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ABSTRACT

BOND STRENGTH HISTORY IN PRESTRESSED CONCRETE REACTOR VESSELS

M. Ahmad

An attempt has been made to study bond strength history ia
Prestressed Concrete Reactor Vessels (PCRV) which house the Advanced
Gas-cooled Reactors.

Three-dimensional non-linear analytical model has been developed
in which the effect of bond is included. A finite element computex
program is written in which solid, membrane, line and bond-linkage
elements have been used to represent vessel concrete, steel liner, pre-
stressing tendons and bond (between steel and concrete) respectively.
Concrete is assumed to be non-linear material in compression and linear
brittle (tension cut-off) material in tension, and the steel as elasto-
plastic material with strain hardening. Provision is also made for
concrete cracking, crushing and visco-elastic creep.

Two experiments have been carried out during this research. The
purpose of the first experiment was to determine bond coefficients
required for the analysis. This was achieved by pull-out tests on
prestressing specimens using 5 mm and 7 mm diameter prestressing wires.
The second experiment was performed on an octagonal prestressed concrete
slab representing a top cap of a reactor vessel. The experimental results
obtained from this slab are corroborated with the analytical results.

A typical Prestressed Concrete Reactor Vessel with boilers and
circulators housed within the vessel wall thickness has been analysed
for bond strength under increasing gas pressure at suitable intervals
of its 30 year life. A comparison is made between the unbonded and
bonded vessels. All analytical results compare well with those obtained
from the experiments and available published data.
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NOTATION

denotes matrix or a vector

strain-displacement matrix

strain-displacement matrix at node i

inverse of material matrix

constitutive matrix

constitutive matrix in crack coordinate system
tangent constitutive matrix in global coordinate system
vector of Cartesian strain components at point i
vector of Cartesian stress components at point i
initial strain vector

creep strain vector

initial stress vector

incremental strain/stress vectors

stress vector in crack directions

strain vector in crack directions

incremental strain/stress vectors in crack directions
incremental thermal strains

shear interlocking factor

modulus of elasticity for concrete

Poisson's ratios for concrete

concrete cylinder compressive strength

concrete limiting tensile strength

vector of body forces per unit volume

concrete crushing strain

element stiffness matrix

global structural stiffness matrix

bond linkage stiffness matrix

length of the line elements

diameter of the line element

direction cosines relating local to global axes
shape function of node i

element shape function matrix

vector of external element loads

vector of surface pressure
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- global load vector
- strain transformation matrix

stress transformation matrix

- gl i 9
)

- transformation matrix (relating local to global displacements

at nodes)
ue ~ element nodal displacement vector
u - global nodal displacement vector
Ui, e, We - displacements at node i
X,Y,Z - global coordinate system
X\y,z' - local Cartesian coordinate system
XY,z - crack coordinate system
§.7,¢ - local curvilinear coordinates
ds - differential surface area
dvol - differential volume
detJ - determinant of Jacobian
g, - Jacobian matrix
E., E,,E, - bond slip moduli in horizontal, vertical and lateral directions
Ay - incremental bond stress vector
As - incremental slips
Sg - bond stress vector
Eb - bond linkage constitutive matrix
t - thickness of membrane element
Qg - elastic material matrix for membrane element
1 - first stress invariant
J2 - second invariant of stress deviator tensor
O¥n - mean stress
E;,El,E3 - moduli of elasticity in three principal directions
Ecu - uniaxial equivalent strain in ith direction
Aty - incremental uniaxial strain
o~ - principal stresses, i=1,2,3
& - principal strains, i=1,2,3
G - shear modulus
G - shear modulus for cracked concrete
o - equivalent stress
d¢p - plastic strain increment
QE - elastic material matrix for steel
Qp - plastic material matrix for steel
Dep - elasto-plastic material matrix for steel
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CHAPTER 1

General Introduction

In recent years, many complex prestressed concrete structures have
been designed and built. The complex nature of the geometric configura-
tion and material behaviour of many of these structures has given rise
to many new problems. A prestressed concrete reactor vessel is such a
structure, the complex behaviour of which is directly associated with
material anisotropicity and non-linearity, temperature, creep and
shrinkage. Gas increasing pressure, load history and a cracking con-
dition assume important roles in the vessel's short and long-term
performance. Where the vessels have been bonded (grouted tendons),'fhe
ultimate load carrying capacity is influenced by the complex three-
dimensional bond-slip phenomenon. This is the theme of the current
research. Prior to the establishment of a case for a bonded vessel, it

is essential to discuss this important phenomenon.

