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Abstract

With increased compressive strength, concrete has also become more brittle.
Therefore steel fibres are often added to the mix of high performance concrete
(HPC) to combine the advantages of both materials. With the application of
such a new material in the construction industry, the understanding of its
behaviour under multiaxial loading is essential for reliable analysis and safe
designs. This thesis includes an experimental investigation of the behaviour of
steel fibre reinforced high performance concrete (SFRHPC) under biaxial
loading conditions. Also included are constitutive models to enable numerical
predictions of the strength behaviour of such a material.

Within the experimental stage a large biaxial test machine was designed and
manufactured. The load capacity of each axis was 2000 kN. Special thought
was given to the load platen system because of the friction which occurs
between the platen system and the concrete specimen. Brush bearing platens
and solid steel blocks with and without Teflon friction reducing pads were tried.
Because the brush platen and the Teflon pads were constantly damaged during

testing, solid steel block platens were finally used. For tests where tension loads
were involved, experiments were carried out with dog-bone shaped specimens
and specimens glued onto the platens. Finally the tension loads where
transferred through threaded rods cast into the specimens and connected to the

machine platens with screws.

Modern control schemes and high speed data acquisition systems were used to
monitor the material response and to collect experimental stress and strain

results. The principal deformations were monitored and the crack patterns and

failure modes examined. Failure envelopes were developed based on the
strength data for each fibre variable. The load capacity of SFRHPC under

biaxial load conditions was found to be larger than for plain HPC for all fibre
types and volume fractions. The stress-strain recordings indicated a linear



Abstract

behaviour almost up to failure. The examined failure mode between plain and
steel fibore HPC was similar and all specimens failed very suddenly with a
splitting failure type.

The test variables included four different types of hooked ended steel fibres with
different fibre volume fractions from plain to 2 % in 0.5 % steps. The specimens
were tested under the entire range of stress combinations including uniaxial
compression and tension and biaxial compression-compression and
compression-tension. As a result the specimen still failed in an explosive
manner but the pieces were still connected together by fibres after failure. The
biaxial strength compared to the uniaxial strength increased more, as observed
with normal strength concrete. With the addition of fibres the biaxial strength
behaviour of HPC was almost the same as for plain normal strength concrete.
The deformation characteristics of plain and SFRHPC showed a linear
- behaviour up to a higher stress than normal strength concrete. In fact the linear
limit was almost as high as the failure load.

The examined strength data was used to model the biaxial strength envelopes
of HPC and SFRHPC using different methods. These included the Ottosen
failure criterion and the Willam and Warnke failure criterion. To model the
presence of steel fibres under biaxial loading a confinement stress in the third

direction was introduced depending on the fibre variables. Other approaches
involved the development of data fitting processes including a regression

analysis which basically is a second order polynomial and a distorted and
stretched ellipse. These envelopes can be implemented into a finite element

analyses.
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Notation

Throughout this thesis S| units are used. Important symbols which are used are

listed in the following. Furthermore most of the symbols are described in the text

when they occur.

Abbreviations

BS
C-C
C-T
FRC
HSC

HPC
HPSFRC
KN

LVDT

m

mm
NSC
OPC

PP
RILEM

SFRC
SFRHPC
SIFCON
t

T-T
UHPC

Metre

Millimetre

British standards

Compression-compression
Compression-tension

Fibre reinforced concrete

High strength concrete

High performance concrete

High performance steel fibre reinforced concrete

Kilo Newton
Linear voltage displacement transducer

Normal strength concrete
Ordinary Portland cement

Polypropylene fibres

Reunion

Internationale des Laboratoires d'Essais et de

Recherches sur les Materiaux et les Constructions

Ton

Steel fibre reinforced concrete
Steel fibre reinforced high performance concrete
Slurry infiltrated fibre concrete

Tension-tension
Ultra high performance concrete



Roman letters

Modulus of Elasticity of concrete in N/mm?
Uniaxial compressive strength in N/mm?
Cylinder compressive strength in N/mm?

Equal biaxial compressive strength in N/mm?
Uniaxial plate compressive strength in N/mm?
Cube compressive strength in N/mm?

Early age strength in N/mm?

Direct tensile strength in N/mm?

Cylinder splitting strength in N/mm?

Equal biaxial tensile strength in N/mm?

fibre length

critical fibre length

fibre diameter

aspect ratio of steel fibres (fibre length / fibre diameter)

Fibre volume fraction/content in % by weight

Notation

ratio of the cross-sectional area to the circumference of the fibre

thickness of specimen
width of specimen
Invariant of the stress tensor

Invariant of the stress deviator tensor
Invariant of the stress deviator tensor

X



Notation

Greek letters

principal direction

principal direction

principal direction

Principal strain

Principal strain

Principal strain

Principal stress in N/mm?

Principal stress in N/mm?

Principal stress in N/mm?

Uniaxial compression plate stress of plain concrete in N/mm?

Post cracking tensile strength of SFRC

Poisson ratio
Poisson ratio of steel fibre reinforced concrete

Poisson ratio of plain concrete

Micro

Projection of OP on the hydrostatic axis in the Haigh-Westergaard
coordinate system

Polar coordinates on the deviatoric plane normal to the hydrostatic
axis

Polar coordinates on the deviatoric plane normal to the hydrostatic
axis

tensile meridian

compression meridian

fibre orientation factor
fibre length efficiency factor

ultimate fibre bond strength
angle between fibre and the XY plane

angle between the projection of the fibre on the XY plane and the

direction of o

Xil



Notation

Definitions

The following definitions are used throughout the description of the failure
envelope models:

Stress order O, 2 0, 2 O, (0.1)
Hydrostatic axis: O, =0, =0, (0.2)
Compression meridian: O, > 0, = O, (0.3)
Tension meridian: o, =0, >0, (0.4)
o, + 0, + o,
Octahedral normal stress: O, = ——-—3—————- (0.5)
Octahedral shear stress: (0.6)
Hydrostatic length: (0.7)
Deviatoric length: (0.8)
3W3 J
O is the angle of similarity with: cos30® = --2——7"’72- (0.9)
2
First invariant of stress tensor: [/, = 0, +0, + 0, =0, (0.10)
Second invariant of stress deviator tensor: J, = -;-(s, + 53 +: ) 35,5, (0.11)
Third invariant of stress deviator: J; = (sl +5; + s3) 35,8 1Sk (0.12)
Deviator stress: =c,-(1)0,0, (0.13)

Expressed in principal stresses: J, = l(a, -0, )2 + (0'2 ~ 0, )2 + (0'3 -0, )2j (0.14)

Expressed in principal stresses:

J; = -2%,-[20'13' + 20';" + 20;” —3c:r,2c:l'2 —30'120'3 -30'220', —30'220'3 -30'320'1 “30;0'2 "'120'1‘('-:')2:7;)]

XIii
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1. Introduction

1.1. Overview

In recent years the use of chemical admixtures and silica fumes as a partial
replacement for cement, in combination with improved design methods and

mixing techniques, has led to concrete strengths well above 100 N/mm?. The
advantages of such high performance concrete (HPC), however, are not only

the increased compressive strength. Also its low permeability which results in
better behaviour against chemical and salt attack, better freeze-thaw resistance
and lower creep deformation resulting in a reduction of loss of prestressed
force, are well recognised features of this fairly new material. Consequently the
use of HPC has increased dramatically over the last years within the concrete
industry for structures such as high rise buildings, bridges and even offshore

platforms.

The disadvantage of higher strength concrete is its brittle and explosive failure.

This loss of ductility is unfortunate because structures could fail suddenly
without developing an appropriate collapse mechanism. Mixing fibres into the
concrete matrix can increase the ductility and fracture toughness compared to
plain concrete. Different types of fibres have been used, amongst them fibres

made of steel, glass, carbon or polypropylene.

