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Preface

Ower the last ten years the Authors have steadily conducted a
programme of research aimed at rationalizing the analysis and
design of structural concrete. This programme of work was
preceded by a decade of experimental research at the material level
which furmished the key data input for structural considerations,
namely the fundamental behaviour of concrete materials under
multiaxial stress conditions, Thus, the latter provided the starting
point for a comprehensive investigation into the response of
concrete structures to loading up o collapse, a study that
encompassed the following three basic structural aspects: numerical
modelling by the finite-elemenmt method; laboratory testing of
structural members; and a consistent design methodology. This
book is concerned with the first of these three fundamental
approaches to structural behaviour and, although some elements
of the remaining two aspects will also be mentioned whenever the
necessary practical supporting evidence to the theoretical findings
might be deemed appropriate, a full outline of the proposed unified
design philosophy (comparable in effort — although not in concept
— to the current code calculations) will be published separately.
The present book, therefore, not only provides the theoretical
background of, and justification for, the latter design approach
for ultimate strength but also affords a powerful tool for both
analysis and design of the more complex structural elements for
which hand calculations and/or simplified design rules are not
sufficient and which therefore demand a more formal, rigorous
and, indeed, sophisticated computational model such as the one
— based on nonlinear finite-element analysis — here described.

The Authors are indebted to many colleagues and past research
students who, throughout the years, have contributed to the shaping
of the present unifying approach to structural-concrete modelling.
Among the former, mention must be made of Professors J.
Bobrowski and Sir Alan Harris who encouraged the Authors with
their salutary — albeit somewhat irreverent — comments on codes
of practice, and Dr J.B. Newman who participated in the early
research on triaxial testing that led eventually to the material model
adopted herein. Mr D. Hitchings kindly provided the linear package
FINEL which formed the basis of the program for the nonlinear
madelling of concrete structures, and he was particularly generous
with his advice on the use of the former. At a time of rapid
development in hardware, many useful suggestions for the choice
and implementation of the computing equipment were made by
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Dr K. Anastasiou. The actual numerical implementation of the
finite-element model and its application to specific problems was
carned out with the help of the following research collaborators:
Dr C. Bédard (rwo-dimensional modelling): Dr F. Gonzdlez Vidosa
{three-dimensional modelling and the study of punching failure
in slabs); Dr 1.D. Lefas (application of the two-dimensional package
to structural walls). Dr S.M. Seraj (application of the three-
dimensional package to high-strength concrete members and
masonry problems, as well as its extension (o prestressed-concrete
elements); Dr M. Kinoshita (extension of the present material and
finite-element models so as to cater for certain composite-
construction problems — a recently developed topic which,
although mentioned, is not included in this book). The excellent
support provided by the technical staff of the Laboratory of
Concrete Structures at Imperial College, headed by R.W. Loveday,
P. Jellis and R. Baxter, in the course of both triaxial material 1esting
and structural experiments, is gratefully acknowledged.

Finally, the Authors wish to express their sincere appreciation
to the editorial team of Thomas Telford Services Lid, especially
to Linda Schabedly, who patiently and painstakingly guided the
editing process throughout, and to Lynne Darnell for the
consistency and guality of the figures.



Introduction

The analysis of large, multi-member structures is still carried out
almost invariably on the basis of lincar elastic theory. It is also
this method that is used to check the serviceability requirement
in the course of the structure's design. With regard to the key aspect
of strength, this design requirement is generally accepted nowadays
as being realistic when allowance is made for the post-linear
response of the structure. It is for this reason that both national
and international codes have tended (o encourage even the initial
design in accordance with ultimate-strength concepts, the resulting
structure then being subject to an elastic check to ascertain its
serviceability. However, at present, such an approach is possible
only in the course of design of individual members, and is further
restricted to simple elements, predominantly those of the beam type.

In the specific instance of structural concrete, the case for
bypassing the classical elastic working-stress approach is even
stronger than, say, for other construction materials — such as,
for example, steel — since the departure from linearity occurs at
a relatively early stage. Unlike steel componenis, however, the
attainment of the peak stress at a material level is followed by very
rapid unloading and hence the implicit use of plasticity concepts
in the ultimate-load design of concrete elements is questionable.
Admittedly, such concepts often yield adequate predictions of
*standard” members at the structural level, especially when good
design practice has ensured the achievement of the required degree
of ductility. Nevertheless, one can find instances where existing
methods of analysis and/or design fail o produce an accurate
strength estimate even for what appear to be relatively simple
element types. In this respect, code guidelines are especially
relevant, for — leaving aside the need to observe a more flexible
attitude between the use of elastic (or working-stress) calculations
and their collapse-load counterparts (especially with regard 1o the
variable relative imponance of service and overload conditions)
— there is the obvious question of how reliable the more specific
code provisions are.’

That some current code guidelines may be in gross error even
in the case of elastic calculations can be illustrated by reference
o Fig. |, which shows the effective-width ratios {B/b) of flat-floor
slabs under conditions of sway. The notion that a constant value
of B/b is always applicable (0-5 or 10, depending on whether
the British or American codes are invoked) is seen 1o be rather
an oversimplification which, for the range of practical column sizes
{u/a) and aspect ratios (b/a) could lead to errors of several orders
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of magnitude, thus invalidating any subsequent lateral-frame type
of analysis which, as is well known, is greatly affected by the
stiffiess of the horizontal member.® It is, therefore, not
surprising that even larger errors might be inherent in ultimate-
load predictions based on code clauses. For example, Fig. 2
contains the pertinent information on a T-beam for which the actual
fatlure load is several orders of magniude above those allowed
by present code guidelines (for instance, in accordance with current
American and British codes for structural concrete, the permissible
loads (assuming a partial safety factor of 1) are only 13% and 19%
respectively of the experimental value’). Conversely, Fig. 3
illustrates the overestimate of the true strength of a structural wall
ithe test result stems from reference 4) were this structure to be

= = = = Pechnoki
— = Weng and Coull

Pavviowsd and Poulton
X Finite sherment (Wiong and Coully
i 1 1

005 Q-1 15 0-20
il

Fig. 1. Comparizon of eéffective-width ratios for (elastic) flar slabs under

lateral load for various compusational techniques.® British and American
code guidelines suggest constant values of 0-5 and 1-0 respectively
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designed in accordance with widely accepted code tenets {an
exception appears to be the method recommended in reference 5,
but the latter, on the other hand, 15 far oo conservative); the
potential danger of adhering to these for such a component —
particularly in the case of possible overloading such as, for
example, seismic action — is evident. (The analytical predictions
for both these structural elements are fully discussed in Chapters
3 and 4.)