In the tension zone within the vessel concrete, bond-slip takes
place at the steel-concrete interface prior toe cracking. It contributes
to further cracking under loads and consequently affects the ultimate
load capacity. Bond-slip behaviour is non-linear in nature and is
influenced by many factors such as the strength of the concrete,
roughness of the steel surface and diameter of the steel. As soon as
bond breaks, the steel and concrete separates and wider cracks appear,
producing greater slip. During and after the crack formation, pre-
stressing tendons carry most of the load and may deform plastically,
thereby affecting the integrity of the vessel. In addition, the effect
of temperature and creep also adds additional problems to bond-slip

situations.

The bonded vessels under such conditions need to be investigated
by sophisticated numerical techniques. In the present research, the
finite element method is adopted in order to model the bond strength

history of the vessels under increasing loads.
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1.1. Bonded and Unbonded Tendons

Bonded and unbonded tendons and their choice for conventional pre-
stressed concrete structures have always been the subject of much con-
troversy. This is more so in the case of prestressed concrete pressure
vessels. The proponents of the unbonded tendons suggest that the loss
of prestress in tendons due to various sources such as high temperature,
shrinkage and creep of concrete cannot be adequately assessed owing to-
the approximate nature of analyses and material models. On the other
hand, unbonded tendons can be inspected and restressed, thus ensuring
their load carrying capacity for both short and long-term conditionms.
The main disadvantage of unbonded tendons lies in the incorrect assess-
ment of the structural reliability of their anchorages. Expensive
equipment for inspecting tendons and recording of the losses are
additional problems caused by the use of unbonded tendons. These are
fully described by Bangash (47).

Vessels with bonded tendons provide reasonably good corrosion
protection. In the bonded vessel, the prestress force is transferred
from the steel to the concrete through the bond, thus minimising the
influence of the structural reliability of the end anchorages. In
principle, the grouted tendons in many ways behave like unstressed bonded
reinforcement. It is unlikely that a sudden increase in cavity pressures
would cause any explosive failure of the vessel. A vessel with bonded
tendons has a well-disposed crack pattern. With bonded tendons, the
vessel achieves high ductility, if and when a cavity pressure exceeds
the prestressing force. The ductility of the vessel is extremely
important, since it utilises the full strength capacity of tendons right
up to the ultimate conditions. If any well-disposed small cracks exist,
this ductile nature will enable the liner to span cracks without

yielding. The biggest issue of a leaked liner will be avoided.

From the above brief discussion, the bonded vessel will perform
better than the unbonded vessel, provided that correct assessment of the
grouted prestressing tendons (analytical, experimental and site moni-

toring) have been made on reliability of the grouted prestressing tendons.
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Little information is available on the behaviour of bonded vessels.

It is intended that this investigation will give more understanding of
the realistic behaviour of the vessel's short and long-term

performance using bonded tendons. The techniques given in this research
will encourage many engineers to use bonded tendons in future vessels
for advanced gas-cooled reactors, pressurised water reactors, high
temperature reactors, fast-breeder reactors, and even for the use of

non-nuclear work.
1.2. Scope of the Present Research

The scope of the present research is to analyse bonded and
perfectly bonded prestressed concrete reactor vessels. For comparative
study, an unbonded vessel is also analysed. The vessel chosen for the
analyses is of multicavity type, in which boilers and circulators are

housed within the vessel wall and cap thickness.

The main investigation is based on bond between the prestressing
tendons and the vessel concrete. An attempt has been made to carry out
analytical study on bonded vessels. In order to corroborate results,
experimental tests have been performed on an octagonal prestressed con-
crete slab and pull-out specimens. Using parameters obtained from bond
tests, the analyses have been carried out on the slab which represents
the top cap of the concrete vessel for an advanced gas-cooled reactor
(AGR). Realistic material models with regard to progressive cracking
and compression of concrete, steel yielding and bond stress distribution
have been developed for analysis, with and without the influence of
temperature and creeﬁ effects. The following lines cover the programme

of this research.