When concrete materials start to fail under loading, deformations occur by
forming micro cracks. Fibres mixed into the concrete matrix act as crack

arresters. For ductile behaviour it is important that the bond between the fibres
and the concrete matrix allow fibre pull out rather than fibre breaking. The
objectives for the addition of fibres are to improve the tensile strength, flexural
strength and toughness, to change the mode of failure and to control cracks.
Most of the previous research was focusing on uniaxial load applications. This
is due to the fact that these tests can be done very easily with not much effort
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spent on expensive test equipment. Because uniaxial tests provide only limited
scope, biaxial and triaxial concrete tests are needed to cover more possible
combinations and types of stresses and to provide the designer with information
about multiaxial stress states which exist in most real situations.

Steel fibres are widely used in industry, for example in industrial floors, tunnel
linings or prefabricated structures such as facade panels, monobloc garages or
pipes. The behaviour of SFRC has been studied extensively in uniaxial tests
and bending tests. However, for a better fundamental understanding of the
macroscopic properties of this material, records of the deformation and strength
characteristics under multiaxial stress states are essential.

For steel fibres mixed into normal strength concrete it has been shown that the
uniaxial and the biaxial compressive strength increase with increasing fibre
volume. The material becomes more ductile but still performs a splitting failure
with the specimen pieces held together by the fibres after the failure point was
reached. The strength and ductility also increase significantly under

compression-tension stress states.

For normal strength plain and fibre concrete and high strength plain concrete a
reasonable amount of biaxial experimental data is available. Very few
experiments have been carried out on the behaviour of steel fibres in high
strength concrete under biaxial states of stress. Therefore, this extensive
experimental program was initiated to investigate the behaviour of this material
and to provide meaningful test results for the use in computational

investigations such as the finite element method.
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1.2. Research Objectives and Scope

The current study was carried out to examine the behaviour of steel fibres in
high performance concrete when subjected to biaxial states of stress. The
objectives and scope of the research program can be summarised as follows:

1. To examine the available methods used in biaxial concrete testing of normal

strength concrete and to identify a suitable method that can be used for
SFRHPC.

2. Design, build and modify a suitable biaxial test facility which allows testing
HPC and SFRHPC under a combination of compression and tension load

ratios. This includes an appropriate platen system and measurement devices
which will produce reliable test data.

3. Collect and analyse strength data, load deformation behaviour and strain
measurements of plain and steel fibre HPC under biaxial loading conditions.
This includes obtaining fundamental failure surfaces and deformational
responses for different types of steel fibres.

4. To examine the failure modes and crack patterns for different stress ratios.

5. To compare plain HPC with SFRHPC with different fibre volumes and fibre
types.

6. To adopt constitutive models suitable for finite element analyses and use the
experimental test results to verify them. The main aim was to develop
mathematical models to represent the observed failure surfaces.
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1.3. Thesis Outline

Chapter 2 is divided into six parts. The first part of the literature review gives a
historical overview of concrete in the past centuries. The second part introduces
the ingredients which are needed in addition to normal strength concrete to
create SFRHPC. Part three reviews the different methods of load application
used in testing concrete under compression and tension loads used for biaxial
testing. The fourth part reviews previous research conducted on concrete under
biaxial state of stress. This part is divided into biaxial testing of NSC, HPC and
SFRC. Followed by a review of the influence of the load path, Chapter 2 closes

with a brief review of constitutive models with different methods for developing
failure envelopes in a mathematical matter.

Chapter 3 describes the experimental investigation. Details of the experimental

facilities, instrumentations, test specimens, mix preparation and test procedure
are presented.

Chapter 4 presents the test results in respect of strength measurement and the
influence of steel fibres. In the first section of this chapter the standard uniaxial

tests are presented which are important as reference tests. The second part
presents the biaxial test results as strength envelopes also focusing on the
difference of the two load platen systems, the brush platen system and the solid
steel block system.

Chapter 5 and 6 are organised similarly to Chapter 4 but focus on strain
measurements and failure types respectively. The Chapters are again divided
with respect to plain HPC and SFRHPC.

Chapter 7 presents the analytical and mathematical description of the failure

envelopes.

Finally, a summary of the current investigation and the conclusions reached are

given in Chapter 8.



2. Literature Review

This chapter contains a short literature review covering the issues of biaxial
concrete tests. It will start with a brief historical overview of concrete within the
last centuries before it focuses on the materials used in this study. Different
ingredients are introduced which are of particular interest for this project such
as silica fume, Superplasticizer and steel fibres. A short review is given on load
application systems. Special attention is given to the point in the system where
the load is transferred from the machine platen into the concrete specimen. It
shall be shown that different testing methods constrain the test specimens
differently and therefore influence the observed material response. Various
methods established by other researchers are introduced for compression and
tension application systems. The use of a lubricant, friction reducing pads
consisting of aluminium sheets, Teflon sheets or plastic foil, steel brushes and
solid dry platens or a combination of different methods is well known and
discussed for compression loads. The variety of tension load application
systems ranges from glued to dog bone shaped specimens and is also

discussed.

The biaxial behaviour of concrete was being researched as early as the end of
the 19" century, but it was Kupfer et al. (1969) who produced the first full set of

reliable test results for the entire biaxial compression and tension strength

envelope for concrete plates with compression strength up to 57 N/mm?. Other
researchers explored the issue of biaxial concrete testing with more variables

from normal strength concrete (NSC) to high strength concrete (HSC) and to
fibre reinforced concrete (FRC). This will lead to a combination of HPC with
FRC under biaxial stress states which is the focus of this study.

Furthermore the influence of different load paths, proportional and sequential
loading, on biaxial concrete behaviour is discussed. Finally different methods to
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generate biaxial failure envelops as mathematical expressions in respect of a

constitutive model are introduced and examined.

A historical review of concrete

2.1.

The first use of lime mortar as a binding agent was approximately 8,000 years
BC in buildings Iin the region of modern day Turkey. The Egyptians built the
Pyramids using similar materials around 2000 years BC whereas the Mycenae
and Tiryns used it for foundations about 1000 years BC. The Romans used
cementitious materials called ‘Opus Caementitium’ 2000 years ago to build
structures like aqueducts and the Pantheon. The main components of the early
concrete was quicklime, water, sand and coarse aggregates. Quicklime was
limestone which was burned at 900 °C. During the centuries many

improvements were made to concrete materials.

It was in 1824 when Portland cement was introduced by J. Aspdin as a binding
agent between aggregates. Other ingredients such as fly ash, silica fume and

chemical admixtures like Superplasticizer were introduced during the last 50
years to improve the material properties and workability of the material.

Different manufacturing processes ensured that materials such as concrete for
pumping, shotcrete concrete, under water concrete, transport concrete and self

compacting concrete were made possible.

The compressive strength of concrete f. has increased constantly, and now
exceeds 600 N/mm?. Concrete with a compressive strength over 100 N/mm®
can be easily produced commercially within a standardised industrial
environment using conventional methods and materials. Therefore the cross-
section area of compression members can be reduced compared to NSC which
led to less self weight, resulting at least for buildings in more space available
per walled room (floor space), lighter members and smaller, more economical

foundations. These advantages will over the years compensate for the increase
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in cost emerging from the use of high performance concrete (HPC). Also the
resistance against abrasion is increased because the higher density of the
material, as well as a lower permeability will better resist freeze-thaw attack,

chemical attack, salt attack or reinforcement corrosion. (Naaman and Reinhard,
1995)

One of the most important improvements were made by introducing
reinforcement into the cementitious material. It was now possible to use
concrete in structural members where tension or bending forces are occurring.

Before concrete could only cope with compression forces. Starting with the
introduction of iron wires and steel bars into concrete by J. Monier in 1867,
prestressed concrete was developed in the 1920’s by Freyssinet. These
developments made concrete one of the most used materials in the world, with

which almost every new structure is built.

It was during the Egyptian and Babylonian civilisations that fibres were first
used to reinforce brittle material. Sun baked bricks were reinforced with straw
and horsehair. (Nawy, 1996) From the early 1920's fibre reinforced concretes
were introduced using many different kinds of fibres, from the well known steel

fibres to organic fibres, with parallel developments in glass fibres and textiles.
Gani (1997) records one of the earliest patents, held by Alfsen in 1918 on the
use of fibres such as iron or wood to improve the tensile strength of concrete.

