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Abstract

The present report contains structural considerations of the steel fibre reinforced matrix
compresit. Compresit matrix is an ultra high-strength, steel fibre reinforced cementitious
matrix. The properties of the matrix are investigated in Part I of the thesis. The structural
applications focus on bridge design, i.e. especially the behaviour of slender beams.

First the report treats the triaxial failure criterion for compresit matrix, which has been ex-
perimentally observed. This investigation is based on the theory of plasticity and a
modification of the normal Coulomb friction criterion is proposed. It appears that the
presence of steel fibres does not influence the triaxial strength behaviour significantly.

The main part of the investigation concerns the behaviour of slender beams made of high-
strength concrete, fibre reinforced concrete or compresit. First the bending behaviour is
analyzed in both the ultimate and the serviceability limit state, Then the beam shear strength
is considered with basis in the theoretical plastic solution to the problem. Especially the
eifect of steel fibre reinforcement on the beam shear strength is treated. Finally an example
of compresit bridge design is given together with a comparison with an existing concrete
solution. The conclusions are, that relatively small fibre contents are significant for the shear
strength. The plastic effectiveness factor is significantly raised by the fibres. Furthermore
the investigation shows, that compresit seems competitive in bridge structures.

Resumé

Denne rapport indeholder konstruktionsmassige overvejelser for compresit matrix.
Compresit matricen er betegnelsen for et cementbaseret produkt, som er armeret med
stilfibre og udviser ekstrem hej trykstyrke. Matricens egenskaber er bebandlet i Del I af den
foreliggende afhandling, Konstruktionstypeme sigter primzrt mod brodesign, dvs. den
mekaniske opfersel af lange slanke bjzlker

Ferst er den treaksede brudbetingelse for compresit matrix behandlet vha. egne forsegs-
resultater. Denne vndersegelse er baseret pA plasticitetsteorien og giver en modifikation af
den normale Coulomb brudbetingelse. Fibrene synes ikke at influere den treaksede
trykstyrke i nogen szrlig hej grad.

Hovedparten af afhandlingen omhandler slanke bjzlker af hgjstyrkebeton, fiberarmeret beton
eller compresit. Forst er bajningsopferslen undersegt i bide brud- og anvendelsestilstand.
Dernast er bjmlkers forskydningsstyrke behandlet udfra en plastisk lesning, iser mht,
fibrenes effekt. Til shut gives et konkret broeksempel med compresit design. Konklusionen
er at selv smd fiberindhold eger forskydningsstyrken markant, hvilket ses pa effektivitets-
faktoren. Ydermere vises broeksemplet, at compresit er et konkurencedygtigt materiale.

it
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Notation

Throughout this report SI units are used and in the following a list of the most impertant
symbols are given. Furthermore most of the symbols are dsscribed in the text, when they

first occur.

Abbreviations

Compresit Compact reinforced SE.HB%.
FRC Fibre reinforced concrete.
HSC High-strength concrete.

NSC Normal-gtrength concrete.

SLS Serviceability limit state.

ULS Ultimate [imit state.

Roman letters

R R
LI

tr'b*!::x;n;;

a
¥

o
*

Shear span.

Distance between stirrups.

Cross-sectional concrete area.

Longitudinal reinforcement area.

Shear reinforcement area.

Beam width.

Minimum column width.

Width of beam web.

In Section 2.3: Cohesions in the Coulomb failure criterion.
In Chapter 3: Parameters in rectangular stress block expressions.
Compressive internal force in the jth vertical truss.
Effective beam depth.

Maximum aggregate size.

Steel bar diameter.

Depth 1o compression reinforcement.

Fibre diameter.

Distance from prestress force to center of gravity.
Moduli of elasticity for conerete and steel respectively.
Uniaxial compressive strength.

Uniaxial compressive strength to be used in ULS design.
Direct tensile strength.
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Yield strength,

Yield strength to be vsed in ULS design.

Yield sirength of shear reinforcement (stirrups).

Yield strength of shear reinforcement to be used in ULS design,
Tensile internal force in the jth inclined truss.

Fracture energy per unit crack area,

Beam depth.

Flange depth.

Internal moment amm lever.

Radius of inertia.

Moment of inertia for transformed uncracked cross-section.
Moment of inertia for transformed cracked cross-section.
Moment of inertia for transformed fibre reinforced cross-section.
Parameters dependent on the angle of friction, & = 1.
Core radii.

Compressive internal force in upper flange of truss beam.
Section length of truss beam.