Chapter 2 gives a brief review on the analytical and experimental
work of prestressed concrete reactor vessels and end slabs. This
Chapter also reviews the subject of bond and local bonded-slip
relations for prestressing strands and conventional steel. This is

then followed by Chapter 3 which covers the finite elements developed

-14-



to model vessel components. Linear equations of these elements are
given. Chapter 4 gives non-linear material constitutive relations for
concrete (cracking and compressive behaviour), elasto-plastic relations
for prestressing tendons and the liner, and a non-linear bond-slip
relation for bond linkage elements. Equations for creep and thermal
effects have also been given. Non-linear equations are solved using

incremental/iterative techniques which are described in Chapter 5.

The above equations are used to develop a computer program which is
described in detail in Chapter 6. Flow charts of various segments of
the program are also given. This Chapter is supported by a User's

Manual given in Appendix B.

Chapter 7 describes the experimental programme carried out during
this research. The experimental programme was carried out first to
understand the local bond-slip behaviour of prestressing wires, and
second to test a bonded prestressed concrete slab representing the top
cap of the vessel. Chapter 8 gives the comparative study of the

analytical and experimental results.
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CHAPTER 2

Literature Review

2.1. Introducfion

In
state of
pressure
Wherever
examined

concrete

this Chapter, an attempt has been made to briefly review the

the methods of analysis and experimentation of concrete reactor
vessels with particular emphasis on bond.and bond-slip relations.
possible, bond-slip behaviour of conventional structures has been
and an analogy is made for the possible bond-slip phenomenon of

pressure vessels.,

2.2, Step-by-step Review

Several conferences have been held (144, 145a, 145b, 145c, 145d,

145e) on

various aspects of the analysis, design and construction of

prestressed concrete reactor vessels. A comprehensive review is given by

Bangash (21a) concerning the historical development, stress analyses and

design of vessels, mostly with unbonded tendons. It is not intended here

to repeat this work. However, certain cases relevant to this research

have been critically re-examined in order to give a better understanding

of the aim of the current research.

2.2.1.

Methods of Analyses

Earlier finite element analyses of concrete pressure vessels have

been performed assuming axial symmetry in which two-dimensional elements

have been used. Rashid (14, 15) carried out linear and non-linear

analyses

yielding

using finite element and predicted deformation, cracking and

of steel of the Fort St. Vrain vessel. The analysis performed

on this vessel, in which tendons were unbonded, is two-dimensional.

Three-dimensional non-linear analysis of a reactor vessel has been

carried out by Sangy et al (22, 23) in which creep effects were

-16-



included in the finite element constitutive equations. A failure.
criterion containing the effect of first and second stress imvariants
was used. The failure surface in stress space is of cone shape. The
non-linear effect of concrete in compression is taken into account by
changing the shear moduli which is assumed to be a function of the
second stress invariant. The initial stress method was used to solve

the finite element equations.

Similarly, a non-linear analysis of a reactor vessel model was

performed by Mohraz et al (11) using the lumped parameter method.

Phillips et al (19, 20) carried out a two-dimensional finite
element analysis on a model vessel adopted already by Mohraz et al (11),
in which a non-linear model of concrete in compression is described by
changing the shear moduli and the bulk moduli. An octahedral shear
stress law was used as failure criteria once the stress had reached the
peak value. This law as appeared there is only applicable to a biaxial

state of stress. Cracking was modelled by using tension cut-off.

Argyris et al (10, 10a) analysed prestressed concrete reactor
vessels using an elasto-plastic material model. The failure criterion
of Mohr-Coulomb was used as yield criterion. A tension cut off model

was used in tension.

Bangash (21) analysed vessels using the hypo-elastic concept to
model the compression side of the concrete. This concept was first
introduced by Truesdell (137) and was later used by Coons and Evans (30)
to model non-linear behaviour of plain concrete. Bangash (21a) has
carried out ultimate analyses of several unbonded vessels in order to
establish a factor of safety for these vessels. To achieve this
objective, two types of analyses were performed. The first one was a
three-dimensional non-linear finite element analysis in which the hypo-
elastic material model was used. The second analysis was based on the
limit state concept. Factors of safety from both analyses compared

favourably.