This was followed by Martin in 1926 who suggested steel wires and
Constantinesco in 1943 who described the use of steel fibre similar to the ones

which are in use today. Asbestos fibres were abandoned when it was realised

that they are a risk to human health.

The latest improvement in the material properties of fibre reinforced concrete
was achieved with a combination of different fibre types, a fibre cocktail called
hybrid fibre concrete. This includes two or more different fibre types of the same
or different material or shape which make complementary and additive
contributions to the performance of a concrete mix. Numerous publications on
this topic are available, for example within the proceedings of recent
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conferences such as BEFIB 2004 in Varenna, Italy (Prisco et al., 2004). Micro
fibres made out of steel or PVA (polyvinyl alcohol) are combined with steel
macro fibres. Strength and toughness of this concrete are increased because

the micro fibres delay the formation of macro cracks and the different fibres
influence the crack growth at different stages of the failure process, each fibre
adding its own qualities to the combination.

Even after recent developments, continuous research on concrete and
cementitious material still continues. Because of the huge amount of concrete

being used today even small improvements in the material properties will
produce an economically more efficient material and therefore result in a

financial benefit. Modern materials will have their role in tackling problems
developing with an increasing population in towns and the need for functional

and aesthetic buildings in the future.

2.2. Ingredients used in HPSFRC

In order to achieve higher strengths, the mix design has to be optimised.

Optimisations include not only better quality of the concrete content like higher
strength aggregates and better cement control mechanisms but also the arrival
of new chemical admixtures made the development possible. The key point of
the production of HPC is the reduction of the water/cement ratio. The addition of

water reducing admixtures such as Superplasticizer is essential and its use is

very common these days.

Most Superplasticizers are made from organic sulfonates or sulfonic acid
esters and carbohydrate esters (Nawy, 1996). The use of 1 to 2 % by weight of

the cement is advisable. For higher Superplasticizer percentages the cement
content has to be increased as well in order not to reduce the compressive

strength. The Superplasticizer works by decreasing the surface tension of water
and by directing the cement particle charges into one direction. Together with

8
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the addition of silica fume the concrete achieves a reduction in the

water/cementitious material ratio and therefore a higher strength without losing

its workability.

Silica fume is a highly reactive pozzolan and a by-product from the electric arc
furnace in the production of silicon metal and ferrosilicon alloys. The size of
silica fume particles is about 0.1 um compared to 10 um in Portland cement ana
fly ash. The fine spherical particles of silica fume makes it an ideal cement

replacement which also increases the concrete strength. As well as replacing
cement, the density of the mixture Is also increased as the silica fume acts as
micro filler of the pores filled with mix water in normal strength concrete.

Normally the proportion of silica fume within high strength concrete varies
between 5 and 30 % by weight of the cement content. Because of the water

demand with increasing proportions of silica fume a high range water reducing
Superplasticizer is needed to keep the workability and the water/cement ratio of

the mix. The strength development of concrete using silica fume is more rapid
within the first few days, with a further relatively small increase in strength after

one month (Nawy, 1996).

The chemical reaction of silica fume is called a pozzolanic reaction and
happens only if hydration is also taking place. Therefore the use of silica fume
makes sense only during the combination with cement and water.

Overall the major improvement achieved by the use of silica fume is increased

concrete strength and improved resistance against permeability resulting in
better freeze-thaw and chemical attack resistance because of the more dense

and compact matrix of the hardened concrete.

Different types of fibres made from steel, glass, polypropylene, graphite,
asbestos, Kevlar and textiles can be used in FRC. In this review, special
attention is drawn to steel fibres as they are widely used and also the focus of

this project.
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Steel fibres are available in lengths between 6 and 80 mm and with a cross
section area between 0.1 and 1.5 mm®. This is equal to a diameter between
0.15 and 1.2 mm. The tensile strength is normally in a range between 300 and
2400 N/mm? (VDS Merkblatt, 2005, Bekaert Dramix datasheet, 2005) with a
specific gravity at appropriately 7800 kg/m®. They are of circular or rectangular

cross-sectional shape and are produced by cutting or chopping steel wires or by
shearing sheets of flattened metal sheets and steel bars. The fibres are usually

crimped or deformed with either a hook at each fibre end or a small head in
order to improve the bond between fibre and concrete matrix. An overview of

different fibre types from different producers is given in Table 1 below.

Fibre Form

Table 1 Overview of different fibre forms (Maidl, 1995}

l—
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Drawing

Cutting
Slitting

Drawing

Drawing
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Drawing

Drawing
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The formation of end anchorage or hooked ends on the fibres is of particular
Importance as they take effect as soon as the pullout process begins and can
greatly increase the pullout forces and the toughness. Hooked end steel fibres
generate flexural strength and energy absorption capacity which are higher than
those of straight fibres. (Soroushian and Bayasi, 1991)

However, the workability and the formation of fibre balling with some types of
fibres with deformed surfaces can be a problem. A successful method of solving
this problem involves the use of fibre bundles together with water-soluble glue

where the fibres separate during mixing when they come in contact with the
mixing water. Such a fibre bundle produced by Bekaert, which was also used

for some fibre types in this study, is shown in Figure 2.1.

Figure 2.1 Fibre bundle (Bekaert, 2005)

The fibre volume content V¢ can vary up to 2 % by volume in normal mixed
concrete. For higher volume contents the mix tends to fibre balling during the
mixing process and workability can not be easily achieved. The placing of
SFRC becomes also critical with higher fibre contents as the material properties

of the hardened concrete might result in irregularities within the same structural

member because of de-mixing.

Fibre concentration of up to 25 % fibre content are achieved in special mixing

procedures such as slurry infiltrated fibre concrete (SIFCON) or shotcrete
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concrete. For the use of SIFCON the fibres are distributed in the moulds and
infiltrated with the cement past. Using shotcrete concrete the fibres are shot
together with the cement paste in place, for example in tunnel lining.

Fibres improve the mechanical properties of concrete not as a replacement of
the continuous reinforcement bars but in addition to them. The reinforcement
bars cannot stop the development of micro cracks, but the randomly distributed
fibres can prevent the micro cracks from propagating or widening and help to
control the cracks. The fibres also improve the ductility of the material due to

their energy absorption capacity, and stiffen it. When used in concrete steel
fibres have the advantage of being resistant against corrosion and chemical

attack and behave better than other fibres at high temperatures, for example in

the event of fire.

Beams under 3-point or 4-point bending tests and specimens under uniaxial
tension show that steel fibres within a HPC matrix improved ductility and tension
capacity which therefore prevents brittle failure of the material. This was shown

in several publications in the proceedings of the international symposium on
ultra high performance concrete (UHPC) in Kassel, Germany (Schmidt, et al.,

2004).

Therefore one of the major applications is in industrial floors where properties
such as crack control, resistance against punching forces, and low permeability
are needed, and the static requirements are of secondary interest. Because of
the low permeability produced by controlling the cracking, fibre reinforced
concrete is also widely used in silo buildings and basement floors and walls.
SFRC is also used today for fibre concrete pipes, industrial floors, highway and
airport runways, overlays in bridge decks or temporary structures in tunnelling.

(Bakaert data sheets, 2005)
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2.3. Different load application systems

When testing concrete special thought has to be given to the load application
system and the interaction between test machine and specimen. Overall the
concrete specimen is to be tested, not the machine. Different load application
systems have been developed over the last few decades in order to test
concrete under a multiaxial stress state. The aim of all methods is to reduce the
influence of the loading system caused by the constraining effects between the
load bearing system and the specimen. These different constraining effects can

influence the concrete strength, the deformational behaviour and also the type
of failure. In order to reduce friction between load platen system and concrete

specimen different loading systems were developed.

2.3.1. Mechanisms for applying compression loads

For compression loads, the constraining effects are caused by friction between
the load platen system and the concrete specimen as a result of the difference
in lateral expansion between the two. Shear stresses might occur at the

specimens’ surface leading to a stress distribution which is not uniform. This
non-uniformity is very hard to monitor and therefore to interpret. It is preferable
therefore to remove sources of friction and any other kind of boundary
influence.

