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Abstract

The present report contains the basic material properties of the fibre reinforced matex
compresit. Compresit matrix is an ulira high-strength, steel fibre reinforced cementitious
matrix, that shows remarkable strength and deformational results. The cement matrix is very
dense with a water to binder ratio of 0.18 together with a high content of fibres (up to 10 %
by volume), which give it compressive strengths above 150 MPa,

"Fhe scope of this report is to collect the strength properties of compresit matrix to be used in
& structural design analysis. Both test results obtained throughout the last decade and new
results from the present project are included, Furthermore the material properties are related
to similar results observed from conventional fibre reinforced concrete and high-strength
concretes. The properties include complete stress - strain corves in both uniaxial tension and
compression, triaxial compressive tests to determine the strength criterion and finally the
fracture energy.

The conclusion of the report is, that even though compresit matrix acts like a high-strength
concrete its deformational behaviour is rather like normal-strength concrete, because of the
fibres. The uniaxial compressive and tensile strength is satisfactory predicted by direct
proportionality with the fibre content and the aspect ratio.

Resumé

Denne rapport indeholder de basale materiale parametre for fiber armeret compresit matrix.
Compresit matrix er betegnelsen for et stilfiberarmeret cementbaseret produkt, som udviser
forblgffende styrke- og deformationsegenskaber. Cement matricen er meget tat med et vand -
cement forhoid p# 0.18, som sammen med et hgjt indhold af fibre (op til 10 volumen-%) giver
trykstyrker over 150 MPa.

Rapportens formdl er at samle compresit matricens styrkeegenskaber til brug i design af
berende konstruktionselementer. Forsggsresultater fra det sidste tidr er medtaget sammen med
nye resultater opnéet i forbindelse med dette projekt. Derudover er materialeegenskaberne
sammenlignet med de tilsvarende for fiberarmerer beton og hejstyrke beton. De egenskaber
der behandles er enakset tryk og treek med komplette arbejdskurver, treaksede trykforsgg til
fastleggelse af brudbetingelse samt brudenergi.

Hovedkonklusionen er, at selvom compresit matrix er et hgjstyrke produkt, s opfarer det sig
i hej grad som normal beton mht, deformationer pga. fibrene. Styrken i enakset tryk og trek
er desuden fundet proportional med fiberindholdet samt fibrenes Lengde - diameter forhold.
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Throughout this report S units are used and in the following a list of the most important
symbols are given. Furthermore most of the symbols are described in the text, when they

oceur.

Abbreviations

Compresit Compact reinforced composite.
c.oV. Coefficient of variation.

FCM Fictitous crack model. .

FRC Fibte reinforced concrete.

HSC High-strength concrete.

LEFM Linear elastic fracture mechanics.

NSC Normal-strength concrete.

Roman letters

a In Chapter 2: Length of debonded zone of matrix - fibre interface.
In Chapter 3: Length of micro crack. =
ay Notch depth in Gy-test.
A, Cross-sectional area of fibre.
Apoteh . Area of cross-section of notched test specimen.
b Beam width.
c . Cohesion. )
CMOD Crack mouth opening displacement.
Maximum aggregate size. -
4 Fibre diameter.
e i, Orthogonal unit length vectors.
E Modulus of elasticity.
Initial slope of stress - strain curve recorded from notched test specimen.
Secant modulus of compressive stress - strain curve, corresponding to peak.
f Snubbing coefficient, f= 0.
F Tensile Joad at fibre end.
Fla) Function depending on dimensions, o = ag/h.
Fy Fibre load at completed debonding.
Toiax Biaxial compressive strength for stress ratio equal to 1.
£ Unijaxial compressive strength. '



Notation

Tensile splitting strength.

Direct tensile strength.

Yield strength.

Snubbing coefficient, g = 1.

Linear-elastic and secant shear modulus respectively.
Critical value of the surface energy.

Fracture energy per unit crack area.

Beam depth.

Toughness indices according to ASTM C1018.

In Chapter 2: Shear lag stiffness.

In Chapter 3 and 4: Parameter in the Coulomb fajlure criterion, & = 1.

Stress intensity factors.

Linear-elastic and secant bulk modulus respectively.
Characteristic length.

In: Chapter 2: Embedment length of fibre, 0 < L < L/2.
In Chapter 5: Load span of three-point loaded beam.
Critical fibre length.

Fibre length.

Number of aligned fibres per unit area.

Number of random short fibres per unit area.
Number of random short fibres per unit volume.
Beam load.

Tensile fibre force at position x.

Length of deviatoric stress vector.

Slip of the embedded fibre end.

Fibre displacement at position x.

Fibre end displacement.

Fibre end displacement at completed debonding,
Volume fraction of fibres with inclination angle 8.
Fibze content by volume.

Crack width.

Crack width corresponding to a bridging stress equal to half the cracking

stress.

Crack width at completed debonding.

Crack width corresponding to the post-cracking stress.
Energy density. -
Fibre content by weight.

Strains and stresses respectively normalized by respect to their peak values.

Distance from geometric centre of fibre to crack plane.

Notation

Greek letters

RL

Longitudinal strain.

Hydrostatic strain.

Compressive strain at peak load.

Strain at cracking.

Second order strain tensor (i,j = 1,2,3).
Octahedral deviztoric strain.

Deflection of three-point loaded beam.

The Kronecker delta.

Length efficiency factor.

Orientation efficiency factor.

In Chapter 2: Inclination of fibre to crack plane normal.
In Chapter 4: Angle in the deviatoric stress plane,
The Poisson ratio.

Position on the hydrostatic stress axis.

Normal stress.

Hydrostatic stress.

Principal stresses.

Normal stress from fibees bridging a crack.
Cracking stress.

Uhtimate tensile stress of fibre.

Second order stress tensor (i,j = 1,2,3).
Post-cracking strength.

Bond shear stress at the matrix - fibre interface.
Octahedral deviatoric stress.

Critical bond shear stress at the matrix - fibre interface.

Frictional bond shear stress at the matyix - fibre interface,

Angle of friction.
Geometrical reinforcement ratio.
Geometrical fibre reinforcement ratio.




Notation

1. Introduction

Throughout the last decade efforts have been made to develop concrete with increasing
strength. Research programmes all over the world are investigating numerous topics
connected with high-strength concrete or high-performance concrete herein abbreviated as
HSC, contrary to normal-strength concrete (NSC).

No unique definition of HSC exists, but most investigations separate HSC from NSC by
means of the uniaxial compressive strength f determined after 28 days. In Denmark the term
HSC is used for concrete with f; higher than 50 MPa because this limits the range of the
Danish concrete code'. In Norway however strengths as high as 105 MPa are permitted,
which is exceptional in the world today, and in USA the tramsition from NSC to HSC
happens at 41 MPa according to the American Concrete Institute.

At a recent symposium held in Lillehammer, Norway {*Third International Symposium on
Utilization of High-Strength Concrete’) during the period June 20th to 24th 1993,
approximately 150 papers from all over the world conceming HSC were presented. The
trends were as follows

- In Japan focus is put on HSC for high-rise buildings. Much attention is paid to
the post-peak behaviour of confined concrete columns, due to earthquake loads.

- In North America the investigations mainly concemed structural behaviour of e.g.
beams.

- In Europe the attention concentrated on Norway, who has done a lot of research
with emphasis on fracture mechanics, due to their huge off-shore gravity plat-
forms. In France the investigations focused on rheology and mix-design.

Of course these points only reflect a small part of the contributions to the symposivm. Many
papers contained a comparison of various material properties such as splitting strength,
modulus of elasticity and fracture energy as function of both compressive strength, concrete
mix and curing conditions.

A topic that demands a lot of research is the increased britileness of HSC compared to
NSC. The brittleness is often measured on plain beams subjected to 3-point bending as
recommended by RILEM, the socalled G-tests. An example of the problems concerned with
the increased brittleness is spalling of the cover from columns confined by steel stimmups, the
cover simply spalls off at early load stages and leave the stirrups exposed.

In order to utilize the increased compressive strength the demands for ductile reinforcement
increases to prevent catastrophic failures.

'Dansk Ingenierforenings Code of Practice for the Structural Use of Concrete, DS 411.
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1. Introduction

The concept of fibre reinforced concrete (FRC) has been known and investigated for many
years, but as for HSC the commercial use js still limited. Numerous fibre products exist
such as glass fibres, asbestos fibres and carbon fibres.

Observations that are always reported from tests on FRC are increased ductility and reduced
crack widths. While the latter is very important in the service limit state, where the fibres
have crack amresting effect, the first observation has not been paid much attention so far,
even though the ductility increases significantly by adding fibres to the matrix.’

The present report concerns solely with steel fibres in an attempt to connect the best
properties from both FRC and HSC by means of short steel fibres mixed into a high-
strength matrix.

The main disadvantages of normal steel fibre reinforced concretes are

- The material costs increases significantly because of the steel fibres. The material
price is often doubled or tripled even at small amounts of fibres.

- The mixing process pets more difficult because it is essential, that the fibres are
spread out in the matrix to work properly. This demands for longer mixing with
advanced vibration, which makes in-situ casting more difficult.

However, as stated in the following the mixing difficulties are overcome in case of
compresit matrix, allowing for very high amounts of fibres to be added,

1.1 Facts about compresit

The name compresi? is an abbreviation of compact reinforced composite and it means an
ultra high-strength steel fibre reinforced concrete additionally reinforced with conventionat
steel bars. The term compact reinforced refer to the conventional steel bar reinforcement,
while the term composite represents the steel fibre reinforced matrix. The compresit concept
is patented by Aalborg Portland A/S in Aalborg, Denmark and is closely related to the
binder product Densit?, also patented. *

Thus, the name compresit represents a fotal concept rather than just a concrete material.
This report deals solely with the material behaviour of the compresit matrix, i.e. without any
conventional reinforcement bars. It is attempted to use the term compresit matrix throughout
the investigation in order to avoid misunderstandings. In the following some historical
background together with the principal material data are provided.

*Registered trademark of Densit A/S, Aalborg, Denmark,
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1.1 Facts about compresit

Historical background. The principles leading to the high-strength products from Aalborg
Portland A/S are mainly due to the senior research engineer H.H. Bache at the Cement and
Concrete Laboratory, being the inventor of both Densit and compresit.

In the sixties HSC-research concentrated on developing concrete with water cement ratio
w/c less than 0.3, which was the lower limit for concrete mixes at that time. By use of
vibratory compaction the cement particles were forced closer together, obtaining w/c as low
as 0.2. However, the compaction techniques were not practicable for concrete.

Then the research focused on how to compact the cement by filling the pores with ulira-fine
particles. The difficulties in packing the particles densely encugh originated from the surface
forces between the particles, Around 1970 effective dispersants, that made it possible to
produce mixes with strengths higher than 100 MPa, appeared .

At Aalborg Portland A/S these dispersants (in particular superplasticizers) were used to
develop a binder with optimum packing. This socalled DSP materials (densified cement/ul-
tra fine particle based materials) consisted of approximately 30 % microsilica with particle
size 100 times smaller than ordinary cement particles. Since 1978 these DSP materials have
been used comercially under the name Densit and they show compressive strengths between
100 and 200 MPa. In Bache (1981) the DSP materials are described in details,

The start of compresit {or CRC as it was abbreviated until 1990} was in 1986. It initiated
fiom the fact that the DSP materials were very brittle, which was counteracted by adding
short steel fibres. It was expected, that the dense matrix provided excellent bond
characteristics for the fibres and furthermore the high viscosity of the matrix made it
possible to add high amounts of fibres. For ordinary coneretes a fibre content of 2 - 3 %
forms the practical upper limit, while compresit goes as high as 12 %, but usually 6 % is
used. In Bache (1987) the basic principles behind the compresit concept are given.

Since 1986 several tests have been conducted on compresit including beams in shear and
bending, slabs subjected to explosions together with numerous tests on the material proper-
ties. These tests all show very promising strengths and especially a very high ductility.”
Aalborg Portland A/S is involved in EC-projects and works closely with the Building De-
partment at Aalborg University and the Carl Bro Group -in investigating compresit.

Mix description. The mix typically used for compresit matrix consists of concrete with 2
maximum aggregate size as low as 4 mm, because of the compact reinforcement arran-
gement with closely spaced steel bars. The mix ingredents are given in table 1.1 for a matrix
with approximately 6 % steel fibres by volume and a water to binder ratio of 0.13.

The Densit binder consists of approximately 20 % microsilica and the rest is ordinary
Portland cement. Furthermore the binder includes superplasticizer. The mix design given in
table 1.1 naturally can be changed according to special demands for fibres and aggregate,
but the listed values apply to the major part of all existing compresit investigations.

7




L. Itroduction

The mixing of the matrix takes place in a paddie mixer in the laboratory (up to 50 litres). First

all the ingredents except fibres and water are mixed for 2 miputes. Then water is added -

followed by 10 minutes of mixing. Finally fibres are added over a period of approximately
1 minute followed by 5 minutes of mixing before the matrix is ready for casting.

Cement: 3150
Densit binder ’ 34 Microsilica: 2250
Quartz sand:
0-0.25 mm 7 2640
0.25 -1 mm 12 2640
1-4mm 24 2670
Tap water 6 1000
Steel fibres 17 7500
Table 1.1: Typical compresit mix with 6 % steel fibres. The water to binder ratio is

equal to approximately 0.18.

During casting vibrations varying from 50 to 150 Hz are used and because of the dense nature
of the matvix the casting must be carefully undertaken in order to allow the air trapped inside
the matrix to escape.

The water content in the compresit mix is very low and in order to minimize the evaporation
from the cast specimens all exposed surfaces are covered with wet towels and plastic. One day
after casting the specimens are usually demoulded and the following curing varies according
to the given conditions:

- 1 to 5 days in water at 80° C

- About 5 days in a heat cabinet at 45° C.

- 28 days in water at 20° C,
All the given curings are followed by at least a week in the laboratory wrapped in wet towels
at about 20° C before testing. Pilot tests with varying curing conditions show that one day in
the hot water results in strengths higher than the more normal approach with 28 days in water.

However, the heat curing is only applied in situations with special demands for minimizing
time consurnption. Furthermore the accelerated curing ensures, that the strength development

1.1 Facts about compresit

during testing is insignificant and no dependence of the curing time js included in the test
results.

The curing and casting procedures described above are especially aimed at laboratory tests on
relatively small specimens. However in case of compresit mn.noEHE nHoBmEm the proper
procedures should be developed.

Material properties. In the following some typical properties of the compresit matrix are
listed in table 1.2. The values refer to the range of compresit matrices with varying fibre type
and content. '

Table 1.2: Typical material properties for compresit matrix.

The fibres in question are all straight steel fibres, the socalled Dramix fibre®. A total of 3
different Dramix fibre types have been used in material tests on compresit matrix as shown
in table 1.3.

OL 6/.15 HC Brass-coated, Emw
carbon.
QL 13/.15 HC 13 .15 87 2550 Ditto,
OL 12/.40 iz 0.40 30 1350 | Low carbon.
Table 1.3: Dramix fibre types and properties. The fibres are loose and straight indicated

by the designation OL.

The geometrical fibre dimensions given above have tolerances of £ | mm on the length and
+ 0.01 mm on the diameter for fibre type OL 6/.15 HC and OL 13/15 HC, while the

*Registered trademark of N.V. Bekaert S.A. Building Products, Belgium.
9




1. Introduction

tolerances on fibre type OL 12/.40 are + 2 mm and + 0.02 mm respectively,

Two of the fibre types in table 1.3 have diameter .15 mm (only the length separates these
two types) and they are made out of high quality steel. These fibres cost about 3 times as
much as the third type (with diameter 0.4 mm). So far mostly the fibre type OL 6/.15 HC has
been applied to compresit matrix because the specimens have been relatively small. In the
future however, the longer and cheaper fibre type OL 12/.40 is preferred for structural use.

Steel bar reinforcement. The compresit concept also includes 2 compact arrangement of steel
bars beside the fibre reinforcement. It is abvious that in order to utilize the high compressive
strength of the matrix, high quality steel bars are needed. These bars often consist of deformed
steel bars of kamsteel with a guaranteed yield strength of approximately 550 MPa (Ks 550).
However, also high-strength steel products such as prestress wires and Dywidag bars are used.

Anchorage tests performed with kamsteel bars indicate, that the necessary anchorage length
is only one third of the length required for bars embedded in ordinary concrete according to
the Danish concrete code (DS 411). Furthermore the demands for sufficient cover thickness
are expected to be easily obtained, because the compresit matrix is very dense (durable) and
the fibres prevent cracks.

1.2 Scope of present investigation

The normal approach, when the wltimate limit state is considered for reinforced concrete
structures, js to neglect the tensile strength of the concrete matrix. This limit state is defined
as the load level at which failure occurs, i.e. the maximum allowable load sustained by the
structure. Throughout this report various names such as yield load, ultimate load and bearing
capacity are used for this particular state,

The normal procedure in concrete structural design is to let the reinforcement bars sustain
tension, while the concrete carry compressive stresses. This approach has proven good results
through many years. However since fibre reinforced concrete has appeared, the question
whether concrete tensile strength should be taken into account, has rised. No clear answer is
given to that question, but it is evident from numerous tests that incorporation of fibres to
concrete increase the bearing capacity of reinforced concrete structures, even though the
compressive strength is hardly affected.

Throughout the last two decades fracture mechanichal methods have been developed, where
the tensile characteristics are essential for the response of the structure. A well-known
approach, meant for concrete, is the socalled fictitious crack method (FCM), which is
developed by professor Hillerborg at the University of Lund, see e.g. Hilletborg (1980). The

10
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1.2 Secope of present investigation

method is based on tensile stress - crack opening relationships and states, that stress can be
transferred across a crack even though it is open.

Thus, the tensile behaviour is modelled by a continuum mechanics description, i.e. 2 ¢ - €
relationship, until crack localization oceurs. After this HOnp:NmﬂoH. a ¢ - w relationship is
applied, where w is the crack opening, and the area under this curve corresponds to the
socalled fracture energy Gg.

The FCM requires numerical calculations, which means that the calculations are very time
consuming. Furthermore the position of the cracks is generally unknown and therefore several
calculations are necessary to obtain the correct behaviour, In order to obtain the stress - crack
width relationship for the material in question, tensile tests are necessary and no such standard
tests exist like for the compressive strength. In order to make it possible to use the method
a simple 3-point bending test, which can be performed almost everywhere, is proposed by
RILEM to determine Gr.

Another theory, which has proven good results throughout many years, is the theory of
plasticity. Expressions for the ultimate bearing capacity of several structural members m.mor as
beams and slabs exist. The fact that conerete is not an ideal plastic material is dealt with E
reducing the compressive strength empirically. Most practical solutions neglect the tensile
strength of concrete, but this simplification is not necessary.

Bearing in mind that fibres increase the fracture energy of concrete considerably and that the
FCM-solution tends toward the plastic solution when G; increases, it is obvious to apply the
theory of plasticity to FRC-structures.

The present report does not include structural considerations, but establish n”_o basic material
properties for the compresit matrix. These properties are divided into 4 main parts:

- Uniaxial tensile behaviour considered in Chapter 2.

- Uniaxial compeessive behaviour considered in Chapter 3.

- Multiaxial behaviour considered in Chapter 4, including a failure criterion.

- Fracture energy is considered in Chapter 5.
Each chapter includes both test results obtained from comipresit matrix with varying fibre
content and type, and comparisons with existing models for FRC, Thus the n:uwﬁ_..w are
divided into 2 parts. The fizst part of each chapter contains a general review on the existing
knowledge concemning concrete with emphasis on FRC and HSC. Then n.ﬁ uq.._‘oe.a part
contains a deseription of tests performed on compresit matrix. These tests primarily include

those performed in comnection to the present Ph.D.-project with the details given in
Appendices 1 to 3. .

1




1, Introduction

The mua.o%. each chapter contains a summary of the most important conclusions and
mwm_.momonmnnw for compresit matrix, together with a reference list. Finally the whole report
is ended with a conclusion and a complete chronological reference list.

1.3 References

Bache, H.H. (1981), Densified Cement/Ultra-Fine Particle-Based Materials, Paper presented
at The Second International Conference on Superplasticizers in Concrete, June 10 -
12, Ottawa, Canada, Also CBL Report No. 40, Aalborg Portland A/S, 35 pp.

Bache, H.H. (1987), Compact Reinforced Composite, Basic Principles, CBL Report No. 41,
Aalborg Portland A/S, 87 pp.

. Hillerborg, A. (1980), ’Analysis of Fracture by means of the Fictitious Crack Model
Particurlarly for Fibre Reinforced Concrete’, International Journal of Cement
Composites, Vol. 2, No. 4, pp. 177-184.

2. Tensile behaviour

The most pronounced effects of adding steel fibres to concrete mixes ate the increased energy
dissipation and the crack arresting effect. These subjects primarily concern the conditions of
crack opening and are naturally related closely to the tensile behaviour of FRC. The energy
dissipation is mainly connected with pull-out of fibres crossing a crack and furthermore these
fibres reduce crack growth.

This chapter is divided into two parts: the first part describes theoretical approaches to predict
the tensile properties of FRC and the second part reports tensile test results obtained with
compresit matrix and applies the theoretical models. .

Most theoretical models are based on a micromechanical appoach, where the behaviour of 2
single fibre embedded in matrix is considered separately and then farther extended to several
fibres bridging a crack with random embedment and orientation. The latter is typically treated
by means of statistical methods.

2.1 Review on FRC under tension

Throughout the last two decades different theoretical models have been proposed in order to
predict the tensile strength and the tensile stress - strain curve of FRC. These models approach
the problem from slightly different angles and introduce various refinements to the theory.
However the final expressions turn out to be quite similar despite of the model.

In the following a description of some of the mast important thepretical approaches is given
followed by comparisons with existing test results including compresit results,

2.1.1 Early investigations concerning FRC

One of the first models to predict the tensile strength as a function of fibres is reperted in
Romualdi & Batson (1963) and Romualdi & Mandel (1964). Both use fracture mechanics to
calculate the strength as a function of the spacing between short random steel fibres. A
circular internal crack perpendicular to the tensile stress is considered, and stress intensity
factors corresponding to the external stress and the fibre bridging stress are given.

The critical fracture energy depends on the fibre spacing, which is assumed to be equal to the
critical flaw size. When the elastic energy release equals a critical value, needed to initiate
crack growth, the crack becomes unstable. The model states that for constant V, the cracking
strength is significantly increased with decreasing fibre spacing. The fibre spacing measure
is defined as 1384,/ V,, which gives the average distance between the geometric centers of
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the fibres.

However the assumption that fibre spacing strongly influences the first-cracking stress is
now generally rejected, see e.g. Shak (1991). Instead it is recognized, that the fibres change
the overall behaviour of FRC, while the first cracking stress is mainly govemned by the
matrix material.

ACK-model. An early classic investigation is named the ACK-model afier Aveston, Cooper
and Kelly, see e.g. Aveston & Kelly (1973) and Hanpant (1978), pp. 16-22, Their model,
which is developed in the early seventies, concemns continuous aligned long fibres directed
in the tensile stress direction. The theory primarily focus on the state of multiple cracking.

The model assumes a single-valued matrix cracking stress, i.e. independent of fibre
geometry and content. Here we shall only consider the unbonded case, where the interfacial
bond between fibre and matrix is equal to a constant shear stress 1. Refinements have been
applied in order to include the debonding process of the fibre-matrix interface, see Aveston
& Kelly (1973).

In figure 2.1 an idealized tensile stress - strain relationship is shown. The fibre content by
volume is denoted ¥, and a unit area cross-section, normal to the aligned fibres, is consi-
dered. This gives a total of NV fibres crossing this section:

v, &,

N = = < 2.0

£
Lﬁ ,nm.w

In the following subscript f m and ¢ denotes fibre, matrix and composite respectively, while
u denotes ultimate. The composite stress increases linear-elastic until matrix cracking:

o, =Ee , €, s¢, 2.2)
where E, is given by the socalled Voight-method. This method gives the stiffness of the
composite assumning that the strains of the composite is identical to those of the matrix and
the fibres. Thus, it is analogous to a system of two springs with different stiffness connected
in parallel: .

E, = E¥, + E,1-V) 2.3
When the stress reaches the value Eg,, the matrix cracks. The matrix stress is then taken
by the fibres alone in the cracked section and provided, that the fibres are strong enough the
increase in fibre stress is Ao, = g, (1-F/¥;.

This fibre stress is transferred back into the matrix over the length x* by the shear stress 1.
The minimum value of x* is calculated from a simple force balance between the matrix
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Figure 2.1: Idealized stress - strain relationship for ACK-model, Furthermore the
fibre stresses are outlined between 2 cracks.

cracking load and the transferred load per unit area cross-section:

o 1V 0wty 2.4)

#\wfﬂ

x

The matrix material cracks subsequently with distance x’ under constant stress mnmi
symbolized by the horisontal line in figure 2.1, The fibre stress varies linearly as shown in
figure 2.1 with amplitude Ac;. This gives an extension per unit length of the fibres equal fo
Agp = 16AG,/E, = 0g,,/2, where o is the ratio {1 - VOE[(V;Ep.

After total debonding of the matrix, only the fibres carry the stress and the ultimate composite
stress is calculated as
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9o = 04V} . @5)

The dashed lines in figure 2.1 symbolize the triangle, where stress - strain curves being
observed in practice will fall within because of the variability in matrix strength and bond
strength. The lower limit corresponds to the situation without matrix contribution at ali, cf.
Hanrant (1978).

ACK-model applied to short aligned fibres. If similar techniques are wsed for nom-
continuous fibres, the distance between the cracks decreases because of reduced efficiency
of the fibres. The number of fibres crossing an arbitrary cross-section of unit area is still
given in eq. (2.1).

The shortest embedment length of the fibres crossing a erack plane is assumed to be
distributed uniformly within the range 0 - L,/2. The number of fibres with embedment

length greater than x, is N(1 - 2x, /L) and the remaining ANx4/L, fibres have one end less
than x; from the crack plane.

Like in the previous case the stresses are transferred from the fibres to the matrix until it
cracks at distance x,. However, some of the fibres are pulled out and a force balance gives

xyfe! = Lix! - W_\A{a% “aLs 2.6)

where x™ is the crack distance given in eq. (2.4). When L, increases the ratio x/x° goes
toward 1 as it should be,

In order to calculate the ultimate composite strength, assuming fibre breaking rather than
pull-out, the critical fibre length is calculated;

L

o.d
n&h% = .M..&wab N AR v

LT @7
2T

which is the fibre length, that is required to break a fibre, which is embedded by half jts
length, rather than pull it out of the embedment. .

If L, > L, and the shortest embedment length is uniformly distributed from 0 to L,/2, the
number of fibres being pulled out is NI /L, while the rest breaks. Therefore we have two
contributions to the strength:

L _NL L
o, = ndg-L__< & W&wqﬁA |lhw

f
4 L L,
The first term on the right hand side is the pull-out resistance of the fibres with mean
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embedment length L, /4 and the second term represents the fibres that are breaking. If ¢ is
substituted with eq. (2.7) and N with eq. (2.1) we get

L
= s AN.WV
Oy = T. 2 ﬁg HQm

where the brackets contain the socalled length efficiency factor for L,> L.

i ituati i i igned fibres, the effect of
Efficiency factors 7, and »,. In the situation with nouu.b:ozm mwmn A
the mcnm is a.unas_:. é.zmu the fibre length gets. mn.zn the ultimate .mqmumE noomnmm._wm
because some fibres always slip out of the matrix instead of breaking, as previously

described.

The disturbance caused by finite fibre lengths and =o.u.w_mm=nm fibres is om.wou handled by
applying the efficiency factors for length and orientation 7, and 1, H.omvwnna.n_.w. They are
defined as the reduced fibre stress, resulting from finite fibre length and non-aligned fibres,
related to the stress under optimum conditions.

The length efficiency factor in &q. (2.8) reads

L
.q:HHI|9.u N.NN.HQ. AM.WV

and from a similar approach in Krenchel (1964), pp. 23-24, where the frictional shear
strength during pull-out is neglected, we obtain
Lo 2.10)

n,=1-—, Lz L,
L

In case of fibres shorter than the critical length, no fibres break and we obtain

L @i

L
- L -

o = mhﬁﬂa@ = Yo,

i i ity i i jon of the composite, see e.g.
It is generally assumed that 7, is near unity in the &Eﬁn region of the
mwnummum (1978), p. 12 and Laws (1971). Therefore 7, is only applied in the cracked state.

i i i i i ic behaviour of a comiposite
The orientation efficiency factor is basically _.m_m.m.n to the elastic ¢ ;
to include the reduced stress contribution (and stiffness) m.oB. fibres non-aligned ,wﬁE .m._n
load axis. This is due to the assumption, that fibres only sustain stresses along their axis.
In figure 2.2a a situation is outlined with a fibre inclined at the angle 0 to the load axis.

; = 2
When the composite is extended &, we get the fibre extension g = g.cos 0. ;.m fibre mwnmmw
. . 2 .
o, contributes to the composite stress with o,cos’6, Combining these expressions throu,

17
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Figure 2.2; a) mE.mﬂu extension of a plane composite element with an inclined fibre,
b) Inclined fibre aligned across a crack. c) Definitions of angles descri-
bing 2 fibre in space.