Buckling Iength of column.

Beam span.

Fibre length.

Normalized bending moment.

Bending moment and moment at first cracking.

Bending moments from dead and live loads respectively.
In Chapter 3: Normalized normal force.

In Chapter 5: Number of sections in truss beam.

Number of steel bars per reinforcement layer.
Compressive normat force.

Dead load per unit length.

Prestress force.

Live load per vnit length,

Total design load per unit length in the ULS.

Design lead per unit length in the SLS.

Maximum ajlowable SLS stresses in compression and tension respectively.

Thickness of discontinuity line.

Tensile internal force of lower flange in truss beam.
Displacement in discontinuity line.

Shear force on beam cross-section.

Volume of compresit matrix in vertical trusses.
Fibre content by volume,

Volume of prestressing stee] in truss beam.
Normalized moments of resistance.

Energy density.

Energy density per unit length of discontinuity line.
Moments of resistance for upper and lower beam side respectively.

Notation

Coordinate axis along the beam through the geometrical center of gravity.
Coordinate axis of cross-section downward-directed from the x-axis.
Depth of compression zone. :

Uniaxial compressive strains and stresses respectively normalized with
respect to their peak values.

Normalized strain corresponding to €.

Greek letters

Kol _5(') ‘=m

gm

Q{ﬂ

e I

£

SR eOD
g

In Chapter 2: Displacement angle of discontinuity line.

In Chapter 3 and 5: Elasticity ratio between £, and E,.

In Section 3.1.2: Parameter in analytical compressive stress - strain
relationship for conerete, B = 1.

In Chapter 5: Angle of inclined truss with respect to horisontal.
Partial coefficients for concrete and steel respectively.

In Section 2.4: Width of displacement field.

In Chapter 3 and 5: Downward-directed beam deflection.
Long-term deflection.

Initial upward-directed deflection of bridge girder.

Mid-span deflection contribution from vertical trusses.
Mid-span deflection contribution from inclined trusses.
Mid-span deflection contribution from upper flange.

Mid-span deflection contribution from lower flange.
Longitudinal strain.

Compressive strain at peak load.

Tensile concrete strain at first cracking.

Ultimate compressive strain.

Second order strain tensor (if = 1,2,3).

Steel strain corresponding to prestressing.

Tensile steel strain.

Compressive steel strain.

Tensile steel strain corresponding to yielding.

Depth to geometrical center of gravity of uncracked cross-section.
Crack angle in diagonal compression field theory.

Angle of friction.

Reinforcement ratio.

Shear reinforcement ratio.

Reinforcement degree.

Reinforcement degree corresponding to balanced cross-section.
Shear reinforcement degree.

Beam curvature,




Notation

A A
T

Parameters of energy dissipation expressions.

Parameters of energy dissipation expressions.

Effectiveness factor on the unjaxial compressive strength, v < 1.
Normal stress.

Principal stresses.

Miner principal stress corresponding to the transition point in the bi-linear
failure criterion.

Diagonal compressive stress in beam web.

Critical compressive stress for centrally loaded column.

Second order stress temsor (if = 1,2,3).

Steel siresses corresponding to P.

Tensile steel stress.

Nominal shear stress on cross-section.

Long-term creep coefficient.

1. Introduction

There are many opinions of what characterizes a high-quality/high-performance concrete.
The most popular quality indicator is the compressive strength, probably because it is well-
undetstood and well-determined amongst concrete researchers and users. However, high-
quality concrete is also characterized by its price, durability, workability, ete. For the
contractor, the workability and the early-age properties arc important, while the owner
foeuses more on price and durability.

The peneral opinion is that a lower water to cement ratio gives higher strength and
durability because of its more dense structure, while the workability gets poorer. The goal
is to find a combination that satisfies the demands during casting/curing together with the
structural demends for strength and durability. However, new techniques and chemical
additives make it possible to increase the concrete density and still keep the mix workable
in practice.

At a recent conference in Singapore' it was accepted that a definition of high-perfermance
concrete does not necessarily include any demand for high strength. The definition is from
the authors point of view: concrete that fulfils demands beyond the normal range, i.e. a very
broad definition. High-performance behaviour is often identical with good durability, which
is often directly connected with high sirength.

Experience Strength

Low price it
Workability Durability
1o Strength
Ductility Durability
Durability Ductility

Table 1.1 Quality indicators of various concrete types.