The different load application systems used for compression load studies can
be classified into two main groups. One group attempts to reduce the friction
between machine platen and concrete specimen by transferring the

compression loads through for example friction reducing pads whereas the
other group uses flexible loading platens such as brush bearings and fluid

cushion systems.

13
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Hussein (1998) discussed tests carried out by Sheppard (1967). He used a
lubricant between the loading platen and the test specimen. This test assembly
is one of the easiest ways to reduce friction. However the lateral extrusion of the

lubricant will induce lateral tensile stresses and a non-uniform stress distribution
in the specimen’s surface resulting in a reduction of its apparent strength.

Similar results were observed when friction reducing pads were used combining
two layers of plastic film and a layer of grease between.

Friction reducing pads usually consist of some kind of lubricant or grease,
aluminium sheets, plastic film, Teflon sheets or a combination of these and
were used by Hughes and Bahramian (1965). Tests were conducted on 4 in.

(ca.100 mm) cubes with initially two layers of polytetrafluoroethylene (PTFE).
They found that the coefficient of friction was not low enough and experimented

further until they found a combination of Melinex polyester film, Molyslip grease
and a hardened aluminium sheet with 0.76 mm thickness which they called a

MGA friction reducing pad. The strength results for the cube tests decreased
compared to tests conducted without friction reducing devices and become very
close to the strength results obtained from prisms of the same concrete and the
same square shape surface but twice as long. Cracking of the failed cubes

changed from the cup-cone failure to a vertical plane failure within the direction

of loading.

For biaxial loading conditions Vile (1965), Mills and Zimmerman (1970) and Lee
et al. (2004) were also experimenting with friction reducing pads and obtained
similar strength results as with the use of a brush loading system.

Another test method for concrete under compression is the oil cushion
support system developed by Andenaes et al. (1977) at the University of

Colorado. The specimen is loaded by means of flexible membranes under

hydraulic pressure within a closed pressure chamber. This chamber was
designed so that prescribed uniform compressive principal stress states could

be applied to the material without displacement boundary constraints. The
scatter of the failure points was larger in the oil cushion series than in the steel
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platen series which was carried out for comparison reasons. Failure occurred in
different splitting types with even some specimens’ intrusion of the membrane
into a pinhole on the surface leading to premature failure because of tensile
stress concentration. It was concluded that the stress-strain relation appears
unaffected by the boundary conditions of the specimen for all stress levels
below failure. Constrained boundary displacements (steel platen) of the loaded
specimen surface increase the uniaxial compressive strength and give also

relatively higher biaxial strength values.

Brush bearing load application systems consist of individual steel filaments with
a cross section of around 5 x 5 mm each and a length between 100 and 140

mm, as in the study of Kupfer et al. (1969). The length of the brush depends on
the tested concrete strength as the bristles are likely to buckle for higher
strength concrete and therefore have to be reduced in length. Uniaxial tests
provided sufficient proof that the end restrain of concrete cubes or plates can be
eliminated by the use of brush bearing platens. They provided similar results as
a tested prism with a height to side length ratio of more than 4, where also no
restraining effects are assumed to influence the concrete strength. Similar

results are obtained by the use of a comb like load bearing system
(Buyukozturk et al. (1970), Liu et al. (1972) and Tasuji (1978)).

The simplest way to test concrete is the use of solid dry steel platens. They
don't need special preparation and are simple to use. lyengar et al. (1965) were
using such loading platens which produced overestimated biaxial compression
strength because the confinement effect caused by friction and the resulting

constraints.

An extensive study on the interaction between specimen and platen system Is
given by Newman, 1979. He distinguishes between

a) loading directly through rigid platens
b) rigid platen loading through soft intermediate materials
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c) rigid platen loading through materials with a low E value, i.e.

cardboard
d) loading through platens of the same material as specimen

e) loading through non-rigid platens, i.e. brush or hydraulic platens.

For rigid platens, lateral restraint stresses are induced which increase from the
axis towards the periphery. They tend to reduce the lateral deformation of the
specimen and initiate failure within the central zone. The failure load decreases
when the ratio of specimen height to width increases, up to a ratio of HW = 2.5

after which it remains constant.

Using soft intermediate materials tensile lateral restraint stresses are induced at
the interface due to extrusion of the insert material. The restraint tensile
stresses increase with the thickness of the insert material and reduce with
increasing H/W ratio. Failure starts within the end zones and progresses

towards the centre.

Using material such as cardboard reduces the strain concentration within the
specimen, particularly where the loading surfaces are not plane. Since their
lateral movement under load is very small they do not induce any significant

tensile or compressive restraint stresses in the specimen.

Loading through platen of the same material would produce the best result as
the specimen and the platens react as one monolithic specimen. However, for
testing concrete this method is not practical as each test would destroy the

platen systems.

Brush loading platens apply the loads as a series of concentrated loads which

may affect the behaviour of the heterogeneous materials. It was shown that
higher lateral deformations are induced in specimens than by rigid steel platens.
The W/H ratio has less influence on the strength results for brush platen tested

specimen as shown by van Mier, 1986.
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In order to generate information about the influence of different test methods a
joint test program was carried out between seven research institutions which
had been active in multiaxial concrete testing in the past. Bundesanstalt flr
Materialpriifung, Berlin, Germany; Ente Nazionale per I'Energia Elettrica, Milan,
ltaly; Imperial College of Science and Technology, London, England; Institut fur
Massivbau, Technische Universitat, Miinchen, Germany; New Mexico State
University, Las Cruces, New Mexico, USA; University of California, Davis,
California, USA; and University of Colorado, Boulder, Colorado, USA.

ldentical materials were used and the production of specimens took place in the
laboratory at the University of Colorado in Boulder, USA and specimens were
then shipped under controlled conditions to the other partner Institutions in
Germany, Great Britain and ltaly. The cylinder concrete strength f.' varied
around 33 N/mm?. They were tested at identical ages and it can be assumed
that the variation in material is minimised by this procedure. The test variables
which remained were the different sizes of test specimen and the different
methods of testing which included fluid cushions, brush bearing platens, flexible
loading platens or loading stamps, steel platens with different kind of friction
reducing pads and lubrication and solid dry steel platens. An overview of the

different loading systems is shown as schematic drawings in Figure 2.2.

The use of an appropriate test method is therefore essential and the effect of
surface constraints on the specimen needs to be considered very carefully. On

one side there are rigid steel platens which causing uniform normal
displacements but variable normal stress as a result of friction, on the other side
there are fluid cushions which perform uniform normal stresses but variable
normal displacements because of local surface failure. The results of this
investigation are published in Gerstle et al. (1979) and Gerstle et al. (1980) ana

are summarised in the following paragraphs.

The variation between the various laboratories in biaxial strength within the
compression-compression region is much greater than the range observed for
uniaxial strengths. However a distinction has to be made between load systems
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with high constraint like dry steel platen and systems with lesser constraints

such as lubricated platens, brushes or fluid cushions which, were of a
remarkably narrow band for the equal biaxial strength. The shape of the

strength envelopes is also influenced by the different brush systems and

specimen shapes.
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Figure 2.2 Multiaxial Test Methods (Gerstle, et al., 1980)

For the stress-strain behaviour, considerable scatter was observed under

applied multiaxial stresses, no matter what test method was used. For non-
constrained tests and uniaxial tests this scatter was reduced. Also the strain In

the unloaded direction is significantly larger for friction reducing devices than for
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dry steel platens. Within the direction of loading the difference becomes smaller.
No strain data was obtained near or past failure because of the brittle failure of

the tested concrete.

Similar comparisons between two biaxial test machines were carried out by

Torrenti et al. (1991). One machine was testing 160 x 160 x 30 mm slabs with a
comb shape load application system. This device however does not eliminate

the confinement in the unloaded third plane. The other test machine was testing
100 mm cubes with brush bearing platens. The equally spread and large
number of cracks and the use of a photo-elastic view indicated a homogeneous
stress field for this test method. The stress-strain curves obtained with the
comb-like platen and the plate specimen are smaller in the unloaded direction
than in the brush platen and the cube specimen. The conclusion is made that
the stresses at failure are similar but the strains are different for two different
test machines and load application systems. The test parameters therefore
have to be considered when the experimental results are compared with each
other and with numerical simulations.