-17-



Long-term elastic analyses of reactor vessels have been carried
out by many other investigators (71, 73, 74, 81, 83, 85, 132a) -
England et al (74) have used the rate of creep method in which thermal
effects were also included. Two-dimensional finite element analyses
were performed and the results obtained were fully corroborated.
Kawamata et al (81) have used the rate of creep method to analyse a
multicavity vessel. Elastic long-term stresses up to ‘40 years of the
vessel's life were predicted in conjunction with their early method of
n"sliced substructure'" (8la). This method is an approximation of the

usual three-dimensional finite element method.

Smith et al (83) have carried out reactor vessel analysis using a
visco-elastic creep model. The creep compliance function of concrete
was expressed as the Dirchlet series with temperature coefficients.

A comprehensive experimental work on cylindrical specimens was carried
out under multiaxial loading and temperature. Results up to five years
were obtained. With these results, a creep compliance function which is
fitted to a five term Dirchlet series was obtained. This function

was generalised for multiaxial creep strains. Three-dimensional iso-
parametric finite element analyses, in which the creep model was inc-
luded, form the basis of his modified program NONSAP. No information is
available as to whether the researchers (81, 83, 85) considered any bond-

slip phenomenon.

Takeda et al (18) have carried out inelastic analysis of a pre-
stressed concrete multicavity reactor vessel. A 1/20th scale model was
selected. The concrete constitutive law in compression was modelled as
an elasto-plastic material with Drucker-Prager's failure surface as
yield criterion. Concrete in tension was considered to be a linear
brittle material. The prestressing steel was also modelled as an
elasto-plastic material. The vessel model was then analysed by two
and three-dimensional finite elements. This analysis considers both
cracking and crushing states of the vessel. Again, no consideration

was given for the tendon bond-slip condition.

-18-



Connor et al (17) have reported a non-linear numerical procedure
for analysing prestressed concrete reactor vessels. Three-dimensional
finite element analysis was adopted. The concrete in compression was
modelled by a non-linear orthotropic model and for tension, a tension
cut-off model was used. Steel (liner and prestressing cables) was
treated as elasto-plastic material. Creep and temperature effects were
also included. The stress contours and crack patterns are shown for
the Fort St. Vrain vessel. Since the tendons are treated as unbonded,
no consideration was given to the influence of bond on the load carrying

capacity of the vessel.

Gallix et al (17) carried out a two-dimensional non-linear analysis
for the multicavity reactor vessels. The vessel concrete was modelled
by a non-linear orthotropic stress-strain constitute law and the steel
liners and prestressing steel were modelled by an elasto-plastic material
using Von Mises yield criterion 1/10th scale Hartlepool vessel and

1/20th scale high temperature gas cooled reactor (HTGCR) were analysed.

A brief description of the comparative results for bonded and
unbonded tendons has been given by Bangash (47) for a typical reactor

vessel. No detailed analysis is available in this paper.

2.3. Model Techniques and Model Testing

In order to understand the vessel behaviour under overload conditions,
several experimental investigations (13, 113, 113a, 113b, 114, 115, 116,
117, 118, 119, 120, 121, 122, 123, 124) have been carried out on scaled
models and isolated vessel components in the last decade or so. Some of
these are reviewed here. Brading and Hills (113a) presented results of
six models, two of which were reinforced slabs. The other four 1/24th
scale models had a span to depth ratio of 2.9. The main purposes of the
tests were to provide information for the design of the Dungeness 'B'
vessels. Only one model was pressurised to failure. Tests on the

remainder were discontinued, mainly because of leakage in the liner.
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Cambell-Allen et al (13, 113b) have carried out two types of
experiment. The first one had seven 263 mm diameter slabs with clear
span to depth ratios of 3.67 and 1.835. The hoop prestress, which
ranged between 2.35 N/mm2 and 24.10 N/mm2 consisted of straight tendons
either 5.1 mm or 7.0 mm diameter in unlined ducts. On the second type
of experiment, a small number of discs and skirted slabs were loaded to
failure. The prestress was applied by external bolts acting against

either one or a series of octangonal stiff rings.

Morgan (114) indicated that about twelve models slightly more
than 610 mm diameter were tested for checking the design of the Oldbury
and Hinkley Point 'B' pressure vessels. No experimental details or
results were reported. However, it was stated that shear failure did

not take place in any of the models.