O, = E,€, the fibre contribution to the composite stress reads m\mnnom..m“ see Krenchel (1964).
After a sum up over all the fibres in a cross-section we get the following expression

= Tv,cos'd (2.12)

where v, is the volume of fibres, having inclination @, related to the total fibre volume. If all

Mﬁ fibres are aligned with angle 6, we get 1, = cos'0 and if § = 0 we getn, = H as it should
3

«uo_. .&n.nm.wo with mc.:um randomized in all directions the fraction of fibres within the
infinitesimal range 48 is dBsinG and the sum in eq. (2.12) is made as an integration:
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nfz
= [sind cos* d6 = (2.13)
[1]

Lh

The stiffness of the composite is reduced corresponding to ]
E, = 0 EV, + E,(1-V) 2.14)

cf. the Voight modulus given in eg. (2.3).

When the matrix starts cracking, the orientation efficiency factor changes because the fibres
tend to align across the crack width, see figure 2.2b. The inclination causes the fibre bond to
increase because of the side pressure imposed by the surrounding matrix. In Section 2.1.3 a
meode] including this effect is discussed.

A very simple model assumes that the pull-out strength of an inclined fibre only depends on
its length projected on the load axis. Romualdi & Mandel (1964) apply this mw@aomoﬂ in
calculating their fibre spacing parameter as mentioned earlier. The fibre orientation in space
is determined by the angles 0 and p, see figure 2.2¢, which are uniformly distributed between
0 and /2. A fibre of unit length is projected on the y-axis, yielding the projection length
cos@cosp. The mean projection length of all the fibres which m_mo equals the efficiency factor,
is calculated as

N, = -0405 (2.15)

where the integrations are performed from 0 to 7/2. The numerator equals the total sum of all
the projection lengths and the denominator equals the number of these lengths.

2.1.2 Single fibre pull-out problem

Shear lag model. The behaviour of FRC is obviously closely related to the characteristics of
the fibre - matrix interface. When short fibres are considered this interface fails progressively
followed by fibre puil-out. It is assumed that debonding happens along this interface for an
embedded fibre and that stresses are transferred along the interface only, i.e. no stress transfer
from the fibre end to the matrix. Furthermore it should be noted, that transverse deformations
are not taken into account in the following. Figure 2.3 shows the model adopted, a socalled
shear lag model.

The displacement of the fibre is denoted u and from Hooke's law we have the constitutive
relation for the fibre written as P = EA, dw/dx, where P is the tensile normal force in the fibre
at position x measured from the embedded end.
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Figure 2.3: Shear lag model with a single fibre embedded in matrix.

If the constitutive relation is inserted in the equilibrium eguation between P and t, which is
the interface bond stress we get:
2
du _ 4t _, (2.16)
a®  Eg

As constitutive equation for the shear lag a linear-elastic relationship is often proposed with
shear lag stiffness k.

T =k (2.17)

which is inserted in eq. (2.16) to obtain the second order differential equation that governs the
axial displacement u. In the debonding zone L-a < x £ L it is assumed, that T is constant and
equal to T, i.e. a frictional skear resistance.

A total of 4 boundary conditions are needed to solve the problem. The first 2 state, that the
load transfer is completed at the embedded end (di/dx = 0 at x = 0) and, that the fibre load
at the free end equals F (EA, du/dx = 0 at x = L). The remaining conditions are displacement
and strain compatibility, which is required at x =L - a.

The solution to the problem is given in Stang et al. (1990) and it is based on the work of
Lawrence (1972) and Laws (1982). Only a brief survey of the solution is reporied here with
emphasis on the conditions at the fTee fibre end, i.c. a prediction of corresponding fibre loads
F and fibre end displacements U

The fibre end displacement U depends on the debonding length a and the fibre load P through
the following expression
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F hoon_uﬁeﬁanv N nw - mdg'a Hco.nuﬁsmhuauv . mv
U = ux=L) = @ © 2
Ed, (2.18)

When the solution for u(x) is known also the bond shear stress field is given through eq-
(2.16), which yields ‘

anehnﬁ.%_ om.«nhun G.Gv
nm\ sinh(w(L-a))

for the bonded part of the fibre and T =1 for the debonded part. At x = L-a a discontinuity
in T exists. The shear stress increases along the fibre to its maximum value at this peint of
discontinuity.

Interfacial bond stress. From the literature a lot of models exist to relate experimental
observed results from single fibre pull-out tests to theoretical bond strengths. Here only a brief
summary is given concerning the most popular approaches. Readers are referred to Gray
(1984a) and (1984b), where an extensive review of pull-out theories is given, including
applications to existing test results with steel fibres.

The various theories apply the socalled stress criterion for failure, where debonding is
initiated, when the stress T exceeds a critical value T, After debonding has started the bond
stress consists of a constant frictional stress T over the debonded zone. There are however
different opinions, whether these bond strengths are material constants and how they are
deduced from experiments.

A simple mode] proposed by Greszczuk in 1969 states, that the maximum shear stress occurs
at the point, where the fibre enters the matrix, i.e. at x = L. Greszezuk relates this maximum
shear stress to an average shear stress along the interface, which is defined as the maximum
pull-out load during a test divided with the surface area of the embedded fibre. Thus,
Greszezuk assumes that when debonding is initiated at x = L, the maximom fibre load is
reached and that the frictional bond strength can be neglected.

The experimental method to determine T, is to register the average shear strength from several
embedment lengths. When the average shear strengths are depicted as a function of the
embedment length L, an extrapolation js performed to L = 0, which gives T, , that initiates
debonding, see Gray (1984a).

Lawrence (1972) includes a frictional shear strength T and concludes, that the debonding

21




2. Tensile behaviour

2.1 Review on FRC under tension

process can be stable until a certain debonding length is reached. The term stable refers to
the situation where an increase in debonding length a takes an increasing fibre load, ie.

dF/da > 0. This directly implies that debonding is wnsrable right from the start for the
Greszezuk-model.

Lawrence (1972) gives the following 3 possibilities:
=T, IT =, ie the Greszezuk-assumption, results in unstable debonding.

-1<7./t" < 0 means that there exists a minimum embedment length I, for
stable debonding. If L < L,,,, debonding is unstable as above, atherwise it is stable
until a critical debonding length. :

- T./t" = | means identical critical and frictional bond shear strengths and results
in stable debonding.

Acording to Lawrence {1972) the strengths are experimentatly determined from observed
maximum pull-out loads for different embedment lengths. A graphical representation of
these observations gives a curve with decreasing slope until it tends to be linear. The point
where this curve gets linear determines T, and I, , while the slope of the linear part
determines the frictional shear strength. A curve showing linear behaviour all the way
represents the case €. /7" = 1, see Gray (1984a).

In Gray (1984b) a test series with about 40 specimens divided on 5 different embedment
lengths is reported (L = 25, 50, 75, 100 and 125 mm). The steel fibres are brass-coated with
dy=0.38 mm and a tensile strength of 2250 MPa, embedded in ordinary Portland mortar
mix. It should be noted that the tests show great scatter with coefficients of variation
ranging from about 20 to 40 % determined from at Ieast 8 repetitions.

Gray finds that t,, = 3.3 MPa according to the Greszezuk-model where no fiictional bond
is included. This value is determined from extrapolation of the measured average bond

strengths,

The Lawrence-model however results in <, = 45 MPa and 1" = 1.3 MPa, i.e. T/t = 35, and
the minimum embedment length for stable debonding is 2.2 mm.

Gray (1984b) also includes a couple of other models refining the theory, but these models
also differ as much as indicated above (one goes as high as Ty = 95 MPa). The conclusions
given in Gray (1984b) do not deal with these differences in theoretical predictions even
though they differ by one order of magnitude. However he concludes, that bond strength
seems to consist of both adhesional and frictional shear and only for very low embedment
lengths the test results indicate, that there is no frictional resistance. Another important
conclusion is, that bond strengths determined from various tests and analyses are very
difficult to compare.

22

i i ini ts of the previous two
Solutions to the single fibre pull-out problem. Combining the conten °
sections, concerning the shear lag model and the bond strength of ﬁ.rm interface, ménm.».mumh
solution to the problem. Stang et al. (1990) assume, that ﬂ.ba ratio wa?..nmu .n.nm m._nnou._m_
strength and the critical shear stress, that initiates debonding, is denoted D, ie. 1/%, =D with

0sD=1. :

The fibre load F, that commesponds to the debonding length a, yields directly from eq. (2.19)
with T =1, for x = L-a

F = xds {Da + ﬁm@u (2.20)

with o defined in q. (2.18). The fibre load that initiates the debonding process is calculated
fora=0:
. a&hn.g_uneb @2.21)
i [N

and the carresponding fibre end displacement is found by inserting this value into eq. (2.18)
fora=0:

ndz,, (222)
k

v, =

where k is the shear lag stiffness defined in eq. (2.17).

i i - ionship i linearly umtil the
Because of the linear-elastic shear lag, the F - U R_mnoum.r% increases lin
initiation of debonding. Thereafter the relationship is nt_u.__mumn E\ calculating subsequent
values of F and U (egs. (2.20) and (2.18) respectively) for increasing a-values from G to L.

The maximum value of F is obtained by differentiating eq. (2.20) by respect to @ and equating
the derivative to O:

dF o o L-g, - HocoshylD (2.23)
da @

which gives the critical debonding length at which the debonding process gets unstable.

atmam & Shah {1987) a similar approach as in Stang et al. (1990) is E.non. cf.
Wmcmhmnhwwﬁmmnonn order &Mm»auna equations for the mca.moann P are wo_swm. assuming Emﬂ
the disturbance. from the fibre reaches a certain distance into the surrounding matrix. This
distance is taken as half the spacing between the fibre centers. Gopalaratnam k.mum.s ..mwmn,
that using square packing of the fibres the distance is equal to 0.5dp (m/Vy), which is s o M
to the fibre spacing given in Romualdi & Mandel (1964). mo€m<m._. Q.U—uam_.mﬂ.:.mﬂ & ;
conclude, that the sensitivity of the final solution to the fibre spacing is not significant for
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practical FRC-mixes.

The relation between the fibre load F and the debonding length 4, according to Gopalarat-
nam & Shah (1987), reads

nmaanﬁbnooaw%ﬁh-nu + mEEEh-&J

F= B
(1-a)cosh(f(L-a)) + «

(2.24)

where

\»H f ﬂH
AL,

o =

- 2nG,

B # (2.25)
ET/_M 'y

The symbol 4,, denotes the matrix cross-sectional area, that surounds each fibre and G, is

the linear-elastic shear modulus of the matrix.

A comparison with the previous solution given in eq. (2.20), where the extent of the
surrounding shear lag is negiected and only taken into account through the stiffness , gives
a close similarity. If o is neglected and P is replaced by @ the two solutions are identical.
Furthermore Gopalarainam & Shah (1987) proposes that the debonding length corresponding
to maximum F can be calculated approximately from eq. (2.23) with o replaced by B under
the assumption that (1-c)cosh(B(L-a)) 3 «, which is true for practical FRC.

The model presented by Lim et al. (1987} takes the same approach as the latter, but in
contrast to the fibre spacing concept, the surrounding matrix is taken into account by means
of efficiency factors 1, and 7,. The fibre content- is reduced by multiplying it by these
factors representing the fibre randomness in length and orientation. Furthermore the matrix
shear stiffness is modelled by a constant £.

Lim et al. (1987) introduce 2 bond shear model, where the frictional bond strength is equal
to the critical shear strength, i.e. 7" = 1, or D = 1. This model results in a stable debonding
process all the way and the maximum pull-out load ocours, when debonding has completed,
ie a, =L .
The reported relation between F and a is identical to that in Gopalaratnam & Shah (1987),
see eq. (2.24) with D = 1, and the constants « and P are defined by

po— Bl e EAV) BV
m.ammtq\.«w + J_m._e.m\“ﬂ. h.\m.__. NEAHI._.\\V

As it appears from the above there exists plenty of models describing both the interfacial
properties and the fibre response to tensile loading for fibres embedded in a cementitious
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material. The scope of these models differs of course according to the intended accuracy of
the model. The question whether the matrix deformations should be taken into zccount when
a fibre is pulled out cannot be given a clear answer, because it depends on the actual fibre
stiffness and length, e.g. if short steel fibres with high stiffness are considered the matrix
contribution can be significant.

An obvious difficulty in describing the fibre response is the bond shear problem. Pull-out
experiments with a single fibre are difficult to perform like indicated by the relatively few
existing tests. Furthermore the interpretation of the observed pull-out loads may result in very
different bond strengths, beside the faet, that the test results are known to show great scatter.

In the following a very simple approach to the single fibre pull-cut problem is given because
it is the authors belief, that refinements are more useful- at a later step of the calculations,
when the structural capacity is considered. This is of course a choice, that must be taken in

each individual case.
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Figure 2.4: Special case of the shear lag model in figure 2.3. Rigid shear lag and
" only shear transfer under debonding.

Simple solution to the single fibre pull-out problem. This model assumes a rigid shear lag
and that the fibre - matrix interface starts to debond, when the shear stresses grow to a certain
critical value. The debonding zone transfers a constant shear stress equal to the critical value.
This means that the fibre load is transferred along the debonded zone only, see figure 2.4.

In order to solve the problem by means of the equations previously established we apply the
condition k — o, which causes @ —» o=. It is clear, that debonding starts right from the
beginning, cf. egs. (2.21) and (2.22), because tanh{es) = 1. The F - 4 relationship taken from
eq. {2.20) reads
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F = ﬂ&.\a o

where T, =1’ is the frictional bond shear strength (D = 1). This expression is substituted into
eq. (2.18) giving the U/ - a relationship:

*
a&n 2

E
i oo an |
284, 2

U=

Finally these two expressions are combined into
F = nfEdi U @27

with the maximum fibre load equal to F,,., = ndLt at total debonding.

Even though this solution simplifies the pull-out behaviour and generally is known to be too
rongh, its advantages are several: The simple expressions are good as the first approximation
in an analysis. Furthermore it is recognized to reflect the correct qualitative behaviour and the
importance of the various fibre parameters.

In Li (1992) the simple theory is applied to investigate the complete stress - strain curve in
the post-cracking domain of FRC as discussed in the following section.

Fracture mechanical approach. To end the description of the single fibre pull-out problem
a fracture mechanical method to predict the fibre load is given. The method is based on Stang
et al. (1990) and it is characterized by the assumption, that the propagation of the debonding
zone requires a certain energy, opposite to the stress criterion just described.

The energy available for crack growth in the debonding zone is equal to the difference
between the elastic strain energy stored in the system, together with the frictional energy and
the external work performed on the system by the fibre load F. The shear lag model from
figure 2.3 is used, giving the 3 following contributions to the elastic strain energy:

- The first part is stored in the debonded part of the fibre. *
- The second part is stored in the debonded part of the shear lag.
- The third part is stored in the bonded system, i.e. 0 £ x £ L-a.

The first and the third part are easily obtained because the fibre displacements ufx) are known

together with the corresponding fibre forces P(x). The second part concerning the debonded
patt of the shear lag cannot be calculated exactly within the theory presented here, because
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the displacements of the shear lag is undetermined along the debonding zone. Only the
frictional shear stress T is prescribed in this zone.

Stang et al. (1990) assume, that the debonded matrix interface has a constant displacement
equal to the fibre displacement in x = L-a, but this assumption violates the constitutive
relation in eq. (2.17). If instead eq. (2.17) is fullfilled (u = 7 /k) in the debonded zone there
exists a displacement disconuity at x = L-a.

The work of friction along the debonded interface is equal to the product of the constant
shear load and the relative displacement between matrix and fibre. Once again the assump-
tions presented above are necessary to calculate an approximate value of the frictional
energy. :

The energy available for crack development, when the displacement of the fibre end is
increased by dU reads

dW = F dU - dW, - dW,

where W, and W,are the sirain energy and frictional energy respectively. The energy release
rate (energy per unit new debonding length) is
aW _ du _ AW, dW, (2.28)

& e

da da da da

When this rate equals a critical value debonding is initiated. Stang et al. (1990) presents two
solutions according to the assumptions concerming the debonded part of the shear lag.

Compared to eq. (2.20) a certain similarity between the shear lag solution and the fracture
mechanical solution is discovered, but as stated in Stang et al. (1990} the fracture
mechanical approach uncouples the parameters describing the adhesional and the frictional
bond, while the stress criterion couples these parameters through D.

By numerical caleulations it is found that the critical energy release affects both the fibre
load, that initiates debonding, and the maximum fibre load, while ° mainly affects the latter.

Fibre pull-out sfter completed debonding. After the debonding proces has ended, whether
it has been stable or not, the embedded fibre still has load capecity left. Now the fibre is
pulled out of the matrix under constant frictional bond shear stress T, see figure 2.5. At
total debonding the fibre load is denoted Fy:

F, = ._._"&an._... (2.29)

which coincides with the maximum load in the special case D = 1. Thereafter the embed-
ment length decreases as the fibre end slip out of the mairix followed by decreasing load.
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Figure 2.5: Fibre pull-out under constant frictional shear stress.

m.wEESbnoumG the fibre is elastically contracted because of the load reduction. The fibre end
displacement consists of the following contributions:
U=U,-U,+s, 0<sc<L (2.30)

&

s.wo_.n Uy is .En displacement at total debonding, i.e. corresponding to F, s is the fibre end
slip and U, is the contraction caused by the load decreasing from its maximum value F, to
ﬁhﬁ_q&m equation of equilibrium reads F(s) = amxh.&,_... and the elastic contraction is
calculated as

dz .
LIOT 12 - @-s9) = ZLs - )

2E4 Eg,

Q.u__

Inserting I/, in eq. (2.30) yields

2e°2Ls - 52
2RLs o5 gLo.x (231)

gy .

s..—_.mnr is reduced to U = U, + s when the elastic deformaticns of the fibre are neglected. In
Li (1992} this latter assumption is taken, whick yields

quca.f.m_l

U-y,
F= i\?.T — au , U<UslL (2.32)

i.e. a linearly decreasing ¥ - U relationship.
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2.1.3 Theory for short random fibres

After the disenssion of the mechanics of a single straight fibre being pulled out of a matrix
embedment, the theories are extrapolated to a bigger scale, where the fibre reinforced material
is considered a continuum. Yt is assumed, that the fibres are totally randomized by respect to
both orientation and position in a FRC structure.

The properties of steel fibre reinforced concrete with short fibres, i.e. shorter than the critical
length, and randomly mixed in the matrix show several advantages, e.g.

- The dissipated energy during debonding and especially during fibre puli-out is much
higher, than if the fibres break.

- The mixing/casting process is easier, when there is no constraints on the fibre orien-
tation. :

- Finally the material properties can be considered isotropic, which simplifies the de-
sign caleulations.

Several early investigations are mainly concerned about the tensile behaviour in the elastic
region, and therefore only consider the cracking strength, see Section 2.1.1. Another interesting
area however, is the post-crack behaviour, which is strongly influenced by the fibres. During
fibre debonding and pull-out the major part of the energy dissipation happens. Furthermore
one of the conditions for multiple cracking, i.e. whether the bridging fibres can sustain stresses
higher than the matrix cracking strength, are directly related to the post-cracking region. The
major part of the investigations of the post-cracking behaviour of FRC focus on the post-crack
strength, which is reflected in the following.

Basic definitions. A volame element of FRC with dimensions A L, is considered, containing
all the fibres crossing the crack plane A,. The content by volume of straight fibres is V, with
fibre diameter d; and length L.

Figure 2.6 shows a fibre arbitrary Jocated with its center at distance z from the crack plane
and orientation angle € to the crack plane normal. The centroidal distance and the orientation
angle are uniformly random distributed within the ranges from 0 to L/2 and from 0 to 7/2
respectively, In figure 2.5 the probability density functions for z and § are shown.

The shortest of the two embedment lengths of a fibre is equal to
L

L=Z_.% s0, o0s<8<Z
2 cost 2

resulting in the following constraint on § in order to make a fibre with centroidal distance z
to bridge the crack plane:
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Figure 2.6: Probability density functions for the distance z and the orientation angle @
of a random fibre.

cosfl = uéﬁﬁ w Bz E.nooﬁw&hsw

The total number of fibres in the volume element is N,y = A,V /A, and the number of fibres
dN located within the intervals § to 8 + 40 and z to z + dz is calculated from

0 L
dN = N, p@) 4 p(2) dz , TMMM 7 -~ (2.33)

The number of fibres crossing the crack plane 4, is calculated by maom_.mmon“-

173 arecos(23fL)

N, =Ny [+ ..m sind db | dz = Lol
0

2

The number of fibres per unit volume and per unit area crack plane N, and N, respectively
are hereby given as:
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Z.EE A._—\.ﬁ .2.83& N“\.T

, Ny= o S (2.34)
YA P T N

By comparing N, with N given in eq. (2.1), which applies to aligned fibres, it appears, that
the randomness in fibre direction halves the number of fibres crossing a cross-section.

Theoretical model of the complete post-crack behaviour. Most approaches to prediet the
complete post-cracking behaviour by means of the fibre bridging stresses vs. the crack
openings relationship, use empirical expressions obtained by mathematical curve fitting. In Li
{1992) however, a simple model is presented. This model uses the simple solution for a single
fibre pull-out, neglecting matrix stiffness and only considering frictional bond. Equations
{2.27) and (2.32), for the ascending and the descending part of the fibre load - crack opening
relationship for a fibre with its shortest embedment length L give

47°L2
E
A (2.35)

L 3
—JEd;t'w , Oswsw =
2 g 0

Fw) =
. W
aa\ﬁﬂ 1- Ak WyswsL

where 7" is the frictional bond and w, corresponds to completed debonding. It appears from
eq. (2.35), that the crack width w is introduced instead of the fibre end displacement U. The
relation between w and U is simply w = 2U, while debonding takes place, because the elastic
extension of the fibre happens on both sides of the crack. At complete debonding only the
shortest embedded length starts to slip out of the matrix, giving w = U for the descending part.

Li (1992) takes the fibre orientation angle 6 into account by applying an empirical relation
originally suggested by Morton & Groves (1976). When a fibre with inclination angle €
crosses a crack, it is aligned after the load direction normal to the crack plane, see figure 2.2b.
Experiments performed on polypropylene fibres show an increasing F when 0 increases from
0. This socalled snubbing effect is modelled by

Fwp) = Fwlexp(f8), 0s<8<mf2, [f20

where the snubbing caefficient f is determined experimentally. Unfortunately no tests with
steel fibres under various 6 are known to the author.

The fibre bridging stress o is calculated by sum up all the fibre loads across a unit crack
area. By use of the same principles as in the previous section the bridging stress is given as
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h\k 2 Buuaaﬁb.ﬁ..u
— F(w,0)sin® 40 dz
4, q&w o Lr h.

where A, is the crack arca, dN is given in eq. (2.33) and the integrations represent the sum of
all fibre loads with varying embedment lengths and orientation angles. The integration is
performed in two steps: The first step includes the fibres with embedment lengths not fully
debonded, while the other concerns fibre pull-out, i.e. the calculation includes fibres passing
from debonding to pull-ont, see Li (1992) for further details. The solution reads

2 s_. - :__. s 0wz Ec.
og(w) - Wo My (2.36)
+ L 2
&t s L . L
7 hT-u, C wesws I
' A2 2
r
where w', is the value of w;, that comresponds to L = L/2:
2
W .m!w, 237
N... 'l
A new snubbing coefficient g is introduced, defined by
g = HLrem@i) - oy, fa0 (2.38)

4+ f
where the situation without snubbing effect corresponds to the lower limits for f and g.

It should be noted, that the solution in eq. (2.36) assumes, that w'y < LJ2. The maximum
bridging stress occurs at w = w'y, or actually a little bit before, and corresponds to the socalled
post-cracking strength, denoted G,

Ny

-
o, = M._.. ¥ (2.39)

NS

In Section 2.1.2 Lim et al. (1987) introduces ¢fficiency factors 1, and 1, to take the effects
of fibre length and orientation into account. One fibre with embedment length L/2 is
considered and the randomness in both embedment length and fibre orientation is included by
reducing the fibre content by multiplying it by the efficiency factors (nm,V)) and thus the fibre
bridging stress reads
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oW} = nm,V; % (2.40)
]

where F{w) is the fibre load in a single fibre at crack width w, calculated from the expressions
in eqs. (2.24) and (2.26), i.e. stepwise with increasing debonding length a.

The length efficiency factor is given as

L
for L<L,, n=1--= for L,>L, (2.41)

= 7L,

82| -

which coincides with eq. (2.9} for L, = L, . The value 1), = 0.5 is taken because the reference
value of the fibre stress corresponds to the case of continuous fibres. By comparison of eq.
(2.1) and eq. (2.34) it is recalled, that in the case of continuous fibres there is exactly twice
as many fibres crossing an arbitrary cross-section as in case of finite fibre lengths and
therefore 1, equals 0.5, when fibre pull-out is considered.

The orientation efficiency factor in eq. (2.40) has the following values
0.14, Elastic region
041, After mattix cracking

n, = (2.42)

The final solution suggested in Lim et al. (1987) does not include any simpie expressions like
in eq. (2.36), but instead a simplified relationship is given:

- From the cracking strength, which is assumed higher than the post-cracking strength
(0., 2 G,), the bridging stresses drop to the post-crack strength given by

L L
= e wgp s
g, = Znm,T GM.. = 0417 u\\ml.n (2.43)
and the corresponding crack width reads
L M .
wp = T, 2t (2.44)
E. d, k

Theoretical models of the post-crack strength. In the following the maximum stress,
observed in the post-cracking region, is considered, i.e, the peak value of the bridging stress -
crack opening curve. Especially for high contents of steel fibres, this strength is interesting
because it can exceed the cracking strength of the composite. Two models based on statistics
are presented briefly, giving predictions of both the mean value of the post-cracking strength
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and the variance of this value, but first a very simple approach is taken.

The simple approach comesponds to the maximum pull-out load of a fibre, where only
frictional bond strength is included, ie. F,, = 74t with L symbolizing the embedment
Iength. The embedment length is uniformly distributed between 0 and L./2, cf. figure 2.6, with
mean value L,/4. The maximum value of the post-crack strength sustained by the bridging
fibres is calculated as the number of fibres crossing a unit area crack plane muitiplied by the
mean pull-out load per fibre, see ¢.g. Hannant (1978):

- am o e L1 Lk
O, = NyF, (L=L}8) = — mdlet = 2 ﬁﬂ (2.45)
v

One of the earliest investigations of the post-crack strength of FRC is reported in Naaman et
al. (1974). The model is based on the statistical concept of the weakest link, meaning that a
tensile member is considered as a chain consisting of i links. When one link fails (the weakest
cross-section of the member) the whole chain breaks.

The statistical theory is not discussed here, but an important assumption is, that the fibres are
distributed in the matrix accerding to a Poisson process with parameter N, cf. eq. (2.34). The
simplest case is a chain with » = 1, resulting in a mean value and variance equal to

Ho] = =+'%,  Vafo,] - ;H:.miﬁ - Fw (246)

3r*

\n‘?““

where T is the average bond shear strength and A, is the cross-sectional area of the tensile
member. When the number » increases, the mean strength decreases because the possibility
of an exceptionally weak link grows. This dependency is calculated numerically by Naaman
et al.

Naaman et al. (1974) report, that 1", measured from a single fibre pull-out test, should be
reduced with the number of fibres. This reduction is due to the interference of the stress fields
along the fibres. A suggestion, based on tests with 0.25 mm diameter steel fibres, reads 1," =
7'-0.52N, , where N, is the number of fibres per unit cross-sectional area given in eq. (2.34).

L3

The coefficient of variation can be estimated from eq. (2.46):

c.ov, = yYao,] 334

ﬂn-ﬁL .m.n._.\.ﬂ

and using, that the minimum cross-sectional dimension in direct tensile tests is typically 3
times the fibre length, i.e. 4, = 9L}, we get
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For typical values of V, the first term is of magnitude 10 and if fibres with L/d, = 50 are
considered, then the coefficient of variation is approximately 20 %.

Another statistical approach to predict the post-crack strength is giver in Gasparini et al.
{1989), where the Poisson process is assumed to describe the occurences of fibres. The
Poissen process is characterized by identical mean and variance.

Gasparini et al, (1989} assume, that the fibre pull-out strength only depends on the effective
embedment length, defined as the projection of the embedment length on the load direction.
If the effective embedment length is given for a fibre it is assumed, that the occurence of such
fibres on a unit cross-sectional area follows the Poisson distribution with mean and variance
equal to N, L, where L denotes the given projected embedment length. It is crucial for the
model that the process of fibre occurences unconditioned this length is not 2 Poisson process,
see Gasparini et al. (1989) for further details.

By assuming that the embedment length of fibres with projected length L is uniformly
distributed between 0 and Z/2 and given the probability density function for both the projected
embedment length and the occurrence of fibres, conditioned the projected length L, the mean
and variance of the post-crack strength are given as

-1 .q\h& Varo ]| = .Wﬂ.a\h.ﬁn (248)
m_ma_un”_ - M.n &M‘ : wA _L 48 HM&
with the coefficient of variation simply derived as
cov. = 2 = 0577 (2.49)

V&8
which seems higher than that obtained by Naaman et al. (1974).

The different models all suggest similar expressions for the post-crack strength, directly
proportional to the bond shear strength and the fibre reinforcement index:

h
Q?.u ad.-\.\...m nw.mS
&u.

with o being the constant of proportionality and T being determined from a single fibre pufl-
out test. In table 2.1 a survey of the different proposals is given.
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Ay

Naaman, Moavenzadeh Depends on n.
& MeGarry (1974) 0.32 (2.46)
Hannant (1978) 0.50 (2.45) -
Lim, Paramasivam & 041 (2.43) Using efficiency
Lee (1987) factors.
Gasparini, Verma & 025 (2.43) -
Abdallah (1989)

, The factor g is
Li (1992) 0.5g (2.39) defined in eq.