As mentioned by Lingram in the discussion of the paper by Hughes and
Baharamian (1966), the factors affecting the choice of a suitable test method,

including the boundary conditions between the test machine and specimen,
should be convenience, cost and reproducibility. Therefore some of the test
methods will nhot become the preferred test method for national standards

because they are either inconvenient or expensive.

As will be shown later the high concrete strength and the fibres involved within
the mix of this study made the use of most load application systems mentioned
above unsuitable. Friction and constraining effects influence plate like

specimens less than cubes in biaxial compression as the loaded sides of the
specimen are restraining each other anyway and the out of plane dimension of

the plates are much smaller.
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2.3.2. Mechanisms for applying tension loads

Popovics (1998) stated that almost any kind of fracture that occurs in concrete
through cracking is caused by tensile stresses. This means that concrete
fracture is essentially a tensile failure regardless of whether the failure is caused
by compression or other factors.

However to capture the tensile load capacity of concrete in a direct tension load
test is particularly difficult. Different approaches have been made over the years

starting at the beginning of the last century with dog bone shaped specimens,
specimens with a notch in the middle section, glued specimens or specimens

with metal bars or rods cast into them.

The difficulties with this form of direct tensile testing is that it is burdened with
misalignment and clamping stresses. Thus the stress concentrations, bending
and torsion created during testing produces reductions of unknown magnitude
in the measured strength and making the reliability of these strength results
highly questionable. Because of the stresses introduced due to gripping, there
is a tendency for the specimen to break near the ends. This problem is often

overcome by reducing the section of the central portion of the specimen (dog

bone specimen).

The method in which metal pulling pieces are glued with epoxy to the end of the
specimen eliminates stresses caused by gripping. However the eccentricity
problem still exists. Similar problems occur when metal bars are cast into the
tension specimen. An overview of different tensile test methods is schematically

shown in Figure 2.3.

The introduction of a compressive load in the second direction brings even
more difficulties with it in terms of eccentricity and makes precise alignment of

the test equipment necessary.
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Figure 2.3 Tension applying systems

2.4. Biaxial concrete testing

Studies about the behaviour of concrete not only under uniaxial but also under

biaxial stress states are essential to develop a failure criterion for different
concretes. To do so a good understanding of the failure strength envelope is
needed. Hannant (1974) summarised several test results in strength envelopes
and Nomograms in order to generate one single failure surface for concrete.
Therefore he collected most available data on the strength of concrete under
multiaxial stress states to provide information for engineers in such a manner
that he indicated a safe minimum envelope which could be adopted. Within his
attempt it became obvious that the scatter of test points is too large depending

on many variables such as the test method, specimen type or concrete

strength.
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Many structural deformations are caused by a biaxial stress state like in slabs,
shells or flexural members. However, most studies are limited to uniaxial
concrete behaviour because biaxial tests are cost intensive and experimentally
hard to achieve. In the past biaxial load conditions were applied to NSC and
very rarely to HSC and SFRC. Information on steel fibres in HSC under different
stress states Is not yet available in the literature but is essential for the
understanding of this material.

During the investigation of biaxial properties of concrete, different specimen
types were developed. Cylinders are tested under hydrostatic pressure in a
radial direction. Only equal biaxial compression stress states are possible to

investigate and no information can be generated where tensile forces are
involved. The hydraulic fluid may penetrate the specimen, generating local
tensile stresses, which can be avoided by the use of a membrane. The only
observation which could be drawn from this kind of test was that concrete is at
least as strong in biaxial as in uniaxial compression.

Similar problems exist for hollow cylinders. McHenry and Karni (1958) applied a
combination of internal hydrostatic pressure and axial compression load and
generated good agreement in the compression-tension region of the biaxial

strength envelope of concrete, which is represented by an S-shape curve.

Bresler and Pister (1958) applied torsion and axial compression to create
information about the combination of shear and compression stresses, then
Bellamy (1961) tested hollow cylinders under external hydrostatic load and axial
compression. His result shows an increase in the biaxial compressive strength
of 250 % compared to its uniaxial compressive strength and therefore is greatly

overestimated.

Rosenthal and Glucklich (1970) combined inner and outer hydrostatic pressure

with axial compression and tension forces. Their results were also

overestimated in the compression branch within the biaxial strength envelope.
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In all these tests the thickness of the hollow cylinder may influence the results
significantly and therefore lead to incorrect conclusions.

Cube or plate type specimens were used in the past by various researchers
which are reviewed below. They allow a simpler method of strain measurement
and observation of the deformational characteristics, crack propagation and the
failure mechanism. It is also easier to apply any principal stress ratio with
hydraulic actuators. The problem with this type of specimen is the confining
effects between the machine platen and the loaded concrete surfaces due to
friction. Friction reducing load application systems were developed and were

discussed earlier in this literature review.

In the following section different publications are reviewed in respect of plate
like specimens under biaxial loading for NSC, HSC and SFRC respectively.

2.4.1. Normal strength concrete

Sundara Raja lyengar et al. (1965) tested 150 and 100 mm cubes with a
concrete strength of up to 48 N/mm? through rigid platens. No difference was
observed in the results of sequence and proportional type of loading and also
for different types of curing and capping conditions. Both this finding and that of
an increase of 350 % in the biaxial compressive strength compared to its

uniaxial strength, was questioned by researchers in the discussion part of the
publication (Fumagalli, et al., 1965). Reason for the overestimation might be the

use of solid rigid steel platen and the sequential loading.

Within the study by Vile (1965), 256 x 256 x 103 mm plates were tested In
compression-compression, and dog-bone shaped specimens in compression-
tension and tension load cases. Solid platens were used to apply compression
loads, with the addition of friction reducing pads for the compression-tension
specimens. A distinction was made between discontinuity level and ultimate
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load for the biaxial strength envelopes. Discontinuity was defined as a critical
point during loading when there is a marked change in the mechanical
properties of the material and a more severe cracking take place. Again, no
significant differences were obtained for proportional or sequential loading,

however most tests were loaded with a fixed ratio between the two stresses.

Robinson (1967) tested specimens of the same dimension as Vile under biaxial
compression. He used a special concrete curing compound which partially
soaked into the concrete and therefore provided a layer to permit relative

displacement between the solid steel platen and the concrete specimen. His
conclusions are that a lateral compressive load increases the ultimate

compressive strength and also the load at which major microcracks develop.
The failure of concrete is caused by tensile cracking, and the elastic parameters
as Poisson’s ratio and Modulus of Elasticity are not constant in states of biaxial

compression.

Kupfer et al. (1969) was one of the first publications with a full set of
experimental test data for NSC up to 56 N/mm? under biaxial loading within
each of the three regions, C-C, C-T and T-T. Many researchers refer to these
fundamental results and use it for their research. The biaxial stress envelopes

are shown in Figure 2.4.

The tests were carried out with brush platens on 200 x 200 x 50 mm plates.
Under equal biaxial compression fo, (02/01 = 1) a strength increase of
approximately 16 % was achieved whereas at a stress ratio of g./04 = 0.5 the
maximum strength increase was 27 % higher than the uniaxial strength. Within
the compression-tension region the compressive stress at failure decreases
almost linearly when the tensile stress is increased. In biaxial tension the
strength is approximately equal to the uniaxial tensile strength. Similar results
were obtained by Stegbauer and Linse (1972) who carried out their biaxial tests
in the same machine in Munich not only on normal strength concrete but also

on lightweight concrete, cement paste and gypsum.
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Figure 2.4 Biaxial strength of concrete; results of expeimental investigation (Kupfer et al.,
1969)

Mills and Zimmerman (1970) tested relatively small cubes of 57 mm in a 27 ton

capacity triaxial test machine. Concrete strength was recorded around 30
N/mm?. Special attention was given to friction reducing pads which consisted of
a combination of grease and Teflon, aluminium or polyester. The cracks at the
tested specimen indicated splitting in the direction of the smallest principal

stress and the biaxial tests ended with explosive failure.
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Buyukozturk et al. (1970) carried out tests on an idealised model of 127 x 127 x
13 mm plates. The model consisted of nine limestone aggregate discs
embedded in a mortar matrix. Experimental results were supplemented by
computer analyses and showed good agreement for both strength and
deformational behaviour. The specimens with an average strength of 20 N/mm?
were tested with a comb-like device to minimise the lateral restraint. The
maximum strength increase was 32 % at a biaxial stress ratio of o2/01 = 0.5 and
24 % at equal biaxial compression (02/07 = 1). The external deformations
revealed a nonlinear behaviour for the uniaxial analysis because of internal

microcracks starting at the aggregate-mortar interface where the biaxial
analysis showed linear behaviour since no cracks were formed. The stiffness

increases significantly under biaxial loadings as the compressive deformation in

the first direction is reduced by the compressive stress in the second direction.