Sozen et al (116) at the University of Illinois have carried out
25 tests on skirted prestressed concrete slabs. The span to depth
ratios in these investigations covered a range of 1.67 to 5, and the
amount of force required to restraint varied between 1.52 N/mm2 and
2.90 N/mmz. It was reported that eight of these slabs failed in shear
and the remaining slabs either failed 1in flexure or the tests were dis-
continued because of leakage in the pressure system. The reason for
the high percentage of liner leakage was given as due to the usage of
long length barrel and the lack of hoop forces to prevent the large

displacement of the barrel stub.

Langan et al (119) reported a comprehensive description of the
design of multicavity pressure vessels used for both the Hartlepool
and Heysham nuclear power stations. Elastic analysis of the vessels

was carried out using dynamic relaxation. The 1/10th scale model of the

Hartlepool model has been successfully tested for serviceability and
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ultimate conditions, and the data provided were extremely valuable for
three-dimensional analyses. Various graphs were plotted between
pressure deflection and pressure strain for cap and wall of the model

at the design pressure and at 2.5 times the design pressure. Crack
sizes for various internal pressures were given, together with a typical

crack pattern at 2.5 times the design pressure.

Meerwald and Schwiers (115) reported a test on a 1/20th scale
model of perforated prestressed concrete end slab with a span to depth
ratio of 3.1. The applied hoop prestress was about 10.30 N/mmz. Failure
took place when the central core was forced out at a pressure of
196 N/mmz.

Langan and Garas (117) reported tests on more than twenty thick
restrained circular slab models in order to study the shear failure
mechanism. The variables investigated were the effects of bonded re-
inforcement, lined and unlined penetrations, span to depth ratio and the
level of hoop prestress. The hoop prestress ranged from 2.482 N/mm2 to
6.206 N/mm2 which was provided by wire-winding. The vertical prestress
varied between 1.345 N/mm2 and 19.035 N/mm2 and was provided by the

high tensile bars.
Very few models with bonded tendons have been considered. It

is necessary to look at conventional structures for more information on

various aspects of bond-slip characteristics.
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2.4. Bond and Bond-slip
2.4.1. General Introduction

Although a great deal of effort was made a few decades ago to
understand the bond characteristics between steel and concrete, the
subject is still open to doubt and critical discussion. The questions
to various unknown variables affecting bond and bond-slip have not been
answered. In concrete reactor vessels subject to multiaxial loading
conditions, the accurate investigation of bond and bond-slip with and
without the influence of creep and shrinkage is a dilemma. In the last
few years, awareness of the importance of bond has increased greatly.
This culminated in an international conference on bond in concrete
(146) in which subjects ranged from bond between cement paste and
aggregate, to that of plain and deformed bars and prestressing strands
and concrete. The effect of cyclic, impact and sustained loading,
thermal and corrosion have been included. Only simple structures were
considered. Complicated structures, such as prestressed concrete
reactor vessels, were excluded. Nevertheless, it has become even more
important to review the most important research papers on bond relevant

to the current research. This review is given below.
2.4.2. Nature of Bond

It is generally considered that bond between steel and concrete 1is
due to a combination of adhesion and friction. Adhesion bond develops
first and, after a small slip, it disappears. For relatively larger
slips, frictional bond develops between steel and concrete sliding
surfaces. The adhesion between steel and concrete is not significant.
The bond of plain steel is mainly due to frictional resistance which
depends on the roughness of the steel surface and any change in its
lateral dimension along the embedded length. The bond between deformed
bars and concrete 1is radically different from that of plain steel bars.
It is due to the interlocking of the ribs and sgrrounding concrete.

Adhesion and friction resistance also exists, but the great improvement
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of the bond is related to the bearing pressure of the concrete against
the lugs. 1In the case of a plain bar, the failure usually occurs due
to slip of the bar and the bar usually pulls out of the concrete. On
the other hand, deformed bar failure is almost always associated with

longitudinal splitting along the surface nearest the bar.

2.4.3. Bond Characteristics

Bond in pretensioned prestressed concrete is of two types
transfer bond (anchorage) and flexural bond. Transfer bond utilises
a part of the available tensile strength of the steel to esta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>