In table 1.1 concrete matrix is divided intor 4 groups: normal and high permeability, which
canses normal and high-strength (abbreviated NSC and HSC) and reinforced with fibres, or
without fibres (fibre reinforced concrete is abbreviated FRC). Both here and in the
following chapters, the term fibres mean steel fibres mixed randomly with respect to both
position and direction.

LACI Tnternational Conference on High-Performance Concrete, Singapore, November 1994. See
the author’s contribution in Appendix 1.




1. Introduction

For NSC the major advantage is the huge experience from the last century. Both the design
tools and the material properties are well-documented from numerous tests and observations.
It is imevitable that whenever the concrete density is increased or fibres are added, the
workability of the mix gets poorer. However, the decreased permeability makes it more
difficult for the aggressive materfals, such as chloride ions to penetrate the concrete cover
and reach the steel reinforcement. Thus, the risk of steel corrosion is reduced. Similarly, the
presence of fibres reduces the crack widths and therefore also increases the durability,

It is a fact that HSC is very brittle and often suffers from almost explosive failure modes.
The material gets sensitive towards micro-cracks/flaws and inhomogeneities within the
material. The fibres counteract this crack sensitive behaviour and provide the concrete with
extra ductility. As cxplained in the following section, compresit? matrix is based on a brittle
high-strength matrix, which is provided with ductility from plenty of steel fibres, i.e.
compresit matrix is included in the lower-right box of table 1.1.

1.1, Oo.E?.mm: as a structural material

The composition of the compresit matrix is described in Part ] of this thesis®, and it is not
repeated here. Compresit matrix consists of a dense Densit*-binder with a high amount of
micro silica and quartz sand with maximum aggregate size of 4 mm, Furthermore randomly
mixed steel fibres® are added. The most coramon Jibre content i3 6 % by volume of straight
fibres with .dimensions d,x L;= 0.4 x 12 mm. In Part I the material properties of the matrix
are treated experimentally with varying fibre content and geometry. The uniaxial
compressive cylinder strength is measured to exceed 140 MPa, cf. Part 1.

The Densit-binder provides the matrix with an extremely dense pore structure, where the
water to binder ratio is below 0.2, Furthermore the specially patented packing of the binder
together with dispersing agents make it possible to add high amounts of stee] fibres by
means of normal mixing techniques. The casting of compresit matrix demands vibrations

in order to make the matrix flow. The aspects concerning casting and curing are being
investigated elsewhere®.

*Compact Reinforced Composite.

*Basic Strength Properties of Compresit Matrix.

“Registered trademark of Densit A/S, Aatborg, Denmark,

*Dramix fibres from N.V. Bekaert §.A. Building Products, Belgium.

“Through the Brite EuRam project Ministruct nunning from 1993 through 1995.
6

1.2 Scope of present investigation

rm compact reinforced in the compresit name nﬁnmwomﬁ the Suqmnno.um.— reinfor-
who”w with mﬂwa_ _umam..w. that is an essential part of a compresit mmunnﬂhmu while the term
composite denotes the dense fibre reinforced matrix. The relatively mEmH— agprepates,
together with the short fibres make it possible to reduce the steel bar spacing and Ep._m
obtain a compact system of reinforcement. Furthermore the naumm” nature o»” the matrix
makes it almost impenetrable from the environment and thus provides the reinforcement

with protection against corrosion. The principles and ideas behind the compresit material are

described by its inventor H.H. Bache in Bache (7981) and Bache (1987).

ful material proj , which is due to the dense binder, is iis Emw interfacial
MWM&EM%«NM} to both mwmomwwnmﬂwﬁnmamm and _.&E.o_.nmEmE .amu.m. The combination of good
bond and the confinement provided by the fibres make it possible to ..a%mm the necessary
anchorage length considerably, compared to both NSC and HSC, A reduction to about one
third of the normal anchorage length is expected, see e.g. Heshe me.mu mu.m Heshe &
Nielsen (1992). These bond properties are ochnH.Ew. being mE.Eﬂ.. _._.ue.mmnm.mﬁom.. The
significance of these findings for the structural application of compresit is obvious: more
simple reinforcement arrangements and smaller anchorage zones. mE,EE.BoE. Fn
confinement effect of the fibres is valuable in case of concentrated forces, where splitting
ctacks parallel to the load cause a problem, e.g. around the supports and in the anchorage
zones of prestress tendons.

i e of fibre reinforced materials such as compresit is its relatively high material
W:Mumww ﬁm%ﬁUmB_ﬂE steel fibres cost approximately DKK 8 per kg. .H.._Eu, one per cent by
volume of these fibres cost approximately DKK. 700 per m’® compresit matrix. .dumnﬁmopd.m
fibre content, equal to 3 %, is likely to double the Bma:mh price .ooEﬁm_.on_ to %MPE
compresit matrix without fibres. As a consequence of this . material price, a beiter
optimization of the material consumption in structural elements is needed.