In the case of ulimate-load predictions, code shoricomings such
as the ones illustrated in Figs 2 and 3 arise because design rules
are usually based either on empincal tests (which are then expressed
in terms of concrete-strength values seen as descriptors of the
material type used in these tests rather than as measures of
fundamental material properties®), or on poor attempts at material
maodelling (relyving here almost invariably on either plasticity or
clastic concepts); what is required, clearly, 15 the need for proper
constitutive and failure criteria even in the case of standard
structural members. For complex elements, this need for a realistic
description of material behaviour becomes more evident still, in
particular when a reliable prediction of their failure load and
mechanism requires such elements to be modelled as continua.
By far the most popular numerical technique for the analysis of
continua is, at present, the finite-element (FE) method. Despite
the proliferation of FE packages, and the steadily increasing
adoption of the technique for the solution of nonlinear structural
problems, the FE method has not met, to date, with widespread
success in the case of concrete structures. The main problem is
the generally acknowledged lack of consistency in results between
various structural forms (and, indeed, sometimes between
components of the same type but differing in size and/or detailing).
Therefore, even if a successful FE model is established for a given
structural form, such a success is not automatically guaranteed
for other types of structure. It would appear that there are two
main reasons for this lack of reliability of the method when applied
to concrete members: one of these is a direct consequence of
unrealistic material description, as mentioned above; the other is
essentially a computational problem that arises as a conseguence
of numerical instabilities associated with the cracking of concrete.

The present book aims at providing a penerally reliable nonlinear
FE model for concrete structures. The model attempts to remove
the major pitfalls stated earhier; as such, emphasis is placed on
the accurate description of material properties for concrete (some
of which have long been known but have not been incorporated
into structural design thinking'*) and on the control of potential
numerical instabilities. While the resulting computer package has
proved useful both as an analysis tool and for obtaining
phenomenological insights into actual behaviour of structural
concrete, a third dimension will be emphasized in this book, namely
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Fig. 2 — continned

250

Total load- ks

the implications of the various results on current design philosophy.
For this reason, the FE model will be simplified as far as possible,
and this will be achieved by the inclusion in it of only those factors
that are considered to play a key role in the response of concrete
structures o applied loading, while secondary effects will be
neglected. It will be seen that many of these simplifications are
consistent with plain engineering ‘commonsense’ in respect of both
design aims and computational efficiency.

The book is divided into four chapters. Chapter | presents the
material modelling of concrete, while its mcorporation, at the
structural level, into the FE package is the subject of Chapter 2.
The resulting nonlinear FE model is then applied to structures
amenable to two-dimensional (2-1) representation (Chapter 1) as
well as to the more general three-dimensional (3-D) structural
problems (Chapter 4). Throughout the book, a wide range of
examples of various structural forms will be studied, and these
will be interspersed with relevant experimental evidence against
which the accuracy and, indeed, the validity of the modelling are
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to be gauged. Thus, existing data — including collapse load,
deformational response and fracture processes — will be used to
ascertain whether or not the FE package succeeds in giving sensible
predictions of both the actual strength of the structure and the failure
mechanism that leads to this ultimate load. Since often more detailed
information on such mechanisms can be obtained from numerical
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Fig. 3. Predicred and experimental behaviowr of a member chosen from
a sertes of structural-wall tesis”? (a) design details {all dimensions in
mm); (b} experimental crack pattern at failure; (c) analytical crack
pattern at failure (photograph provided by courtesy of Dr. J. Maier):

id) load-deflection curves (note the large overestimate by code guidelines
of both analytical (FE model) and experimental load-carrving capacities)
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modelling than from experimental testing (although the latter must
always be resorted to as the ultimate means of checking any
theoretical findings — especially if these are at odds with *current
practice’), it is expected that the former will usually enable
inferences to be made with regard to possible design improvements
for the structural member in question,



1. Material modelling

1.1. Experi-
mental data

.10, Triavial
data and scarter

Material behaviour 18, clearly, an important constituent of the
overall mput data required for the structural analysis of a
continuum. This part of the input, however, is usually fairly
straightforward as, for example, in isotropic elasticity or idealized
elasto-plastic modelling. Such a cosy picture, however, no longer
applies in the case of concrete structures: in these, a proper
description of material behaviour urns out 1o be the key factor
to their successful analysis and, moreover, is fraught with
difficulties. Two main factors can be identified as the sources of
sich difficulties. The first of these is the necessity of obtaining
triaxial material data, namely the material description should refer
to the response of concrete under a generalized (i.e. three-
dimensional) state of stress. The reason for this will become
apparent throughout the present book but, at this stage, it s
sufficient to say that, in a concrete structure, the effect of the smaller
stress components need not itself be negligible in relation to that
of the main stresses, even though the magnitude of the former could
well be very small in companson with the latter. Such conclusions,
of course, are contrary to one’s intuition and, indeed, experience
with either elastic structures or elasto-plastic metal members (the
latter, being usually thin, thus precluding the necessity of three-
dimensional (3-D) and, sometimes, even two-dimensional (2-D)
analysis). Concrete structures, on the other hand. not only require
2-13 or 3-D modelling on account of their massive nature, but their
strength is frequently governed by what are often considered to
be negligible stresses acting orthogonally to the directions of the
main stresses. Therefore, although experimental triaxial test data
are both expensive and difficult 1o attain, it is evident that such
information forms the prereguisite 1o a realistic modelling of
concrete behaviour. The second source of difficulties associated
with the establishing of actual properties of concrete materials
relates to the scatter of available experimental results. Not
surprisingly, this apparent discrepancy in the failure envelopes and
constitutive relations obtained by the various laboratories and
research groups working in this important field raises the question
of whether or not a reliable model for concrete 1s at all possible,
such that consistent and repeatable results might be obtained among
a sel of nominally-wlentical specimens,

In an attempt to resolve the problem of data scatter, an
international cooperative project was set up, with subsequent
publication of its findings on strength® and constitutive response.”
in the recognition that the large scatter in past studies of the
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1.1.2. Test
miethody

response and strength of plain concrete under multiaxial stress states
could be attributed to two principal factors — namely variation
of the materials tested and variation in the test methods themselves
— the cooperative study concentrated on eliminating at least the
first of these factors, This was achieved through the use, by all
participants of the joint programme, of specimens of the same
concrete or mortar mix, cast and cured in one laboratory, shipped
under controlled conditions and tested at identical age. On the other
hand, these specimens were cast in the participants’ own moulds
and were tested in accordance to the different methods developed
previously by the various laboratories. Thus the material-variability
factor (which will be discussed later on, in section 1.4) was
removed, and attention was focused on the effect of different test
methods on the apparent material properties.

The differences among test methods are predominantly a function
of the specimen boundary conditions as imposed by the various
types of loading system used. Typical loading systems, among
which all major variants are represented, are shown schematically
mm Fig. 1.1, and also appear listed in Table 1.1. In this table, the
laboratories which participated in the international cooperative
programme referred to earlier are identified in column one by
means of the following abbreviations: BAM — Bundesanstalt fir
Materialpriifung, Berlin, Germany; CU — University of Colorado,
Boulder, Colorado, USA; ENEL — Ente Nazionale per I'Energia
Elettrica, Milan, laly; ICL — Imperial College of Science,
Technology and Medicine, London, UK; NMSU — New Mexico
State University, Las Cruces, New Mexico, USA; TUM — Institut
fir Massivbau, Technical University of Munich, Germany; UCD
— University of California at Davies, California, USA. The
different loading systems employed in the programme are specified
in column two as follows: BR — brush-bearing platens; CYL —
cylinder test; DP - dry or unlubricated metal platens; FC — fluid
cushion; FP — steel piston—flexible cushion system used by BAM,
LP — lubnicated metal platens. The main characteristic variables
of the different loading systems are as follows.