Similar results were obtained by Liu et al. (1972) for concrete strength up to 35

N/mm?®. Results in that study were obtained for test specimens of the same
dimension as mentioned with Buyukozturk (1970). Also provided by Liu et al.
are mathematical formulations describing the stress-strain behaviour.

Tasuji et al. (1978) were also testing 127 x 127 x 13 mm plates with a comb-like
platen system and the same test machine as Liu et al. (1972) and Buyukozturk

et al. (1970). Therefore they came to similar conclusions as those described
previously. A 22 % strength increase for a stress ratio of o2/0q = 0.5 was

achieved. The maximum strain under uniaxial and biaxial compression at
maximum load was about -2500 microstrains and for uniaxial and biaxial
tension tests +150 microstrains for a concrete strength of about 33 N/mm?.

The primary types of failure for all combination of biaxial stresses are

summarised by Nelissen (1972) and shown in Figure 2.5. The failure types are
shown for 177 x 177 x 126 mm plate specimens tested with a brush like platen
system and with solid platens. Plain concrete fails under biaxial compression by

tensile splitting with cracks parallel to the unloaded surface for higher ratios of
0,/05. For lower ratios of 02/03 cracks appear perpendicular to both the o2 and
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03 direction. For stress ratios with tensile forces, cracks form in the direction of

the tensile load. Under uniaxial tension only one major crack was observed. It
was mentioned that the use of different platen systems influences the failure
mode. With the solid platens there existed less splitting failure cracks and the
failure happened more to the end of the specimen towards the loaded surfaces,

leaving the middle part undamaged.
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Figure 2.5 Failure mode of biaxial loaded concrete (Nelissen, 1972)

Another series of tests was carried out by Wang et al. (1987). 100 mm cubes
with a concrete strength around 40 N/mm?® were tested in two different test
devices under biaxial and triaxial compressive load conditions. Dry steel platens
as well as several friction reducing pads were used. However the strength result
of the dry steel platens generated higher biaxial strength, all biaxial tests

showed a wide scatter. The overall biaxial strength followed the trend which

was established and discussed previously.

A recent study on NSC used in Korean nuclear containment buildings was
completed by Lee et al. (2004). Concrete plates of dimension 200 x 200 x 60

mm and a concrete strength of 30 and 39 N/mm® were tested under biaxial
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loads covering all three regions on the strength envelope, C-C, C-T and T-T.
The loads were applied with solid steel platens through the use of Teflon pads
to avoid confinement effects due to friction. The equal biaxial compression

strength fe, was 17% higher than f. and the biaxial tension strength fi, was
almost similar to f;. Stress-strain response, crack patterns and failure mode
were similar to those obtained by other researchers. Under biaxial compression
loading, failure was reported with an explosive failure and the formation of H-
like pattern after many microcracks developed. Under compression-tension
loads the failure changed from many tensile cracks to one apparent tensile

crack perpendicular to the applied tensile load which was depending on the load
ratio. The same tensile cracks were observed for uniaxial tension.

2.4.2. High strength concrete

The arrival of new materials and therefore the use of high strength concrete
(HSC) in design and structures also made investigations into properties and
behaviour of this material under biaxial stress conditions necessary. The basic
information gained by different investigations follows the trend which was known

from normal strength concrete, where test data is more widely available.
However, for HSC the aspects of ultimate load, cracking and deformation is only

covered by a limited number of investigations.

As Reinhardt (2000) stated, HSC becomes stiffer and more brittle than normal
strength concrete (NSC) due to several factors. The mortar matrix stiffness is
higher and approaches the stiffness of the aggregates. Therefore HSC is more
homogeneous than NSC and the crack arresting effect between aggregates and
matrix is limited. In fact, the cracks run through the aggregate grains which also
lead to brittle failure. The bond between matrix and aggregates becomes higher
as well as the matrix tensile strength. Therefore internal cracking is reduced in

number and size up to a higher stress where they will extend at once leading to
almost immediate brittle failure.
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The biaxial compression strength in HSC is, as in NSC, higher than the uniaxial
strength. The maximum biaxial strength occurs at a biaxial stress ratio of 0.2 to
0.5. However the increase In biaxial compressive strength f., compared to the
uniaxial compressive strength f. become less at higher concrete strengths. This
was already stated by Kupfer et al. (1969) and Tasuji et al. (1987). Also
mentioned in the previous sources is the decrease in uniaxial tensile strength of
HSC when compared to the uniaxial compressive strength. Plain HSC seems to
be more influenced by tensile strengths in the biaxial compression-tension
region than NSC.

As Chen et al. (1985) stated the ultimate strength in biaxial compression is
significantly higher than the uniaxial strength and occurs between a biaxial
stress ratio gx/o1 = 0.2 to 0.5. The addition of a minor principal stress increases
the stiffness of the specimen in the major principal stress direction. As the
biaxial stress ratio increases the stress-strain curve becomes linear up to a
higher stress. The HSC behave elastically up to a higher stress than NSC.

The discontinuity point and the proportional limit also occur at a higher stress for
HSC than for NSC. Within the publication the discontinuity point was described
as the point where concrete indicates the onset of an unstable, self-

propagating, progressive crack growth mechanism where the Poisson’s ratio
begins to increase significantly under monotonic loading. The proportional limit

is defined as the point at which the stress-strain curves deviates by 3 % from
the initial tangent line. Chen et al. carried out their tests on concrete plate
models similar to those used by Buyukozturk (1971) and Liu (1972) with a brush
bearing load system under displacement control and with concrete strength up
to 50 N/mm? under biaxial compression.

Nawy et al. (2003) tested 100 mm cubes with concrete strength of 82 N/mm?
under biaxial compression using a concrete mix without silica fume. Half of the

test groups were tested with solid dry steel platens facing the surface of the
specimen. The other half use Teflon pads in order to reduce or eliminate any
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friction. Loads were applied incrementally via a manual control panel. Stiffness
and ultimate strength were increased within the specimen tested without Teflon
pads. A maximum biaxial compression strength increase of 30 % over the
uniaxial strength was recorded for a stress ratio of o./ay = 0.5 for dry steel
platen. This increase was only 15 % when friction reducing pads were used. For
the equal biaxial load case the increase was 20 % and 1 % respectively.

The stress-strain relationship for biaxial tested specimens was almost linear
until the ultimate load with a higher proportional limit than in the uniaxial tested

cubes. Confinement through the introduction of a minor principal compressive
stress prevents and delays the internal microcracks from being created resulting

in a stiffer and more linear stress-strain response. The HSC specimens under
uniaxial loading perform a splitting type of failure inclined cracks at about 20 -30
degrees to the minor principal axis. Under biaxial conditions cracks occur in the
loading directions. The cracks developed through the aggregate as well as the
mortar. This shows that for higher strength concrete stronger aggregates are

needed.