1.2 Scope of present investigation

The use of high-strength concrete in structures such as _umamam. has v.namlq been connected
with its good durability properties. However, it is the intention with the present report to
analyse some of the advantages that are obtained from the increased strength o.». these new
concretes. The present analysis consider only rmﬁ&mzmm. concrete and does not inciude any
investigation of the early-age stages of compresit matrix.

i is i i irder of a bridge crossing
The emphasis of the analysis is beams with long spans, e.g. the gir 1 i
a SQSM.B% It is believed that this particular task is interesting to investigate for the

following reasons:
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- 1.3 References

- The compresit girder may be precast and then transported to the site, where it is
assembled. Thus, it can act as scaffolding for the bridge deck mould. This Pprace-
dure causes the minimum disturbance for the crossing traffic.

- The concept of longer spans may reduce the number of mid-supports (columns).

From an architectural point of view, the above reasons will also give more freedom in
designing the appearance of the bridge.

The ultra high-strength of compresit matrix (£, > 140 MPa) is utilized in the ultimare Limit
state (ULS). The strong matrix makes the need for high-quality steel reinforcement such as
prestressing tendons more urgent. In the serviceability limit state (SLS) the stiffness of the
material i3 essential, e.g. to rinimize the beam deflections. Part I of the thesis shows that
the modulus of elasticity does not increase with the same rate as the strength. Therefore,
especially in case of long spans, the SLS demands pet more restrictive than the ULS
demands and the analysis shows that it is necessary to consider actions such as prestressing.

The fibres make the SLS demands to avoid concrete cracking less important in a design
situation. The cracks are smaller and better distributed within the structure because of the
fibre reinforcement. It is noted that the present analysis does not include any prediction of
the crack widths in a compresit structure, but only treats the topic qualitatively,

The analysis includes comparisons of the compresit concept with both nommal-strength
concretes and conventional high-strength concretes. The difference between NSC and HSC
is mot unique, but in this thesis the compressive cylinder strength £, = 50 MPa is chosen as
the fransition from NSC to HSC. This value corresponds to the upper limit for the validity
of the Danish concrete code DS 411 (1984), The term HSC covers compressive strengths
ranging from 50 MPa to approximately 100 MPa. It is noted that the Norwegian concrete

cade allows compressive strengths up to 95 MPa, while CEB (1990) allows J-up to 80 MPa,
i.e. both of these codes consider HSC.

The contents of the present report cover various design aspects of compresit beams with
long spans. The report is divided into 4 different subjects:

- The theory of plasticity including a multiaxial compressive failure criterion is con-
sidered in Chapter 2.

- The conditions in both ULS and SLS for long beams subjected to bending is con-
sidered in Chapter 3.

- The shear strength of beams is considered in Chapter 4.

~ A numerical example of a footbridge made of prestressed compresit is given in
Chapter 5,

e theory of plasticity is based on the triaxial test results reported in Chapter h. o»..m.m.n.m
Mwﬁn Eﬂn%w&mam._ﬂ failure criterion, based on the well-known Oocn_oB_u criterion, is
presented and discussed. Appendix 1 contains a paper by the author, AE% was presented
at ACI 1994 International Conference on High-Performance Concrete in .ZE...menH 1994,
This paper also treats the triaxial compression strength results from compresit tests.

i is 1 ith pr
The bending analysis in Chapter 3 concems both the ULS and the SLS wi estressed
vo“ﬂ“ >m _anmownm above, prestressing is often needed in order to fulfil the SLS m_mB»b%
and to utilize the high compressive strength. The stress distribution in the compressive zone
of a compresit beam in _vm.u&.bm is analyzed.

is i i i the shear strength
The shear analysis in Chapter 4 investigates the effect of steel fibres on > !
of beams. The emphasis of the investigation is on HSC wamEm.. The Emoﬂonmm_ .Emmﬂo
golution to the shear strength of beams is applied to several experimental investigations.

i i i i i . A compresit
Finally Chapter 5 contains an analysis of a foorbridge crossing 2 motorway.
moEmWa is compared with the acfual prestressed concrete girder, and the costs are ooﬁvmanm
for the two solutions. Appendix 2 contzins the caleulations that are comnected with this
analysis.