(@) Degree of normal boundary constraing in the direction of
the applied load. Rigid steel platens, cansing uniform
normal displacements but wvariable normal stresses,
represént one extremé; fluid cushions, which are considered
to ensure uniform normal stresses but permit variable
normal displacemenis, provide the other extreme. Both of
these limiting systems were represented in the cooperative
study, along with various other devices that gave rise to
intermediate degrees of normal boundary constraints (see
Fig. 1.1).

The degree of constraint in the direction of the applied
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load will lead to different observed specimen behaviour,
especially when non-homogeneous materials — e.g.
concrete — are tested. With uniform normal stresses, brittle
failure may result when the strength of the weakest portion
of the specimen surface is attained. With uniform normal
sirain, on the other hand, the possibility of stress
redistribution may delay failure until the average strength
of the specimen is reached.

Degree of lateral boundary constraint on the plane of the
bowundary. Fluid cushions may be considered sufficiently
deformable so as to permit free lateral displacements, with
consequent zero shear stresses on the surface. At the other
extreme, rigid steel platens without surface lubrication give
rise to sufficiently high friction so as to constrain the
specimen boundary against lateral displacements, thereby
leading to the maximum development of shear stresses on
the surface. To reduce this friction, different methods of
lubrication or brush-bearing platens are used, thus allowing
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Table I.1. Loading syitems™®

Laboratory® | Boundary Specimen sipe Diescription Loading raic
comditsant
BAM Dp 1 e cubes Unlubricawsd steel platens Stress rale:
FP 10 ¢m cubes Cushion 1ype system with 16 steel Binxml tests:
pisions 2:5cm x 2-5 cm 003 N/mm?/s
on elastomeric pad Triaxial pests:
0-075 Nimm®'s
EMEL P 13 cm cubes Unlubricated steel platens Stress rate:
LPF 10 em cubes Lubricated siee] platens (Four MNormally:
polyethylene sheets with 005 N'mm*/s
ey bdenem sulfide grease) Series TR and TH:
CYL 16 cm » 32 em | Axiad load through steel platens, | 1 N/mm*/s
cvhinders confining pressure through
membrane
ICL LPF Wi = 10 in Rigid steel platens with specimen Strain rate equivalent Io
® 4 in plites surfaces treated with “Feb-cure” 0:25 N/mm®/s
curing membrane to minimize 2 -1 ksifmin
friction
CHL din = 10 n Axial load through steel plavens,
cylinders confiming pressure through
myerbrane
TUM BR 1} e cubes Brush-bearing pladens (bristles Strain rbe:
dmm ¥ 4 mm = 9% mm) Biaxial: 0-003% ofs
(-2 % o/min}
Triaxial: 0-008-
0-017% ols {:-5%—
1-0% of/min)
MMEL DE 3 in cubes Urlubricated steel platens Stress rale:
LP Lubricated steel plaiens (two 4 mm 0 35=00- 60 N/mm' s
polyethylene sheets with axle (3—5 ksi/min}
Erease)
UCD Dy 2 in cubes Urlubricated aluminuem platens Strain rate:
LP Lubricated sluminuam platens (one | 0-35-0-55 N/mm?/s
laver i_n,-.a.:-:'l- {3 -0—4: 5 ksid/min)
BR Brush-bearing platens (bristle dia.
0-025 in, length 5/15 in)
CL Dp 4 in cubes Unlubricated steel platens Stress rade;
FC Fluid cushion 02 Nimm®/s
(0-2 Esifmin)

*The lnborsories which paricipated in the indernatiomal cooperative progrifmme are:
Bundesansealt fir Materislprifung, Berlin, Germany

Universily of Coloradn, Boulder, Colorade, USA

Enle Marionale per I"Energia Ebeftrica, Milan, Italy

Imperial College of Science, Technology and Medicine, London, 1K
Mew Mexloo State University, Las Croces, New Mexico, USA
Institut fiir Massivbaw, Technical University of Munich, Germany
University of California at Davies, California, USA

B
cu:
ENEL:
[ICL:
MMSU:
TUM;
UCD:

1The different loading systems employed in the programme arg:

BR: brush-bearing platens

CYL:  eylinder fest

DP: dry or unlubricated metal platens

FC: fluid cushion

FP: siee| piston—fexible cushion sysiem wsead by BAM
LP: lubricated metal platens
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Fig. 1.2, A gualitative
representation of
boundary restraim
conditions imposed by
varicuy fovding

varying amounts of lateral movement to take place. Figure
1.1 depicts the systems used within the cooperative
programme, which provided vanous degrees of lateral
boundary constraint.

The actual degree of lateral boundary restraini can also
affect the observed specimen behaviour. In the uniaxial
compression test, the inward-directed shear stresses at the
interface with the horizontal loading platens can result in
what 1s essentially a confining presssure, thus leading to
higher strength than would otherwise be obtained. (This
is certainly true in the case of short specimens, while for
slender cylinders — say, with a height-to-diameter ratio
of 2 to 2-5 — such effects become negligible, a point which
will be discussed subsequently.) An additional reinforcing
cffect may occur in biaxial and triaxial tests, when the
confining pressure is not applied hydraulically but relies
on rigid platens; then, vertical shear stresses transfer part
of the vertical load from the specimens to the vertical
loadding platens (through friction) as a result of the relatively
larger stiftness of the latter.

These observations can be summarized in a plot such as that
shown in Fig. 1.2, in which the degree of normal constraint

rechnigues * increases along one axis and that of the lateral constraint along
UCD - BR BAM - DP
o ENEL - DP
Higidity = = 3 &l  NMSU - DP
{Unitarm displacament) 1 "“.“ EMEL -LP ucob -oe
IGL - LP A - b#
MMEL - LP
UCD - LP
a3 g Cre— TUM - BR
1
< E.§ (O 1CL = CYL
e
25| 2
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Gl = FG
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{Unilarrm )
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B
InCreasing shaar
) gtresnas -
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1.1.3. Strength
data

the other. Each test method can be entered qualitatively on such
a plot. The actual location of each testing technique within the
plot 15, of course, open o discussion. For instance, it has been
observed in the past that excessive lubrication of cube surfaces
can, in fact, lead to outward-directed friction forces because of
the squeezing out of lubricant: therefore, such cases should be
indicated on the negative side of the axis marked *lateral boundary
constraint”. In the absence of more specific information, however,
all lubicated specimens were lumped together as shown.

The effect of testing methods on the compressive strength of a
typical concrete as established from uniaxial, biaxial and triaxial
tests is indicated in Figs 1.3, 1.4 and 1.5 respectively. In all cases,
the data represent the mean of at least three values and it is apparent
that they are significantly affected by the testing method used 1o
obtain them.