Calixto (2002) used the same biaxial test machine as Chen et al. (1985) to gain
information about discontinuity and ultimate stress levels in the compression-
tension region. He used 125 mm square by 12.5 mm thick plates with a cylinder
compressive strength f.’ of around 74 N/mm?. The plate compressive strength
f,, was reported as 60 N/mm?. The difference between the two values can be
attributed to the confinement effect with the cylinders and the solid platen test

machine. The tensile strength was 7 % of the compressive strength and
therefore less than in NSC. The introduction of a principal tensile stress reduces
the ultimate compressive strength in HPC more rapidly than in NSC. Therefore
the shape of the biaxial compression-tension strength envelope for HPC is more

linear than for NSC.

This strength was achieved only by adequate mixture proportion, careful
nlacement and proper curing, using quality controlled cement and aggregates.
Superplasticizer was used for a better slump result but no silica fume. The
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specimens were glued with epoxy adhesive to an aluminium comb platen in the
tension direction while the compressive loads were applied through a steel
brush platen. For uniaxial compression the stress-strain curve deviated from
linearity at high levels of straining where for all other stress combinations the
curves are almost linear until failure. Modulus of elasticity in both tension and
compression were reported as almost identical at around 46 kN/mm?® whereas
the Poisson’ ratio was slightly higher in uniaxial compression (¥ = 0.20) than in
tension (Y = 0.19). The failure mode was observed as tensile splitting in a plane
perpendicular to the direction of the principal tensile strain with a more brittle
failure than for NSC.

The results of 150 x 150 x 40 mm HSC plates with a concrete strength up to 96
N/mm? under the full range of biaxial load combinations, C-C, C-T and T-T, is
published in Hussein (1998), and Hussein & Marzouk (2000). Comparison is
made between NSC, HSC and lightweight HSC. The HSC used, in addition to
the normal concrete materials, silica fume, Superplasticizer and a water-
reducing agent. The specimens were tested with brush loading platens
manufactured from one steel block by cutting the 75 mm long filaments using
the electronic discharge wire cutting technique. The first axis was under
displacement control while the second axis was receiving the control signal from
the output of the first actuator and was therefore in a load control closed loop.

Similar results were obtained as mentioned previously in the work of other
researchers. The biaxial compression strength is up to 35 % higher than under
uniaxial compression for a stress ratio of o2/0; = 0.5. In equal biaxial

compression 02/03 = 1, the relative strength increase becomes smaller (around
9 %) as the concrete strength is increased. This means that the confining stress
of the second axis is less effective for HSC. The ratio between compressions to

tension strength also decreases for higher concrete strengths. Tension strength
for HSC was only 5 % of its compression capacity (compared to 8 to 10 % for
NSC). Again the compression capacity in the biaxial compression-tension

region decreased more radically by introducing a small amount of tension. The
HSC specimens showed linear stress-strain behaviour up to a higher stress
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than NSC, leading also to a higher discontinuity limit. The failure mode was
reported with no fundamental difference between HSC and NSC.

Within the work of Curbach et al. (2000) 100 mm cubes were tested with a
brush loading platen system under biaxial compression. The concrete strength
varied up to 94 N/mm?. It is important to note that with increasing concrete

strength the relation between uniaxial and biaxial compressive strength
decreases.

2.4.3. Steel fibre reinforced concrete

One of the first publications on steel fibres in concrete under biaxial loading was
by Tailor et al. (1975). A fibre volume fraction V¢ = 2 % was mixed into a mortar
matrix with a strength of around 30 N/mm?. The round, straight fibres were 13

mm long with an aspect ratio of I/d = 85. The difference between brush platens
to solid steel platens was investigated as well as comparing the effect of

sequential loading to proportional loading and load control to displacement
control for plain and fibre mortar.

The biaxial compression-compression strength for the solid platen was almost
double the strength of that for the steel brush as reported before by Kupfer et al.
(1969). Also higher biaxial strength was observed for the proportional load
application especially for higher load ratios close to g,/03 = 1. Specimens tested
with solid steel blocks showed almost no change caused by the chosen control
system where the brush platen tests showed higher biaxial strength for load
control. The difference between plain and fibre concrete was reported in the

limiting curve whereas the maximum strength value was at a stress ratio of
0,/g; = 0.8 for SFC in contrast to 0.5 for plain NSC. The test also showed that
SFRC has a much larger biaxial envelope than NSC. This was explained with
the enhanced tensile capacity of SFRC which works against the splitting failure
in the plane perpendicular to the load. Finally it was concluded that biaxial
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compression and fibre reinforcement can transform brittle mortar into an

essentially elasto-plastic material.

Yin et al. (1989) tested 1562 x 152 x 38 mm plates of plain and SFRC with brush
loading platens under uniaxial and biaxial compression. The concrete strength
of the plain concrete was reported as 38 N/mm? for the plate specimens and 42

N/mm? for cylinders. The fibre volume fraction Vs of the straight steel fibres was
up to 2 % with steel fibres lengths | of 19 and 25 mm.

There was only a minor strength increase observed with the addition of steel
fibres for the uniaxial load case. In contrast the biaxial strength of fibre concrete
was significantly greater than that of plain concrete. The biaxial strength
increases with increasing fibre length whereas the increase of Vi from 1 % to 2
% had little effect. The failure type changes from splitting failure in plain
concrete to a failure type which was by the authors named as a shear based
faulting failure. The addition of steel fibres increased the stiffness and the
ductility under biaxial conditions but not under uniaxial loads. Therefore it was

concluded that the addition of steel fibres has a similar effect in biaxial stress
condition as the application of a small confining pressure in the unloaded

direction.

Within the discussion of the above paper (Yin (1990)) it became evident that the
strength increase of SFRC depends of many factors such as fibre type, shape,

fibre volume, aspect ratio, aggregate size, mix design, specimen shape and
size, specimen age and testing equipment and that ongoing research is
necessary to make this material more practical and economical when used in
structures under uniaxial or biaxial loading conditions.

For that reason Traina and Mansour (1991) tested 76 mm cubes with a
concrete strength of 40 N/mm? using friction reducing pads and with different
fibre variables. The hooked ended, smooth drawn fibres were 30 mm long with

an aspect ratio I/d = 60. Another fibre type used was a carbon steel fibre with a
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half-round cross section, a length of 25 mm and an aspect ratio |I/d = 33. Both
fibre types were tested for different fibre volumes up to Vi = 1.5 %.

Under uniaxial stress SFRC does not show a clear trend. Some mixes
generated higher strength than plain concrete others were weaker depending
on the fibre variables. For biaxial compression SFRC had a higher compressive
strength over plain NSC. Again a change in the failure mode was reported from
a tensile failure in plain NSC to a shear type failure for SFRC. Passive
confinement was used as term for the effectiveness of fibres for confinement of
plain concrete. As mentioned previously for plain HPC, the increase of the
uniaxial strength of a concrete mix decreases the gain in biaxial strength

significantly.

Within the study of Torrenti and Djebri (1995), two metal fibre concretes were
tested under biaxial compression. One contained amorphous iron fibres with a
length of 30 mm and Vi = 0.5 %. The other 60 mm long hooked ended steel
fibres with Vs = 1 %. Tests were carried out on 100 mm cubes by using brush
platens.

The strains within SFRC were greater than those reported in plain concrete as
well as exhibiting a gain in biaxial strength. The failure was reported with fibre
pull out. Within the amorphous iron fibre specimen, the failure type was similar
to plain specimens with the fibres breaking at the end of the test. In general it
was stated that the addition of fibres makes the material more ductile and the

direction of casting and therefore the fibre orientation has an influence on the

biaxial strength.

SFRC under biaxial tension-compression was tested by Demeke and Tegos
(1994). 30 mm long hooked ended steel fibres with an aspect ratio I/d = 60 were
used in a concrete matrix with f. = 30 N/mm?. The specimens were 100 mm
square and 300 mm long with metal rods on each side to apply the tension
force. The central region where the compression load was applied through
friction reducing Teflon pads was 60 mm wide. The compression load was
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applied first with a simple uniaxial compression machine followed by the tensile
load of two oil jacks applied through fine metal bars cast into the specimen.