Chapter 6 contains the conclusions on the complete project. Thus, uaoz._ Part I and II of the
thesis are concluded. Furthermore each chapter contains concluding remarks, where the
results are summarized.

i 7 includes &_.Bmmﬁuomm
The references are listed at the end of each n_umm_ﬁ.,. and Chapter ;
in chronological order. The reference notation consists of the anthor’s surnames followed
by the publication year in brackets.

i i i i dix is the paper
Following the chronological reference list are 2 appendices. The first appen : )
.s.wmmammmmn the Singapore conference as mentioned above. The second contains numerical
calculations for Chapter 5.

1.3 References

Bache, H.H. (1981), Densified Cement/Ultra-Fine _unwz.&m.wam&.aaml&.ﬁ 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.
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2. Theory of plasticity

A mild steel bar in direct tension produces an almost rigid-plastic stress - strain curve. The
term rigid-plastic covers the behaviour, where no deformations occur until the stresses reach
a yield point followed by arbitrarily large deformations under constant yield stress. After a
linear-lastic behaviour the steel bar vields under constant or slightly increasing stresses
until rupture. The plastic strains are much higher, than the elastic strains and therefore it is
reasonably to consider steel rigid-plastic when. the ultimate limit state is considered.

The application of plastic theory to the field of reinforced concrete structures has been going
on at the Department of Structural Engineering, Technical University of Denmark through-
out most of the present century. A thorough description of the historical details is provided
in Nielsen (1984), pp. vii-xii. Clearly the plastic behaviour of concrete structures is mainly
attributed to the reinforcement bars, but attempts to model the strength of plain concrete by
means of the theory of plasticity together with & Coulomb failure criterion have been
successful in case of e.g. beams in shear. Furthermore the methods are now included into
the new codes such as Eurocode 2.

The theory of plasticity only applies to ultimate limit analysis because no deformations are
included until failure. Thus the method concems the load capacity of structures, whereas
serviceability limit states are rather treated thxough the theory of elasticity.

The present chapter first describes the general theory of plasticity in Section 2.1. Then the
failure criterion (or the yield surface) for plain concrete is treated in Section 2.2 with
emphasis on the Coulomb criterion, which is often applied to NSC. The considerations
concerning the failure criterion of HSC and in particular compresit matrix are given in
Section 2.3 and finaily Section 2.4 contains energy dissipation formulas. ‘

2.1 The normality condition

The present description of the fundamentals of the theory of plasticity is brief, whereas a
detailed presentation is found in Nielsen (1984), pp. 1-14. The complete formulation of the
theory of rigid-plastic materials is mainly due to D.C. Drucker and W. Prager at Brown
University in the 1950ies.
0, Deformations impossible
flop * 0, Deformations possible * Lj=123 2.0
0, Impossible situation

VoA

Tt is assumed, that there exists a state of stress, defined by the second order tensor o, for
which the yield condition has the form stated in eq. (2.1). The yield surface which is defined
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2. Theory of plasticity

by Ao} = 0 is assumed to be differentiable and convex in a oy~coordinate system with the
stress free point &, = 0 inside the safe region. The safe region is defined by oy < 0. The
normality condition is due to von Mises in 1928 and states, that the resistance of a material
against a given deformation results in maximum work. We consider a point on the yield
surface floy) = 0 and impose 2 small variation do; of o, along the yield surface. This
change does not result in any change of the work # = o2, because this corresponds to a
maximum value. The two conditions to determine &y corresponding to o, yield

aw = mncmq =0
-1 (2.2)
. = mn‘ = Pllln
af = %w%q =0 3,

where A is an arbitrary positive constant. This relation forms the normality condition, which
means, that the strain vector in the Gyrcoordinate system forms an ontward-directed normal
to the yield surface. Thus eq. (2.2) is the constitutive equations for a rigid-plastic materja)
following the von Mises flow rule. It is emphasized that only the magnitude of the strain
components relative to each other is known, i.e. the length of the strain vector is unknown.

In case of constitutive models, where €q. (2.2} is not fulfilled, the flow rule is termed non-
associated.