1.1.3.1. Uniaxial rests

In Fig. 1.3, the vniaxial compressive strength is expressed in a
dimensionless form by normalizaiion of the strength values oblained
in the various tests on cubes (f...) with respect to the cylinder
strength (f,) established from control tests. (The standard

Fig. 1.3. Typical uniavial strength data. Relation berween strength
properties (given as the ratio of cuby and cylinder strevigrhs) and
specimen consiraint (the larter, based on the superposition of the
qualitative representation of Fig. 1.2, is indicated by the arrow)®
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Fig. 1.4. Typical
biaxial strength data.
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control test refers to a cylinder specimen with height-to-diameter
ratio of 2:1 loaded uniaxially by means of rigid platens and with
no attempt to reduce the resulting interface friction; experience
has shown that, beyond this slenderness ratio, the cylinder strength
becomes practically constant (thus, for example, the cylinder test
CYL (ICL) uses a ratio of 2-5:1) irrespective of the actual boundary
conditions at the loaded edges.) Admittedly, the results depicted
in Fig. 1.3 are far from ideal since various factors combine to
affect them, such as, for example, the relative sizes of cylinders
and cubes, the shapes of the latter (some of these were not actual
cubes but slabs/prisms), and especially the large scatter of the
results due to some of the test methods used which illustrates how
vital it is 1o ensure that a reliable testing technigue be adopted.
Nevertheless, the overall trend is correct, and one may even draw
some more definite conclusions from this experimental evidence,

Since the heighi-to-width ratio of the cubes is 1:1, so that their
strength is influenced by end conditions, it 1s evident from Fig.
1.3 that dry platens introduce a significant degree of frictional
constraint leading to strength values which are about 17% higher
than f.,. On the other hand, when this latter restraint is nearly
eliminated by the use of lubricated platens, the strength values are
only marginally above f_, (by about 3%). Such difference in
behaviour suggests that the large lateral restraint on the specimen
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produced by the “dry” platens induces a triaxial state of compressive
stress which, as will be discussed later, leads to higher strength;
but when this restraint is removed, the reference cylinder strength
is attained ., irrespective of specimen shape and/or size. Of course,
this assumes that the relative sizes of cylinder and cube were
equivalent. In the tests, however, the size of the control cylinders
used was smaller than the various cubes, introducing a size effect
arising from the fact that a small concrete specimen is likely 1o
have fewer weak points — and is, therefore, stronger — than a
large one. Thus, for instance, as the lubrication could not fully
eliminate frictional effects, the uniaxial strength of concrete cube
specimens was enhanced, compensating for their inherently weaker
nature relative to the smaller cylinders, with the net result that
the fope!foy ratio approached 1. On the other hand, mortar
specimens are less susceptible to boundary restraints,’ and hence
such degree of compensation due to friction for the size effect
cannot take place: this explains the value uffmﬂm - 0-9in
the case of the LP tests on mortar.

In contrast (o the behaviour established by using the testing
methods with dry or unlubricated metal platens (DP) and lubricated
metal platens (LP), the strength values obtained by means of fluid
cushions (FC) and flexible platens (FP) are consistently smaller
{by about 10%) than the cylinder strength. A similar conclusion
can be reached in the case of the brush-bearing platens (BR),
although the actual values appear to depend on the design of the
‘brushes’ (on average, the loss in strength is of the order of 15%).
The lower strength obtained by the methods employing flexible
and brush platens may be considered to be attributable to the
development of outward-directed friction caused by either the
relatively large expansion of the elastomeric pad of the flexible
platens or the lateral deflection of the brushes under increasing
load (see Fig. 1.1). Such outward-directed friction induces lateral
tensile stresses in the specimen which, as will be discussed later,
reduce strength.

On the other hand, the lower strength values obtained by using
fluid cushions may be explained by the theory of the *weakest link":
failure is considered to occur when the strength of the weakest
portion on the surface of the specimen is attained, since the uniform
normal boundary stress imposed by the fluid cushions does not
allow stress redistribution to take place. However, in contrast to
maost of the other methods investigated in the cooperative project,
it will be seen later that the use of fluid cushions yielded inconsistent
results for the triaxial tests. While such inconsistency may be
explained in terms of the *weakest-link" theory, it may also be
attributed 1o secondary testing-procedure effects which may not
have been identified by the research workers who developed the
technique.
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{.1.3.2. Biaxial rests

Figure 1.4 contains the strength envelopes established from the
biaxial tests for the same typical mixes. As for the uniaxial data,
the strength values are expressed in a dimensionless form: this
is done by dividing the combination of stresses causing failure
{fy. f>) with the uniaxial compressive strength (f.). The figure
indicates that the dependence of the strength data on the testing
method is more pronounced in the case of biaxial stress states.
For example, the strength values obtained by using dry platens
are significantly larger (in many cases by more than 50%) than
those obtained by adopting lubricated platens. Once again, such
differences in behaviour can be attributed only 1o the reduction
of the lateral boundary constraint which is achieved by the use
of lubricated platens. However, Fig. 1.4 also shows that the
strength values obtained by using various types of lubricated platen
exhibit significant systematic differences, and this is an indication
of the varying degree of effectiveness in reducing lateral boundary
restraint which characterizes the different lubricated platens used
m the programme. It is interesting o note that the strength
envelopes obtained by using flexible platens, brush platens and
fluid cushions tend to cluster together around the lower-bound
envelopes provided by some of the lubricated-platen results.

1.4 3.3 Triaxial tests

Figure 1.5 shows four views ol typical strength envelopes which
were constructed by using data obtained from the triaxial tests.
The envelopes essentially represent intersections of strength
surfaces in stress space with, for example, the plane which includes
the space diagonal and one of the principal axes (Fig. 1.5(a)}, a
plane normal to the space diagonal (Fig. 1.5(d)), etc. All envelopes
are expressed in terms of the octahedral normal (oy) and shear
(75) stresses and the rotational variable (#). {These parameters
will be discussed in more detail later in the chapter and are fully
defined in Appendix A. It should be noted, however, that the sense
of the angle & in Fig. 1.5(d) is different from that adopted in
Appendix A and, indeed, throughout the rest of the chapter. This
15 done in order to comply with the way in which the data in
reference 8 have been presented. Figure 1.5(d) can be made
compatible with the convention used in the remainder of the chapier
by noting the six-fold symmetry of the failure surface (see section
1.4.2.1), and that the shorter path 3 represents triaxial ‘extension’
while the longer path 1 constitutes triaxial ‘compression’ (these
terms will be defined subsequently).) The figures indicate that,
as for the cases of uniaxial and biaxial states of stress, the use
of lubricated platens yields smaller strength values than those
obtained by means of dry platens; however, the differences in
strength are not as pronounced as they are for the former cases.
It can also be seen that. in contrast to the trends of behaviour
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exhibited by the uniaxial and biaxial strength data, the use of
flexible platens and brush platens leads to strength values which
are not significantly different from those obtained by employing
the dry platens and, in some cases, are larger than those resulting
from the adoption of lubricated platens. It is also interesting to
note that the use of fluid cushions yields a lower-bound strength
envelope; however, since, unlike all other envelopes, its shape
is distinctly irregular and does not conform with the generally
accepted ‘convexity rule’! (this appears to be consistently the
case for all three loading paths — see Figs 1.5(a)—1.5(c)), it would
appear that the reliability of triaxial data stemming from this
technique is somewhat questionable.

