 110kg/cm® which is 2.5 times
the design pressure.

The specified concrets compressive strength(cubic specimen) was 400 kg/cn® to 500 kg/cm? and
Young's modulus was 300,000 and 330,000 kg/cm®, The coarse aggregate was 5-12mm natural gravel.

The pressure tests were conducted with pumped water, After several elastic range tests up to the
design pressure, the cracking range test and the ultimate nressure test, including proof oressure
stage (1.15 times design pressure), were carried out.

Mechanical dials and electronic transducers were used tn measure deformati ns, Strains gages were
nlaced an the surface and embedded into the concrete to measure strains of concrete. Loading trans-
ducers are nlaced under tha anchorages to measure the forces in the prestressing cables. The whole
experimental process was recorded using four cameres which were arranged in different positions.

The measured behaviour of the madel was compared with the 3D linear and axi-symmetric(30) non-
linear finite element analysis to ensure the validity of the anslytical methods.,
2. Stress analysis

2.1 Elastic stress analysis by three-dimensional isoparametric finite element method

Taking into consideration of the effect of the liner, the membrane and bar element were used, anc
rebar and prestressed reinforcement, the elastic solution of a PCAY by 30 isoparametric finite element
method was presented, The isoparametric hexahedron dnd pentahedron elements with different nodes were
used, The nodes of hexahedron may be from 8 to 36, and the nodes of pentahedron may be fram 6 to 27,
The nodes of each boundary of elements may be from 2 to 5.C3]

2.1.1 The calculation of shape functians of different elements (¥l

The hexshedron, pentahedron and quadrihsdron elements with carresponding corner nodes may be
cansidered as their basic elements respectively. Adding m nades to the sides of these basic
elements, a set of new higher order selements, which heve higher degree of freedom, will be obtained,
The new shape Fusgfions will be calculated as following,

° o
Ni=N= 2 Ny, c
v= N
where, N, - the shape function of cornmer node i; Ab -~ the shape function of corner node of basic
elements; th —- the value of shape function at node J of N; Pﬂ -— the shape Function of

boundary node j, which well obtained by using the modified Lagrange interpolation method.
n-— the total numbers of cormer nodes; m-— the total number of side nodes,

2.1.2. The celculatian of stiffness matrix of membrane elemsnts

According to usual process, the stiffness of membranme element may be calculated as following,
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where, § 77 = the local coordinate of mambrance elements
[Bﬁ = the geometis satrix of solid elamants
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t = the thickness of mezbrane slements.

D = the elastic matrix of membrane slements.

2.1.3. The calculation of stiffness matrix of bar elements.
Using the same mi?thod,lr the stiffness of bar elements may be calculated as following,
1
Ky =AE; | [B]' [Lal(B]9]

where, the local coordinate of membrane elements,
the ereas of bar elements,
the elastic modulus of bar elements,
the geometric matrix of solid elements,
the matrix af coordinate translation,
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The idealized model using for 3D linear analysis consists of 448 nodes, 45 solid elements, 90
membrane elsments and 20 bar elements. The results are shown in Fig. 2. 3. 4,

2.2 Elastic-plastic stress analysis by the finite element method [5)
In the nonlinear snalysis, in order to research into the forming and devaloping of cancrete's

cracking, the axi-symmtric triangular elements and three dimensional constitutive relations were
used,

2.2.1. The idealization of concrete solid
Tt was considered that the reinforced cancrecte solid may be approximetely de=1 with as an ortho-

tropy, and Poisson's ratio 4 may be approached equal each other, In this case, for the problems of
axi-symmetric, the elastic matrix may be taken as,
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and there are four independent constants,Epr, Eg, Ep, 4«

The basic assumptron in the orthotropic madels is the coincidence of the axes of orthotropy end
the principsl struss dlrections. Flr goncrete Under tensico or egnsion-compression atate of strens,
1t is usunlly assumed that the behavior is linear elastic up to failure, end & linear-elastic frac-
ture model may be used, For the compressive area, the equivalent uniaxial stress-strain relations
are usad, In this case, the tangentisl elastic modululi E, , E, and E3 are evaluated from an assumed
stress-equivalent uniaxial strain ralationship, In terms of the equivalent uniaxisl strains, the
generalized relations are written as (bl
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More apuutFicaf vt B the fnitial modulus of alasticity;fics the maximum(peak) stress, associated
with direction i that occurs for the current principal stress ratio;€c= the corresponding equivalent

uniexial strain; and 6.’ 'E‘f' the coordinates of some points on the descending branch of the stress-
eguivalent straln curve.