25, g2 1.
Table 2.1: Suggested values for o in eq. (2.50), expressing the post-cracking strength.

It is clear from the table that the suggested ot-values have great range, varying from 0.25 to
more than 0.5. Furthermore from the predictions of the variances to be expected on G, cf.
eqgs. (2.47) and (2.49), and those experienced on measurements of ©°, there is no reason to
believe, that tests performed with normal accuracy can be expected to distinguish between the
different suggestions.

Relatively few experiments exist, investigating the post-crack strength of FRC. Most existing
test results do not distinguish between the cracking strength and the post-crack strength,
because the amount of fibres in insufficient to separate the fibre contribution from the matrix
contribution. However, in figure 2.7 post-crack test results from Naaman et al. {1974) and Lim
et al. (1987) are given. The strengths are normalized by respect to the bond strength, measured
on single pull-out tests on fibres.

Naaman et al. (1974) represent more than 100 tests with specimens of the dog-bone type, i.¢.
specimens with a weak midsection. The cross-sectional dimensions are 50.8 % 38.1 mm at the
notched sections and 50.8 x 50.8 mm elsewhere. Each specimen contains 3 notched sections
in order to model a chain with 3 links, .

The test programme, listed in table 2.2, consists of 4 different fibres and 3 different contents
for each fibre type. From 54 single fibre puil-out tests, an experimental value of ©° is
determined to 2.6 MPa with ¢.o.v. equal to 54 %. The mortar matrix used in the experiments
has water to cement ratio 0.5.

Also Lim et al. (1987) use dog-bone specimens, but without notches, The midsection has

cross-sectional dimensions 83 x 83 mm. A total of 8 different mixes are used, like it appears
from table 2.2, all having water to cement ratio 0.5. Both straight and hooked stee] fibres are
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Figure 2.7: Normalized post-crack strengths o, /" measured from direct tensile tests.

The solid lines have slopes o0 = 0.25 and & = 0.5.

used and from each mix single fibre pull-out tests are performed. The obtained bond strengths
lie within 2 - 3 MPa for the straight fibres and approximately the double for the hooked fibres.
The coefficients of variation on these measurements vary from 10 to 20 %.

The results depicted in figure 2.7 represent fibre reinforcement indices as high as 3, which is
generally considered to be the practical upper limit. Furthermore two lines are &.m«ﬁ.m in figure
2.7 representing the slopes o = 0.25 and & = 0.5, It seems that the best prediction of the
results from Naaman et al. (1974) cormespond to o = 0.25, while the results from Lim et al.
(1987) are higher. The proposal by Li (1992) seems to overpredict the post-cracking skength.
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Naaman et al. (1974) report coefficients of variation on the experimental post-crack strength
varying from 25 % to more than 70 % determined from at least 8 test results. This jndicates
that the estimate of approximately 58 % predicted by Gasparini et al. (1989), cf. eq. (2.49),
is not overpredicted.

0.25 127 2 1.00
3 1.50
Naaman, Straight 1 0.75
Moavenzadeh | steel, brass-
& McGarry | plated, low 0.25 19.1 2 1.50
4 b
(1974) carbon 3 225
1 1.00
025 25.4 2 2.00
3 3.00
1 0.83
015 127 2 1.66
3 249
30 0.5 0.27
0.57 1.0 0.53
Straight steel 1.5 0.80
Lim, Parama-
sivam & Lee 0.57 50 1.0 0.88
(1987) 0.5 0.30
Hooked steel
0.50 30 10 0.60
1.5 0.90
0.50 50 1.0 1.00
Table 2.2: Survey over fibre types and -dimensions used in direct tensile tests.

In Li (1992) the model using o = 0.5g is compared to test results, which have not been
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available to the author. These results go as high as V,(L,/dJ = 1, and give satisfactory
agreement under the assumption that 7" = 4 MPa (no singie fibre pull-out test performed) and
g=23,ie o1 = 4.6 MPa.

Fracture energy. During fibre pull-out energy is dissipated at the interfaces between fibre and
matrix. This energy dissipation is significantly higher, than the energy dissipation observed
without fibres. The dissipated energy is divided with the crack area introducing the fracture
energy G, interpreted as the energy required to produce a unit area new crack surface,

A direct tensile test results'in a well-defined crack area, thus it is easy to calculate the fracture
energy if the complete G, - w relationship is known. ¥ the fracture energy is divided into 2
parts, representing the contribution from the debonding process and pull-outr process, it is
found, that the first part is negligible compared to the second. Li (1992) finds by integration
of the expression in eq. (2.36), that

i L
Gy = [ oy(w) dw = ,.%ax (251)
0

which is identical to the expression given in Naamnan et al. (1974) from the weakest link
concept. Thus, the theoretical fracture energy is directly proportional to the bond strength, the
fibre reinforcement index and the fibre length.

The softening behaviour of cementitious matrix. Even though a crack is formed and the
displacements are localized in a narrow zone, the matrix still transfer stress. This transfer is
due to aggregate interlock and naturally forms a descending stress - crack width curve, Only
empirical suggestions for the matrix softening exist, where the curves registered through
experiments are fitted with mathematical expressions. An expression proposed by Stang (1992)
reads

6y = —— 2.52)
1+ e&%suv

where the two parameters p and wy, are fitted by means of an experimental ¢, - w rela-
tionship. The crack width w,, corresponds to the crack width, where the aggregate bridging
stress G, has decreased to half the cracking strength.

Another empirical relationship suggested by Gopalaratnam & Shah (1987) has the following
form
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o, = o_exp(-qw?) (2.53)

in which p and ¢ are the fitting parameters. Stang (1992) reports that the parameter p is close
to unity for most concretes and, that w,, is 0.01 - 0.02 mm for normal concrete.

The contribution from the aggregate interlock shoiild of course be added to the fibre bridging
contribution for every value of the crack opening w in order to obtain the comrect bridging
stress relationship. However in most FRC-mixes the fibre content is very low, making it
difficult to separate the two contributions.

2.2 Previous investigations on compresit matrix

2.2.1 Direct tensile tests

Because of the difficulties generally connected with measurements of the uniaxial tensile
strength of concrete, only a few tests have been performed on compresit matrix. In the
following these tests are briefly discussed and the main results are given. Common to all the
tests is, that they are performed under deformation conirel in a universal 500 kN Instron test
machine. Furthermore the specimens are of the dog-bone type with a weak middle section, but
with different dimensions.

The term deformation control means, that the cross-head of the test machine moves with
constant speed, which is chosen manually. The stiffness of the machine is important in order
to obtain a complete stress - strain curve. During loading elastic strain energy is stored in the
test machine as well as in the specimen. When localized cracking starts in the specimen at
peak load, unstable failure happens if

- The slope of the descending part of the stress - strain curve is too steep, resulting
in a sudden release of the elastic energy, i.e. the test machine is not stiff encugh to
follow the descending part.

Otherwise the descending part is registered until the carrying capacity vanishes*A method to
obtain stable behaviour, even though the test machine lacks stiffness, is to load the specimen
in parallel with a steel bar, which results in a continuous increasing load, i.e. a normal load
controlled experiment, which is considerably easier to perform.

In the M.Sc-thesis Aarup & Pedersen (1987} nine specimens are tested. The mid-section has
cross-sectional dimensions 32 x 32 om and contains 2 opposite saw-cut notches with depth
3 mm. The specimens are saw-cut from beams and in order to investigate the influence of
casting direction, beams have been cast both horizontally and vertically. However, no
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significant differences in tensile strength because of casting direction are observed. The mean
vaiues of the tensile strength are listed in table 2.3. The connections between specimen and
test machine consist of steel plates glued on the ends of the test specimen. In ¢ach of these
plates a threaded bar is screwed and locked in the hydraulic jaws of the test machine, i.e. an
attempt to obtain a rotationally stiff connection,

In Heshe (1988) only three specimens, with rectangular cross-section (61 x 41 mm), are
tested. The connections are similar to those mentioned above, but a hinge is inserted in each
end of the specimen. This hinge allow rotations to happen in the test specimen.

Finally 7 tests have been performed using cylindrical specimens, where the top and the botton
of the mould serve as connections to the test machine. Like in the previous case hinges are
inserted in the connections, which simplifies the procedure to centre the load. These tests are
reported in Heshe & Nielsen (1992a) and the results are given in table 2.3.

The initial modulus of elasticity E, measured on the linear part of the stress - strain curve, is
given in table 2.3 together with the tensile strengths obtained from direct tensile tests on
compresit matrix.

Aarup &
Pedersen 9 6 40 24 6.5 (12.7) “
(1987)

Heshe
(1988) 3 6 40 24 9.4 (2.2) 58

Heshe &
Nielsen 7 6 40 24 6.3 (9.5) 40
(1992a)

Table 2.3: Survey of tensile test results obtained from direct tensile tests with dog-bone
specimens. The steel fibres used are Dramix OL 6/.15 HC. The listed tensile
strengths represent mean values with the coefficients of variation given in
brackets.

Thronghout all the mentioned test series, corresponding values of the tensile load, longitudinal
strain and cross-head displacement are registered. The observed stress-strain relationships
however, show unstable behaviour on the descending part, indicating that the test machine is
not stiff enough to follow this branch. This results in sudden failures, when-the deformations
Jocalize in a narrow crack zone, followed by the load dropping to zero almost immediately.
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Figure 2.8: Experimental f;, - V.(L,/d,) relationship from compresit cylinders with
varying fibre lengths and contents, Each data point represents 3 tests.

A better way to perform a direct tensile test, in order to obtain a complete stress - strain

relationship, is to use a feedback signal in a closed-loop control. In Secfion 2.3 tests

performed by controlling the crack opening, instead of the cross-head displacements, are

presented and the results are compared to those given in the present section.

2.2.2 Tensile splitting tests

A well-known indirect test method to determine the tensile strength of concrete is the splitting
test, where a cylinder is loaded along two diametrical lines until it cracks along the connecting
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diameter. In Hansen (1983), which contains some of the earliest tests on compresit matrix, a
total of 27 cylinders with height 90 mm and diameter 45 mm are tested, see test results in

figure 2.8.

An elastic solution to the splitting problem gives an almost uniform tensile stress f, = P/(nrh),
where P is the load, r is the cylinder diameter and % is the height, along the splitting diameter.
For ordinary concrete the ultimate splitting stress is typically found to be about 2/3 higher
than the direct tensile strength. Thus the splitting test forms a simple way to predict the tensile
strength because it is performed under load control like a compressive test.

The tests in Hansen (1983) cover 3 different lengths of the straight brass-coated Dramix steel
fibres (3, 6 and 12.7 mm) all having diameter 0.15 mm and furthermore they include 3
different fibre contents for each fibre length.

2.3 Direct tensile tests on compresit matrix

In this section direct tensile tests, which are performed during the present project, are
presented. The tests have been carried ont at the Building Materials Laboratory at Technical
University of Denmark. The test method is originally developed in connection to the Ph.D.-
thesis Aarre (1992) and is only briefly discussed here, while more informations can be found
in the thesis.

The scope of the experiments is to establish relations between the tensile characteristics of
compresit matrix and the steel fiber characteristics such as fiber content and aspect ratio. This
is primarily obtained by measuring G - w relationships on notched specimens, where o; is
the bridging stress sustained by the fibres (and aggregate interlock) and w is the crack width.
The experiments are controlled by comparing a feed-back signal from two extensometers,
measuring the crack opening, with a control sigral, that prescribes a constant rate of increase.
This method is very effective, but requires a sufficiently fast datalogger in order to perform
the signal comparisons with the necessary quickness. Furthermore the specimens are notched
so that the localization of the deformations is forced to occur within the measuring length of
the extensometers.

2.3.1 Test specimens and method

Detailed information about the tests is given in Appendix 1. The experiment tries to create a
uniform tensile stress state at each cross-section of the specimen by preventing rotation, i.e.
the connections between the specimen and the test machine are stiff enough to ensure, that
each cross-section is uniformly exteaded. This is obtained by gluing two ﬂn& blocks to the
specimen ends and by using relatively short specimens.
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The test specimens consist of small prisms either provided with saw-cut notckes or without
notches. The specimen dimensions are given in figure 2.9. The specimen shape and size are
chosen from the following considerations:

- The specimen should fit a 100 kN Instron test machine.

- The smallest width of the cross-section should be at least 3 times the fibre length
and 3 times the maximum aggregate size.

- The ratio between specimen length and width should not exceed approximately 2
in order to secure the necessary rotational stability, cf. Aarre (1992).

From figure 2.9 it appears the minimum width is 31 mm, which is less than 3 times the fibre
length. However, this is allowed to ensore failure at the notched cross-section at high fibre
contents.

The test programme covers 8 different compresit matrices and in table 2.4 a survey of these

mixes is given. The specimens are named UT for unjaxial tension followed by a number
giving the aspect ratio of the fibre type, that is added to the mix.
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uTo - 0 0 -
3 09
UT30 30 6 18 OL 12/.40
9 27
3 1.2
UT40 40 6 24 OL 6/.15 HC
9 3.6
UTS87 87 3 2.6 0L 13/.15 HC
Table 2.4: Survey of the 8§ different compresit matrices composed from 3 different

fibre types (straight Dramix steel fibres). Fibre characteristics in table 1.3.

From the test executions it turns out, that the two opposite notches shown in figure 2.9 are
not enough to ensure that cracking actually happens in this cross-section, when the fibre
reinforcement index gets too high. Therefore extra notches are saw-cut in the 2 remaining
sides. Thus, the following 2 specimen configurations exist:

- m...vnownonm with two opposite notches, when the fibre reinforcement index is lower
than 2, resulting in a notched cross-sectional area of 60 % of the original area.

- Specimens with notches on all 4 sides, when the fibre reinforcement index is hig-
her than 2, leaving only 36 % of the cross-sectional area to carry the stresses.

The two extensometers are placed on opposite sides of the specimen, measuring the
deformations of the central part of the specimen. If the final crack occurs ontside the
measuring length of these extensometers, the test control fails. This is the case for the
unnotched specimens, where the failure happens in the adhesive joint.

2.3.2 Test results

Values of the tensile force and the extensometer strain measurements have been recorded
from all tests. The notched prisms were supposed to supply the stress - crack width rela-
tionship, i.e. the part after the displacement localization. The unnotched prisms were meant

to give complete stress - strain curves, Le. both an ascending and a descending part. In
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figure 2.10 these 2 possibilities are outlined,
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~7MPat _ failure of adhesive joint ﬁ
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Figure 2.10: Characteristics of tensile stress - strain curves obtained from extensometer

measurements onr both unnotched and notched specimens.

The term stress - strain curve is used about the complete test recording, knowing that the
deformafions ocalize in narrow failure zones (cracks) and therefore makes it doubtful to
consider strains instead of displacements.

It tumed out to be practically impossible to record the complete stress - strain curves for the
unnotched specimens. Even though the ends of the prisms and the steel blocks were sand-
blasted before gluing them together, it always appeared to be the adhesive joints, that failed
rather than the cross-sections in between. Therefore it was impossible to record the descending
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part of the stress - strain curve, i.e. the unnotched prisms only determine the initial modulus
of elasticity. Tt was found that the adhesive joint had a tensile strength of about 7 MPa,
which coincides with the cracking strength of the matrix as described later. In order to
obtain a complete stress - strain curve with compresit matrix, using unnotched prisms, a
much stronger glue is needed, or perhaps specimens of the traditional dog-bone type.

The motched specimens, on the contrary, showed behaviour as outlined in figure 2.10. After
the deformations localize in the notched cross-section, the material appears te yield followed
by "strain hardening" as recognized from reinforcement steel. The yield point is interpreted
ag initiation of cracking and is defined by the cracking stress o, . The following peak is
termed the post-cracking stress G, and it is due to the steel fibres bridging the crack. of
course the latter observation does not apply for matrix without fibres, in this case the
bridging stress descends right after cracking, with the descending stresses sustained by
aggregate interlock, i.e. socalled strain softening.

In the following presentation of the results in tables and figures, no attempt has been done
1o separate the stress contributions from matrix and fibres, which is justified later on.

Experimental o, - w relationships. In order to obtain the stress - crack width relationships
from the notched specimens, the elastic part of the strains is subtracted from all the values,
that follow cracking as shown in figure 2.10. Thus it is assumed, that the unnotched cross-
sections are not damaged, when the notched section cracks, i.e. the unnotched cross-sections
follow the linear-elastic stress - strain curve with slope corresponding to the initial stiffness
E,..;, while the cracked section follows the post-crack curve.

This gives the following relation between the crack width w and the measured strains e:
Qb - a

E

‘nateh

wioy) = Le(og -~ €, - i (2.54)

with symbols taken from figure 2.10.

In each individual case the o, - w relationship is calculated from this equation afer deter-
mining the cracking point (g, ,G,,) and the initial slope E,,, manually from the stress-strain
recordings. When the o, - w curve is obtained, the fracture energy termed Gy is calculated
as shown by the integration in eq. (2.51). It is interpreted as the energy dissipated per unit
crack area during the test and it is represented by the area below the complete oy -w curve.

Typical post-cracking relationships are shown in Appendix 1 for each of the 8 cormpresit
mmatrices. It appears that at least 3 tests are carried out for each matrix, except for UT40 with
9 % fibres, where only 2 tests succeded. In figure 2.11 and 2.12 characteristic oo, - W
curves are given, with the bridging stress normalized by respect to the cracking strength, i.e.
all the curves start at (0,1). :
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2.3 Direct tensile tests on compresit matrix

Figure 2.11: Characteristic Gz/G,, - w curves for notched specimens of type UT30.

1t is obvious from the two figures, that there are great differences between both the post-
cracking stresses and the energy dissipation for the various compresit matrices, caused by
changing fibre content and geometry. The cracking stress only varies slightly with the fibre
content, making the normalized curves directly comparable. Furthermore Appendix 1 shows,
that there exists great variations within each mix, leading to relatively large coefficients of
variation on the test results.

The maximum crack opening of 2.5 mrn corresponds to the range of the extensometers and
cannot be exceeded. This means that the longest fibres (OL 12/.40 and OL 13/.15 HC with
L, equal to 12 and 13 mm respectively) are not fully pulled out, when the test is stopped,
because their maximum embedment lengths of L,/2 are not exceeded. Therefore the bridging
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Figure 2.12: Chatacteristic G,/G,, - w curves for notched specimens of type UT40 and
UTE7.

stress has not dropped to zero except for the UT40-specimens with fibre length 6 mm. As a
consequence of this the calculated Gp-values do not represent the correct values because of
the incomplete tail of some of the curves. However this is assumed to be of minor importance,
considering the relatively high variations in the test results.

Liks it appear from figore 2.11 and 2.12, only the lowest fibre contents (V, =3 %) show an

actual drop in stresses after cracking. The typical behaviour is a slight disturbance of the stress
- strain curve, disclosing that cracking starts, before the stresses continue to increase.
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2. Tensile behaviour

Statistical definitions. In order to interpret the test results properly the observed experimental
varjations are taken into account. In this section the basic definitions, concerning the statistics
involved in evaluating the results, are given.

An estimation of the uncertainty of a vartable x on basis of r samples is typically taken as its
sample variance §* and the coefficient of variation is defined as the square root of this sample
variance divided with the sample mean x,,.

' coV. = m =
X

m 1w
IMU *

L]

A-liye

H. n .
== %) (2.55)

If the samples are assumed independent and normal distributed with mean p and variance o
it can be shown, that the sample mesan and variance are the best estimates for these two
parameters. Furthermore the double-sided 95 % confidence interval for p is given as

2
X, & Iy can-1} uﬂ (2.56)

where #;;55(r-1} is the fractile of the rdistribution with n-1 degrees of freedom, that corres-
ponds to 97.5 % of the probability mass. Thus, instead of estimating a single value of the
variable x by its sample mean (for instance x is a material property such as strength) the
confidence interval gives a range containing the mean vaiue of x with 95 % probability. When
n increases the interval gets more narrow. It is noted, that the probability level is choser by
the investigator, but a value of 95 % is generally accepted.

If we have several groups of samples with different mean values, but assume equal variance,
a stronger estimate for the variance is given by

n-DY s - @25n

i=1

2
h | — o —
¢ m{n—1)

where 52 is the sample variance corresponding to the ith group and m is the number of groups.
The corresponding double-sided 95 % confidence interval for p is expressed as
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2
Xy % Tysgltn(n-1) w,_. 258)

with x,, being the sample mean of the ith group.

For instance with two sample groups, representing two different values of a parameter, the
confidence intervals given above are compared. In order to conclude whether the difference
in the observed sample means is caused by random errors and uncertainties, or if it is caused
by the parameter change in, the confidence intervals are compared. I the intervals do not
overlap the effect of the parameter is concluded to be significant.

In terms of the present investigation we change the mix parameters (fibre content and
geometry) and measure the material properties. These measurements include errors, e.g.
originating from inaccurate equipment and the inhomogeneous nature of concrete materials,
which are reflected in the coefficients of variation. If these errors are assumed to be
independent of the mix parameters eq. (2.58) is applied in order to investigate whether a
change in parameters effects the material property significantly.

Mean values of the test results. In table 2.5 the main results of the tensile tests are given in
terms of the cracking stress o,,, the inittal modulus of elasticity E, the post cracking stress o,
and the fracture energy G The modulus of elasticity is determined from unnotched specimens
with 3 repetitions in each case, while the other material properties are measured on notched
specimens. The area below the G, - w curve is calculated numerically using the trapezoidal
rule, where the relationship in between two cbservations is assumed linear. The values in
brackets are the coefficients of variation caleulated from eg. (2.55).

Initial modulus of elasticity E. When the elastic region of the stress - strain relationship is
considered for FRC, the socalled law of mixtures is often applied. The two different phases
(matrix and steel) are assumed to act together, neglecting the effect of the Poisson’s ratio. The
socalled Voight model, which assumes, that the strains are equal in the two phases, reads:

E = EV, + E(1-V) (2.59)

making an upper limit, because the orientation of the fibres, relative to the load axis, is not
taken into account, cf. eq. (2.14).
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uUTo - 0 0 449 53 - 0.151
5.5 {12.2) (15.0)
3 | o9 440 68 7.8 8.2
(3.4) (21.4) {20.2) (38.3)
6 1.8 50.2 7.0 13.8 14.2
UT30 30 (16.4) {15.6) (3.2) (16.9)
9 2.7 55.2 74 18.7 20.2
(4.8) (11.8) (1.8) (11.2)
3 1.2 50.7 6.0 6.6 5.5
(6.6) {8.8) (15.3) (21.7)
6 24 50.5 7.3 10.0 9.8
UT40 40 (54) (3.2) (29.7) (18.D)
9 3.6 499 8.2 15.7 14.0
(6.8) (5.8) (10.0) (17.1)
uUTs? 87 3 2.6 52.6 7.2 12.5 12.0
(4.6) (9.3) (11.8) (25.0)
Table 2.5: Test results from direct tensile tests. All values are mean values and the

brackets contain the coefficients of variation.

Another approach is the Reuss model, which is analogous to a system of two linear-elastic
springs, representing the two phases, in a series connection, i.e. the stresses are assumed equal.
This mode! gives the following expression for the modulus of elasticity:

DU e/ T N S Y 2.60)
MMH m.a m._.+_\%‘m..a|mw

representing a lower limit. In Baalbaki et al. (1992) several models are presented, combining
these two models.

In figure 2.13 the E-values from table 2.5 are depicted with varying fibre content together with

the two predictions from eq. (2.59) and (2.60). The material parameters ate chosen as £, =200
GPa and E, = 45 GPa.
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Figure 2.13: Mean vatues of the initial moduolus of clasticity given in table 2.5. Also
shown is the double-sided 95 % confidence interval for the expected
madulus.

A simple statistical analysis performed on the measured E-values gives the 95 % confidence
interval, which is inserted in figure 2.13. By calculating the sample variance from eq. (2.57)
with 7 = 3 and m = 8, the width of the confidence interval is determined to 9.4 GPa using eq.
(2.58). By applying the confidence interval to the measured mean values it is clear, that both
the Reuss and Voeight model predict the modulus of elasticity within acceptable accuracy.
However a mean value of the two models seems to give the best agreement. Furthermore it
is evident, that only in case of very high fibre contents, the modslus is increased significantly
because of the presence of fibres.
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2. Tensile behaviour

Cracking stress o As explained in Section 2.2, the general assumption concerning FRC is,
that the cracking stress does not differ much from the strength of the unreinforced matrix. This
assumption originates from the law of mixtures, where the contributions from matrix and
fibres are separated, see e.g. Hannant (1978), p. 11.
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2.3 Direct tensile tests on compresit matrix

Figure 2.14: Experimental o,, - V,(L,/d} relationship from table 2.5, including 3 typical
double-sided 95 % confidence intervals.

The cracking stresses, given in table 2.5, show an increasing strength with fibre content.
Figure 2.14 gives the relationship between G, and the fibre reinforcement index together with
3 representative 95 % confidence intervals, calculated on basis of eq. (2.56) with n = 4.

It is clear that the cracking stress is influenced by the steel fibres, but it also seems, that the
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effect is only significant, when large differences in fibre reinforcement index are compared.
Thus, a comparison of the confidence intervals for V(L/d)} = 0 and V,(L,/d} = 1.8 shows,
that the uncertainties on the measurements are too high to conclude any fibre effect. Therefore
the cracking strength of compresit matrix is considered a single value in the following. If all
the measured o,-values are taken into acount a mean value of 6.9 MPa is obtained, with the
coefficient of variation equal to 16.6 %.

It is likely that there exists a strain value for the matrix material at which the deformations
localize into discrete cracks. Unfortonately the strains, measured on the notched specimens,
do not represent a uniform strain field because of the notch. Therefore the E-values, measured
on unnotched specimens, dre used to determine £,,, assuming that the stress - strain curve is
linear until cracking, an assumption which is generally accepted.

An analysis of the cracking strains gives a mean value of ¢, = 6, /E = 0.14 %,. This value
coincides satisfactorily with previous cbservations of the ultimate tensile strain equal o
approximately 0.2 %o obtained in Heshe (1988) and in Heshe & Nielsen (1992a) by means of
clectrical resistance strain gages.

If the cracking stresses from table 2.5 are compared to the tensile strengths in table 2.3 it
appears, that the f-values reported in previous investigations on compresit matrix correspond
to the cracking strength obtained in the present test programme. It is recalled from Section 2.2,
that the previous investigations are performed under simple deformation control, i.e. without
any feed-back signal. It is probably, that the stiffness of the test machine is insufficient and
causes, that the post-cracking bebaviour is not recorded properly because of unstable crack
growth. Thus, the cracking strength is interpreted as the ultimate strength,

Post-cracking stress o, The maximum stress sustained by the steel fibres alone as they
bridge the crack is termed the post-cracking strength. From the post-cracking curves in figure
2.11 and 2.12 o, occurs for a crack opening of approximately 0.2 mm and by comparison
with the behaviour observed for plain compresit matrix without fibres, it is obvious that oaly
the fibres contribute to the postcracking stresses. The aggregate interlock has completely
vanished.

In figure 2.15, g, is depicted with varying values of the fibre reinforcement index. From
statistical considerations similar to those performed on E, a double-sided 95 % confidence
interval is calculated, giving a total width of 4.1 MPa, see figure 2.15. Also the mean value
of the cracking stress ¢, = 6.9 MPa is shown.

1t is evident, that the specimens of type UT30 and UT40 are difficult to separate for identical
fibre content, because their confidence intervals overlap, but UT30 tends to show the highest
strengths. However it is undoubtful, that the fibre reinforcement index has a significant effect
on the post-cracking strength,

A very simple criterion for socalled multiple cracking is, that the nomn.nn.moﬁum strength is
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Figure 2.15: Experimental G, - V;(L,/d) relationship from table 2.5, including the
double-sided 95 % confidence interval for o,.

higher than the cracking strength. From figure 2.14 it is recalled, that &, is not significantly
influenced by the fibres. Therefore the relationship in figure 2.13 indicates, that the minimum
fibre rein-forcement index to ensure multiple cracking is approximately 1, corresponding to
V=3 % of OL 12/.40 fibres.

Fracture energy G,. Values of the fracture energy are calculated as given in eq. (2.51) and
from table 2.5 it is clear, that they are subject to great scatier. In figure 2,16 the G - Vi(L,/dp
relationship is shown, including the double-sided 95 % confidence interval.
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Figure 2.16: Experimental Gy - V,(L,/d) relationship from table 2.5, including the
double-sided 95 % confidence interval for Gy

Like it is mentioned earlier, the lack of data covering the Jast part of the G - w curve (Le. the
part exceeding w = 2.5 mm), is assumed to be insignificant, when the G'p-values are. compared.
A rough estimate, modelling the missing tail with a linear decreasing part between w = 2.5
mum and L,/2, indicates, that the contribution neglected under this assumption is approximately
3 kN/m except for UT30 with V, == 9 %, wher it is approximately 7 kN/m. It is chosen to
neglect these contributions, but in the following analysis it is noted, that the Gp-values
represent a lower limit. A further investigation of the fracture energies are performed in
Section 5.2.
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233 Tensile strength of compresit matrix

Based on the test results presented in the previous section, the tensile strength characteristics
of compresit matrix are summarized. A simple and straightforward approach is to interpret
the fibres as conventional reinforcement. By assuming that the steel fibres control the post-
cracking strength a tensile strength prediction, similar to those given in Section 2.1.3, is
obtained by considering the fibres as conventional steel bars.

When a cross-section contains steel bars, the geometrical reinforcement ratio ¢ is defined
as the cross-sectional area of the steel divided with the total cross-sectional area. The tensile
strength of the cross-section is calculated as

ALY 2.61)

where f; is the yield strength of the steel bars. Thus f is the strength of the bars, uniformly
distributed over the total area assuming, that the concrete does not contribute to the tensile

strength.