{.1.3.4. Effect of testing technigue on strength data

A general conclusion that may be drawn from the above discussion
is that, although the testing methods used in the programme may
induce a wide range of boundary conditions in the direction of
the applied load, it would appear that it is the degree of lateral
boundary constraint which develops at the interface between
specimen and loading platens that has a key effect on strength
values, This constraint develops as a result of the incompatible
lateral deformation of the specimen and the loading platens, and
gives rise to frictional stresses at the specimen boundaries. The
frictional stresses cause a complex and indefinable state of stress
which can be significantly different from the intended stress
conditions.

One of the main objectives in developing a testing method for
the investigation of the mechanical properties of concrele is to
minimize, if not eliminate, the above frictional stresses and thus
to create a definable state of stress in specimens. Although the
various techmiques used during the international cooperative project
covered most methods developed, to that date, for testing concrete
under different stress staies, no attempt was made at the time to
identify those methods which essentially achieve the above
objective. What is clear, however, is that those investigations which
adopt lubricated platens do appear to provide identifiable stress
states. Although such frictionless boundary conditions would seem
to be especially important in conducting biaxial tests, while being
apparently less critical in the case of triaxial tests, it should be
stated that the use of octahedral shear (or deviatoric) and normal
{or hydrostatic) stresses for representing strength data has the effect
of producing a tight cluster of octahedral failure stresses even when
the corresponding set of principal stresses exhibits a wide range
of scatter; this is the main reason for the apparent relative
insensitivity of the triaxial test data of Fig. 1.5 to testing techniques,
and a similar clustering trend would be obtained if the biaxial
strength data were replotted in terms of octahedral stresses.®

With regard to the most widely employed type of concrete testing,
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1.1.4.
Constitutive-
relations dafa

namely the uniaxial test, the effect of end friction is important for
short specimens, but practically disappears when the height-to-
width ratio exceeds 2. Thus the standard cylinder test provides
reliable uniaxial strength estimates despite the lack of special
provisions for eliminating end effects. Moreover, such cylinder
geometries that do not fall below an aspect ratio of 2 can also be
employed with confidence in the obtainment of triaxial data. It
15 for this reason that the triaxial cell developed by one of the
participants of the cooperative programme (ICL), where dry platens
at the cylinder ends are combined with hydraulically-controlled
loading on the curved edges, provides a simple and dependable
technigue for gathering triaxial strength data. (Although the device
15 capable of reproducing only axisymmetric loading cases, such
a limitation does not pose a practical problem for reasons which
will be outhned later.)

Finally, it should again be emphasized that the aim of the
cooperative project, described in the foregoing, was to investigate
the effect of the testing technigue on the strength-data scatter. The
effect on this scatter of the material-variability factor will be
discussed later in the chapter, when the data obtained by means
of one of the reliable testing methods are presented.

The stress{o)—strain{e) relationships for concrete are generally
considered to comprise ascending and gradually descending
branches, However, in view of the difficulties associated with
establishing experimentally the descending branches under
generalized stress, the cooperative programme s investigation of
the effect of testing methods on deformation has been based on
a comparative study of the ascending branches established by using
the testing methods described in Table 1. (The relevance of the
o—¢ characteristics beyond the point of maximum attained strength
will be discussed in section 1.2.)

A convenient and widely used method for representing the o—e
data is to express the latter in terms of hydrostatic and deviatonic
stress and strain components. In such a form of representation,
the deformational behaviour of concrete under any state of stress
is defined fully by the hydrostatic stress—volumetric strain, the
deviatoric stress—deviatoric strain, and the deviatoric stress—
volumetric strain relationships. (It has been established that a
hydrostatic stress state has negligible effect on deviatoric
strains,' as will be discussed more fully in section 1.4.1.) These
relationships for the typical concrete investigated in the cooperative
project are shown in Figs 1.6, 1.7 and 1.8 respectively. The figures
include only such information as was obtained by using the testing
methods in which an attempt was made to reduce the lateral
boundary constraint; hence, the results derived by means of dry
platens do not appear in the figures.

It is evident that, with the exception of the three stress—strain
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1.1.5. Choice of
resting technigue
for the generation
af material data
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relationships obtained by using one type of lubricated platen and
the hydrostatic stress—volumetric strain relationships obtained by
means of fluid cushions, the constitutive relations stemming from
the various tests do not appear to be significantly affected by the
type of testing method. Such a result suggests that the different
testing techniques which were employed to derive the above
relationships (i.e. those using either flexible or lubricated platens,
or relying on (slender) cylindrical specimens) are likely to subject
the specimens to a definable state of stress, thus fulfilling the main
objective of a test method. It should be emphasized that this
conclusion is valid even though the information presented in Figs
1.6—1.8 has been plotted in terms of octahedral stresses and strains,
a choice which was shown earlier (see section 1.1.3.4) to lead
to a clustering of results. (One of the advantages of adopting an
octahedral stress—strain representation is the applicability of the
ensuing relations 1o express uniaxial, biaxial and raxial concrete
behaviour.?)

A comparison of results stemming from the cooperative project
described in the previous sections indicates that much of the scatter
in the material data for concrete is a direct result of the variation
in test methods. Several of the existing technigues do not always
ensure that the actual applied load is that which is intended. On
the other hand, the cooperative programme has shown that the
testing technigues used by certain research institutions are, in fact,
capable of inducing definable states of siress in the specimens.

Among the latter reliable methods of testing, one should mention
that used by ICL, which, as stated earlier, employs cylinders with
a height-to-diameter ratio of 2:5:1. Its success and relative
simplicity in providing realistic data on strength envelopes and
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1.2. Behaviour
of concrete at

on constitutive relations within the region of the ascending branch,
for both uniaxial and triaxial conditions, make it an attractive way
of gethering the necessary data for various concrete types under
different stress conditions. (The fact that the intermediate stress
always concides with either the maximum or the minimum principal
stress value is not, in practical terms, a limitation, for reasons to
be discussed later.) This is true despite the presence of dry platens
since, as pointed out earlier, the slenderness of the specimen used
ensures that the end effects play an insignificant role on strength
and on the stress—strain law up to this peak level of sustained load.
What happens to the descending branch of the constitutive relations
15 discussed in the next section.

It is a widely held view that, beyond ultimate strength, the load-
carrying capacity of concrete under a compressive state of stress
is reduced progressively with increasing deformation. This view
15 supported by experimental evidence obtained from tests carried
out using technigues which are generally considered to indoce
definable states of stress in specimens, and hence may be considered
to be reliable. Such evidence indicates that the deformational
response of specimens under a compressive load exhibits a trend
similar to that of a typical uniaxial or triaxial stress—strain set
of relationships, of the type shown in Fig. 1.9,'"*" each of which
consists of an ascending and a gradually descending portion. The
latter portion is usually referred to as the “softening’ branch and
is deemed to indicaie a certain degree of ductility at the material
level.