Differentiating Eq (5) .+ with respech to £, the result is given by
Ei=Es ”i”“_')(%}"”(qlnjj B (6)
(% et B2-2)(85)- R (58] R (BT

it
which defines the required Im'lg'uli..
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The five-parameter surface is used to obtain the strength velues 6i¢ in the present madelC}),

The variations of the average shear stresses, Um{ and Tme , along the tensile (=) and
compressive (9-60') meridians respectively, are approximated by second-order parabolic expressions
in terms of the average normal strsss,Gh, as follows, (§)

t-,ﬂ;‘_LL;f(:- ag+ a,%)i-a‘(%z at @=0"

in which Umt and Une represent the value of the averaga shear stress Tn for @ = 0° and 60., repec—
tively; 0m 1s the average normal stress; and fr s Pe 1is the position vectors on the deviatoric plane.
From which can be further defined the deviatoric stresses 3; and correspaonding limited stresses Oie ,
a correspanding surface im the equivalent uniaxial strailn apace is used to define the three values
of £i« that correspond to the Gi's .

The idealized model using for nonlinear analysls consists of 476 nodes, 570 solid elesments and
142 bar elements. The results ares shown in Fig, 6, 7, 8,

2.2.2. The cracking slement and calculatingof unbalanced model force

The most important nonlinearity is tensile crack formation and propagation, coupled with asso-
ciated stress redistributions. In the place nonlinear problems, as we described before £51, the
stress state of avery elemant under loading procedures may be divided into seven cases, they ars;
tensian-tension; tension-compression; compression-compression; cracking-cracking; cracking-tension;
cracking-compression and crushing etc. In the axi-symmetric nonlinear problems,the circumferential
stress may be in tensile, cracking, compressive or crushing csse, Considering all various possible
cambinations, the stress state of every element, in general, may be divided into twenty-eight
nossible cases,

i

oy

The "modified Newton-Raphson method" is used to solve the nonlinear equations as the basic method
The iterative solution technigues for nonlinear analysis is shown in Fig, 9 .+ The unbalanced force
may ba computed in the following ways,

1- Compute the set of glement Furcssfs} which equilibrate the internal stresses 161 in each
element from the sguation

{s}=Jea(s}dv (8)

2- Asssmble these slement forces to find the external force which equilibrates the structure in
this configuration,
3~ The unbalanced force in them

(aFww)yy == Jrer{s] dv- 5] [,V o)

where I= A, B, C,.ss.s.a denotes svery loading step;
J= 1, 2, 3,.4.v.s. denotes every iterative step in a certain loading step.

Thus, the first term of the right hand of Equ. ( 9 ) 1is represented the corresponding external
nodal force which equilibraetes the structure in each loading step, and the second one is represented
the corresponding same ane 1in each iterative step of a certain loading step,

The convergence criteria of iteration, the iterative method and the accelerative method are as
the same as described in the another paper. [5]

2,3, The ultimate load calculation

In the ultimate load ealculation, the ultimate load of the vessal was calculated by using the
yeild line method. The mechanism of the failure model and the rupture linas under ultimate loading
were determined by the test, as shawn in Fig. /0 . Balancing the stress on the enteriar loading,
thz analysis of the ultimate load of the vessel was performed. The Final ultimate load using this
method was 249,5kg/cm’,
3. Test and its results [I{]

3.1, The arrangement of instrumentetion

The model af PCRV were instrumented for measurements of concrete strains, steel strains, sur-
face deformatinns of model and for detectinn of cracking of concretae,

Twenty-eight mechanical dials and the same number of electronic transducers were arranged
around the model to messure surface deformations.