For fibres randomly located in a structure, the number of fibres crossing an arbitrary cross-
section per unit area js given in Section 2.1.3 as N, = 2¥/(nd?). Thus, the geometrical
reinforcement ratio of the fibre reinforcement is given by

$ = Noa, = w (2.62)

Under the assumption that the fibre length is shorter than the critical length, defined in eq.
(2.7), the mean value of the yield strength of a fibre is related to its effective bond shear
strength 1:

where the numerator is the mean pull-out force of a single fibre, having embedment length
L,/4. Finally the tensile strength of the fibre reinforced composite is calculated as

S

TV,

; (2.63)

1
2

PN

The effective bond strength T of the fibre - matrix interface includes the effect of fibres, that
are inclined. to the crack plane and therefore it is not identical to the single fibre bond
strength ", In order to compare with the expressions proposed in table 2.1 we use the rela-
tion a1’ = /2, cf. eq. (2.50).

2.3 Direct tensile tests on compresit matrix

In figure 2.15 the dependence of the post-cracking strength on the fibre reinforcement index
indicates, that direct proportionality is satisfactory. If G, is expressed as in eq. (2.63), the
effective shear strength T is determined as half the slope in figure 2.15.

From figure 2.15 it appears, that there exist different slopes for the fibre types, comesponding
to either the thin fibre type with diameter 0.15 mm (used for UT40 and UT87), or to the fibre
with diameter 0.4 mm used for UT30. The two slopes from figure 2.15 are calculated to equal
- an effective bond strength T = 9.4 MPa for the fibre with diameter 0.15 mm.
- an effective bond strength T = 15.7 MPa for the fibre with diameter 0.4 mm.

In figure 2.17 the tensile strengths are shown together with the two lines, symbolizing the
following expressions:

9.4 MPa , d; = 0.15 mm
s,

| 157 MPe,  d,

£=1p (2.64)

AN

1
2 0.4 mm

From the figure it appears, that for fibre reinforcement indices below 2, the difference between
the two fibre types, cavsed by the different bond stremgths, are difficult to detect ex-
perimentally because of the experimental scatter. Therefore the expressions in eq. (2.64) are
satisfactory for most practical needs with a mean value of 7 instead of distinguishing between
the fibre types.

The splitting strengths f., determined in Section 2.2.2 and reperted in Hansen (1983), seem
to predict the effect of the fibre reinforcement index similar to the description above. In figure
2.8 the dependency of f, on the fibre reinforcement index is given. This dependency is
modelled satisfactorily by a straight line, reading

\w MPa 2.65)
&\.

L
f= ?h + 5.5V

obtained from a linear regression analysis with the coefficient of correlation equat to 0.9.

Even though the splitting strength seems to overestimate the tensile strength of the plain
compresit matrix without fibres by a factor 2, which is also the case for normal concrete
splitting strength. The slope of the relationship coincides with that given in eq. (2.64).

There has been no attempts to determine the single fibre pull-out strength in the present test
programme. Therefore it is not possible to perform a direct comparison with the model
predictions presented in Section 2.1.3, which are based on ', see e.g, table 2.1. In figure 2.7
existing post-cracking strengths, normalized by respect to the single fibre bond strength 77, are
depicted with the parameter ot from eq. (2.50) being the slope of the straight line expressing
the normalized post-cracking strength. ’
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2.3 Direct tensile tests on compresit matrix
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Figure 2.17; Tensile strength of compresit, dependent on the fibre characteristics.
UT30 contains fibres of type OL 12/.40, while UT40 and UT87 contain
fibres of type OL 6/.15 HC and OL 13/.15 HC respectively.

From the test results in Naaman et al. (1974) the slope ¢ = (.25 seems satisfactory and the
bond strength is reported to T = 2.6 MPa, which yields an effective bond shear strength T:

2 =a1" = 1t =13 MPa

Similarly the results in Lim et al. (1987) are analysed and yields € = 2.1 MPa for straight
fibres and approximately the double for hooked-end fibres,

By comparing these effective bond strenghts from normal FRC tests with eq. (2.64), it is
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obvious, that the compresit fibre - matrix interface is extremely strong.

Characteristics of the o - w relationship for compresit. From the post-cracking corves in
Appendix 1 it is clear, that the fibres affect the tensile bebaviour strongly. For the matrix
without fibres the post-cracking curves descend very rapidly, which is similar to curves
measured on both normal and high-strength concrete.

When fibres are added the curves are lifted considerably, increasing the fracture energy more
than a 100 times. For instance the crack width, corresponding to half the cracking stress, is
increased from approximately 0.02 mm for plain matrix 1o approximately 2 mm for fibre
reinforced matrix,

cracking
zZone
P \mxwmnmogmﬁmﬁ
AT T o
idealized crack A
notch c
IHEEENENN! A pe

Figure 2,18: Multiple cracking zone around notched cross-section.

The oceurence of the maximum post-cracking stress is registered to lie between w = 0.1 and
w = 0.2 mm, cf. figure 2,11 and 2.12. If crack widths of this magnitude are compared to the
model prediction suggested in Li (1992}, see eq. (2.37): wy = TL(E;d), a very poor
agreement is found.

By inserting the parameters corresponding to the present steel fibres, the predicted crack
widths are § to 10 times smaller, than those observed in the tests. It is recalled, that the
prediction given in eq. (2.37} is interpreted as elastic elongation of the debonded part of the
embedded fibres. A plausible explanation for the great difference between the observations and
the model prediction is, that the G, -w relationship for compresit matrix does not represent a
single crack. Because of the post-cracking stresses, that exceed the cracking strength of the
matrix, a systern of cracks may develop around the notched cross-section as indicated in figure
2.18. This means that even though only one crack is visible (located in the notched section),
there might be cracks inside the specimen, that contribute to the extensometer displacements.
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2.4 Compresit matrix reinforced with both fibres and bars

Practical considerations for compresit matrix. The limit for application of FRC is often
determined by its workability during mixing and casting. In practice the upper limit for the
fibre reinforcement index is typically within the range 1 - 2. For compresit matrix the
practical upper limit is about 2, even though compresit mixes with fibre reinforcement
indices as high as 4 have been cast. When these limits are reached it gets difficulty to mix
the fibres properly and the risk of fibre bundles increases.

The possibility of multiple cracking is controlled by g, > o, which is mainly limited by
the maximum attainable fibre reinforcement index. For ordinary FRC the cracking strength
of the matrix is typically about 4 MPa, while the post-cracking strength of fibres bridging
a crack is of magnitude o, = V,(L,/dj} MPa. These values demand a fibre reinforcement
index higher than 4 in order to obtain multiple cracking. For compresit matrix the high bond
strength provides the post-cracking strength to increase significantly, making it possible to
reduce the initiation of multiple cracking to ¥, (L,/d) ~ 1, cf. figure 2.17.

Considering the high bond strength of the compresit matrix, care should be taken to avoid
fibre breaking instead of pull-cut by choosing the fibre length properly. The critical length
is given in eq. (2.7 L, = o,d,/(27), where T is taken as the effective bond shear strength.
By inserting the tensile strength of the fibres, see table 1.3, together with the bond strengths
given in eq. (2.64) we get

235 mm , m.., = 0.15 mm
L - (2.66)

“ 172 mm , nw = 0.4 mm

It is recalled, that the thin fibres (OL 6/.15 HC and OL 13/.15 HC) are the most expensive
and it seems that in order fully utilize their bond capacity the fibre length should be in-
creased considerably. For the other (cheaper) fibre type OL 12/.40, the actual fibre length
matches its critical length very well, making this fibre the most attractive for compresit.

2.4 Compresit matrix reinforced with both fibres and bars

In the following section a description of tensile tests with steel bars embedded in compresit
matrix. They serve to investigate, whether the temsile strength of compresit matrix
contributes to the tensile behaviour of the member.

One of the basic principles of the compresit concept, described in Bache (1987), concems
the interaction between the main reinforcement and the fibre reinforced matrix. It is well-
known, that the brittleness of a structure increases with both the materfal strength and the
size. Naturally the fibres decrease the brittleness, because they increase the fracture energy,
but also the compact main reinforcement is meant to decrease the brittleness. The main
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reinforcement primarily increases the overall ductility of the structure because of its plastic
behaviour, but it also effects the matrix brittleness. The compact steel arrangement divide the
matrix into smaller sub-volumes, ie. it decreases the characteristic dimension, that is a part
of the socalled brittleness number, see Section 5.1.2. Thus, instead of a brittle high-strength
matrix, that cracks easily around the bars, we have a ductile steel fibre reinforced matrix, that
follows the bar deformations and keeps its coherence.

2.4.1 Test specimens and method

Two different types of experiments are performed with fibre reinforced compresit matrix and
varying contents of main reinforcement. The specimens vary considerably in their design.

In Heshe & Nielsen (1992a) a total of 8 specimens are reported, covering 4 different rein-
forcement degrees and containing 6 % steel fibres of type OL 6/.15 HC. The tests are a
continuation of the tensile tests mentioned in Section 2.2.1, determining the tensile strength
of plain compresit matrix.

The specimens are of the dog-bone type, i.e. cylindrical with a mid-sectional diameter equal
to 76 mm. The steel bars are arranged concentric with a diametrical distance of 56 mm. These
bars are Danish tentor steel (T550) with a guaranteed 0.2 % proof-stress of 550 MPa. In table
2.6 the material characteristics of the steel bars are given.

The specimens are instrumented with electrical resistance strein gages both on the surface of
the cylinders and on the reinforcement bars. A comparison between these two strain measure-
ments shows, that the bars and the matrix deform identically, Furthermore the cross-head
displacements of the test machine are registered.

The M.Sc.-thesis Duedahl & Nielsent (1993) includes a total of 14 disc-shaped specimens with
dimensions 300 x 75 x 12 mm. The specimens have especially designed fittings glued on both
ends to connect it with a universal test machine at the laboratery of the Department of
Building Technology and Structural Engineering at Aalborg University.

Inside the specimens up to 5 steel wires with diameter 5 mm are embedded. Tests with both
threaded wires and high-strength cold-drawn wires are performed, see table 2.6. The test series
includes 2 fibre contents, viz. 2 and 6 % of the fibre type OL 6/.15 HC. From the cross-
sectional dimensions of 12 x 75 mm it seems, that the small depth causes the fibres to align
in the plane of the specimen. Thus, it is questionable to state, that the fibres have random
orientation.

Before gluing the aluminium fittings to the specimen ends, both surfaces are sandblasted to

increase the adhesive joint strength. Two LVDT’s are mounted on the specimen sides in order
to measure the deformations over a distance of 180 mm.
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2.4 Compresit matrix reinforced with both fibres and bars

Nielsen 6 - 210 - 739 bars.
(1992a)
. 483 197 245 682 3 mm threaded
Duedahl & wire,
Nielsen 2,6
(1993) 464 193 240 681 5 mm threaded
WIIre.
1757 203 8.66 1892 5 mm cold-
drawn wire.
Table 2.6: Survey of material characteristics for the test specimens. The stee] fibres are

straight and brass-coated Dramix OL 6/.15 HC.

2.4.2 Test results

For the 7 tests reported in Heshe & Nielsen (1992a) complete tensile curves are observed,
with 2 or 3 major cracks developing until the steel bars stact to break. All tests end with
rupture of the tentor bars and no failures are observed in the bond zene. In Duedahl & Nielsen
(1993) all the tests end with splitting cracks along the wires followed by a pull-out failure or
eventually by a failure of the adhesive joints. Therefore the following description primarily
concemns the linear-elastic region of the stress - strain relationship of the steel bars.

In figure 2.19 a gualitative stress - strain cirve, that represents the complete range of tests,
is shown. The reinforcement ratio is denoted .

It is assumed, that the matrix and the steel bars deform together, corresponding to perfectly
bond, which is confirmed by strain measurements on the specimen surface and on the stecl
bars. The tensile stress o, is uniformly distributed across the complete cross-fection of the
specimen, while the stresses in the matrix and in the bars are denoted ¢, and &, respectively.
In the linear-elastic region of both the matrix and the main reinforcement the constitutive
relation reads:

o, = (1~¢)o, + 9o, = Ee, E, = (1-9)E + ¢F, 2.67

The modulus of elasticity E of the compresit matrix is presented in the previous section, see
e.g. figure 2.13, and it is of magnitude 50 GPa, while E_ is equal to approximately 200 GPa.
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Figure 2.19: Qualitatively stress - strain relationship.

The reinforcement ratios applied in the two investigations range from 2.5, 3.1, 3.7 and 4.4 %
in Heshe & Nielsen (1992a), while Duedah] & Nielsen (1993} uses 8 different ¢-values within
the interval 1.1 - 10.9 % in their test programme.

The o, - £ relationships start with a siraight line governed by q. (2.57), where both the matrix
and the stee] bars contribute to the stiffness. When the strain reaches approximately 0.2 %o the
slope of the curve decreases to a value, that represents the stiffness of the bars. The tensile
strain value £ = 0.2 %e corresponds to the cracking strain of the mattix and marks, that
localization begins. However, still no visible cracks exist on the specimen surface.

While the loading continues, the load sustained by the matrix is kept constant, under
increasing strains. This situation corresponds to yielding of the matrix and it continues until
the steel bars start to yield (normelly at £ = 2 to 3 %0). By using a magnifying glass (25x),
cracks are detected on the specimen surface, when the strains are equal to approximately 1.3
%o

In table 2.7 the observed matrix yield stresses are listed. It is noted, that the stresses are

obtained as the difference between the total load and the load taken by the bars, divided by
the net cross-sectional area of the compresit matrix.
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Heshe & Nielsen 6 -5 Tentor bars. (2.5 < ¢ £ 4.4)

{1992a)
~5 Threaded. (1.1 S 9 < 7.7)
Duedahi & Nielsen 2
(1993) . ~5 Cold-drawn. (4.4 £ ¢ £ 10.9)
up to 13 Threaded. (1.1 S £ 7.7)
6 ~7 Cold-drawn. (4.4 < ¢ < 10.9)
Table 2.7: Observed yield stresses of compresit matrix during linear-elastic extension
of the embedded steel bars, i.e. until £ = 2 %o. The steel fibres are Dramix
OL 6/.15 HC.

It appears that stresses as high as 13 MPa is observed, but it is likely, that this value is due
to the fact, that the fibre orientation is not totally random. It seems more reasonable to use the
cracking strength of the compresit matrix as its yield strength instead of using the post-
cracking strength.

2.5 Concluding remarks

From Section 2.1.2 and 2.1.3, where a number of investigations of the behaviour of FRC
under tensile loading are included, a general problem seems to exist. This problem is closely
related to the fact, that the tensile test methods and specimens differ significantly, because no
standard procedures exist for tension tests of concrete. Therefore the results from various
investigations are hardly comparable. Furthermore the test results show great experimental
scatter, which is also expected from the theoretical models. The scatter makes it difficult to
observe any significant fibre effects. Thus, in order to observe significant fibre effects the fibre
content should be higher, than what is practically obtainable in many cases. )

The micro mechanical shear lag models, concerning the pull-out behaviour of a single fibre,
which is extrapolated to a continusm by means of statistical considerations, do not necessarily
improve their practical benefit by increasing the degree of complexity. It is evident, that it is
not enough to know the single fibre pull-out strength to predict the tensile post-cracking
behaviour of FRC. The strength dependency on the gualitatively important parameters such
as fibre content and aspect ratio is well-known, but still the models need empirical fitting to
take the interaction between fibres (fibre spacing) and the properties of the matrix mix (e.g.
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aggregate type and matrix density} into account,

The presence of great experimental scatter does not encourage to further refinements of the
micro mechanical models. Instead & simple model is necessary together with proper
experimental calibration.

When FRC-mixes with relatively small amounts of fibres are concerned, the choice of model
is very important, because the stress contribution from the fibres is almost negligible compared
to that of the plain matrix. For instance if the strength model in eq. (2.63) is assumed and the
cracking strength is misinterpreted as the post-cracking strength. Then the effective shear
strength of the fibre - matrix interface is overpredicted. Therefore several investigations simply
apply the empiricel post-crack relationships similar to those in egs. {2.52) and (2.33) in order
to model the post-crack behaviour. This approach does not include any parameters,
characterizing the fibres except for the empirical parameters, which are fitted to vary with
different fibre geometry and content (e.g. wy, increases significantly with the fibre reinfor-
cement index).

The experiments with compresit matrix under direct tension show multiple cracking behaviour
(0,. = o,,) for values of the fibre reinforcement index higher than 1, which comresponds to a
fibre content of approximately 3 % of the Dramix fibres typically used for compresit.

The cracking strength seems to increase slightly with the fibre reinforcement index, but due
to the experimental scatter a value of 6, = 7 MPa is proposed, see figure 2.17. Also the initial
modulus of elasticity increases slightly with increased fibre content, following the law of
mixtures. The value for plain compresit matrix without fibres is approximately 50 GPa. If the
tensile behaviour until first cracking is assumed linear-elastic, a value of the cracking strain
£, coresponding to the cracking strength, is determined to lie between 0.1 and 0.2 %e.
After matrix cracking is initiated the stress continues to increase until the tensile strength f,
governed by the fibres crossing the crack is reached. Basically two types of fibres with
different diameters (0.15 and 0.4 mm) are utilized, In table 2.8 the strength characteristics and
the geometry of the fibre types are given.

It is concluded; that the fibre type OL 12/.40 is the most attractive for compresit purposes,
because it costs less than the other fibre type, which is of high quality steel, and its length is
close to the optimum with respect to fibre puil-out. In cases where special demands for shorter
fibres exist, e.g. with very close spacing of reinforcement bars or needs for small cover
thickness, the fibre type OL 6/.15 HC should be applied.

Test results described in Section 2.4 indicate, that in case of compresit matrix reinforced with
continuous steel bars, the matrix seems to yield throughout the entire linear-clastic range of
the steel bars, i.e. untl the tensile strains exceed 2 %e. The yield stresses, observed for the
compresit matrix, is subject to great experimental scatter, but it seems, that a constant value
equal to the matrix cracking strength is reasonable. Therefore it is concluded that even though
the compresit matrix is found to produce very high post-cracking strengths (2 to 3 times the
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cracking strength) as a result of the fibre reinforcement, it seems impossible to take more than
the cracking strength into practical consideration.

2.6 References

OL 12/.40 0.40 30 15.7 7.9 Vi(L/dy) 17.2 | Cheapest
) fibre.
OL 6/.15 HC 0.15 40 High
94 47 V(L/d) | 23.5 | quality
OL 13/.15 HC 0.15 87 fibre.
Table 2.8: Strength characteristics for the fibre types applied to compresit. The fibres

are straight steel fibres.
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3. Uniaxial compressive behaviour

The most imporiant property of concrete materials is undoubtedly the uniaxial compressive
strength. Throughout the world this parameter is known to reflect the quality of a concrete
mix and it classifies the concrete as normal or high-strength as mentioned in Chapter 1.

The most important factors, influencing the compressive strength I are

- The cement content given by the water - cement ratio (wic). A lower ratio yields
" higher strength.

- The curing conditions (humidity, temperature and age).

The strength is often deterrnined on cylinders (100 x 200 mm or g150 x 300 mm) or 100
mm cubes and the procedure is standardized in most countries. It is well-know that the cube
strength is higher than the cylinder strength (about 20 % higher).

This chapter concerns the complete compressive stress - strain relationship and not solely the
strength. First a brief review on existing stress - strain models for concrete is given, followed
by compressive test results obtained on compresit matrix.
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Figure 3.1; Qualitative stress - strain curve for concrete,
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3.1 Review on concrete and FRC in uniaxial compression

The compressive stress - strain relationship is recognized to be difficult to record
experimentally, because it requires a certain stiffress of the test machine, The test must be
deformation controlled and if the stiffness is too small, the failure is unstable. There are
methods to compensate for this lack of stiffness, by using closed-loop control with a
feedback signal, or by loading the concrete cylinder in parallel with steel columnns.

Another difficulty in determining the complete stress - strain curve is, that the result of a
compressive test is known to depend on both the test set-up (e.g. dependent on whether
there are intermediary layers between the loading plates and the specimen in order to
eliminate friction) and the measuring techniques (e.g. whether the strains are measured
directly on the specimen or taken as the overall deformations). Therefore the experimental
results are difficult to compare and it is questionable whether the compression curve is a
material property.

3.1.1 Analytical stress - strain curves for concrete

Knowing that concrete is a very complex material, no simple theory exists to include the
effects of all the parameters, known to influence the compressive behaviour. All approaches
are empirical and they all apply mathematical expressions with varying degree of accuracy
to predict the experimental stress - strain curve.

In figure 3.1 a compressive stress - strain curve is shown with generally accepted symbols
included. The peak point is represented by (g_.f,), while (g,,0) denotes the inflection point
on the descending branch, where the negative slope starts to increase. The curve is charac-
terized by an ascending part until the peak, incleding a linear elastic portion up to approxi-
mately 60 % of the peak stress. Afier the peak point the curve descends with a considerably
long tail, but in most cases this tail is cut off at a reasonable value.

For NSC the peak strain is approximately 2 %o and the uitimate strain according to the
Danish conerete code' is 3.5 %o, when the compressive stress block for beams subjected
to bending is considered.

In Sargin (1971} a very extensive review on the various approaches is given together with
a proposal, which has been used widely since. Sargin (1971) gives at least 4 requirements
for the mathematical stress - strain expression to fulfil:

- Obviously the curve passes through the origin.

'"Dansk Ingenigrforenings Code of Practice for the Structural Use of Concrete, DS 411,
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- The initial slope is equal to the initial modulus of elasticity E.
- The slope at the peak point is zero.

- The curve passes through the experimental determined peak point and at least one
point at the descending part.

Sargin proposes the following expression

x =5

y . AX+@-DF* Ee G.1)
1+ (A-2X + DX? y-9
b

where X and ¥ are normalized strains and stresses respectively. The expression ensures the
curve to pass through both the origin and the peak point, i.e. (0,0) and (1,1). Furthermore
it also results in a horizontal slope at the peak point, i.e. dVdX =0at X =1

The constant 4 is determined from the initial slope:
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where E,, is the secant modulus at the peak point. The other constant D controls the
descending part of the curve (the descending branch is lifted by increasing D), and it is
determined by an experimental data point at the descending part. Thus, in order to obtain
a complete © - £ relationship from eq. (3.1), 4 parameters are necessary, ie. f, &, £ and an
arbitrary point (5,0)yueme The Sargin expression forms the basis for the CEB? model code
proposal from 1990.

Wang et al. (1978) have modified the above solution and end up with separate expressions
for the ascending and the descending part. Instead of eq. (3.1) the following expressions are
proposed, where 7 = 1,2 correspond to the ascending and the descending part respectively,
i.e. a total of 8§ constants have to be determined empirically.
2
yo AXBX g, 33)
1 +CX + DX?

The condition for the initial slope in eq. (3.2) still applies for 4,, but in order o determine
the 3 remaining constants for the ascending part we require

*Comite Euro-International du Beton.
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dY
=1) = L (X=1) = 34
¥YX=1) =1, &NQ 1)=0 (34

which yields B; = D)~ and C, = 4,-2. Furthermore it is required, that the curve is straight
until Y = 0.45, i.e. it passes through the point (0.45/./E,0.45), which determines D,. Thus,
the physical parameters necessary to determine the ascending part are f,, €, and E.

The descending part also needs 4 conditions to determine the constants and two of them are
identical to eq. (3.4} at the peak point. Furthermore the curve passes through the inflection
peint (g,/¢,, 6,/f), and through an arbitrary point of the descending part. The complete
solution is not given here, but it is described in Fanella & Naaman (1985).

The approach in Wang et al. (1978) is related to practical concrete mixes through the
compressive strength. The parameters that determine the 8 constants (g, /., E, ¢, o, and
an arbitrary point of the descending part) are alt related 1o f, by means of linear regression
analysis on a large number of tests, covering strengths from 20 MPa to 70 MPa. Some of
the coefficients of correlation are poor, especially for the strains, indicating that €, and &, are
only slightly influenced by the compressive strength.

Another empirical approach to model the stress - strain behaviour of concrete is given in
Carreira & Chu (1985). This model applies a single expression to describe both the
ascending and the descending part:

BX
Y=/ 3.5
e 3.5)
where B is determined from the initial modulus of elasticity, cf. eq. (3.2):
dY £ E .
IIANHOV B eee—— - @ = 1 Aw.mw
dx E E-E, 4

The lower limit corresponds to a perfectly rigid-plastic stress - strain curve, while f — «
comesponds to a perfectly linear-elastic material.

The simplicity of eq. (3.5) is remarkable, considering that P is fitted 1o obtain the correct
initial slope and simultancously controls the descending part. From existing test data
Carreira & Chu propose different relations between E/E, ; (or B) and the compressive
strength, by fitting test results with f, varying between 10 and 70 MPa. The parameter B
seems to vary between 2 for low-strength concrete and approximately 8 for HSC. However,
a relatively large part of the test recordings only contains a very small part of the
descending stress - strain curve.

In the discussion of the the article by Carreira & Chu, given by Tomaszewicz (1986), a
modification of eq. (3.5) is proposed. For the descending branch, the exponent f in the
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denominator should be replaced by Bf/20 (£, in MPa). This modification takes into account,
that the descending part of the curve tends to be very steep, when HSC is considered.

Application of empirical models to HSC, Investigations of the uniaxial stress - strain
behavicur of HSC (with strengths up to 120 MPa) are performed at the Department of
Structural Engineering at Technical University of Denmark, see e.g. Olsen (1990) and Dahl
(1992).

Both investigations use a test setup with concrete cylinders (8100 x 200 mm) loaded in
parallel with stee! columns. By choosing the stiffness of this system properly it is possible
to obtain both the ascending and the descending part of the compressive concrete curve,
while the total compressive load, applied to the system, increases continuously, i.e. a load
controlled test execution. The strains of the ascending branch are measured by means of
electrical resistance gages, placed on the middle-third of the cylinder, while the descending
branch is measured from the overall deformations of the cylinder, divided by its height.

Both Olsen (1990) and Dahl (1992) conclude, that the advanced model in eq. (3.3),
involving 8 constants, gives very good agreement io the test results, but it is too complicated
for practical use. Instead they propose the CEB-model, which is based on the Sargin-
expression in eq. (3.1), because it is more simple and shows satisfactory agreement.

Dahl (1992) reports that the CEB-model matches the ascending branch almost perfectly,
when the correct peak strains are applied. Also the descending branch is satisfactory, even
though it is almost vertical afier peak. The strain at peak stress is found in the vicinity of
3 %o for HSC, while the CEB-model suggests €, = 2.2 %o with practically no dependence

of f..

3.1.2 Stress - strain curves for FRC

When the compressive behaviour of FRC is considered, the existing investigations mainly
conclude, that the uniaxial strength is only slightly influenced by the presence of fibres. The
investigations are few and they include relatively small fibre contents. However, the
majority finds that the ductility, measured as the area under the stress - strain curve,
increases significantly with the fibre content.

The earliest investigations concerning the compressive strenpth of concrete mixed with
randomly short fibres are Chen & Carson (1971), Edgington & Hannant (1972) and Hughes
& Fattuhi (1977).

Edgington & Hannant (1972) mainly consider the effect of vibration during casting on the
fibre orientation and state, that the fibres tend to align randomly in the planes perpendicular
to the direction of vibration (and gravity). This statement is based on observed stress - strain
curves with different load directions relative to the casting/vibrating direction.
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In Chen & Carson (1971) and Hughes & Fattuhi (1977), numerous compressive tests are
reported, using standard cylinders and cubes respectively. The tests cover a wide range of
fibre types (straight, hooked and crimped steel fibres), fibre geometries and contents (up to
2 % by volume). The general conclusion is, that the compressive strength increases less than
10 %, when fibres are added to the plain matrix. However, Chen & Carson observe an
optimum fibre content of approximately 0.75 % for mortar, yielding an increase in strength
of 60 %.

Empirical stress - strain models. As mentioned there exists a very limited number of
investigations concerning the complete stress - strain relationship for FRC. All observations
include a remarkable increase in ductility, while both the initial stiffness and the strength
are only slightly influenced, which naturally leads to the fact, that the fibres primarily affect
. the descending branch.

In Fanella & Naaman (1983) an extensive test programme is reported, including various
fibre types, geometries and contents. The fibres are straight brass-coated steel fibres added
to mortar mixes (w/c = 0.5 and 0.35), covering 3 different strengths (£ = 50, 60 and 70
MPa), 3 aspect ratios (L,/d, = 47, 83 and 100) and 3 fibre contents (¥,= 1, 2 and 3 .x_v The
tests are closed-loop controlled by the cross-head displacement of the test machine, i.e. the
strains are calculated from the overall deformations of the cylinder. The cylinder dimensions
are 976 x 152 mm and the tests are terminated, when the strains exceed 15.4 %o,

The modified Sargin-model proposed by Wang et al. (1978), see eq. (3.3), is proposed. The
four constants describing the ascending part of the stress - strain curve are determined from
the initial modulus of elasticity and the peak point. The descending branch is governed by
four other constants, ensuring that the curve passes through two experimental data poinis
together with the peak point. Fanella & Naaman (1985) propose expressions, obtained from
linear regression analysis, that give the relations between the physical parameters (E, £, =,
, and two data points on the descending branch) and the fibre reinforcement index. Unfor-
tunately the coefficients of variation for the regression lines are not provided in the article.