However, a characteristic feature of the relationships of Fig.
1.9 is that, for stress levels beyond ultimate strength, the tensile
strain increases at a rate which is very much higher than that of
the compressive strain.'® Poisson’s ratio values, which describe
such behaviour, may vary from a value of approximately 1 at the
ultimate strength level to values as large as 10 for stress levels
beyond ultimate strength.'* Now, it should be recalled that an
1sotropic continuum (which concrete is assumed to be throughout
the whole range of testing) cannot exhibit Poisson’s ratio values
in excess of 0-5. In fact, this is implicit in the design of the testing
devices used to obtain the stress-strain relations such as those shown
in Fig. 1.9. Therefore, existing testing technigues assume that the
deformational behaviour of concrete is compatible with that of a
continuous medium up to and beyond the maximum sustained load.
There is a historical justification for such an assumption, in the
sense that the various test methods were devised originally with
the aim of obtaining reasonably accurate estimates of the strength
of concrete. In this respect, loading devices such as brush and
flexible platens are considered to induce negligible frictional
restraint at the specimen—platen interfaces when designed 1o allow
displacements in the direction orthogonal to loading compatible
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with tensile strains calculated on the basis of Poisson's ratio values
up to 0-5, Now, as shown in Fig. 1.10, such values characierize
concrete behaviour up to a level close to, but not beyond, ultimate
strength., Therefore, it is evident that, as the ultimate load is
approached, and Poisson’s ratio becomes increasingly large, the
concreie specimen is no longer a continuum but is beginning to
be affected markedly by internal fracture processes. Despite this,
an average load—deformation path can still be recorded for the
specimen as a whole, and this implies that considerable frictional
restraint between platen and specimen must, at these late stages
of the deformational response, come into effect.

The importance of frictional forces between specimen and
machine has been recognized at least as early as 1882, when Mohr
criticized Bauschinger’s results of compression tests made with
cubic specimens, on the grounds that the friction on the cube
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surfaces in contact with the machine test-plates: *must have a great
effect upon the stress distribution so that the results are not those
of a simple compression test’.” Similar observations regarding the
importance of interface frictional forces were made by Foppl when
working with cubic specimens of cement; he explored various ways
of reducing such effects, showing that the usual tests of cubic
specimens give exaggerated values for the compressive strength
of the material.” As mentioned earlier, most of the attempts by
subsequent investigators to eliminate frictional effects between
specimen and machine were aimed at obtaining realistic strength
values. In addition 10 reducing these friction forces to varying
extents, experimentalists also increased the aspect ratio of
specimens (i.e. the length to cross-sectional dimensions ratio) in
order to minimize end effects. As pointed out above, all these
measures seem to have been successful in terms of sirength-data
accuracy (a typical example being the cylinder test mentioned in
section 1.1.5). On the other hand, the large deviation of the
measured values of Poisson's ratio (i.e. » ¥ 1) from their assumed
counterparts (i.e. » < 05 — used to design the experimental set-
up that woubld minimize end restraint) at load levels beyond ultimate
strength indicates that the post-ultimate tensile deformation of the
specimens in the direction orthogonal to that of the maximum
applied compressive load (see Fig. 1.9) is, in fact, significantly
affecied by the end restraint provided by the testing device, and
that the experimental set-up cannot fulfil its objective of eliminating
end friction. Clearly, the actual behaviour of a concrete specimen
in uniaxial compression as the peak load is approached (and beyond)
can be obtained only if the frictional effects are truly eliminated.
One such investigation was successfully undertaken in order to
assess the effect that reduction — and eventual removal — of the
end friction would have on existing uniaxial-compression data on
(a) ultimate strength and (b) post-ultimate characteristics.' Its
findings are outlined in the next section.
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1.2.1.1. Behaviour of a test specimen wnder compressive load
Complete stress—strain relationships for concrete under uniaxial
compression have been obtained to date by loading cylinders at
a constant rate of displacement through a "stiff” testing machine
either by using a loading system capable of releasing almost
instantaneously any load in excess of that which can be sustained
by the specimen at any time'® or by loading a steel specimen in
parallel with the concrete specimen in a manner such that, as the
load-carrying capacity of the concrete beyond ultimate strength
is reduced, the concrete—steel system transfers the excess load
from the concrete to the steel to maintain the internal equilibrium
of the overall system.'” Such relationships describe the response
of the central zone of the cylinders, which is generally accepted
to be subjected to a near-umform wniaxial compressive stress in
contrast to the complex and indefinable compressive stress state
imposed on the end zones by frictional restraints resulting from
the interaction between specimen and loading device (see Fig.
1.11).

Al a load level close to the maximum load-carrying capacity
of the specimens, cracks aligned in the direction of loading appear
in the central zone, and the maximum load-carrying capacity s
reached when the ultimate strength of this zone is attained. At this
stage, the end zones remain stressed below their ultimate strength
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capacity on account of the confining (triaxial) stress state (see Fig.
1.12), without suffering any visible cracking.

The voids caused by the cracks of the central zone result in a
dramatic increase of the lateral expansion of the zone which is
incompatible with the much smaller lateral expansion of the
‘uncracked’ end zones. This incompatibility gives rise to internal
forces acting so as to (a) restrain the lateral expansion of the central
zone and (b) increase the lateral expansion of the end zones (see
Fig. 1.13). With increasing deformation, the internal forces acting
ot the end zones progressively reduce the effects of boundary
frictional restraints and eventually create a state of stress in the
end zone with at least one of the principal stress components tensile
(see Fig. 1.12). When the ultimate strength of the end zones is
attained, the cracks of the central portion propagate into the ends
of the specimen, and the lanier collapse under an applied load which
induces, in the end regions, a state of stress similar to that indicated
in Fig. 1.12.

[t appears from the above, therefore, that the post-ultimate
stress—sirain relationships obtained from the tesis describe
behaviour under a complex and indefinable state of stress which
is clearly induced by the frictional restraint (developing under
increasing load) at the specimen—loading device interfaces. It
thercfore seems that the only reason for the central zone of the
specimen to respond as a unit during the post-ultimate stage is the
restraining action of the end zones. This suggests that, if the state
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of stress were the same throughout the specimen, no such
restraining action would exist and the specimen would completely
collapse as a result of the formation of continuous cracks at the
ultimate strength Jevel. It is considered realistic o propose,
therefore, that concrete suffers a complete and immediate loss of
its load-carrying capacity when ultimate strength is exceeded.
Clearly, such a proposal implies that, while the end restraints affect
the post-ultimate deformational response of concrete specimens,
they have little influence on the maximum recorded load level since
overall collapse immediately follows the onset of cracking in the
central zone.

1.2.1.2. Experimental evidence for the brittle nature of
concrete
An unegquivecal experimental proof of the validity of the proposed
behaviour of concrete can be obtained only be using testing
techniques which eliminate completely any frictional restraint on
the specimen—testing device interfaces. Although this is unlikely
to be achieved by using existing testing techniques, an indication
of the effect of frictional restraint on post-ultimate deformation
can be obtained from uniaxial compression tests by employing
testing devices which induce varying degrees of boundary frictional
restraint on the specimens.

For this purpose, an experimental programme was carried ouwt*
which involved the testing of two types of specimen: 250 mm height
» 100 mm diameter cylinders and 100 mm cubes. Two mixes
were used, the strength of which at the ime of testing were: for
the cylinders, 50-0 N/mm® (Mix 1) and 29-0 N/mm® (Mix 2);
for the cubes, 60-0 N/mm* (Mix 1) and 37-7 N/mm* (Mix 2}.