One hundred and ten resistance wire strain gauges were bonded to the frgs aorcrete surface to
measure surface strains, About ons hundred resistance wire strain gauges wure used tn measure strain
of the liner. About four hundred polyester mold gauges, which were collected in grouns with 2 to 4
in =ach, forming a rosetts for determination of principal directions, were emb=diadinto the concrete
to measure internal strains of concrete, The measuring length of these gauges ware dfimm,

Eight loading transducers were placed under theanchorages to measure the forges {n th. pre-
stressing tendons.

Brittle, electric conducting painting were used as crackingicators to indicate the cracking of
concrete on the upper surface and the waist of barrel, Some special crackindicators, which were
made of pencil wick, were embedded into the internal cornar,

The measuremants were performed automatically by a 256 channel strain-gauge scanner, collecting
the signals from strain-gauges crackindicatars, pressure transducers and differential transformers,
The measurement of mechanical dials was performed manually.

During the time of ultimate pressure test, four cameras arranging in different positions were
used to recorded th~ whole experimental precess and especially to catch the moment of jetting
water,

3.2. Elastic test

Several times loading experiment were performed under 55kg/cml(1.25 times design pressure]. It
was shown that the linear relations were obtained between the surface deformatinns, strains and
interior pressure, and the good repeatability was maintained,as shown in Fig, 4,
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3.3, Cracking test

The First crack on the surface was observed at 79—83kg/cnﬂ as shown in Fig, /7 . This crack
sxtended as the loading wasincreasing, When the loading was increased at 100kg/cnf the first crack
was 0,09mm in width and 40cm in length, When it was unloaded, the first crack could be clased, This
crack would be observed again, when the vesssl was loaded repeatedly, but at the lower loading. As
the loading was increased, the cracks were observed at the central part of the top slab and at the
waist of barrel, as shown in Fig.J! . When the loading was increased at 100kg/cm® and it was main-
tained in 3.5 hours, many new cracks were observed continually. When it was at 130kg/ce®, the first
crack was 80cm in length and 0.2mm in width, In addition, many new tracks would be abtained,

3.4, Ultmate pressure test

Considering the higher safety of model, the prestressed tendons were decreased by 10%.

At a pressure of about 160kg/cm1, at the mid-high of the wall, there were many cross cracking,
as shown in Photo 1 « The cracks of the top slab were extended. The sound of slipping of prestress-
ed tendon 1in its conduit and the spund of relaxing of anchor could be heard.

The final ultimate load was occured at 191kg/cml when the interlor pressure water was suddenly
Jetted out through the barrel, photo2. The end slab wes seriously cracked and deformed, but not
failed. The deflection at the centre af the end slab was more than 4mm,

4, Conclusion

1- The model was elastic up to a pressure of about 1.25 times design pressure (55kg/cm‘], during
this loading period the good repeatability was maintained. The measured deflections and strains at
S1kg/ct (1,15 times design pressure) were good sgree with those obtained in the tests.

2- The surface cracking load was 79kg/cm®,

The cracking safe factor was 1.8 which was larger than the prediction value 1.25, After 1DDkg/cw?
elastics—plastic behaviour was appeared in all parts of the vessel,

3 The failure was occured at the upper part of barrel, The final failure losd was about 219kg/cm
which was 5.2 times design pressure, It was apparent that the high safety of PCRV was ensured.The
final failure was abrupt in form of jetting out pressurised water, but warning was given by surface
cracks and progressive deformations.

4- There was generally good agreement in both displacement and strain between the test results
and 30 linear calculating and axi-symmetric (3D) nonlinear analysis. It was clear that, the validity
of the analytical methods which the authors developed was confirmed, and an the other hand the pre-
dication of PCRV was also verified,.
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Fig. 1, 5ize of model.

Fig. 2, Deformation at 51 kg/cm2,
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Fig. 4, Deflections in the 51 kg/cm® teat.
a- Flexural curve of tha top slab,
Fig. 3, Deformation at prestressed losd. b= Flexural curve of barrel,
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Fig. 5, The ultimate strength surface.
a- General view,
b- The rendulic view.
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Fig. 6, Deflections in the ultimate pressure test,
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Fig. 9, Iterative solution technigue.

Fig., 10, Model for ultimate load anelysis,
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Fig., 11, Extension of cracks on the slab and barrsl.
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