Fanella & Naaman observe a significant fibre effect on the descending part of the curves.
The fibre reinforcement index is varied between 0.83 and 2.49 for the different mortar
mixes, resulting in stress - strain curves, where the descending branches are lifted
significantly compared 1o the case without fibres, .
In Ezeldin & Balaguru (1992) the simple model in eq. (3.5) is applied, including only one
constant to be determined empirically, The experimental investigation is performed on g100

x 200 mm cylinders, reinforced with low-carbon hooked-end steel fibres collated into
,a_E&nm Three different aspect ratios (L/d,= 60, 75 and 100) and 3 fibre contents (¥~ 04,
0.6 and 0.8 %) are applied together with NSC (£, = 40 MPa) and silica fume HSC QM. =75
MPa), having w/c equal to 0.46 and 0.35 respectively. The strains are recorded by use of
two LVDT’s, measuring the compression of the middle half of the cylinder.
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By applying regression analysis on the stress - strain curves Ezeldin & Balaguru (1992) obtain
the following relation between the constant B in eq. (3.5) and the fibre reinforcement index
by weight for the NSC mix:
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where W is the fibre content by weight.
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Figure 3.2: Variation of B with W, (L,/d) as suggested in Ezeldin & Balaguru (1992).

The fibre content by weight W, is related to V, by a factor corresponding to the ratio between
the densities of the fibres and the matrix, i.e. W, = 3V}. The range of the fibre reinforcement
index by weight given in eq. (3.7) corresponds to 0.2 £ V,{L./d) < 0.8, which is a rather
narrow experimental range.

Ezeldin & Balaguru also perform a fitting of § from the results in Fanella & Naaman (1985),

dependent on the fibre reinforcement index by weight, see eq, (2.8). It is noted that eq. (3.7}
applies for NSC reinforced with hooked-end fibres and that eq. (3.8) applies for high-strength
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3. Uniaxial compressive behaviour

mortar reinforced with straight fibres. In figure 3.2 the expressions for B are shown for
varying fibre reinforcement index by weight.
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Figure 3.3: Theoretical off, - g/g, curves with varying B. The analytical expression is
given in eq. (3.5).

In figure 3.3 examples of the theoretical normalized stress - strain curves, expressed by eq.
(3.5), are shown with B varying according to figure 3.2. In the figure the two areas,
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corresponding to the domains of the two investigations, are separated by the bold lines. It is
clear, that the normalized descending curves registered in Fanella & Naaman (1985) are lowest
because the B-values are higher. However, by comparing the domain for Fanella & Naaman
(1985) in figure 3.3, with their actual stress - strain recordings included in their article, it
appears, that the lower limit for B (= 2) should be rather 1.5 in order to find satisfactory
agreement.

It is well-known, that it is difficult to compare two different investigations directly, because
the shape of the stress - strain curves depend on 2 lot of factors beside the fibres. It is evident
that a comparison between Ezeldin & Balaguru (1992) and Fanella & Naaman (1985) is
questionable, because of different materials and steengths together with different strain

measurements and test set-up, However, both investigations conclude significant influence of
the fibres on the descending branch.

Fracture mechanical medel. A plane crack, inclined the angle € to the remote compressive
stress o, is considered in an infinite body, see figure 3.4
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Figure 3.4 Wing cracks initiated from a micro crack inclined 9 to the load direction.

From linear elastic fracture mechanics we know, that a singular stress field exists near the
crack tip. The remote compressive stress results in frictional shear stresses in the micro crack,
caused by sliding of the crack surfaces, governed by the coefficient of friction. The stress
intensity factor, describing the stresses near the crack tip, has the form

K, = t/a 39

When this stress intensity factor reaches a critical value, which is determined experimentally,
the vertical wing cracks start to grow.
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The Ph.D.-thesis Glavind (1992) investigates the compressive stress - strain curve for concrete
by means of growing wing cracks. When fibres are added to the concrete they influence the
behaviour, because they contribute with bridging stresses both when the inclined crack slides
and when the wing cracks open.

Glavind (1952} uses the fibre bridging stresses modelled by the shear lag model described in
Section 2.1.2 and 2.1.3. The solution to the problem is not given here, but the calculations
result in a & - ! relationship, where [ is the wing crack length. The procedure is given below:

- First the sliding displacement of the inclined micro crack is increased stepwise. For
each step the frictional shear stress and the corresponding fibre bridging stress are
determined. This is repeated untii the stress intensity factor equals its critical value,
i.e. initiation of wing cracks.

- Then for each value of the sliding displacement, the wing crack length is increased
stepwise until the stress intensity factor equals its critical value. This procedure is
repeated until the compressive stress has vanished or until the wing crack length has
reached a certain value.

For each step the remote compressive stress is calculated, dependent on the sliding
displacement and the wing crack length. The wing crack opening is directly related to the
sliding displacement by the factor sin®.

In order to obtain a peak on the ¢ - I relationship it is necessary to include a measure for the
interaction between the wing cracks, i.e. 8 measure for the density of the micro cracks.
Otherwise the crack continues to grow, like if it is located in an infinite body.

As a part of the investigation, the model is compared to compressive tests, using HSC
reinforced with straight steel fibres (L, = 12.5 mm, d,= 0.4 mm and V,=0, 1 and 3 %). This
comparison shows very close accordance between the proposed ¢ - I curves and the
experimental o - £ curves and the same applies for the test results by Fanella & Naaman
(1985).

Thus, Glavind (1992) concludes, that the wing crack model includes the different fibre effects
satisfactory, but it also contains a lot of parameters to be fitted empirically. For instance the
length and the density of the micro cracks, together with the critical stress intensity factor are
needed. Furthermore the theoretical wing crack lengths have to be interpreted ‘as strains.

3.1.3 Peak of the compressive stress - strain curve for FRC

The three previously mentioned investigations all include experimental values of the
corresponding uniaxial compressive strengths and strains with varying fibre content. In figure
3.5 the compressive strengths are depicted as a function of the fibre reinforcement index.
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Figore 3.5: Experimental f, - V,(L,/d,) relationship for FRC reinforced with steel fibres.

It is obvious that the sifica fume increases the strength considerably, and from the results in
Glavind (1992) it also seems to amplify the effect of the fibres. For Ezeldin & Balaguru
(1992) the fibre effect is questionable mainly because the variation of the fibre content are
very little. It should be noted, that the author does not know the data points from the Fanella
& Naaman article, and therefore the suggested regression line is used in the figure,

The strain at maximum stress is sometimes difficult to determine, because the deformations
tend to localize in inclined crack planes. In Fanella & Naaman (1985), the strains are taken
as the overall deformations divided with the cylinder height, and in Ezeldin & Balaguru
(1952) only the middle half of the cylinder s taken into account. In Glavind (1992} electrical
resistance gages are placed on the middle third of the cylinder to measure the strains until
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localization occurs, after which the overall deformations are used.

it is generally accepted, that the strains measured over the middle-third of the cylinder are less
than the overall strains, which makes comparisons difficult. Fanella & Naaman (1985) suggest,
that the difference is approximately 0.4 %o.

In figure 3.6 the strains g, corresponding to the strengths given in figure 3.5, are given. Again
only the regression line provided in Fanella & Naaman (1985) is inserted in the figure.
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Figure 3.6: Experimental £_ - V(L,/d) relationship for FRC reinforced with steel fibres.

The effect of the fibre reinforcement index seems to be almost identical in the three
investigations, corresponding to a slope of approximately 0.8 %o as proposed by Fanella &
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Naaman (1985). However, the difference in the level of the strains is probably due to the
different measuring techniques and the fact, that Fanella & Naaman use mortar instead of
concrete,

It is recalled from Section 3.1.1, that Dahl (1992) finds &, close to 3 %e for HSC, which
corresponds satisfactory with the results in figure 3.6.

3.1.4 Ductility of FRC under compression

There exists no clear definition of the ductility or the toughness of concrete subjected to
compression, Glavind (1992) defines ductility as the inelastic fraction of the arez under the
stress - strain curve until crack localization occurs, i.c. the descending branch is neglected.
Fanella & Naaman (1985) relate the total area under the siress - strain curve to the special
case without fibres (the toughness index), and finally Ezeldin & Balaguru (1992) relate the
total area to the corresponding area under the rigid-plastic stress - strain curve (the
toughness ratio).

It is evident from the presented test results, that the fibres primarily effect the descending
part of the stress - strain relationship and thus, it seems justified to include this part in the
comparison of ductilities. However, it is often a problem to determine the complete stress -
strain curve experimentally for plain matrix because the test shows unstable behaviour. The
recent developments of test techniques using closed-loop equipment have reduced the risk
of catastrophic failures, but still HSC with £ > 100 MPa causes problems.

In Ezeldin & Balaguru (1992) the tests with plain matrix are unsuccesful. Therefore, the
tough-ness ratio is calculated, using strains up to 15 %e, i.e. the rigid-plastic energy density
is 0.015f.. In figure 3.7 these values are depicted for varying fibre reinforcement index.

In Fanella & Naaman (1985) the energy density, defined as the area under the stress - strain
curve, is calewlated for strains up to 15 %o like in Ezeldin & Balaguru (1992). The energy
density is divided by the density measured without fibres. Fanella & Naaman (1985) suggest
a slightly increasing linear relationship between the toughness index and the fibre
reinforcement index (the toughness index varies between 2 and 3, when ¥, (L,/d} varies
from 0.8 to 2.5), but the correlation is not good. In figure 3.7 the regression line from
Fanella & Naaman is inserted, where the the energy density is related to the rigid-plastic
energy, i.e. the toughness ratio.

It appears that the number of tests is too limited to obtain any clear relationship from figure
3.7. The toughness ratic seems to increase with the fibre reinforcement index, but it is
questionable, whether further adding of fibres has any effect on the toughness ratio.

1t is recalled that the toughness or ductility mainly serves as a parameter for comparisons
within a test series. From the experiments referred to in this section it is clear, that the fibres
increases the ductility significantly even though the scatter is very high.
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Figure 3.7: Experimental toughness ratios, depending on the fibre reinforcement index.

3.2 Compresit matrix under uniaxial compression _

The compressive strength of compresit matrix is well-known because each casting includes
3 standard cylinders {(#100 x 200 mm) as reference. The mean strength of such 3 cylinders
is considered to be representative for the whole batch. Normally the coefficient of variation
is less than 5 %, which is satisfactory. However, in case of plain compresit matrix without
fibre reinforcement, the failure is almost catastrophic, resulting in higher experimental scatter
on the strengths.
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In this chapter two test series are presented:

- The first is performed by I. Al-Shunner at the Cement and Concrete Laboratory in
Aslborg during 1988, see Ai-Shunner (1989).

- The second test series is performed during the present project at the }aboratory of
the Department of Stractural Engineering, Technical University of Denmark.

Both series use ¢45 x 90 mm cylinders because the capacity of the test machines makes it
impossible to crush bigger cylinders. The fibre content and geometry are varied and both the
ascending and the descending part of the siress - strain relationship are investigated.

3.2.1 Test specimens and method

A total of 10 eylinders are reported in Al-Shunner (1989), covering 5 different fibre contents.
In table 3.1 the 5 different compzresit mixes are listed and it appears, that the Dramix fibre
type OL 6/.15 HC is uvtilized for all the mixes, of. table 1.3.

The cylinders are cured under water at a temperature of 80" C for two days in order to
accelerate the strength development.

The Al-Shunner tests are performed in a 500 kN universal Instron test machine under
deformation control. Signals from two electrical resistance gages on the cylinder surface,
measuring the longitedinal strain, and two gages measuring the lateral strain, are recorded
during each test. Because of the insufficient stiffness of the test machine, the descending part
of the stress - strain curve is not registered.

The tests performed in connection to the present project includes both the ascending branch
and the descending branch. The test principle is a closed-loop control with the test setup origi-
nally developed by Glavind & Stang (1991). In Appendix 2 the test procedure is described in
detail.

The cylinders are cast from 8 different compresit mixes, identical to those utilized in Section
2.3 for the direct tensile tests. In table 3.1 the fibre content and type for these mixes are listed.
The specimens are named UC for uniaxial compression followed by a number giving the fibre
aspect ratio. Each of the 8 compresit matrices are tested by means of 3 cylinders with
dimensions 45 x 90 mm, which gives a total of 24 tests. .
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0
3 1.2
6 24
Al-Shunner 40 OL 6/.15 HC
(1989) ‘ 9 36
12 4.8
uce - 0 0 -
3 0.9
ucso 30 6 L8 OL 12/.40
9 2.7
3 1.2
uc4o 40 6 2.4 OL 6/.15 HC
9 3.6
ucs7 87 3 26 OL 13415 HC
Table 3.1: Survey of the compresit mixes used for uniaxial compressive tests. See

fibre characteristics in table 1.3.

The test principle is based on the work of Dahl & Brincker (1989), using a combined signal
as feedback signal in the closed-loop control. Instead of controlling the test by the
longitudinal deformations alone, like in normal deformation control, the transversal strains
are included. This means that the feedback signal is composed as the sum of the longitudinal
and the transversal strain signal:

- Atthe ascending branch the longitudinal deformations are dominanf, which means
normal deformation control.

- Around the peak the transversal deformations increase significantly, because of
cracking, while the longitudinal deformations are almost constant or even decrease
(snap back). However, the feedback signal continues to increase.

Glavind (1992) reports succesful tests on the setup, using strengths up to 90 MPa, and
concludes that higher strengths require better equipment in order to transmit the feedback
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signal sufficiently fast. In the present test programme fibre reinforced matrix strengths above
200 MPa give satisfactory results, but the plain compresit cylinders without fibres (UCO) are
impossible to perform because of explosive failures.

In Shah et al. (1978} it is emphasized, that problems in establishing stable compressive tests
under closed-loop control can occur, either because the overall deformations are used as
feedback signal instead of the localized deformations, or because the closed-loop system
cannot respond suffiently quick.
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Figure 3.8: Comparison of longitudinal strains, measured by means of electrical strain

gages and LVDT's, Also the lateral strains are shown.
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3.2.2 Test results

In this section we present the results obtained for compresit matrix under uniaxial
compression. The tests reported in Al-Shunner (1989) only concern the ascending part of the
stress - strain curve, while the other test series consider the complete curve.
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Figure 3.9: Characteristic stress - strain curves for cylinders of type UC30.

Stress - strain corves. Each of the matrices UC30, UC40 and UCR87, lsted in table 3.1, is
represented in Appendix 2 with their stress - strain curves. Because of the catastrophic failures
of the unreinforced cylinders (UCQ), their curves are not shown. Each stress - strain curve is
composed by the strains, measured by means of electrical gages, for the ascending part until
approximately 75 % of the peak load. Then the overall deformaticns, measured by means of
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the LVDT’s, are used for the remaining part of the curve. In figure 3.8 comesponding strain-
values, obtained by electrical gage measurements and by overall LVDT measurements, are
shown. It is evident, that the gage measurements cannot be used, when the deformations start
to localize. The LVDT’s measure the compression of the cylinder between the load plates, but
they do not include the deformations of the load frame, which is rather soft.

When the deformations localize the strain gages are relieved, which is the case figure 3.8 at
£ =042 %, or eventnally a crack crosses them, followed by a sudden increase of their signal.
The lateral strains, measured by dividing the extension of the circumference by its nominal
length, seem to be practically zero until the initiation of cracks, which causes a considerably
increase of the lateral signal.

Another observation from figure 3.8 is, that the overall strains are higher than the middle-third
strains, which is the general opinion. Especially in the beginning the overall strains increase
too much, while the initial slope increases towards the correct modulus of elasticity. This is
due to adjustments of the load plates to fit the specimen ends. For instance the specimen ends
are not perfectly plane and parallel with each other and furthermore small grains and cement
paste are crushed by the load plates. Therefore it seems reasonable to use the gage-signals
until crack localization occurs and switch to the LVDT-signals on the descending branch.

In figure 3.9 and 3.10 typical stress - strain curves, taken from Appendix 2, are shown. The
effect of the fibre content on both the peak point and the energy dissipation, taken as the area
under the curves, is obvious from both figures. It js interesting to notice, that for the fibre
contegt V, = 3 % of fibre type OL 6/.15 HC and OL 12/.40, the curves show socalled snap-
back, defined as decreasing strains on the descending branch. Each snap-back represents
sudden energy releases through crack development, followed by an increase in the lateral
strain, causing the closed-loop control to unload. Glavind & Stang (1991) suggest, that it is
possible to minimize the occurence of snap-back by means of the composition of the feedback
signal, but no investigations seem to concem that problem. Naturally the fibres reduce snap-
back because they counteract the crack development.

The differences between the fibre types in figure 3.9 and 3.10 seem to influence the form of
the descending part. It appears that UC30 descends with a steeper slope than the others and,
that they fall to a load level of about 10 % of the peak load. However, the curves in Appendix
2 show great scatter on the slopes and on the end levels of the descending parts.

The proportionality limits for the ascending stress - strain curves also seems to depend on the
fibres. The cylinders with V, = 0 show linear behaviour all along the ascending branch until
they fail explosively, leaving only two cones on the load plates. For the smallest fibre content
V,= 3 % the curves are linear until 70 to 80 % of the peak load and for higher fibre contents
the limit js about 60 %. It seems that the proportionality limit is approximately 120 MPa and
that the stresses increase beyond this value due to strain hardening of the matrix under
development of a crack pattern, that is controlled by the fibres.
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Figure 3.10: Characteristic stress - strain curves for cylinders of type UC40 and UCE?7.

Mean values of the test results. In table 3.2 the main results are given in terms of the initial
modulus of elasticity E, the compressive strength £, together with the corresponding strain g,
and finally the energy density W. Bach result is a mean value from 3 identical tests and the
brackets contain the coefficients of variation. The test results from Al-Shunner (1989} do not
include coefficients of variation because they only represent two repetitions,

The E-modulus is determined graphically from the stress - strain curves in Appendix 2 and
W is calculated numerically as the area under the stress - strain curve until the strain 1.5 %
by means of the trapezoidal rule. However, because of lack of data the area is only calculated
until the strain 1 % for the specimens UC30 and UC40 with fibre content V,=3 %, cf. figure
A2.]1 and A2.4 in Appendix 2.
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Initial modulus of elasticity E. The £-values from table 3.2 are depicted in figure 3.11 as 2
function of the fibre content. The figure also contains the tensile moduli of elasticity presented
in Section 2.3, see table 2.3.

0 0 49.6 148.5 031 -
3 1.2 51.1 176.5 0.37 -
Al- 6 24 539 192.5 0.43 -
40
ﬁmw%m%a_. . 36 539 209.0 0.40 -
12 4.8 60.6 294.5 0.62 -
UCO - 0 0 518 168.0 0.33 -
(5.1) 6.4)
3 09 50.7 170.0 0.43 1188
(5.3) (4.8) 9.5)
6 1.8 55.6 194.3 0.53 1684
ucso 30 4.7 (9.0) (17.2)
9 2.7 50.8 197.3 0.73 2191
(2.9) 4.7 3.6)
3 1.2 532 164.3 0.40 1412
(1.5) (3.5) (3.2)
6 24 510 195.7 0.65 2146
ucao 40 3.4) (3.1) (8.5)
9 3.6 51.0 257.3 .04 2971
2.1 ©.1) 4.1)
ucse? 87 3 2.6 51.0 208.0 0.62 1910
1.9 (5.6) (5.9)
Table 3.2: Test results from uniaxial compressive tests, All values are mean values and

the brackets contain the coefficients of variation.
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3. Uniaxial compressive behaviour

It is evident from figure 3.11, that the initial moduli of clasticity measured under uniaxial
compression and tension are directly comparable. The results show & certain increase with
fibre content as predicted by the law of mixtures, but this effect is exceeded by the variations

due to various castings. A value of £ = 50 GPa seems reasonable for practical use without
taking the fibre effect into consideration,
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Figure 3.11: Experimental E - V; relationship for compresit matrix under compression.

The small symbols represents the direct tensile tests, cf, figure 2.13.

Peak point of the stress - strain curve. From figure 3.9 and 3.10 the fibre effect on the peak
point is urquestionable. Both the ultimate stress and the corresponding strain increase with the
fibre content and the aspect ratio, In figure 3.12 and 3.13 the strength f, and the peak strain
€, are depicted as a function of the fibre reinforcement index.
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i i f £, and €, are calculated
double-sided 95 % confidence intervals for the mean values of f; A
WMMH »MM techniques described in Section 2.3.2. These intervals are .o&nc_wﬁa solely from the
results obtained in the present test programme and they have the widths 16.6 MPa and 0.1 %
for the mean values of f, and €, respectively.

i i ith V,=9 %, where f, =
In fipure 3.12 the only unexpected difference is found for UC40 wi r X A
mmq.%:%? while Al-Shunner finds f, = 209.0 MPa. In figure 3.13 the strains from Al-Shunner
(1989) seem to underestimate £,. This is probably due to the mumn that Al-Shunner measures
the strains by means of electrical gages, while the other data points are overall strains.
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Figure 3.12: Experimental . - V,(L,/d,) relationship from table 3.2, including the double-
sided 95 % confidence interval for the mean value of h..
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Figure 3.13; m.x_uwn.h.mnE & - V/(L/d} relationship from table 3,2, including the double-
sided 95 % confidence interval for the mean value of E,.

The compressive strength f, and the strain e, are satisfacto described by i i
lines, which are inserted in the figures: v Y Hnser regrassion

94

3.2 Compresit matrix under uniaxial compression

_ _ L
=145 + 25 V| MPa
fo- s 25 ) .
OM—\HMM mm.:uv
” L _N
! =1024 + 018 V| %
. | ooz - oas ]

where the coefficients of correlation is equal to 0.91 and 0.94 respectively. The regression
analysis is performed on all the strengths in table 3.2, but excluding the strains from Al-

Shunner (1989).
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Figure 3.14: Experimental W - V/{L/d,) relationship from table 3.2, including the double-
sided 95 % confidence interval for the mean value of W.
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3. Uniaxial compressive behaviour

Energy density W. From m.mE,m 3.14, where W is depicted as a function of Vi(L,/d), it
appears, that the energy density increases almost linearly with the fibre reinforcement index.
A linear regression analysis yields the expression

L
W= T& + 610 s& Wim?, 1% «\ww <4 (3.11)
/s d

with the coefficient of correlation equal to 0.97.

3.2.3 Compressive behaviour of compresit matrix

Based on the test results from the previous section, the compressive characteristics of
compresit matrix are reported, Linear expressions with respect to the fibre reinforcement index
are found to give satisfactorily agreement. These expressions for compresit matrix are fisted
in table 3.3, The findings for compresit matrix is compared to other compressive results on
FRC, cf. Section 3.1.2.

iA 145 MPa 23 MPa 0= V(L/d)=5 (3.10)

E, 0.24 % 0.18 % 0 V(L /d)< 4 (3.10)

w 605 kN/m? 610 kN/m* 1<V (L/d)<4 (3.11)
Table 3.3: Compressive characteristics of the tests with compresit matrix.

Uniaxial compressive strength f;. The tests show, that the cylinder strength f, is satisfactory
expressed as a linear function of the fibre reinforcement index, see figure 3.12. If the
expression for f, is compared to the experimental investigations in figure 3.5 it is recalled, that
Fanella & Naaman (1985) and Ezeldin & Balaguru (1992) hardly register any fibre effect, but
nevertheless they propose linear regression lines. The former gives a slope on the £, - V,(L,/d,)
relationship equal to 1.9 MPa, while the latter suggests 1.1 MPa, but the nowEnmmum Mm
correlation are poor.

However, the HSC reinforced with steel fibres, reported in Glavind (1992), see figure 3.5,
seems to include a fibre effect of the same magnitude as observed for compresit matrix. It is
probably, that this effect is caused by the presence of silica fume, which increases the fibre
bond considerably.

I the knowledge of the tensile strength of compresit matrix is taken into account by means
of eq, (2.64):
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L L
fe6VIMPa, 1:sVLca (3.12)
& 4

where f, represents the mean value of the experimental post-cracking sirength of compresit
matrix, cf. figure 2.15. By inserting eq. (3.12) into eq. (3.10) we get

frfat4f (3.13)
where f,, is the strength of the plain matrix without fibres (within the range 140 - 150 MPa).

This expression corresponds remarkably to the plastic solution given in Nielsen (1984), p. 130
and originally developed in Exner (1983):

p=f + K (3.14)

where p is an upper-bound carrying capacity of a concrete cylinder with uniaxial compressive
and tensile strength £, and f, respectively. The solution corresponds to a rigid-plastic material
following the modified Coulomb failure criterion governed by the cohesion c, the angle of
friction ¢ and the tensile strength. The constant k depends on the angle of friction through
{1+sing)/(1-sing). For normal concrete several tests show, that ¢ =~ 377, which pives k equal
to 4 just like the constant in eq. (3.13), which is obtained empirically.

Like it is stated in Exner (1983) the thecretical solution in eq. (3.14) gives too high values
because £, is defined as the uniaxial strength of a cylinder and thus p = f. This is a
consequence of the upper-bound solution technigue due to an incorrect failure mechanism.

The second term in eq. {3.14) represents the contribution from the tensile strength, when
vertical cracks originate from the cylinder axis, because of the outward directed radial
displacements. Thus, the tensile strength provided by the stee] fibres acts as confinement to
the cylinders, which seems plausible.

Strain corresponding to f.. The tests show that €, increases significantly with the fibre
reinforcement index, see figure 3.13. The peak strain for the plain compresit matrix without
fibres corresponds very well with the values usually obtained for concrete, i.e, within the
interval 2 to 3 %o.

The slope of the linear expression in eq. (3.10) is a little bit higher than those suggested in
Fanella & Naaman (1985) and Ezeldin & Balaguru (1992), which are 0.08 % and 0.14 %
respectively, see figure 3.6. However, there seems to be satisfactory agreement between the
different investigations, even though the compressive strength varies between 40 and 200 MPa
and the strain measurements use different techniques.
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3. Uniaxial compressive behaviour

Ductility. The area under a certain part of the stress - strain curve is only useful for
compatisons between tests performed under the same conditions. The encrgy density W,
measured on compresit cylinders up to compressive strains of about 1.5 %, is strongly
affected by the {ibres, see figire 3.14. Unfortunately no tests have succeded without fibres,
but 2 comparison of the constant term in eq. (3.11) (= 605 kN/m?) with the test results in
Dahl & Brincker (1989) shows, that the energy density for plain compresit matrix without
fibres is also reasonably predicted by the linear expression. Dahl & Brincker (1989
investigate HSC cylinders with strengths ranging from 70 to 150 MPa and find energy
densities ranging from 500 to 700 kN/m?, which support the compresit results.

If the socalled toughness rafio, defined as W divided by the area under the corresponding
rigid-plastic stress - strain curve, is calculated and compared to figure 3.7 no clear pattern
-is found. The values vary from 0.6 to 0.9, but no significant influence of the fibre
reinforcement is found. A similar conclusion is found for the results in figure 3.7.

Complete stress - strain curves. From the curves in Appendix 2, that represent the data
recordings from the test series, it is evident, that the descending branches are subject to
relatively high experimental scarter, when identical tests are compared. The peak point is
well-determined, while the descending tail shows various slopes and end levels, Therefore
it seems pointless to search for a unique relationship between the fibre characteristics and
the descending branch on basis of the available test recordings.

The general observation is, that when the strains exceed 3 to 4 times the peak strain the
stresses become almost constant at a level of 10 to 40 % of the strength. A normalized
stress - strain relationship (¥ - X relationship) of the representative curves in figure 3.9 and
3.10 indicates, that the curves only vary within a relatively narrow region, see figure 3.15.

In figure 3.15 the 7 curves from figure 3.9 and 3.10 are depicted together as data points in
a X - ¥ diagram. The figure also contains two theoretical curves, obtained from the simple
expression in eq. (3.5), proposed by Carreira & Chu (1985):

BX

y-—PA
p-1+x°F

, B=1, X =€, Y-=odff (3.5)

The upper curve in figure 3,15 is calculated for B = 2.5 and represents an upper limit for
the experimental descending branches obtained for compresit matrix with high fibre
volumes. The lower curve represents the situation with a very steep descending branch for
low fibre contents. The lower curve is calculated for B = 4 for the ascending part, while the
expression is slightly modified for the descending part. This modification follows the
proposal given by Tomaszewicz (1986), where the exponent in the denominator of eq. (3.5)
Is increased in order to obtain & steeper descending part, which is necessary for HSC.
Instead of using P = 4 the exponent is increased by 20 % to 4.8 for the descending part, i.e.
for X = 1. It is noted, that Tomaszewicz proposes an even higher value for the exponent in
the case of HSC without fibres, ef, Section 3.1.1.
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represent mode! predictions given by eq. (3.5).

If instead the parameter P is determined from the initial Eon&.ﬁ of nwmmmoa and the peak

point as stated in eq. (3.6), the experimental values fall within the interval 2 < f < 4.5,

which agrees satisfactorily with the range given in figure 3.15.

A comparison with the proposals in Ezeldin & Balagum (1992), which are mroxﬁ in figure
3.2, indicates that compresit matrix follows the same normalized m_udmm - strain curves as
reported for other FRC materials. However, the peak point is significantly altered by the
fibres, which is not the case for most FRC investigations.
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3.3 Concluding remarks
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Figure 3.16: Experimental stress -strain relationships taken from figure 3.9. Model predic-
tions given by eq, (3.5).

Finally figure 3.16 and 3.17 contain stress - strain curves together with the model prediction.
It is noted, that the peak points are not actually taken from the test data, but estimated from
eq. (3.10}, corresponding to the actual fibre reinforcement index. It seems possible to predict

the shape of the complete stress - strain curves satisfactory, by means of the simple one-
parameter expression in eq. (3.5) together with the peak stress and strain.
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Figure 3.17: Experimental stress - strain relationships taken from figure 3.10. Model
predictions given by eq. (3.5).