MATERIAL MODELLING 29

The specimens were subjected to varying degrees of frictional
restraint across their loaded surfaces. This was achieved by placing
various types of ‘anti-friction’ media between the specimen and
hardened steel subsidiary load platens, the latter having a thickness
of 25 -4 mm and the same cross-sectional dimensions as the nominal
cross-section of the specimens tesied. Three cylinders and three
cubes, from each of the two concrete mixes used, were tested for
every one of the following anti-friction media:

(a) a layer of synthetic rubber (neoprene) 0-45 mm thick

(b) an MGA pad consisting of: 0-008 mm thick hardened
aluminium steel placed adjacent to the specimen; Molyslip
grease (containing 3% MoS;); and a Melinex polyester
film, gauge 100, placed against the steel platen. (The
higher-strength concrete specimens were tested by using
previously-unused MGA pads; the same pads were then
used to test the lower-strength concrete specimens. )

{c) a brush platen developed by splitting a steel platen
longitudinally and transversely to form a large number of
individual “bristles’

(d) no ‘anti-friction’ medum, i.e. plain steel platens

() in addition to the above techniques, three cylinders made
of the higher-strength concrete were subjected to an active
restraint induced by "Hi-Torque' hose clamps placed at
a distance of 3 mm from the loaded surfaces and rightened
by a small torque load of 1000 Nmm.

For the cubes, only the strength was determined, while for the
cylinders both strength and deformational response were
established. The complete deformational behaviour was measured
within the central zone of the cylinders by attaching 60 mm
electrical resisiance strain gauges in the axial and circumferential
directions. Two gauges placed diametrically opposite each other
were used for each direction. The overall axial deformation of the
specimens was also measured by using linear voltage displacement
transducers (LVDTs).

The main results of the tests appear in Figs 1.14—1.19. Figure
1.14 shows the variation of the cube and cylinder strengths
{normalized with respect to the cylinder strength obtained from
the tests using plain steel platens (f.)) with the various techniques
adopted to reduce frictional restraint. The variation of cylinder
strength with the technique used is also shown in Fig. 1.15 which,
in addition, includes the corresponding axial and lateral strains
and the tangent values of Poisson’s ratio. Figures 1,16 and 1.17
show the axial stress—axial strain and load —displacement
relationships respectively, obtained from the cylinder tests; for
comparison purposes, these relationships are expressed in a
normalized form with respect 10 both the maximum sustained stress
{load) and corresponding strain (displacement). The typical
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deformational response of the cylinders under increasing load
established from the strain-gauge measurements is compared with
that established from the LVDT measurements in Fig. 1.18.
Finally, Fig. 1.19 presents typical fracture modes of the cylinders
subjected to the various degrees of boundary frictional restraint
imposed by the testing techniques used.

The frictional restraint induced on the specimens by the testing
techniques adopted may be quantified in terms of the strength of
the cubes tested in compression. Since it is generally accepted that
the difference between cube and cylinder strength reflects the
influence of significant boundary restraints on the cube, it is
considered realistic to accept also that, for a given concrete, the
larger this difference, the higher the boundary restraints. On the
basis of this argument, Fig. 1.14 shows that the restraint is
significantly reduced if increasingly-efficient ‘anti-friction’ media
are employed.

The normalized cylinder-strength data presented in Fig. 1.14
are in agreement with those obtained in a previous
investigation,' which has shown that the uniaxial compression
strength of the cylinders with a height-to-diameter ratio of 2.5 is
essentially independent of the frictional-restraint conditions across
the loaded surface (a point already stressed in earlier parts of this
chapter). It is of interest that the results obtained by using brush
platens confirm the findings of similar investigations that have
indicated that the use of such platens leads to the cube and cylinder
strengths being nearly equal {see reference 14). It may also be
interesting to note in Fig. 1.14 that, when a rubber layer is used,
the cube strength is smaller than the cylinder strength. Thas is
considered to indicate that, as soon as the load increases to ultimate
strength, the rubber layer causes “tensile’ rather than ‘compressive”
stresses to develop across the loaded surface and that such stresses
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produce lateral expansion rather than induce restraint. (However,
under stress levels beyond ultimate strength, the capacity of the
rubber for lateral expansion is much smaller than that of concrete,
and, as a result, the “tensile’ stresses become ‘compressive’ and
thus restrain further lateral expansion of the specimens, which then
tend to be held together by friction.)

The cylinder-strength data, from which the normalized values
of Fig. 1.14 are derived, are shown in Fig. 1.15 which also includes
the corresponding data for axial and lateral strains. The figure
indicates that, as for the strength data, the axial-strain values at
ultimate strength appear to be essentially independent of the
boundary frictional restraint conditions. Furthermore, they are
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shown to be independent of the concrete strength. On the other
hand, the lateral strains appear to decrease with increasing concrete
strength, and while those of the higher concrete strength are also
essentially independent of frictional restraint conditions, those of
the lower concrete strength specimens seem to decrease with
decreasing frictional restraint, (The reason for this difference in
behaviour will become apparent later, when the inclination of the
post-ultimate branch of the load—displacement relationships for
the two types of concrete tested is discussed.)

The tangent values of Poisson’s ratio at ultimate strength are
shown in Fig. 1.15(c) which indicates that, for all cylinders tested,
the values are much greater than 0- 5. Such behaviour is compatible
with earlier reported experimental information.'

Figures 1. 16 and 1.17 show that, for stress levels up to ultimate
strength, the deformational behaviour of the cylinders as established
by both strain-gauge and LVDT measurements 18 practically the
same for any of the boundary frictional conditions induced by the
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testing techniques adopted. On the other hand, for stress levels
beyond ultimate strength, both figures indicate a very pronounced
dependency of the specimen response on the frictional-resiraint
conditions at their boundaries.

However, it is ineresting to note that, while the load—
displacement relationships of Fig. 1.17 exhibit continuous increase
of displacement throughout the whole of the loading path, the
stress—strain relationships of Fig. 1.16 show that the post-ultimate
strain incréases numerically but that the corresponding stresses
decrease 10 a level between approximately 60% and 80% of ultimate
strength. At this level the trend reverses and the strain decreases
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continuously to complete disruption of the specimens. This late
change of trend in behaviour in the characteristics of Fig. 1.16
is considered to reflect the effect on deformation of the occurrence
of continuous axial cracks which subdivide the specimen in such
a way that the applied load is predominantly supported by the core
rather than the outer layers of the specimen, as indicated in Fig.
1.20 (see also stage 3 in Fig. 1.13). As a result, the stresses within
the outer layers decrease and this causes an “elastic recovery” (in
fact, the outer layers are no longer load-carrying) which is not
typical of the overall specimen behaviour since it does not reflect
the deformational response of the (ungauged) core of the specimen.