The results show that when steel fibres are mixed into plain concrete a
significant increase in uniaxial tensile strength f; is achieved. The increase of f;
depends on the fibre volume V;, with almost double the plain tensile strength for
a SFRC mix with Vi = 1.5 %. In the biaxial compression-tension region the

strength increased also by adding fibres to plain concrete. For higher V;, the
biaxial strength becomes equal to the uniaxial tensile strength for almost the

entire region and smoothes the shape of the biaxial stress curve. The effect of
steel fibres on plain concrete, even in high concentration, shows little change in

the uniaxial compression strength. Fracture for SFRC occurred by a pullout
process of the fibres accompanied by a more or less extensive cracked region.
In plain concrete, fracture occurred in an explosive way with one crack
appearing abrupt and dividing the specimen into two parts.

A full set of test data in all three regions of the strength envelope for SFRC is
provided by Abdull-Ahad and Abbas (1989). 300 mm square plates with a
thickness of 75 mm were tested by using a sequential solid bearing loading
system. The tension specimens were enlarged in dog bone shapes on two
sides in order to apply the tension forces. The fibre volume fraction was up to
1.5 % for fibres with aspect ratios of 60 and 100.

Within the biaxial strength envelope, large scatter was observed for the
individual test points of each test series. Therefore, a clear trend could only be

stated that FRC achieves higher strengths than plain concrete. For example a
decrease in biaxial strength was observed for V¢ = 1.5 %. The maximum

strength increase in compression was 38 % at sequential stress ratio of 0./04 =
0.5 for Vi = 1 %. Plain concrete increased by 24 % in comparison for the same

stress ratio. Within the biaxial tension region a strength increase was observed
compared to uniaxial tension. In general SFRC became more ductile than plain

concrete.
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In general, the strength of SFRC increases compared to plain NSC in all
regions of the strength envelope. The steel fibres also influence the brittle
failure mode of NSC from splitting failure with cracks parallel to the applied load

to a more ductile material with inclining shear cracks.

2.4.4. High strength and steel fibre reinforced concrete

Steel fibres within HPC under biaxial loading conditions were not investigated
by many research programs. This was one reason why this study was initiated
to combine the advantages of both materials, SFRC and HPC. It is of great
interest because any change and positive influence within the material
properties will also lead to financial benefit in the long term. As stated before,
because of the sheer amount of concrete used at present, even the smallest
improvements will result in major economical benefits and make research

necessary.

One research group which combined HPC and fibres was at the Technische
Universitat Dresden, Germany, lead by Curbach. (Curbach and Speck, 2002).
They have extensive knowledge of testing plain HPC concrete under biaxial
load conditions (Curbach et al., 2000) and combined their high strength

concrete material with a fibre cocktail consisting of a variety of Polypropylene
(PP) fibres and steel fibres. Therefore the advantages of two fibre types were

combined. The Polypropylene fibres are active in the pre-peak state of the
failure process where they initiate and lock microcracks. This lead to a more

ductile behaviour where the energy at failure is not suddenly released anymore.
This provides the steel fibres the possibility to develop enough interlock bonds

between fibre and concrete matrix to bridge the cracks. Therefore the steel
fibres develop and contribute a positive effect in the post-peak region.

The concrete strength in this study ranged between 55 and 90 N/mm?. These
two values were chosen because 55 N/mm? indicates the highest possible
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strength by using normal concrete mix designs existing of cement, water,
coarse aggregates and fine aggregates. The higher value of 90 N/mm?
indicates the strength which is possible to achieve with normal strength
aggregates and the addition of silica fume and superplasticizer. Therefore the
entire range of today’s use of industrial concrete is covered. The specimens

were 100 mm cubes tested with steel brushes under uniaxial and biaxial
compression. Materials included cement, micro silica, retarder and plasticizer.

With the use of the fibre cocktail the increase for biaxial compression (02/03 = 1)
was recorded to be around 17 % compared to uniaxial compression and
therefore higher than for plain HPC and in the region of NSC. Under uniaxial
compression the fibre cocktail HPC behaved also more ductile and the

explosive failure could be prevented.

The use of PP fibres only did not increase the strength. Steel fibres increase the
strength but best results were gained with the fibre cocktail as a combination of
both fibre types. Best results were gained when the fibre volume was adjusted
to the concrete strength and the material used. Lower strength concrete does
not need as much PP fibres as crack initiators, as enough weak links are
already present to activate the steel fibres. The increase from 120 kg/m® to 160
kg/m® (equivalent to an increase from Vi = 1.5 % to 2 %) steel fibre content did
not gain better strength results for HPC.

2.5. Loading path dependency

Two different types of load paths are possible for biaxial testing. One is called
sequential loading where the load or displacement in one axis is applied first
and held constant, followed by the other load or displacement until failure. This

can be made in several small load steps or in two steps. The other method is
called proportional loading where both axes apply the load at the same time and
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the ratio between both stresses is fixed and remains in constant proportionality

until failure. The two load paths are schematically shown in Figure 2.6

Failure point Failure point

Sequential loading Proportional loading

Figure 2.6 Different types of load paths

Different opinions and test results are available on the influence of the stress
path to the biaxial strength envelope. Some researchers found a decrease for
the sequential loading path compared to the proportional; others found an

increase or no difference at all like Nelissen (1972).

Vile (1965) reported no significant difference in the values of discontinuity and
ultimate stress for proportional or sequential loading in the compression-
compression and compression-tension region of NSC and mortar. For the C-T
region the compressive stress was applied first followed by the tensile stress.

For dry specimens Taylor and Patel (1974) found that two step sequential
loaded specimen gives stronger strength envelopes than proportional loading.
When the specimens were saturated the two step sequential loading produced

either no difference or a small decrease in strength. Wet specimens in general
provide higher biaxial strength than dry specimen from the same batch.

This is in contrast to his previous observations on dry lightweight concrete,
Taylor et al. (1972), where the results were reversed. The strength envelope
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decreased for two steps loading. With increasing concrete strength and solid
steel bearing systems, the differences became smaller.

The specimens Taylor worked with were 50 mm cubes loaded with a brush type
loading platen and compressive strengths up to 34 N/mm° Only the
compression-compression region is covered, with a large scatter in the results
and an overestimation in general for the biaxial strength envelopes. Other

conclusions obtained were that surface friction generates a great difference in
shape and magnitude in the biaxial strength envelopes as discussed earlier.

Lan and Guo (1997) also investigated the influence of the stress path in the
compression-compression region. They tested four different sequential and a
proportional loading path. No difference was found neither for the biaxial
strength envelops, nor for the splitting failure type. Therefore they concluded
that the compressive strength depends only on the final stress ratio and appear
independent of the loading path. Tests were carried out on 100 mm and 70 mm
cubes with a solid load bearings and three layers of aluminium foil friction

reducing pads.

Pandit (1970) mentioned in the discussion of the paper by Kupfer et al. (1969)
that several stress ratios in biaxial strength envelopes cannot be reached with
the sequential testing method. He claimed that if one stress is kept constant and
the other stress is increased until failure the constant stress can’t exceed the
uniaxial strength. This has to be considered in design when two different loads
are applied asynchronously. In such a case the first load should not be greater

than the uniaxial strength capacity of the element. Even so, the biaxial strength
envelope would allow higher strengths for the final stress ratio.

The overall conclusion from the preceding investigations must be that the
loading path might influence the biaxial strength envelope. However other
factors such as friction between the loading platen and the specimen, or

misalignment of the machine and therefore uneven loading, influences the test
result to a much greater extent. This was also stated by Torrenti et al. (1993)
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who showed strain results influenced by different loading paths. But this

iInfluence Is less important than other differences e.g. to the bearing devices.

Moreover, careful judgment is necessary for the interpretation of the loading
path results. In most applications a proportional loading might not occur and
therefore the strengths of the biaxial envelopes are overestimated when they
are gained from proportional loading tests. When using the biaxial strength
envelopes other factors should be taken into consideration such as the concrete
strength, the weight of aggregates or if the results were gained with wet or dry

specimens. Most important in this respect is, what kind of loading technique
was used to develop the test results as discussed earlier.

2.6. Approximation of the failure envelopes with

mathematical formulations

The use and development of computers and with it for example the finite
element method in analysis and design of concrete structures makes it