3.3 Concluding remarks

There exists only a very limited number of theoretical models to predict Eo mwmvn. of Ea
compressive stress - strain relationship for concrete. The number of factors influencing this

curve is numerous:

- The curing conditions.
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- Whether the specimens are cylindrical or cubes.
- The presence of intermediary layets to minimize friction.

Beside these parameters, that influence the behaviour, there exist the question, whether the
deformations registered after the occurence of localized cracks, should be interpreted as
overall strains. It is well-known, that the deformations after peak are concentrated in narrow
crack zones and therefore the overall sirains depend on the specimen height.

In Section 3.1.2 a model based on fracture mechanics is presented, utilizing the fact, that
brittle materials develop splitting cracks parallel with the compressive load. The criterion
for crack growth is a critical stress intensity factor and the effect of fibres is included by
taking the bridging stresses from fibres crossing a crack into account. The model is very
complicated and not yet ready for practical use. However, its qualitative description of the
behaviour of FRC under compression seems to be good.

The empirical models, which describe the stress - strain curve by means of mathematical
expressions, are widely used. It is obvious, that the accuracy of the models increase with
the number of parameters. Practically every model ends up in describing the stress - strain
relationship solely as a function of the compressive strength.

For FRC the presence of fibres increases the area under the stress - strain curve
considerably. The investigations indicate, that when steel fibres are added to HSC the shape
of the stress - strain curve tend to be similar to the curves for NSC (in a normalized stress
diagram), i.e. the steepness of the descending branch is decreased. However, the question
whether it is possible to add fibres until the descending branch gets almest horisontal is not
answered. Both Fanella & Naaman (1985) and Ezeldin & Balaguru (1992) find, that the
specimens reinforced with moderate amounts of fibres stll carry 80 % of their capacity,
when the strains exceed 3 times the value at peak stress.

Compresit matrix is a ultra high-strength matrix with £, > 140 MPa and the compression
tests do not indicate, that the descending branch is altered significantly when the fibre
content is varied between 3 and 9 % by volume. However, the presence of fibres influences
the compressive stress - sirain curve to show a shape similar to that observed from NSC.
Thus, the brittleness of the high-strength matrix is effectively reduced by the fibres. This
is also supported by the fact, that plain compresit cylinders without fibres Showed very
explosive failures, while the fibres ensured, that the cylinder kept its coherency after the
peak load.

Furthermore the steel fibres affect the strength and the strain capacities considerably and not
only marginally. The increase in strength from the fibres is directly related to the post-
cracking tensile strength, observed in the previous chapter, by considering the fibres as
confinement.
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4, Multiaxial behaviour

Even though the uniexial compressive strength of concrete is recognized to be E.n most
important material property, the multiaxial strength is also extensively investigated. It is 4.6_._.
known, that concrete structures show an increasing compressive capacity, when a certain
confinement is provided. For fibre reinforced concrete the fibres act as confinement across the
cracks and therefore it is possible, that the findings from normal concrete are applicable to

FRC.

Throughout this chapter it is assumed that compressive concrete stresses are positive and
furthermore the principal stresses are arranged so that 6, 2 0, 2 O,.

%
Vak 0y =0z =03
Q- - -
£ € hydrostatic axis
J
- Q.m
G2
151
e
T deviatoric plane
[+]
5, 120°
Figure 4.1: Principal stress coordinate system and deviatoric stress plane.
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4.1 Review on concrete and FRC under multiaxial stresses

4.1 Review on concrete and FRC under multiaxial stresses

4.1.1 Continuum mechanics

Before considering the special characteristics for concrete tested under multiaxial stress states
we give some important definitions. The stresses are formulated in the socalled cctakedral
components and the constitutive relations for a linear-elastic isotropic material are provided.

State of stress. The state of stress in an isotropic material is uniquely described by the
principal stresses &y, O, and o,. In figure 4.1 each stress state is defined as a point in an
orthogonal ¢,,6,,0; - coordinate system. The stress state is given by a vector, containing the
3 principal stresses and it can be divided into a hydrostatic and a deviatoric part:

o = Ee + r{i cosO + j sin@) 4.1)

where e, i and j are unit length vectors, forming an orthogonal coordinate system with e along
the hydrostatic axis (¢, = ¢, = ©;) and i and j lying in the deviatoric plane, see figure 4.1.

The hydrostatic part of the stresses are determined by the parameter &, which can be both
positive and negative, and the deviatoric part by the distance r and the angile © with i.
The relations betveen the two stress descriptions are formulated as

q, VZ 2 0 E ] E 2/3 23 23| |9
g, = |,\~|w VZ =1 3 |lr cosB| = |rcosd nw 2/6 -6 —6|]o;| “2
0, QtN; -1 !«\W. r sinQ r sinf 0 ma\m Ima\M [

Another notation that is often applied is the socalled octahedral stresses 6, and T, , or the
stress invariants I, and J,, defined by the following equations.

CRN

flor-0,F + (oy-0f + (g0

0,+0,+0, E

Og

(4.3)

w
Tl
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I =30, =y38, J=-2z=L .
1 o = V3E 2 ) )
Thus, each stress state is completely determined by the principal stresses, by the octahedral
stresses, or by the stress invariants and the deviatoric angle 8.

Finally it is recalled, that the principal stresses are determined from an arbitrary stress tensor
o, by solving the roots of the third-order polynomium:

‘det(oy - 08) =0,  ij =123 ©(4.5)

where §; is the socalled Kronecker delta, defined by

q u*? E a.e
0, ]

Constitutive relations for an isotropic linear-elastic material. The constitutive relations
connect the stresses and the strains of a material, i.e. they describe the stiffness. Here we
consider the simplest case, where the material generates its criginal form after each loading.
The relations do not include any time dependence such as creep and shrinkage and the
material properties are independent of the direction considered.

For this type of material only 2 material constants are necessary to determine the relations
between o and g, (i = 1,2,3). Hooke’s law applies the modulus of elasticity E aud the
Poisson ratio v as material constants. The general form of the constitutive relations is written
as

9y = > Te + — mmgu = Eey = (1+v)oy - voyd, @7

1+v 1-2v
where the swmmation convention is applied.

If the stresses and the strains are divided into their hydrostatic and deviatoric parts, as
explained in the previous section, the constitutive relations are simplified significantly because
these 2 parts are totaily uncoupled:

o, = 3Key, T, = 267, (4.8)

where G, and 7, are the octahedral stresses defined by eq. (4.3), and &, and %, are the
corresponding octahedral strains defined similarly. The bulk modulus K and the shear modulus
( are related to E and v by
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K= |I.l|.m -, & = lm A&.Wv
3(1-2) 20

The first relation in eq. (4.8) expresses the change in volume from a hydrostatic pressure,
while the second relation concerns the distortion of a volume element.

4.1.2 Failure criteria applied to concrete

The typical way of formulating a failure criterion is to consider a Jatlure surface in the
0,,04,05 - coordinate system:

MAQ—.QM.OWV = REn0) = .\m\ﬁ.\pvmv =0 {4.10)
When this condition is met by a stress state, the material fails, otherwise f < 0 and the stress

state is safe. In Dahl (1990) an extensive review on existing failure criteria is given, see also
Chen (1982), pp. 201-250. The main characteristics of the failure surface are the following

- It is pericdic in the deviatoric stress plane with a period of 60°, corresponding to .

the 6 combinations of the principal stresses.
- It is convex and of course the stress free state is contained in the safe region.

- It is open ended, so that pure hydrostatic compression cannot cause failure, but it
is closed in the tensile region.

The deviatoric stress plane contains 6 different regions, comresponding to the different
combinations of the three principal stresses. Here we only consider the region ¢ < 6 < 60°,
corresponding to oy 2 G, 2 G, see figure 4.1,

Most failure surfaces are described in terms of the octahedral stresses, because it gives the
simplest description of the complex criteria. Thus, the description is divided into an analyticat
model of the meridians, i.e. the dependence between r and £, and a model of the shape of the
surface in the deviatoric plane, i.e. the r - § dependence.

Like it appears from the following various investigators have proposed faildre criteria of
increasing complexity in order to match the experimental resuits. In table 4.1 a survey of some
of the most important criteria for concrete is given, see the expressions in Dahl {1990).

The most simple criterion is the Rankine criterion, which states that failure only occurs, when
the tensile strength of the material is exceeded, i.e. a separation failure. The only parameter
necessary to determine this criterion is the tensile strength £, and therefore the model is termed
& one-parameter model. The Rankine criterion makes a pyramid in a 9,,6,,&, - system with
its 3 sides being perpendicular to the axes and withits top at 6, = 6, = G; = ..
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Coulomb 2 Straight Straight f0

William- 3 Straight Elliptical | f., £+ fuax
Wamke :

Ottosen 4 Parabolic Membrane | f., f;, fo: and an

analogy arbitrary point

Table 4.1: Survey of typical failure criteria for concrete.

The Coulomb criterion assumes, that failure is governed by frictional resistance. This model
is described separately later in this section, because it is often applied to concrete, especially
in connection with the theory of plasticity for reinforced concrete structures.

The socalled William-Warnke criterion is a three-parameter model, where the deviatoric curve
is a quarter of an ellipse. This elliptical curve is determined by means of two parameters and
the third parameter determines the slope of the straight meridians.

Finally the most advanced critedon to be used in practice is included, which is the four
parameter Ottosen criterion. The meridians are parabolic, which demands two parameters, and
the deviatoric curve is determined by solving the problem of a membrane, simply supported
along the 3 sides of an equilateral triangle and subjected to uniform pressure. The solution is
rather complicated, see e.g. Dahl (1990) or Ottosen (1977). It is noted that the Ottosen
criterion forms the basis for the failure criterion proposed by the CEB.

Modified Coulomb criterion. The most commeon failure criterion applied to concrete is the
Coulomb friction hypothesis, which states that failure occurs, when the shear stress at a section
exceeds a cohesive and a frictional resistance:

1| = ¢ + otang (.11
where ¢ is the cohesion and ¢ is the angle of friction. This expression appears as a straight

line inclined the angle ¢ to the o-axis in a Mohr diagram, The Coulomb criterion can be
expressed in terms of the principal stresses, which yields

'Comité Buro-International du Beton.
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Figure 4.2: Failure surface for Coulomb material. The E-axis is the hydrostatic axis and

r is the distance in the deviatoric plane.

f0,0,0) =0, ~(ko; +£) =0, o, 20,20, (4.12)

where the parameter k depends solely on the angle of friction;

k= 1*sng (4.13)
1 - sing

Expressing the Coulomb criterion in terms of the octahedral stresses we get the following
equation by substituting ©, and ¢, by means of eq. (4.2):

RETB) = ~V20-1E + {(k+2)cos0+y3ksind)r - &, = 0, 0°< 8 < 60° (4.14)

In figure 4.2 this failure surface is depicted by means of the straight meridians at 8 equal to
0 and 60° together with the deviatoric plane for £ = 0.

However, it is generally accepted, that concrete materials do not fail by means of friction
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Figure 4.3: Modified Coulomb failure criterion for plane stress condition. The dashed
lines represent the Coulomb criterion without tension cut-off at o, = -f.

under high tensile stresses. Therefore a socalled rension cut-gff is applied to the Coulomb
criterion, resulting in the modified Coulomb criterion. This modification consists of the
Rankine failure criterion, i.e. a separation failure, when the tensile strength f; of the material
is exceeded. Thus, d, should not exceed the uniaxial tensile strength:

fop0,0) = (0, +f} =0, g, 2 6, 2 04
t 4.15)

ERD) = ~y3E + {cosd + 3sind) r - V&L =0, 0°< 8 < 60°

The condition for a tensile sliding failure region instead of a separation failure is £,/ < &,
which is not interesting for practical considerations of concrete.

In figure 4.3 the modified Coulomb criterion is depicted for the special case of plane stress,
ie. the trace of the failure surface at the plane o; = 0. From eq. (4.12) it appears that the
intermediate principal stress &, does not influence the failure criterion, which seems to be a
rough assnmption, but nevertheless the criterion shows the necessary accuracy for most
practical purposes. In the biaxial plane of figure 4.3 the independence of the intermediate
principal stress causes the biaxial compressive strength to equal the uniaxial strength under
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all conditions. In the next section this property is investigated further.

For further description of the modified Coulomb failure criterion the reader is referred to
Nielsen (1984), pp. 15-35, which contains an extensive treatment of the theory of plasticity
applied to concrete, utilizing the modified Coulomb criterion.

4.1.3 Multiaxial strength of concrete

In order to determine the characteristics of concrete subjected to multiaxial stresses many
attempts exist to establish a well-defined state of stress in experiments. This is mainly done
by using one of the following techniques, see e.g. Dahl (1990):

- Loading cubes in 2 or 3 orthogonal directions, ensuring that the friction between
load plates and specimen is minimized.

- Loading cylinders vertically together with an external fluid pressure on the specimen
sides.

- Loading hollow cylinders (tubes) vertically together with internal/external pressure
or torsion.

It is generally known that the problems conceming boundary constrainis are significant, see
e.g. Van Mier & Vonk (1991). Both the strength and in particular the post-peak behaviour are
sensitive to the method of eliminating boundary friction. Many laboratories utilize steel
brushes on their load plates in order to obtain free deformations perpendicular to the load
direction. Tests involving fluid pressure do not have these problems, because there is no
mechanical contact. However, it is necessary to prevent the fluid to enter the permeable
concrete specimens, by covering them with rubber membranes.

Also the load path causes problems, because it is uncertain whether the order in which the
diffexent stresses are applied has any influence. The most important load paths are

- Separated hydrostatic and deviatoric loading. First the hydrostatic pressure (G, = G,
= @) is increased until a specified level. Then the stresses are varied within the de-
viatoric plane corresponding to a prescribed value of 8, cf. figure 4.1.

- Triaxial loading. First the hydrostatic pressure is increased until a specified level.
Then one of the principal stresses is either increased or decreased until failure.

- Proporticnal loading, where the ratios between the principal stresses are kept con-
stant throughout the test until failure,

Dahl Cm.uo.u concludes, that no clear indication exists, whether any of the load paths is
preferable, when the ultimate strength is considered. Kotsovos (1979a) states that the load path

112

4.1 Review on concrete and FRC under multiaxial stresses

influences the early stages of cracking inside the specimens, but not the nltimate stages.

The most popular load path is the triaxial compressive meridian, which corresponds to 8 = 0°
in figure 4.1. After the specified hydrostatic level is obtained the principal stress o, is
increased further, i.e. uniaxial compressive stress imposed to a hydrostatic pressure (¢, 2 G,
= Gy). Analogous to this is the tensile meridian, which comesponds to uniaxial tension imposed
to 2 hydrostatic pressure, i.e. 8 = 60" or 6, = 6, 2 Gy,

Besides the review given in Dahl (1990) an extensive evaluation of numergus investigations.
is provided in Wastiels (1979), including 91 references. Also Hannant (1974} includes a great
collection of sirength resulis and presents them in both biaxial and triaxial diagrams.

Biaxial strength of concrete. A classic fest series, investigating the biaxial strength of
concrete at the University of Munich is reported in Kupfer et al. (1969). The investigation of
biaxial strengths of 200 x 200 x 50 mm concrete discs with 3 different concrete strengths (20,
30 and 60 MPa) is reported, including 4 different biaxial stress ratios within each of the
regions compression - compression, compression - tension and tension - tension. Load plates
with steel brushes are utilized in order to minimize friction, The use of steel brushes is
originally developed by H.K. Hilsdorf in cornection to this test series.

Kupfer et al. report a maximum compressive biaxial strength of approximately 1.3f., when
the stress ratio is o,/G, = 0.5. The stresses are normalized with respect to the uniaxial
compressive strength £, i.e. the strength observed at 6,/o; = 0. The biaxial strength fj,,, at
oo, = 1 is approximately 1.15f,. Finally the effect of steel brushes is investigated, resulting
in a considerably strength increase, when dry load plates are used instead of brushes.

Throughout the seventies biaxial tests have been performed at the Cornell University. Several
tests on 127 x 127 x 13 mm specimens are executed, using steel brush plates. Liu et al.
{1972) report results in the compression - compression region and later on Taswji et al. (1979)
include the remaining tensile regions. Based on their vitimate biaxial strength results a failure
surface is proposed, which also match satisfactory with the results in Kupfer et al. (1969). In
figure 4.4 this proposal, which consists of straight lines, is given.

The figure also includes the biaxial design proposal suggested by Hannant (1974), which is
based on most test results available up to 1973. Like it is meant to be this failure criterion
seems to be on the safe side.

The test series reported in Nelissen (1972) inciudes a total of 22 stress ratios covering afl
biaxial regions. The specimens have the dimensions 177 x 177 x 126 mm and are loaded by
brush plates. From the results a parabolic envelope in the compression - compression region
is proposed, but also a simple bi-linear expression is given. In figure 4.4 this bi-linear
suggestion is inserted.

In Gerstle et al. (1978) a co-operative test programme, where identical concrete and mortar
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Tasuji et al. (1979) s

Figure 4.4: Proposals of the biaxial strength of concrete. The dashed lines symbolize the
modified Coulomb criterion.

mixes are tested under multiaxial stresses at 7 laboratories ali over the world, is'presented. The
various laboratories have different test methods, different equipment and different specimens,
but the specimens are cast and cured identicaily.

The biaxial tests are all performed in the compression - compression region and show great
scatter between the various laboratories. The biaxial strength normalized with respect to the
uniaxial strength varies from approximately I to more than 2. The highest strengths
correspond to the highest degree of friction between load plates and test specimen. If the
results with constrained boundary conditions are neglected the results agree very well with
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figure 4.4.

Kotsovos (1979b) proposes a failure criterion, where the 3-parameter William-Warnke criterion
is modified. Instead of using linear meridians Kotsovos fits the meridian to experimental
resitlts obtained at the Imperial College in London in connection to the co-operative project.
As it is expected the model seems to predict the biaxial strength envelope satisfactory, but still
the experimental scatter is rather high to prefer this relatively complex criterion instead of
those suggested in figure 4.4. .

From figure 4.4 it is evident that even though there are differcnces in test results, most
investigators agree, that the compressive biaxial strength is 10 to 30 % higher than the
uniaxial strength. Furthermore it is recommended, that the boundary constraints are minimized
in order to obtain comparative results. In the zension - tension region the biaxial strength is
constantly equal to the direct tensile strength of concrete (often taken as 5 % of the
compressive strength). Finally the compression - tension region is typically modelled by a
straight line from the uniaxial tensile strength to the uniaxial compressive strength, which also
aprees satis-factory with the modified Coulomb criterion. In the compression - compression
region however, the Coulomb criterion is on the safe side, modelling the biaxial strength equal
to the uniaxial strength.

Triaxial strength of concrete. Most of the triaxial tests performed on concrete concem
multiaxjal compression with all principal stresses higher than zero. In Dahl (1930) the most
important test series with NSC (strengths ranging from 10 to 60 MPa) are included with the
triaxial strengths tabulated.

Itis generally accepted, that NSC is satisfactorily described by the modified Coulomb criterion
given in eq. (4.12), see e.g. Nielsen (1984), pp. 24-29, In the compressive region the major
principle stress &, depicted as a function of the minor stress o; forms a straight lire with slope
k= (1 + sing}/(1 - sinp), where @ is the angle of friction. For NSC it is found, that k = 4,
which corresponds to tang = 0.75 and ¢ = 37", agrees very well with the test results.

As it appears from eq. (4.12) the medified Coulomb criterion is independent of the
intermediate principal stress &, Thus, the results obtained from triaxial tests along the
compressive meridian (6 = 07) and the tensile meridian (8 = 607 should be equal in 2 &, -
&, system. Figure 4.5 contains results obtained both along the compressive and the tensile
meridian,

The figure includes results from the classic investigation by Richart, Brandizaeg & Brown
(1528), using ¢100 x 200 mm cylinders subjected to hydraulic oil pressure on the sides
together with a vertical Ioad. The compressive meridian is obtained by first increasing the
hydrostatic pressure followed by increasing the vertical load until failure. For the tensile
meridian the vertical load is raised to a prescribed level, followed by an increasing oil
pressure until failure. Two different uniaxial strengths are included (f, = 18 and 25 MPa).
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Figure 4.5: Experimental o,/f. - o,/f. relationship of NSC, including both the

cornpressive and the tensile meridian.

In Mills & Zimmerman (1970) compressive loads are applied to 57 mm concrete cubes with
a umiaxial strength of 23 MPa. From figure 4.5 it appears, that the 3 points on the tensile
meridian is slightly higher than the remaining points, but for practical use the dependence of
the intermediate principal stress is assumed to be negligible.

In the co-operative project reported in Gerstle et al. (1978} no specific proposal for the failure
criterion is given. Of course the results from various laboratories differ considerably, but again
it is noted, that the deformational constraints on the specimens should be minimized. All the
tests are performed by increasing the hydrostatic pressure to a given level and then increasing
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the deviatoric stress alone, following one of three stress paths (8 = 0, 30 or 60” in figure 4.1).
The test results are given in terms of the octahedral stresses o, and T, i is recalled that the
modified Coulomb criterion results in linear T; - o, relationships dependent on the angle 8.
For k = 4 the compressive, the shear and the tensile meridian are calculated from eq. (4.14):

_ o
0236 + o..aqﬂ ., 8=0

0.163 + o.%ow , 8=30°1 ka4 (4.16)
. ﬂ

e

g
0.157 + 04712, 8 = 60°
FA

.

If these expressions are compared to the graphical representation of the test data from the 3
stress paths in Gerstle et al. (1978) a satisfactory agreement is found, when the experimental
scatter is taken into account.

The number of tests covering the tensile regions of the triaxial stress combinations are limited,
partly because of the difficulties and experimental scatter normally connected with tensile
testing and partly because the tensile strength of concrete is often neglected. However, like
in the case of biaxial tests the modified Coulomb failure criterion with its tension cut-off
seems to be in agreement with the experimental results,

Application of failure criterion to HSC. By an extensive experimental programme at the
Department of Structural Engineering at Technical University of Denmark, Dahl (1992a)
investigates the failure criterion for HSC. The unjaxial strength range from 10 to 110 MPa and
the tests are performed in a friaxial cell with oil pressure on the sides of 100 x 200 mm
cylinders. The test method is further described in Section 4.2 and Appendix 3. It is noted, that
all tests are performed along the compressive meridian.

Dahl (19922} concludes, that the four-parameter Onosen failure surface, see e.g. Ottosen
(1877}, comelates well with the triaxial test results of HSC up to f, = 100 MPa and he
performs an empirical fitting of the four parameters. However, Dahl also admits that this
model is rather complicated in practice and therefore he suggests a criterion based on the
modified Coulomb criterion. A bi-linear curve is proposed in the compressive &, - ¢, diagram
instead of a single the straight line with slope k = 4. In figure 4.6 this proposal is shown
together with test resnlts from both NSC and HSC. For minor principal stresses up to 0.5f, the
slope &k = 4 is applied and thereafter the slope decreases to 3.

In Lahlou et al. (1992) HSC with f, between 50 and 115 MPa is investipated by means of a

triaxial cell similar to that in Dahl (1992a). The triaxial strengths along the compressive
meridian are determined on #100 x 200 mm cylinders and forthermore g54 x 118 mm
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Figure 4.6: The socalled two-stage model of the failure criterion for HSC svggested

by Dahl (1992a) in a Gff, - G,/f, coordinate system. The brackets give f,.

cylinders confined by steel tubes of varying thickness are tested. The concrete mixes have
water to binder ratios of 0.23 to 0.5 and the 115 MPa mix contains silica fumé. The steel tube
confinement, determined by assuming yielding of the stee], correlates well with the
corresponding oil pressures. In figure 4.6 the test results from Lahlou et al. (1992} are
included and it is observed, that they correspond to the two-stage model for oil pressures
below 0.5f.

Finally figure 4.6 also includes test results from Setunge et al. (1993). The compressive

strength range from 90 to 130 MPa and the triaxial strengths are obtained in a triaxial cell on
@100 x 200 mm cylinder under low confinement stresses. The concrete mixes have water to
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binder ratio of 0.26 to 0.35 and include silica fume. The investigation includes the effect of
varying aggregate types, but no significant effect is observed.

The data of figure 4.6 is further treated in Section 4.2 in connection with the triaxial test
results on compresit matrix.

4.1.4 Multiaxial constitutive relations for concrete

Like for the multiaxial strength of concrete several attempts have been made to model the
stress - strain behaviour under multiaxial loading. This is however a difficult task because the
stress path is essential. Most models ace based on the linear-elastic relations in Section 4.1.1
for an isotropic material, while others use empirical relations like those described in Chapter
3 for the uniaxial stress - strain curves.

Only a few investigations concern the complete siress - strain relationship because the
boundary conditions and the specimen size are known to influence the shape of the descending
branch, see e.g. Van Mier & Vonk (1991). Difficulties also arise with the determination of
the peak point of the stress - strain curve, because confinement provide the specimens with
great ductility. Some investigators therefore use the point, where the volume strain starts to
decrease, i.e. the initiation of volume expansion, as an indication of failure.

In the present section only a very brief description of the different attempts is given. For a
more extensive overview the reader is referred to e.g. Chen & Ting (1980).

Biaxial behaviour. In Liu et al. (1972) a proposal based on the socalled Sargin model, see
eq. (3.1), is suggested for the behaviour up to the peak stresses. If the linear-elastic stress -
strain expression in eq. {(4.7) is considered for biaxial stresses, i.e. &; = 0, we obtain

Ee [

l-va a,

where the stress direction in question is altered by interchanging the indices I and 2.

Application of the empirical Sargin model with I = 1 to the biaxial case reads

€
N& = ml

y,-— % * (4.17)
1+ (A-DX, + Xp _ 5
Y,=—L
%1c

where the biaxial principal stresses and strains are normalized by respect to their values at the
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peak point. It is recalled that this expression ensures, that the o, - €, curve passes through
both the origin and the peak point and shows a horizontal slope at the peak. In order to
obtain the correct initial slope, which is given by E/(1-vat), the constant A is determined by

E Tye
A= , E .= _k 4.18)
E, {1-ve) Pk €,

The parameters needed to determine the stress - strain curve for a given value of the biaxial
stress ratio o, are the uniaxial constants E and v together with the peak stresses and strains.
The biaxial strength envelopes shown in figure 4.4 give the peak stresses as a function of
o and Tasuji et al. (1979) suggest linear relationships between the peak strains and stresses,
based on their experimental results on 127 x 127 x 13 mm concrete discs.

In Kupfer & Gerstle (1973} the experimental programme of Kupfer et al. (1969) is
investigated. The stress - strain model is based on the octahedral linear-elastic stress - strain
expressions of eq. (4.8): o, = 3Kg, and 1, = 2Gy,, where X and G are the bulk modulus and
the shear modulus respectively.

Kupfer & Gerstle (1973) use the secant moduli K, = 6,/(3¢,) and G, = 14/(2y,) to model the
non-linear behaviour of concrete, i.e. the moduli vary with the stresses and the strains
throughout z test, instead of being constant. By depicting the experimental octahedral strains
and stresses as functions of each other it is concluded, that the deviatoric part of the
constitutive relationship does not depend on the hydrostatic part, while the opposite does not
apply. The proposed expressions are not shown here, but they have the principal form

%o e =0
2G(ty) ® 3K (yy

(4.19)

Yo =

where the moduli are matched to the test results by mathematical fitting. It is obvious, that
K, and G, go towards their initial linear-elastic values as the stress state tends to zero.

Contrary to what Kupfer & Gerstle conclude, Andenses ef al. (1977} state, that there exist
unique refationships for both the deviatoric and the hydrostatic part. Using 100 mm concrete
cubes in a triaxial cell under fluid pressure, each principal stress can be varied
independently. A total of 41 cubes are tested biaxial in the compression - compression
region. .

In Gerstle et af (1980), which concemns the deformations obtained under the co-operative
test programme, the conclusion is, that the biaxial stress - strain curves are satisfactory
described, disregarding any coupling between the deviatoric and the hydrostatic part.

Triaxial behaviour. Most investipations of the stress - strain curves under multiaxial
stresses apply the method of separating the deviatoric and the hydrostatic parts, but no clear
answer exists to the question, whether the two parts interact.
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In Palaniswamy & Shah (1974) a test series with ¢76 x 230 mm cylinders, subjected to
hydrostatic oil pressure in a triaxial cell together with increasing vertical load until failure, is
reported. All tests follow the compressive meridian. The authors propose a unique hydrostatic
behaviour, while the deviatoric part depends on both G, and 1,

Cedolin et al. (1977) investigate triaxja] tests performed by Richart et al. (1928) and several
others. By depicting the octahedral stresses and strains in all combinations they conclude, that
K, and G, depend solely on &, and 7, respectively, i.e. no coupling effect.

In the co-operative project described in Gerstle et al. (1980) however, the hydrostatic and the
deviatoric load paths are separated experimentally. Thus, first the hydrostatic stresses are
applied followed by deviatoric stresses under constant hydrostatic stress. In most other investi-
gations the stress path is taken as the socalled triaxial loading, cf. Section 4.1.3.

The results taken from 7 different laboratories show, that the deviatoric stress - strain relation
is not influenced by the hydrostatic stress state. However, it is also found that when the
deviatoric stress is increased, the hydrostatic strain is influenced. This coupling effeet is
modelled similar to the expressions in eq. (4.15).