It can also be seen that, before the above “elastic recovery” (i.e.
unloading) occurs, the relationships of Fig. 1.16 exhibit trends
of post-ultiimate behaviour similar to those of the relationships of
Fig. 1.17. There are, however, quantitative differences, demon-
strated in Fig. 1.18, which reflect the fact that, while the strain-
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response of the central zone of the specimen (see Fig. 1.11), the
specimen—loading system. It can be shown, however, that, as the

loading frame becomes stiffer, the displacement measurements
become more representative of the specimen behaviour.'® The

Copyrighted material
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relatively good correlation of the relationships shown in Fig. 1.18
may be taken as an indication that, through the use of the relatively
stiff loading frame, the loading-system effects on the displacement
measurements have been minimized to the extent that the resulting
load —displacement relationships of Fig. 1.17 provide a realistic
description of the specimen behaviour.

Figure 1.17 indicates that, for all the boundary conditions
investigated, the inclination of the post-ultimate branch of the
relationships obtained for the lower concrete-strength cylinders
appears to be less steep than that of the relationships obtained for
the higher concrete-strength cylinders. This difference in behaviour
is considered to reflect the difference in size of the central zone
of the specimens within which continuous longitudinal cracks
appear when the maximum load-carrying capacity of the specimens
is approached (see Fig. 1.13). For the higher concrete-sirength
specimens, the size of the above zone was observed o be
substantially larger than that of the lower concrete-strength
specimens, indicating a more dynamic type of crack propagation
for the former as against the relatively gradual extension of the
cracking exhibited by the latier; as a result, the size and restraining
effect on lateral expansion of the end zonmes was smaller.
Furthermore, it was also observed that cracking of the higher
concrete-strength specimens always extended in both directions
with increasing deformations (see Fig. 1.19), thus reducing further
the size and the restraining action of both end zones. In contrast,
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for the lower concrete-strength cylinders, cracking extended in
one direction only and, as a result, the size and restraining action
of at least one of the end zones was maintained throughout the
whole length of the posi-ultimate branch (see Fig. 1.19).

However, a characteristic feature of the relationships shown in
Fig. 1.17 is that, for both concretes used, their descending portion
becomes significantly steeper as the frictional restraint decreases,
In fact, for the higher concrete-strength cylinders, the reduction
of boundary frictional restraint achieved by some of the testing
techniques adopted was sufficient to cause complete breakdown
on the specimens as soon as ulumate strength was exceeded. Such
trends of behaviour appear to support the proposal that, if the
boundary frictional restraints are completely eliminated, the post-
ultimate behaviour of the specimens will be characierized by a
complete and immediate loss of load-carrying capacity. At the same
time, and as mentioned earlier, it is evident that the secondary
effects due to interface friction at the ends of a cylinder having
a height-to-diameter ratio of 2.5 are unimportant up to about the
maximum sustained load, so that the uniaxial concrete strength
15 practically independent of the boundary restraint provided by
the testing device.

It is important to stress that, even though the above conclusion
regarding the brittle nature of concrete materials when tested
uniaxially in compression has been reached on the basis of a
particular experimental study, such a view is supported by the
findings of a number of other investigators. In these, however,
one rarely — if ever — finds an unambiguous statement that the
post-ultimate deformation branch is attributable wholly to the
interaction between specimen and loading platens, and is not a
characteristic of the material (e.g. see reference 19). Instead, such
a belief (whether explicit or implicit) in the existence of the strain-
softening regime of concrete 18 still widespread, despite evidence
to the contrary, and it is often found even among those workers
whose results lend support to the view that concrete suffers an
abrupt and total loss of load-carrying capacity as soon as its peak
strength is attained.

In the preceding section, it was argued that a specimen of concrete
under truly uniaxial compression does not exhibit a post-ultimate
load —deformation branch. Since concrete in a structure is generally
under the action of a multiaxial stress state, it is important to
ascertain whether or not the mode of failure of the material remains
brittle when subjected to these more complex loading conditions.

Considerable insight into the type of failure exhibited by concrete
under multiaxial compression has been obtained by means of tests
on concrete cylinders with a height-to-diameter ratio of 2.5 which
have been subjected to an axial compression (g,) and a lateral
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;‘;‘"f;fﬁh k= surface of the specimen was essentially friction-free). In all tests,
the entire specimens were subjected initially to a given hydrostatic
pressure and then the axial compression was either increased
{triaxial *compression’) or decreased (triaxial “extension’) to failure
(see Fig. 1.21(a)).
Typical stress—strain relationships obtained from the above tests
are shown in Fig. 1.21(b) which indicates that, while under triaxial
‘compression’ concrete exhibited a gradual reduction of load-
carrying capacity for stress levels beyond ultimate strength, under
triaxial “extension’ concrete suffered an immediate and complete
loss of load-carrying capacity. This difference in material behaviour
15 considered to reflect the effect of frictional restraint on the
fracture processes of the specimens. According to the fracture
mechanism of uniaxially-tested concrete (discussed in section
1.2.1), under triaxial ‘compression’ crack propagation occurs in
the axial direction and, therefore, when cracking spreads in the
end zones of the specimen, the frictional restraint will affect the
specimen behaviour as for the uniaxial case. On the other hand,
under tnaxial ‘extension’ crack propagation takes place in the lateral
direction (i.e. perpendicular to the cylinder's axis) and hence the
fracture processes that occur in the central zone of the specimen
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are not affected by the frictional restraint that exists at the
specimen—platen interfaces.

The above findings strongly suggest that a truly ‘unrestrained”
specimen of concrete under arbitary (but compressive) stress
conditions would suffer a complete loss of load-carryving capacity
on attaining its maximum strength. Therefore, it seems reasonable
to postulate that brittle failure is a characteristic of concrete
behaviour at a material level under any state of three-dimensional
cOmpression.

The effect of tensile stresses on the post-ultimate behaviour of
concrete remains to be considered. The case when a cylinder is
acted upon by confining circumferential pressure o, and an axial
tension o, may be considered to be an extrapolation of the triaxial
‘extension’ case discussed above. In fact, such a specimen would
be expected to exhibit an even more explosive type of failure than
the case when o, is compressive. By reference to the particular
instance of uniaxial compression, a similar lack of strain softening
may be anticipated when o, is compressive while a, 15 tensile,
provided that frictional end effects are eliminated. Finally, it seems
unlikely that the presence of a fully tensile set of principal stresses
will lead to an increase in ductility in the material. On the contrary,
such a stress combination in concrete represents an inherently brittle
sysiem, despite gradually-descending post-ultimate branches
proposed by some investigators, as the latier strain softening, far
from being a characteristic of the material, is a direct result of
the control of crack propagation imposed by the machine in the
course of tensile testing. In this respect, it is significant that strain-
softening branches in direct tensile tests can be observed only if
the stiffness of the testing machine is steeper than the steepest
portion of the falling branch; otherwise, a sudden failure is deemed
to occur.” Evidently, the interaction between such testing
machines and the specimen, which dictates the fracture processes
in the material, has no relevance for concrete within a structure,
as the latter is surrounded by material having the same (if plain
concrete) or similar (if reinforced concrete) stiffness.

Typical failed cylinders for the various triaxial-test types just
described, showing the relevant fracture mechanisms, may be seen
in Figs 1.22 and 1.23. For triaxial ‘compression’ (see Fig.
1.22),"%% where the 