Finally it is noted, that various stress - strain models for triaxial loading include both the
ascending and the descending part, see e.g. Ottosen (1979) and Ahmad & Shah {1982). They
are both based on the Sargin model in eq. (3.1). Just like in the case of uniaxial compression,
four physical parameters in each principal stress direction are needed to determine the curve.
These four parameters consist of the inifial stiffness, the corresponding stress and strain values
at the peak point and a data point at the descending part of the curve, As a part of his Ph.D.-
thesis Dahl (1992b) perform a modification of the mode! in Ottosen (1979} in order to match
it with his test results for HSC (f, up to 110 MPa). The reader is referred to Dahl (1992b) for
further details,

4.1.5 FRC under multiaxial stresses

The number of investigations concerning multiaxial loading of fibre reinforced concrete is very
limited and only consider compression (especially biaxial compression). Three investigations,
concerning biaxial tests of FRC, are known to the author. In table 4.2 a survey of these
investigations is given.

The general conclusion is, that the steel fibres mainly influence the failure mode from a
typical splitting failure, with cracks parallel to the biaxial stress plane, to inclined shear cracks.
Also the biaxial strength is reported 0 increase compared to plain concrete specimens. In
figure 4.7 the biaxial strength envelopes from the results on FRC are shown together with the
findings from figure 4.4.
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Taylor et al. 50 mm cubes | Round straight 0,02, Both proportional
(1975) stee] fibres, 0.6,0.8 | and sequential
Vi=2%, and 1 loading.
L./, =87, Both solid plates
f. =30 MPa and steel brushes.
Yin et al. 152 % 152 x Straight steel 0,02, Proportional
{1989) 38 mm discs | fibres, 0.5 and | loading.
Vi=0,land2%, {1 Steel brushes,
L/d, = 37 and 48,
|- = 40 MP2
Traina & 76 mm cubes | Hocked-end and 0,05 Proportional
Mansour corrugated steel and 1 loading,.
(19913 fibres, Friction reducing
V;=0,0.5, 1 and pads.
1.5 %,
Ly/d,= 60 and 33,
J. =40 MPa
Table 4.2: Survey on existing biaxial tests involving FRC.

In the eatly investigation by Taylor et al. (1975) they report, that the use of solid load plates
almost doubles the strength compared to steel brushes, which is also concluded in Kupfer et
al. (1969) on plain concrete. A comparison of the proportional leading and the sequential
loading, where the two loads are applied separately, shows a slightly higher strength for the
proportional load path. Taylor et al, find a biaxial strength of about 1.7f, with a fibre
reinforcement index equal to 1.7,

In ¥in et al. (1989) the fibre reinforcement index varies between 0.4 and 1.0. The increase in
vniaxial strength because of the fibres is less than 10 % compared to plain concrete. However,
the biaxial strength is increased considerably as it is shown in figure 4.7.

Finally the results of Traina & Mansour (1991) also show a biaxial strength increase with the
fibre reinforcement index varying between 0.2 and 0.9, even though the increase is slightly
smaller than that obtained by Yin et al.

None of the investigations include any proposals for the biaxial strength envelope, but it
appears, that the fibres increase the strength by approximately 25 % compared to plain
concrete. This increase is probably due to the confinement effect of the fibres in the stress-free
direction.
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Traina & Mansour (1991)

Taylor et al. (1975)

Plain concrete

&
fe
1.0 2.0
Figure 4.7: Experimental biaxial strengths of FRC, The numbers in brackets represent

the fibre reinforcement index Y (L/d,).

The only investigation, available to the author, concerning triaxial stresses in FRC, is reported
in the M.Sc.-thesis Egging & Ko (1981). A concrete mix containing 0.6 % by volume of
Dramix steel fibres (type ZP 30/.490), with hooked ends (V,(L/dj = 0.45), is tested by means
of 100 mm cubes. The uniaxial compressive strength is approximately 60 MPa, which is an
increase of 20 % compared to the plain concrete strength.

A triaxial test equipment in Egging & Ko (1981) makes it possible to load each specimen side
independently by means of an oil pressure. A total of 3 different hydrostatic stress levels (G,
= 28, 41 and 535 MPa) are tested along the compressive, the tensile and the shear meridian.
By comparing the experimental relations between T, and G, to eq. (4.16} it seems reasonable
to conclude, that the modified Coulomb criterion applies satisfactory as it does for plain
concrete. Egging & Ko perform a fitting of the results to the William-Warnke criterion, but
conclude that the FRC behaves similar to plain concrete.
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4.2 Compresit matrix under multiaxial compression

A total of 50 compresit cylinders with dimensions ¢100 x 200 mm are subjected to oil
pressure together with an axial compressive load. All tests are peiformed along the
compressive meridian, i.e. 0, 2 6, = 0; 2 0 (8 = 07, at the Department of Structural
Engineering, Technical University of Denmark. The test equipment is developed by K.K.B.
Dzhl during his Ph.D. project, see Dahl (1992¢). The basic test principles are similar to those
described in Newman (1974).

There exist two different test series with compression on compresit matrix:

- In 1992 K. E.B. Dah] performed a series with the results presented in Heshe &
Nielsen (1992b).

- During the present project a test series, slightly different from that above, is perfor-
med.

The differences between these series consist of the type of fibres and the range of oil pressures
applied, but nevertheless the results are directly comparable.

4.2.1 Test specimens and method

In Appendix 3 the test procedure and the equipment are presented. For further information the
reader is referred to Dahl (1992¢). In table 4.3 the fibre characteristics for the two test series
are given. The specimen name consists of TC for triaxial compression followed by the aspect
ratio of the fibre type in question.

TC40 40 6 m.a OF 6/.15 HC

(K.K.B. Dahl)

TCO - 1] 0 -

TC30 30 6 1.8 OL 12/40
Table 4.3: Survey of the compresit mixes used for triaxial compression tests. See fibre

characteristics in table 1.3.
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A cylinder is fitted in a tight rubber membrane and it is placed in a steel barrel filled with
hydraulic oil. The oil pressure is increased, subjecting the cylinder to a hydrostatic pressure,
At a specified level the vertical load is applied from an external jack under load control
until failure.

Both the longitudinal and the circumferential strains are measured by means of electrical
Tesistance gages, but it turns out that most of these gages fail even before the vertical load
is applied. This is due to air voids on the cylinder surface under the gages, which are cata-
strophic to the gages. These holes are filted before testing, but it appears that this filling is
insufficient or at least it demands great care. Because of this lack of deformational
measurements only the friaxial strength of the compresit matrix is considered in the
following.

422 Test results

In this section the triaxial strength results for compresit matrix are presented. Even though
the two test series utilize different compresit mixes the umiaxial strength do not differ
significantly. Table 4.4 contains the resuits normalized by respect to the uniaxial strength.
The results for TC40 are obtained from 3 repetitions, but as the coefficients of varation on
the strength all are found less than 2 %, see Heshe & Nielsen (1992b), the present project
(TCO and TC30 in table 4.4) only includes 2 repetitions for each confinement pressure.

K.K.B. Dahl applies 6 different oil pressures, varying from 20 to 140 MPa, beside the
uniaxial test. This enables the confinement pressure to go up to 0.837,. In the present test
series the confinement pressure is only raised to 70 MPa and instead the interest is focused
on small confinement pressures. For practical purposes it seems relevant to investigate the
strength behaviour at relatively small confinement pressures, e.g. in order to model the
confinement effect of steel stirrups.

The few tests involving plain compresit matrix without fibres (TCO) are included for
reference purpese to HSC. In figure 4.8 the results from the table is depicted in a
normalized o, - o, diagram. The rwo-stage model from figure 4.6 is also inserted in the
figure, where the initial line with slope 4 is the usual Coulomb line for concrete, but as
stated by Dahl (1992a) this line seems too steep when the confinement pressure exceeds
0.5f.. Thus, the second line of the two-stage model has the slope % = 3.

From the compresit results in figure 4.8 two observations are obvious:
- It seems that the line with slope £ = 3 is valid as low as o, = 0.1f.

- Furthermore there seems to be a rather steep line for small values of the confine-
ment pressure, i.e. a strong confinement effect in the beginning.
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0.125 1.84
0.245 2.29
0.365 2.69
0.485 2.98
TC40 40 6" 24 165.0 0.607 3.23
0.5
0.729 3.62
0.849 4.05
0.029 1.26
o | Lol o |22 oo | 1w
0.080 2.1
0.034 1.34
0.065 1.61
0.120 1.88
0.180 2.19
TC30 30 6 1.8 164.3 0.240 238
¢N)]
0.370 2.74
0.400 2.84
0.430 2.96
Table 4.4: Test results from triaxial compression tests on compresit miatrix, All values

are mean values and the brackets contain the coefficients of variation.

The steep initial line shows a sfope corresponding to k = 8 and the two-stage model seems to
be on the safe side. A possible explanation for these observations is, that compresit matrix
(and HSC) act as true Coulomb materials for relatively high confinement pressures, showing
k =3, ie. the angle of friction is equal to 30", If the material did act in this manner for
decreasing confinement pressures going towards zero, it would produce uniaxial strengths 50
% higher than those actually observed.
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Figure 4.8: Experimental G /f, - o./f. relationship for compresit matrix. The two-stage

model from Dahl (1992a) is also shown.

It is well-known, that HSC shows almost verfical cracks in uniaxial compression instead of
inclined shear cracks. Therefore it seems reasonable to believe, that uniaxial failure and failure
under small confinements are govemned by a rather steep line in a Mohr diagram, see figure
4.9. These splitting cracks are often connected with the increased britileness of HSC compared
with NSC. The strength f,, represented by the small circle in figure 4.9, and the cohesion are
related through

fi=2c/k, k=(1+sne)l -sing) (4.20)
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Figure 4.9: Mohr diagram for a Coulomb rmaterial showing a bi-linear failure criterton.

Furthermore the effect of increasing cohesion is illustrated.

It is possible to construct a sitvation, where the uniaxial strength is identical for the two lines
in figure 4.9, which have different slopes, i.e. the uniaxial compression circle tangents both
lines:

c,fe, = .\F;w (4.21)

where subscript 1 and 2 refer to the initial line and the Coulomb line respectively.

In Part T of the thesis® the bi-linear failure criterion is treated in a more Jetailed manner.

Furthermore the physical phenomena comresponding to the criterion are discussed.

*Structural application of compresit.

4.2 Compresit matrix under multiaxial compression

4.2.3 Failure criterion for compresit matrix

A failure criterion to be used for design purpeses should of course be on the safe side.
Furthermore simplicity is essential, when it comes to practical use. The triaxial tests performed
on compresit matrix may justify a change of failure criterion, compared to that normally used
for concrete. However, it seems that in case of triaxial compression the fibre effect is
insignificant, meaning that the compresit matrix behaves similar to HSC, when the triaxial
strenpgth is considered. The fibres undoubtfully have great effect on the deformational
characteristic just like in the uniaxial case described in Chapter 3.

A comparison of the triaxial compresit results with results from HSC (£, up to 130 MPa) for
small values of the confinement pressure (&, up to 0.5£) is given in figure 4.10. The figure
clearly shows, that the results of Setunge et al. (1993) indicate the similar trend as observed
for compresit matrix. Contrary to this, Lablou et al, (1992) do not observe an initial increased
slope, their results seem to follow the normal Coulomb line.

For high values of the confinement pressure most investigations find, that the angle of friction
is reduced from 37" to 30°, i.e. k decreases from 4 to 3, when HSC is considered instead of
NSC. This observation seems reasonable, as it is accepted, that HSC, amongst other things,
is characterized by failure zones passing through the aggregate instead of following the mortar
-aggregate interfaces. Thus, the coefficient of friction {tang) is reduced because of the smooth
failure zones for HSC. The rwo-stage failure criterion proposed by Dahl (1992a) seems
reasonably, because it only gives a slight modification of the existing plastic solutions:

O3 g5
1+ hﬂ R 0= ..wl < 05
o . ‘ ¢ (422
T lises®,  Z.gs

£ A

Furthermore it appears to be a safe failure surface for HSC. From the fact that all available
HSC test results only cover the compressive meridian, it might be questionably to suggest a
value of k higher than 4, before further experimental evidence is present.

The utilization of the two-stage model on the existing plastic solutions only means small
alterations of the theoretical energy dissipation in the lines of discontinuity. In case of plane
stresses, see e.g. figure 4.4, only the inclination of the failure surface in the compression -
tension region depends on the angle of friction, corresponding to the initial slope in eq.(4.22).
However, in most practical cases the tensile regions are neglected, resnlting in solutions
independent of the angle of friction. In case of plane strains on the contrary, the relative
displacements in a yield line are limited by the angle of friction. From the fact that the angle
of friction is found to change with the minor principal stress in eq. (4.22), the plastic solutions
for plane strains need modifications, e.g. the rotation symmetrical sokution for punching shear
failure, The energy dissipation formulas are included in Part 11 of the thesis.
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Figure 4.1(: Experimental o/f, - 3/f, relationship for relatively small values of the oil
pressure. The brackets give the uniaxial strength.

In the tensile regions doubts still exist, whether the tensile strength f; should be included for
fibre reinforced concretes. For compresit matrix the test results in Section 2.3 show multiple
cracking and f, increasing with the fibre reinforcement index, However, the tensile results with
combined steel fibres and reinforcement bars in Section 2.4 show, that the compresit matrix
only contributes with a tensile stress corresponding to its cracking strength (3 to 10 MPa).
This contribution represents 3 to 5 % of the compressive strength and therefore it seems
vnlikely to be advantageous to include this strength into the solutions. Thus, for qunEH.&
purposes it seems likely, that the zero temsion cut-off is applied just like it is dome
traditional concrete design.

130

4.3 Concluding remarks

4.3 Concluding remarks

From . Section 4.1.5 it appears, that the number of investigations, concerning the effect of
fibres on the multiaxial behaviour, is very limited. The general observation for FRC under
biaxial compression is, that the sirength increases slightly, which is probably due to the
confinement effect of the fibres in the stress-free direction. Furthermore the fibres certainly
affect both the cracking behaviour and the stress - strain curve, just like in the case of
uniaxial compression. However, the triaxial strength of FRC seems to follow the normal
concrete behaviour.

Therefore it seems reasonable to comsider compresit matrix as a HSC material with
compressive strengths above 100 MPa. The angle of friction decreases from 37° for NSC
to 30° for HSC, which is explained by the failure zones passing through the aggregates in
HSC. The present test results on compresit matrix also show an increased angie of friction
(approximately 51°) for small confinement pressures, which is also observed by another
investigation on HSC. This indicates a failure criterion, that results in reduced/effective
compressive strengths, compared to the strengths to be expected if the material acted as a
true Coulomb material. For compresit matrix and other HSC’s this true Coulomb strength
seems to be 1.5 times the actually measured strength.

In order to obtain a simple failure criterion appropriate to both HSC and fibre reinforced
compresit matrix, the proposal by Dahl (1992a) is suggested. The initial angle of friction
correspond to that normally applied to NSC (@ =~ 37°, k = 4), while this angle reduces to
¢ =30° (k= 13), when the minor principal stress exceeds 0.5f.

When the tensile strength is considered for compresit matrix, an increase with fibre content
is found in Chapter 2. However, it scems reasonable to neglect f, because it only contributes
with about § % of the compressive strength. Tests show that the tensile sirength of
compresit matrix does not exceed the cracking strength for structural use, but they also show
that this tensile strength is present over a remarkable strain range. Thus, the crack pattern
is influenced remarkably from the presence of fibres.

It should be emphasized, that the main reason for maintaining the simple straight lines as
analytical failure criterion, is to utilize the existing solutions without any major changes. It
is obvious to perform an empirical curve fitting to the triaxial data points, in order to obtain
a smooth failure surface. This approach is hardly adequate for design purposes, even theugh
it applies to a computer algorithm..

Tt is recalled, that the discussion of an appropriate failure criterion is continued in Chapter
2 of Part II of the thesis®.

*Structural Applications of Compresit.
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5. Fracture energy

From the introduction it is recalled, that fracture mechanics applied to concrete structures
is in progress. Fracture mechanics concerns the propagation of cracks and therefore it
involves the tensile properties of concrete in particular. The fictitious crack method (FCM)
by A. Hillerborg applies the socalled fracture energy G as a material property together with
the compressive and tensile strengths.

The energy absorption per unit crack area is measured by means of methods, where the
crack area is well-defined, e.g, a notched direct tensile test. However, direct tension tests
are known to cause trouble in normally equipped laboratories and therefore the RILEM’
committee TC50-FMC submitted & draft recommendation in 1985, In RILEM (1985) this
proposal of a three-point bend test on notched beams is described.

In 1990 a new draft recommendation is provided from committee TC89-FMT, see RILEM
(1950a) and (1990b). The new proposals &y to eliminate the experienced size-effects of the
bend test in order to obtain a true material parameter. In the following these
recornmendations are described together with a method provided by the ASTM? to evaluate
the flexural toughness of FRC.

The G-values normally obtained for HSC are compared to measurements on compresit
matrix. It is noted that the Ge-tests on compresit matrix are not performed strictly in
accordance with the RILEM proposals, but for comparison the results are useful.

5.1 Review on fracture energy for concrete and FRC

Before considering the Gy-tests on notched beams, a few fracture mechanical definitions are
given, see e.g. Broek (1986) or Hellan (1985). Fracture mechanies concern the conditions
near a crack Hp in a continuum. A finear elastic solution of the stress field at a distance
from the tip shows a stress singularity, which is written on the form
oL, rso0 6.1
Jr

where X is the socalled siress intensity factor, which depends on loading and geometry. On-
ly a few exact solutions exist to problems with a small crack in infinitely large bodies, but
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several solutions are evaluated to specific geometries and loadings. From eq. (5.1) it appears,
that LEFM result in stresses, increasing toward infinity at the crack tip, which is of course
impossible in practice. .

In 1921 A.A. Griffith stated, that a crack develops, when the energy dissipated in producing
new crack surface exceeds a critical value G,. In LEFM all energy is absorped in the crack
surfaces, i.e. Gy = G, However, in the fifties G.R. Irwin and E. Orowan showed, that most
of the energy is dissipated in plastic zones around the cracks, when building materizls are
considered, Le. G = G, + plastic energy absorption.

G- is often considered a material constant and according to LEFM it is related to the critical
stress intensity factor by

K% = EG; G2

where subscript 7 denotes faiture mode 1, i.e. crack opening.
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Figure 5.1: Notched beamn under three-point bending.

For the special case of a notched beam, with symbols given in figure 5.1, the stress intensity
factor is written as .

3pL — 5.3
N.hnmumamwf\uuﬁmo.ﬁnnv. @ = — 5-3)

where the function F(ct) depends on the geometry of the notch:
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1.99 - a{l-a){2.15-3.93a+2.7a) 4)
VR(I-20)(1-0)”
The ¢ritical factor X, is determined by inserting the maximum beam load ir eq. (5.3). It is

recalled that LEFM is oaly correct in case of infinitely large beams, where the plastic energy
dissipation gets negligible compared to the surface energy.

Fle) =

3.1.1 Three-point bend test on notched beam

The Hillerborg proposal. The first recommendation in RILEM (1985) is based solely on the
FCM described in Hillerborg (1985). The three-point bend test is preferred instead of a direct
tension test because: "It is much easier to perform stable bending tests on notched specimens.
The simplest possible test of this type is the three-point bend test on a notched beam.”,

A beam is broker into two halves and the work applied by the force P is divided by the crack
area b{h-a,). The work, represented by the area under the load - deflection curve, is modified
to take account for the self-weight induced deflection, An extra contribution to the work is
calculated as mgd;, where m is the beam weight within the load span, g is the acceleration of
gravity (= 9.82 m per square second) and 8, is the recorded deflection at final failure.

It is well-known, that the self-weight induced bending moment at mid-span vanishes, if the
length [ is equal to half the load span, cf. figure 5.1. However, Hillerborg (1985) states that
such an experimental elimination of the self-weight influence complicates the test execution,
because the P - 8 curve tends to get a very long tail, which makes it difficult to determine,
when the test ends.

The recommended beam sizes are listed in table 5.2. The dimensions are mainly chosen from
the following requirements:

- The beam should be easy to handle, i.e. not too heavy.
- The smallest dimension should be at least 3 times the maximum aggregate size.
- The influence of energy absorption outside the notched section should be minimized.

- The stiffness demand for the test equipment should be obtainable at most laborato-
ries.

Hillerborg performs a sensitivity analysis on strength results obtained from FCM with varying
G He concludes that the strength is only about one third as sensitive to a variation of G as
it is to variations of the other material parameters of concrete structures, Therefore the errors
in Ge-tests, e.g. originating from size-effects, are acceptable within normal engineering
accuracy.
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An experimental study at 12 different laboratories throughout the world indicates a certain
influence of beam size. The increase in Gy is approximately 30 %, when the beam depth %
increases by a factor 3.

The influence of specimen size is e.g. investigated by M. Elices, G.V. Guinea and J. Planas
in 3 articles from 1992, see Elices et al. (1992), Guinea et al. (1992) and Planas et al.
(1992). They investigate the influence of experimental procedures, the influence of bulk
energy dissipation and the influence of ignoring the last part of the P - & fail. By means of
bend tests, which are not necessarily according to RILEM (1985), they conclude, that a true
beam size independent Ge-value is attainable if the following contributions to the energy
absorption are considered:

- The energy dissipation in the supports by means of friction, (rolling supports are
preferred).

- The energy dissipation in the bulk are analyzed by means of finite element com-
putations. An upper bound of about 5 % of G, is reported to dissipate in the bulk
of the beams.

- The neglected energy from the tail of the load - deflection curve. This contribution
is concluded to cause the greatest misinterpretation of G

However, no specific proposals to improve the experimental procedure of the bend test are
provided.

The effective crack length approach. In the latest draft recommendation in RILEM
(1950a), the hwo-parameter model is presented. The basis for the theory originates from Jeng
& Shah (1985). Instead of a P - & curve a P - CMOD relationship is required, where CMQOD
is the crack mouth opening displacement. Furthermore an unloading cycle is necessary near
the peak load, meaning that this proposal demands considerably more from the laboratories,
than that of RILEM (1985).

From the initial stiffness and the unloading stiffness of the notched beam, the critical crack
length a, is determined from LEFM-expressions. The critical (effective) crack length consists
of the initial length &, and the stable crack growth until peak load. When a, ig determined,
the critical stress intensity factor is calculated from eq. (5.3) with « = a/h and P corres-
ponding to the observed peak load. Finally G is calculated by means of eq. (5.2).

The specimen size for the two-parameter mode] are given in table 5.2 together with those
proposed by the other methods.

In Karihaloo & Nallathambi (1989) a model similar to the previous is suggested.

However, their effective crack model only requires the experimemtal P - § relationship until
peak, i.e. no stiffness requirements for the test equipment. The value of the critical crack
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length at peak load is determined by means of regression analysis performed on existing test
results, The subsequent calculation of G is similar to the two-parameter model.

The size-effect method. The second suggestion in RILEM (1590b) is based on the size-effect
law by Z.P. Bazant, see e.g. Bazant et al. (1986). The generalized size-effect law has the form

oy = O ?&-s

where Gy, is the nominal stress at failure, A and C are empirical constants, 4 is a characteristic
dimension and f; is the tensile strength. If this equation is applied to the three-point bend test
we get

2
ﬁi cAh+C (5.5)

where P, is the peak load and A and C are empirical constants, but not identical to those in
the previous expression.

The test method consists of bend tests with various beam depths (at least 3 different beam
depths), but having geometrically similar load spans and notch depths. A linear regression
analysis is performed on the peak loads, resulting in estimates of the constants A and C of eq.
(5.5).

The method utilizes that the LEFM is correct for large specimens and an extrapolation is
performed from the experimental beam sizes. First eq. (5.3) is rewritten into

Ns@wﬁ"%wu
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In the special case with h — oo this expression is inserted into eq. (5.2)
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where A is the slope obtained from the regression analysis. As a consequence of this test
principle, the demands for the beam size are rather few, see table 5.2.

Comparison of various G-tests. The experimental data necessary in order to determine the
fracture energy differ significantly between the various proposals. In table 5.1 a survey of the
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demands for each method is given.

Fictitious crack Complete P - 5 curve. Area under P - & curve

model Deformation control. divided by crack area.

RILEM (1985)

Two-parameter Complete P - CMGD curve in- | Critical crack length by

model cluding unloading near the means of unloading stiffness.

RILEM (1990a) peak. Crack opening control. Equation (3.3) gives K.

Size-effect method Peak loads for at least 3 diffe- | Linear regression analysis by

RILEM (1990b) rent beam depths. Load control. | means of egs. (5.5) and (5.6).
Table 5.1: Survey of RILEM methods to determine G. It is noted, that each method

take account of the beam weight by increasing the experimentally observed
load, corresponding to the weight within the load span.

It is obvious that the two-parameter model is the most difficult to accomplish, because it
requires clip gage measurements of the crack opening together with an unloading cycle. The
size-effect law only demands load controlled bend tests, but it uses various beam sizes, which
can cause practical problems.

The beam dimensions recommended for the methods are listed in table 5.2, The cross-sectional
dimensions in the table represent the smallest aggregate sizes in case of the FCM and the two-
parameter model. Both models increase 2 x b up to 400 x 200 mm and 250 x 150 mm
respectively, when d, increases to approximately 50 mm. However, it seems unfortunately
from a practical point of view, that the beam sizes are changed so that the existing moulds
must be _.nEmnna at EEG Fvonmpo:nm

M w.»wmmmmﬁ

:
\Tlt.rr.(rr 522

Fictitious crack 160 mm 8 a5 100 mm 340 mm
model
Two-parameter 150 mm 4 0.33 80 mm 700 mm
model
Size-effect = 3d, 225 = 0.15 > 3d, -
method <05

Table 5.2: Beam dimension for RILEM recommendations. The symbols are taken from

figure 5.1. The maximum aggregate size is denoted d..
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It is notable that the proposed load span is decreased significantly from 1985 to 1990. The
load span L/ = 8 according to RILEM (1985) is probably due to low stiffness requirements
for the test equipment.

In Karihaloo & Nallathambi (1991) the methods are extensively compared. It is concluded that
the new recommendations yield almost identical results without any significant influence of
the beam size. Furthermore it is noticed, that the size-effect methed is very sensitive to the
slope A of eq. (5.5). Thus, great care should be taken in performing an adequate regression
analysis.

5.1.2 Ggresults for HSC and FRC

Since the first RILEM proposal there is performed numerous bend tests on notched concrete
beams. The general conclusion is, that Gy increases with compressive strength, but the rate
decreases.

A. Hillerborg defines a measure of ductility as a characteristic length in the following way.
The elastic energy stored in a specimen just before tensile failure is proportional to 1, 3f%/E and
the energy required to produce a crack is proportional to 1,2G. The ratio of these two
mnm_.,m_om is I,f%(EG;) and it indicates the brittleness of the material. The characteristic length
I+ on the other hand, indicates the ductility and it is defined as

Ly = —F (57

Thus, it increases with the ductility of the material, In Bache (1987) a similar definition of the
socalled brittleness number is presented as [f*/EG;, where a small value indicates a high
degree of ductility. The characteristic length is typically decreasing from 500 - 600 mm for
NSC to 200 - 300 mm for HSC.

In Giaccio et al. (1993) HSC beams are tested according to RILEM (1985). The tests cover
various aggregate types and water to cement ratios from 0.28. The compressive strength ranges
from 70 to 107 MPa. Within this strength range the fracture energy G; increases slightly from
150 N/m to 200 N/m. A mix of NSC with f, = 23 MPa vields G, = 135 N/m.

Iyengar et al. (1993) compare existing bend tests with RILEM (1985) and RILEM (1990b).
The conclusion is, that the Gy calculated by means of the size-effect method is smaller than
the fracture energy under a load - deflection curve (approximately 50 N/m compared to 30
N/m).

In Hillerborg (1980} it is stated, that the proper determination of G for FRC is a direct tensile
test, where the stress - crack width curve is obtained. This is due to the fact, that the fracture
zone for FRC is much larger than for plain concrete. Therefore it takes very large beams to
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determine a true fracture energy for FRC. In Li & Hashida (1992) this problem is investigated
for polyethylene fibre reinforced mortar (V, = 2 % and L/d, = 316). Two test methods are
applied: a direct tensile test on notched prisms and a double cantilever beam, being split from
one end by two opposite forces,

The direct tensile test is assumed to determine the true &7, where all energy is dissipated in
the crack plane, while the double cantilever beam also includes socalled off-crack plane
dissipation around the crack tip. The true Gy is measured to 122 N/m, while the double
cantilever beam energy absorption increases significantly with specimen size up to twice this
value. Thus, the off-crack plane energy seems to equal the in-crack plane epergy in this case.

Finally a test method from the ASTM to determine a toughness index for FRC is briefly
reviewed, see ASTM C1018 (1989). A FRC beam is loaded in its third-points and a complete
load -deflection curve is recorded. The first crack point is observed and the toughness indices
L, Iy and L, are defined as the area under the load - deflection curve up to 3, 5.5 and 15.5
times the first crack deflection respectively, divided by the area up to the first crack. In case
of true elastic - plastic behaviour the values of [, I, and I; are 5, 10 and 30 respectively.

ASTM C1018 (1989) requires the beam depth and the beam width to be at least 3 times the
fibre length. The preferred beam dimensions are 100 x 100 x 350 mm with a load span of 300
M.

Goepalaratnam et al. (1991) investigate the influence of the steel fibre reinforcement index on
the tonghness indices. Two beam sizes are used under third-point loading, having dimensions
102 x 102 x 356 mm and 152 x 152 x 533 mm (load spans egval to 305 and 457 mm). By
varying Vy(L,/d) between 0.25 and 1, the conclusion is, that the toughness indices are rather
insensitive to the fibre content and aspect ratio.

In Johnston & Skarendahl (1992) a total of 107 beams are tested according to ASTM C1018.
The beam dimensions are 150 x 100 x 800 mm with 2 load span of 750 mm. Five different
steel fibres are applied with aspect ratios ranging from 37 to 125 with the fibre contents up
to 1.3 % (0 £ Vi(L,/dj < 1). They find a significantly increasing effect on the toughness
indices from both aspect ratio and fibre content.

5.2 Gy -tests on compresit matrix

The only measurements of the fracture energy, performed in the present project, are the direct
tensile tests described in Section 2.3, of. table 2.5. Previous investigations of compresit matrix
under three-point bend tests exist and they are described in the following sections.
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5.2.1 Test specimens and method

It is noted that the bend tfests on compresit matrix do not follow the RILEM
recommendations for beam dimensicns, but still the results are useful for comparisons.

Hansen (1983) utilizes beams with b = s = 50 mm, a,/k = 0.5 and LA = 2.1, of. figure 5.1.
A total of 9 different compresit mixes are tested by means of 3 different fibre lengths (L,
=3, 6 and 12.7 mm and ;= 0.15 mm) and various fibre contents.

In Sondergdrd & Jensen. (1986} the Dramix fibre OL 6/.15 HC is applied for 4 fibre
contents (¥;= 0, 2, 4 and 6 %). The beams are identical to those in Hansen (1983), but the
load span is L/ = 5, corresponding to zero self-weight induced bending at mid-span.

Finally Al-Shunner (1989) test beams with b = 55 mm, # = 50 mm, ay/h = 0.5 and L =
8.4. The fibres are Dramix OL 6/.15 HC with V,=10,3,6,9 and 12 %.

By a comparison with the RILEM recommendations in table 5.2 it is evident, that the beams
are too strall, having cross-sectional dimensions only about half of what is normally applied.
However, according to the size-effect method the only restriction is 3 times the maximum
aggregate size, or according to ASTM C1018 it is 3 times the fibre Jength. For compresit
matrix d, is only 4 mm, leaving the smallest beam dimension (= 25 mm} mote than 3 times
this value, and the fibre length of 6 mm is also applicable to this dimension,

5.2.2 Test results

In table 5.3 the test results are given in terms of Gy The values are caleulated as the area
under the load - deflection curve, divided by the crack area b(h-a,). Because of the low self-
weight (approximately 4 kg) of the beams, no load compensation is taken into account. The
results from the direct tensile tests are shown in table 2.5.

It is clear that the fracture energy increases remarkably with both the aspect ratio and the
fibre content. However, it is recalled, that the bend tests on FRC beams probably overpredict
Gy, because the size of the fracture zone is relatively large compared to the crack.

According to eq. (2.51), the micro mechanical models of fibres crossing a crack suggest,

that the fracture energy dissipated during fibre pull-out is proportional to the fibre - matrix
shear strength, the fibre reinforcement index and the fibre length:

L
Gt S% L (5-8)
i

143




5. Fracture energy

- 0 0 0.73 (9.9)
6.5 13 5.8 (19.9)
20 162 32 13.5 (11.7)
23 0.9 11.1 (10.6)
Hansen 104 40 4.6 1.8 193 (18.2)
(1983) 6.8 2.7 27.3 (37.9)
1.2 1.0 31.4 (13.0)
847 23 2.0 359(12.0
3.5 3.0 28.1 (25.5)
0 0 0.13 (10.1)
Sonderghrd & 2 0.8 82 (14.9)
Jemsen (1986) | 250 40 4 1.6 122 (11.4)
6 2.4 134 (14.6)
0 0 0.12 ()
3 12 6.1 (44.0)
Al-Shunner 420 40 6 24 9.9 (2.9)
(1585) 9 3.6 17.3 (9
12 4.8 24.9 (15.1)
Table 5.3: Test results from three-point bend tests on compresit matrix. All values are

mean values and the brackets contain the coefficients of variation.

The values of table 5.3 and 2.5 are not directly comparable becanse the fibre content and
length vary. Instead figure 5.2 contains the resuits, where Gy is divided with L; and depicted
as a function of the fibre reinforcement index. The experimental slope that appears in the
figure should equal one sixth of the effective shear strength of the fibre - matrix interface, see
eq. (2.51). This value corresponds to a siope of approximately 1 MPa in figure 5.2, which
seems reasonable.

144

5.2 G-tests on compresit matrix

5.0
] I ! I I
; | i | |
Jkrkkk Hansen (1983) * |k !
JCE6600 Sepdergard | & Jensen (1986) |
2.0 3 LAAAA Al -Shunner Cwmlm L. L
- “.Dnnnﬂlu.wﬂmnﬁ tensile fests - A
. | 4
] 1
R e R s
<} ]
2 .
J ]
$20F -ty Lo A
4 ]
10 -~ -@----b-pr-bmm b
0.0l _—_..&_.»___»___.; FERPTTTTT
0.0 1.0 2.0 3.0 50
fibre reinforcement index

Figure 5.2: Experimental G/L,- V,(L,/d,) relationship, including typically 95 % double-
sided confidence intervals.

From the tables 5.3 and 2.5 it is evident, that the results show great scatter with coefficients
of variation from 10 to 20 % and even higher. In figure 5.2 this is indicated by means of 3
double-sided 95 % confidence intervals, calculated according to eq. (2.56).

The general trend of the results, despite of the experimental scatter, is that the direct tensile
test results yield the lowest values as it is expected. However, it is recalled from Section 2.3.2,
that the direct tensile tests do not include the complete fibre pull-out (it is recalled that the
direct tensile tests are terminated at a crack opening of 12.5 mm). Therefore they are lower
bound predictions of G
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Only the results by Hansen (1983) seem to overpredict Gy, which is probably due to the
extremely short load span. Otherwise the results in figure 5.2 comespond to a slope of
approximately 1 MPa, i.e. Gr/L; = Vi(L,/d) MPa, as it should be.

It is interesting to note, that the values obtained from plain compresit matrix without fibres
correspond very well to those obtained on HSC, i.e. ranging from 100 to 200 N/m.

If the G-values for compresit matrix is inserted in the definition for [, in eq. (5.7), we get
I, = 1000 V,(L,/d}L,, where the cracking strength of approximately 7 MPa is applied as f.
Thus, characteristic lengths of several metres are casily obtained by adding fibres, while plain
compresit matrix only gives [, = 100 mm.

5.3 Concluding remarks

The Ge-tests proposed by RILEM are described in Section 5.1, Despite of the various
opinions, whether the fracture energy is a true material constant, or if it is size dependent, it
seems to increase slightly with the compressive strength. For HSC Gy is 100 - 200 N/m and
together with the tensile strength it forms the basis for the fictitious crack model on concrete
structures.

To the author it seems, that the interest in determining a true material parameter overshadow
the fact, that the experimental scatter on G is rather high. Therefore it appears that more
effort is needed in the application of a quantified fracture energy to practical concrete
structural design.

For FRC materials and in particular compresit matrix, the fracture energy increases strongly
with the fibre content and indeed with the fibre length, see eq. (5.8). However, it is
questionable to originate the fracture energy solely to a single crack plane. Instead the energy
dissipation is expected to happen over a large fracturc zonme, making G strongly size
dependent for FRC. A better way to determine fracture energy on FRC, is a complete direct
tensile test, which again is rather complicated for many laboratories.

The fracture energy obtained for compresit matrix are easily raised from about 9.1 kN/m for
the plain matrix to 5 - 20 kN/m by adding steel fibres, i.e. en inerease of more than 50 times.
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This conclusion is a summary of some of the most important observations concerning the
strength properties of compresit matrix.

It is recalled from Chapter 1, that compresit matrix is a very dense matrix with microsilica,
having a water to binder ratio of approximately 0.18 by weight. The steel fibre reinforcement
normally used is straight Dramix fibres 12 mm long with aspect ratio L./d; equal to 30, but
other fibres are also applicable.

In the following the mechanical properties of compresit matrix are summarized, All properties
are measured on fully hardened specimens so that no strength development is included.

Uniaxial tension and compression. In Chapter 2 and 3 it is shown experimentally, that the
uniaxial tensile and compressive strength increases with the fibre parameters, A satisfactory
linear relationship is found, depending on the fibre reinforcement index Vi(L/d). In table 6.1
the most important experimental relations are listed.

Tensile cracking stress o,. (MPa) 7 Insignifican Figure 2,14
Tensile cracking strain g,, (%) 02 Insignificant -

Tensile strength f, (MPa) 7 6 V{L/d) | Eq.(2.64)
Modulus of elasticity E =~ (GPa) 50 Insignificant | Figure 3.11
Compressive strength f, (MPa) 145 25 V,(L/d) Eq. (3.10)
Compressive strain g, (%o} 24 1.8 V(L/d) Eq. (3.10)
Fracture energy G (kN/m) 0.1 1 V,(L/d)L,;/mm | Figure 5.2

Table 6.1: Survey of material properties for compresit matrix subjected to uniaxial

tension and compression.
The increase of the tensile strength is directly connected with pull-out of the fibres, bridging
a crack, while the increase of the compressive strength is interpreted as a confinement effect
from the fibres.

The relatively high fibre - matrix shear strength of approximately 10 to 15 MPa, makes it
possible to utilize the steel fibres to their limit:

- For fibre lengths higher than approximately 20 mm the steel fibres are broken rather
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than pulled out of the matrix, even though they are high-quality fibres, cf. table
1.3 and eq. (2.66).

- The post-cracking strength from fibres crossing an open crack exceeds the crac-
king strength of the matrix at a fibre reinforcement index of approximately 1.
Thus, at a fibre content around 3 % of the nommal fibre type.

The fact that the tensile strength exceeds the plain matrix cracking strength, when the fibre
reinforcement index exceeds a value of approximately 1, provides the material with a
remarkable tensile strain capacity. However it appears, that the tensile strength of compresit
matrix acting together with steel bars in structural elements does not exceed the cracking
strength. Instead the fibres ensure a strain capacity so that visible cracking is avoided.

By adding fibres to compresit matrix the fracture energy is increased from 0.1 kN/m, which
is normal for HSC, to values a 100 times higher. This huge increase in energy dissipation,
provided by the fibres, is also reflected by the uniaxial compressive stress - strain curves,
It is well-known, that HSC shows rather unstable behaviour at its descending branch of the
stress - strain curve, but it appears, that compresit matrix follows a curve, that is
qualitatively identical to that of NSC, despite the fact, that the strength is more than 3 times
higher.

In Section 3.2.3 a simple analytical umiaxial compressive stress - strain relationship is
proposed.

Triaxial strength criterion. In Chapter 4 the failure criterion is evaluated for compresit
matrix. All test results are performed along the compressive meridian, where uniaxial
compression is imposed on a hydrostatic compression state. Therefore caution must be
shown in suggesting a complete three-dimensional failure surface before the other stress
combinations are investigated further. A slight modification of the existing Coulomb failure
criterion is proposed, see eq. (4.22).

The triaxial compressive test observations for compresit matrix are similar to what is found
for HSC by other investigators. The effect of the minor principal compressive stress is
described satisfactorily by an angle of friction @ equal to 30° instead of 37°, which is
normally applied to NSC. However, if this relationship is extrapolated to the uniaxial stress
state, where the minor principal stress equals zero, it predicts strengths, that are about 50
% higher than what is actually registered in a uniaxial compression test.

To take this observation into account, the Coulomb criterion is modified for smatl values
of the minor principal stress in order to predict the correct uniaxial strength. It seems that
the angle of friction should be increased to about 51° for small values of the confinement
pressure. The proper application of a failure criterion to compresit matrix and other HSC
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matrices is further discusseded in Part IT of the thesis’

The question whether the fensile strength should be applied to a strength criterion, still
needs structural considerations to be answered clearly. However it seems, that the fibres
rather contribute to the ductility (ensure stable crack growth and delay discrete cracking),
than to the tensile strength in case of structural design. It is a fact, that the tensile cracking
strength of the compresit matrix only makes a few percent of the compressive strength and
therefore it might complicate the calculations more than it benefits them, to include the
tensile strength into the design situation.

'Structural Applications of Compresit.
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Appendix 1

Direct tensile tests, test method and 6,/G,, - w
relationships

This appendix contains a description of the test. procedure together with experimental stress
vs. crack width curves, that have been recorded from the tests reported in Section 2.3. The
tensile bridging stresses are normalized with respect to the cracking stress.

Al.1 Test specimens and method

The specimens consist of small prisms with dimensions 50 x 50 x 55 mm, see figure 2.9 in
Section 2.3.1, These prisms are saw-cut from compresit matrix beams with dimensions 50 x
50 x 500 mm, which are cast horizontally. From cach beam approximately 8 prisms are
obtained.

From each of the 8 compresit matrices listed in table 2.4, three beams are cast. The curing
conditions are as follows:

- Cast in steel moulds on a vibratory table. Wrapped in wet towels.
- Demoulded the next day and wrapped in wet towels and plastic,
- Cured 4-5 days in a heating room at 45° C.

- Finally stored in laboratory at about 20° C until testing, i.e. for a period of about
5 months. During this period the prisms are saw-cut and prepared by sawing the
notches with a diamond saw.

The noiches have a depth of approximately 9.5 mm with a width of 3 mm. The notch depth
is measured on each specimen before testing to obtain the comect ¢ross-sectional area.

In order to ensure rotational stiffness between the specimen and the test machine, the prism
is glued to a steel block on each end. The glue is a 2-component Schnellklebstoff X60 from
Hottinger Baldvin Messtechnik in Darmstadt, Germany, which cures very fast. The adhesive
joint attains 90 % of its strength in about 4 minutes, which is preferable in minimizing the
time consumption, The surfaces of both the steel blocks and the specimens are sandblasted
to enhance the adhesive bond. .
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Appendix 1 Direct tensile tests...

Then the steel blocks are bolted to a prototype fixture, which again is tightly connected to the
100 kN Instron resting machine with standard fixtures, see figure Al.1 for the set-up.

Sleadard Insfron
Fature

Pin

Fasteangnut

Prototype
tirture
Inlerchangeoble
L, =i Exlonsometer
-— ”.Hﬂr.ll! Test specimen

A

Bazhs |

Figure Al.l: a) Photo of set-up. b) Schematic representation of set-up. Taken from Aarme
(1992).

A total of 30 steel blocks are used in order to test multiple specimens before the blocks are
cleaned. After each test the glue is burned off and the steel blocks are sandblasted before they
are ready again. Each block has diameter 30 mm and thickness 25 mm and in order to fit the
standard Instron fixture, it has 4 holes with diametrical distance 60 mm for 8 mm bolts.

Two Instron extensometers (type 2620-602) are placed on opposite sides of the specimen and
it is the mean value of their strain measurements, that is supplied to the test machine as feed-
back signal. The test machine is designed to control the test cua.ﬁ. constant extensometer
signal rate. The rate is preset manually (using the unit % per minute), but can be altered
during the test, which is necessary to minimize the time consumption of each test.

For notched specimens a measuring distance of 12.5 mm is applied, while the unnotched
prisms apply 25 mm. This give maximum strain values of 20 an 10 % respectively in the two
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AL.2 Recorded Gp/5,, - w relationships

cases, because the maximum displacement of the extensometers is 2.5 mm. The purpose for
using different measuring lengths is to ensure, that the final crack localizes within this length.
For the notched specimens the final position of the crack is well-knowa, while the unrotched

specimen cracks with equal probability anywhere along its length and therefore 2 longer
measuring length is required.

Finally the test procedure is summarized below:

- The prism is glued to ene of the steel blocks and fixed to the upper part of the test
machine by means of 4 bolts.

- The other steel block is bolted to the lower part of the machine and covered with
glue.

- Then the cross-head is moved upwards until the prism touches the steel block and
a small compressive force is registered (less than 500 N). The glue cores for about
4 minutes, while the extensometers are mounted by means of rubber bands,

- The test is started by letting the extensometer strain increase linearly with time. The
initial ramp rate of the control signal is preset to 0.02 % per minute.

- As cracks start to develop and the peak load is obtained the strain rate is increased
manually from 0.02 % per minute in small steps in order to end up with 4 % per
minute, when the strain is approximately 4 %.

- When the extenscmeters have reached their maximum value (2.5 mm), the test is
terminated and the extensometers are removed, before the specimen is divided into
two halves,

Al.2 Recorded 6,/G,, - w relationships

Each of the following 8 figures represents a compresit matrix and includes the test data
obtained with that particular matrix. All the curves start at the normalized stress op/g,, = 1,
corresponding to the initiation of cracking,

The names utilized in the figures comespond to those in table 2.4, where UT is brief for
uniaxial tension, followed by the aspect ratio of the steel fibres applied. The fibres are ali
straight Dramix steel fibres from the Belgian company Bekaert. Two different fibre qualities
are applied and for the best quality 2 different fibre lengths are tested. In table Al.1, which
is a copy of table 1.3 the fibre types are explained.
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Appendix 1 Direct tensile tests... Al2 Recorded 0,/5., - w relationships
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Table Al.l: Dramix fibre types and properties. The fibres are loose and straight indicated : m 3 No fibres |
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Appendix 2

Uniaxial compressive tests, test method and
stress - strain relationships

This appendix contains a description of the compressive tests on compresit matrix together
with a graphical representation of the stress - strain recordings reported in Section 3.2

A2.1 Test specimens and method

The compressive tests are performed on g45 x 90 mm cylinders under closed-loop control,
which enables complete stress - strain curves, even though the stiffness of the test machine
is relatively low, see e.g. Glavind & Stang (1991) and Dahl & Brincker (1989).

Three cylinders are cast from each of the 8§ compresit matrices listed in table 3.1. The curing
conditions are as follows:

- Cast in stee]l moulds on a vibrating table. Wrapped in wet towels.
- Demoulded the next day and wrapped in wet towels and plastic.
- Cured 4-5 days in a heating room at 45° C.

- Finally stored in laboratory at about 20° C until testing, i.e. for a period of 1 t0 2
months. During this period the cylinder end planes are ground accurately plane by
use of a diamond grinding wheel.

The test sefup is originally developed for standard cylinders (100 x 200 mm) and consists
of a 1000 kN hydraulic jack controlled by a high-response servo valve, This servo valve is
controlled by a MTS 458.20 MicroConsole and with a MTS 418.91 Profiler to supply the
reference signal, The choice of small cylinder dimensions is due to the high compressive
strengths to be expected (f, > 150 MPa). In order to fit the cylinders in the existing test setup
a rernoveable steel block is inserted between the existing load plate and the specimen.

The load frame consists of two hollow steel tubes with the upper cross-head fixed. The upper
load plate has a spherical seat, allowing rotations in order to compensate for eventually non-
parallel specimen ends. When load is applied, by the Iower load plate moving upwards, the
friction in the spherical bearing keeps the upper load plate from rotating. No intermediary
layers are used between the cylinder and the load plates.
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Appendix 2 Uniaxial compressive tests...

The longitudinal strains are measured by means of 2 LVDT's with 2.5 mm base and a
sensitivity of approximately 0.5 V/mm, placed on opposite sides of the specimen between the
load plates. The lateral strains are registered by means of a piano wire, wrapped around the
mid-section of the cylinder and connected to a LYDT (HP 1000) with 25 mm base and a sen-
sitivity of approximately 0.2 V/mm, The sensitivities of the LVDT’s are of course checked
in the actual configuration before the experiments are executed.

Furthermore each cylinder is equipped with two electrical resistance gages with the measuring
length 18 mm to register the longitudinal strains of the middle third of the specimen.

The LVDT-signals are composed from the mean signal from the two longitudinal LVDT's and
the latera} LVTD to make the feedback sigral. The longitudinal transducers supply U, and the
trangverse LVDT, conected to the piano wire, supplies the electrical voltage U/, These two
signals are added, using a programmable mV transmitter, corresponding to the following
expression

U, = U, » 156U,

where U, is the feedback signal. This composition of the feedback signal agrees very well with
the suggestion in Dahl & Brincker (1989). In Glavind & Stang (1991) the composition is
varied, ie. the weight factor 1.56 is altered, but no significant effect is observed.

The MTS MicroConsele compares the feedback signal with the reference signal, provided by
the MTS Profiler at a frequency of about 10 kHz. The reference signal increases linearly with
time, defined by a signal rate and an end level. Several ramps can be execited subsequently,
but in the present test programme only one ramp rate is used for the entire test. From pilot
tests it is found that a ramp rate equal to 0.1 V per minute is appropriate. This results in an
initial stress rate in the cylinder of about 0.4 MPa per second. The duration of each test is
about 30 minutes, while the peak is reached in less than 10 minutes.

The test procedure is summarized below:

- The cylinder is placed on the lower load plate, which is moved slowly upwards in
load control, until 2 small compressive load is registered (100 - 200 N),

- The LVDT's and the gages are mounted and and connected to the datalogger.

- On the MTS MicroConsole the control mode is changed to closed-loop and the MTS
Profiler is enabled. When the Profiler is started the test begins.

- The test proceeds past the peak joad and it is stopped manually, when the load has
dropped to less than cne third of the peak load, or when the stress - strain curve
gets almost horisontal,

- Before disconnecting the LVDT's the servo valve is switched to deformation control
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A2.1 Test specimens and method

by the MicroConsole and the test setup is ready for another specimen.

A2.2 Recorded stress - strain curves

Each of the following 7 figures represents a mix of compresit matrix from table 3.1, Each
figure contains 3 curves except for figure A2.4, where one test is unsuccesful. It is recalled
that the compresit matrix without fibres is excluded, because the tests show unstable
behaviour.

The curves are composed from electrical resistance gage signals, measuring over the middle-
third of the cylinder until 75 % of peak, followed by the overall strains measured by means
of 2 LVDT's.

The names utilized in the figures correspond to those in table 3.1, where UC is bref for
uniaxial compression followed by the aspect ratio of the steel fibres. The fibres are all straight
Dramix steel fibres. Two different fibre qualities are applied and for the best quality 2
different fibre lengths are tested. In table Al.1, which is a copy of table 1.3, the fibre types
and geometries are summarized.

OL 6/.15 HC 6 0.15 40 2950 | Brass-coated, high
carbon.

OL 13/.15 HC 13 0.15 87 2950 | Ditto.

OL 12/40 12 0.40 30 1350 { Low carbon.

Table A2.1; Dramix fibre types and properties. The fibres are loose and straight indicated
by the designation OL.
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Figure A2.1: Stress - strain curves for UC30 with 3 % fibres of type OL 12/40. Figure A2.2: Stress - strain curves for UC30 with 6 % fibres of type OL 12/.40.
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Figure A2.3: Stress - strain curves for UC30 with 9 % fibres of type OL 12/.40.
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A2.2 Recorded stress - strain curves
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Figure Al.5: Stress - strain curves for UC40 with 6 % fibres of type OL 6/.15 HC.
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A2.2 Recorded stress - strain curves
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Figure A1.6: Stress - strain curves for UC40 with 9 % fibres of type OL 6/.15 HC.
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Appendix 3

Triaxial compressive tests

This appendix contains a description of the test procedure together with a description of the
special test equipment, the socalied triaxial cell.

The equipment is developed by K.K.B. Dahl at the Department of Structaral Engineering at
Technical University of Denmark, see Dahl (1992c). The description in Dahl (1992c) includes

documentation of both the calibration data and an explanation of the software necessary to
control the tests.

A3.1 Trnaxial cell and test method

In figure A3.1 the cross-section of the triaxial cell is shown together with a description of the
various parts. The cell consists of three main parts:

- A base unit, that acts as the lower load plate for the concrete cylinder.
- A barrel section enclosing the oil pressure.
- A piston to apply the axial load from an external jack.

All parts are manufactured from high strength steel in order to sustain an internal oil pressure
of maximum 140 MPa.

The test procedure includes the following steps:

- The concrete cylinder is placed on the base unit and covered with rubber membra-
nes, which are tightly sealed at the upper and lower load plates.

- The barrel section is lowered down over the base unit by means of a crane and loc-
ked by steel clamps. The interface between the barrel and the base unit is sealed by
means of a rubber o-ring and & brass ring.

- The cell is filled with hydrauiic oil (about 3 litres). The hydraulic oil system is not
described here, the reader is referred to Dahl (1992¢). The oil is forced into the cell
by means of air pressure (up to 6 bar).

- The oil-filled cell is now placed in the 10 MN hydraulic jack. For the present test
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Appendix 3 Triaxial compressive tests

series only about one third of its capacity is oecupied.

- The oil pressure is then raised to the specified level by means of an air-hydro pump.
The maximum oil pressure is 140 MPa. Throughout the test series the siress rate
is 0.3 MPa per second.

"« Under constant oil pressure the vertical load is applied until failure, i.e. failures a-
Iong the compressive meridian are observed. The external jack is load controlled
using a stress rate of 0.3 MPa per second. During loading it is necessary to adjust
the oil pressure because the volume of the test cylinder changes continuously.

- After a complete test the oil pressure is lowered and the oil is emptied from the cell
back to the hydraulic sysiem.
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Figure A3.1: Schematic outline of triaxial cell. Taken from Dahl (1952c).
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A3.2 Preparation of test specimens

Throughout each test a data logging software programme called TRIAX, especially designed
for the equipment, aquires the data from a datalogger. Values of the vertical Ioad, the oil
pressure and the strain values, measured by means of electrical resistance gages on the
cylinders are stored. The data programme include the correct calibration factors and returns
the values in physical units (N, MPa and microstrain).

The oil pressure is measured by means of a pressice transducer (HBM P3MA) with a
maximum level of 200 MPa. Its sensitivity is 2 mV per V. K.K.B. Dahl reports a dependence
of the piston friction and the oil pressure, where the friction increases with the oil pressure.
This dependency is included in TRIAX.

The electrical resistance gages are especially designed in order to register strains up to 20 %.
It is known that confined concrete undergoes very large deformations and a socalled post-yield
gage is developed at the Department of Structural Engineering, because the commercially
available gages are very expensive. The gage factor of these post-yield gages is 2.16 and they
have a measuring distance of 60 mm. No significant effect of the oil pressure normat to the
face of these gages is found in Dahl (1992c).

The hydraulic system includes a safety blow-out valve, that ensures that the oil pressure does
not exceed a specified level. If the pressure transducer register a higher value, the TRIAX

programme cuts the air supply to the blow-out valve and the oil pressure is automatically
lowered. The maximum allowable pressure is 140 MPa,

A3.2 Preparation of test specimens

The test specimens consist of standard @100 x 200 mm cylinders cast from compresit matrix
with 6 % fibres. The fibres are Dramix steel fibres OL 12/.40 with L,/d; = 30. Furthermore
a few cylinders with plain compresit matrix are tested.

It is necessary to fit rubber membranes over the cylinder in order to avoid oil to enter the
pores and cracks. If the cylinder surface contains holes the membranes are forced into these
voids and puncture. Therefore it is essential that the cylinder surface is clean and smooth.
After casting the cylinders are cured according to the following:

- Wrapped in wet towels and demoulded after one day. Ther wrapped in wet towels
and plastic.

- Cured 4-5 days in a heating room at 45° C.

- Finally stored in laboratory at about 20° C until testing, i.e. for a period of 2-3
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months. During this period the cylinders are prepared for triaxial testing,

The preparation of the cylinders consists of sandblasting in order to expose all voids near the
surface. These voids are filled with a ready-mix compound called HUS-FIX, which contains
cement, lime and very fine sand.

A total of 4 post-yield gages are mounted per cylinder, 2 vertical and 2 horisontal, mounted
symmetrically about the center circumference.

The rubber membranes are manufactured by 1 mm thick oil resisting rubber, socalled NITRIL
rubber. A sheet with dimensions 260 x 340 mm is glued together along its shortest side to
form a tube. A steel cylinder with diameter 100 mm forms the template and the glue is
socalied NEOTOL glue. One sheet of rubber per cylinder is not enough to ensure a tight
membrane so 2 or 3 sheets are used for each test. For oil pressures below 50 MPa, 2
membranes are used and for pressures above 50 MPa, 3 membranes are used. Dahl (1992c)
teports, that for pressures above 100 MPa the need is 4 membranes per test. In order to
simplify the procedure each membrane is covered with ralcum powder to minimize the friction
during mounting, Furthermore it is important to ensure, that the glued overlaps are not placed
on top of each other.

Around the top and the base plate, the membranes are tightened firmly by means of a heavy
duty forgue clip. The torque clip is rather natrow (about 6 mm) and it is fabricated by ASA,
Sweden. Each clip lasts 2 to 3 tests before the threading starts to fail, because of the extremely
hard tightening. At the top plate the electrical wires from the gages are guided out between
the plate and the membranes. Grooves are cut in this plate to ensure, that the torque clip keeps
the interface sealed. It should be noted, that the tightning of the torque clips together with
the smoothness of the cylinder surface are the most important factors to ensure a successful
test.

The reference cylinders without any oil pressure are also tested in the 10 MN jack through
the empty triaxial cell. These tests include intermediary layers between the cylinder and the
load plates, which is not used for the confined tests.

Unfortunately the tests did show, that the filling of the air voids on the cylinder surfaces was
not sufficiently. In almost every test 2 or 3 gages did fail even before vertical loading started,
because they are forced into the voids. Luckily the number of membranes prevgnts the oil to
enter the cylinders. It is undoubted, that the dense compresit matrix produces a large number
of small voids, which are fatal to the gages. Therefore it seems, that more experience is
needed in preparation of the c¢ylinders to avoid damaging the gages so that proper strain
readings are possible.
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