2.1.1 Extremum principles

The witimate capacity of the structure is termed the yield load or the failure load. The

existence of eq. (2.2) makes it possible to state the extremum principles to be used in plastic
limit analysis. )

The fower bound theorem. It is possible to find a safe state of stress, satisfying the
equilibrium conditions both within the structure and on its surfaces. The corresponding load,
that produces this state is smaller than, or equal to the ultimate load of the structure,

The upper bound theorem. It is possible to find a kinematically possible strain field, which

satisfies the normality condition. The corresponding load is greater than, or equal to the
ultimate load of the structure.

The uniqueness theorem. There exists ope load, which satisfies both the lower and the
upper bound theorem and this load is the comrect ultimate load of the structure. It is possible
that there exists several upper and lower bound solutions to the same problem. Thus, only
the nitimate capacity is uniquely determined, neither the stress field or the strain field js,

The normal approach to selve a structural ultimate limit state problem by means of the

extremum principles is to consider a geometrically possible failure mechanism with rigid
bodies moving relatively to each other. Then by imposing the work eguation to the
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2.2 Modified Coulomb failure criterion for NSC

b

mechanism 2n upper bound yield load is obtained. Thus, there exist displacement dis-
continuities within the structure.

In order to verify the upper bound yield load it is necessary to nm.u.umﬂo._aﬁnﬂ mM MMHM WMNH Mamh_n
the body and along its surfaces, which fulfil E.m equilibrium oon& s e Doy It
lies within the yield surface. This stress field is owﬁ:.oouﬂ.&ﬁ d by d & % e body tnto
RoMmaum with homogeneous states of stress, Le stress discontinuities exist. If the

yield load equals the upper bound load the solution is exact.

7.2  Modified Coulomb failure criterion for NSC

icti i i that the
The present presentation only concerns the socalled friction g&rﬁuﬁ iﬁnﬂﬁwﬁg A
shear resistance of a material consists of two components, viz. co mm:mP e Eo?.umSu
d friction, which increases with the normal pressure on the failure p ane. In . m%mnﬂm%%a
w_m this hypothesis forms a straight line. It is noted that compressive norm
iagram . .
are considered to be positive in the following.

T cteria for
i tals of the multiaxial failure criteria
ter 4 of Part I of the thesis' the fundamen f th faxia 2 for
W_MWMW M.m described. The modified Coulomb %EHEn criterion, which is useful for the
state analysis of concrete, is given by the refations
= tan
$ frl = v 2.3

W1n+wwﬂ€
Q—.H\_ﬁQu+nu IHlmmH_.ﬁ

h > o, 2 &, are the principal stresses. Furthermore ﬁm sliding nz.___mﬂ__ﬂna W&MHM_._M_“M

M.mh._ﬂ Muoa.___mzh.wx nm?&%. criterion to model mmvwmmmoumwm_sﬂaoﬂm _m.“umhnMM%M % MMA n_mmu oy 3 .h

irect tension. The analytical representation of the . iterion it A
wann_mwhwamﬂ mmn illustration is given of the modified Coulomb failure criterion in both

Mohr stress diagram and a principal stress diagram.

An important characteristic of the friction Eﬁomﬁw_mu“m. that the mﬂwnﬂwﬂﬂm W_wpwh._wm M.mmn”_ *
i esented in the criterion. For instance this means, th ,

Mw_.muw%mﬁ vaw Coulomb material equals the uniaxial compressive mﬁwmumn“ hm.c H_._Mznm_m“.n

biaxial compression tests on concrete show, that the _u_wxﬁ .mu.mnmE is up to 0 % higher

m“ms £.. Thus, the friction criterion seems to give .mmm.m.w ma...__oﬂou. Another impo:

1o mvm_.w the ,Bo&mnn Coulomb criterion is its simplieity.

IBasic Strength Properties of Compresit Matrix.
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2. Theory of plasticity

N o

Figure 2.1:
normal stresses.

Triaxial tests on NSC show, that the angle of friction ¢ is approximately 37°, which yields

the slope & = 4 in the o, - o, relationship, see figure 2.1. This is investigated in numerous
experiments all over the world, see e.g. Section 4.1.3 of Part I, Dahl (1992) and Nielsen
(1934).

2.3 Bi-linear failure criterion for compresit and HSC

The triaxial compression tests on compresit matrix are described in Section 4.2 of Part I.
Furthermore Appendix 1 contains a conference paper by the anthor on these tests.

One of the well-kmown differences between NSC and HSC is, that the mortar strength is
increased significantly, which causes the cracks to ignore the presence of aggrepate rather
than to follew the mortar - aggregate interfaces. Thus the interfaces between mortar and
aggregate, which is traditionally the weak link for NSC, seem to be strong enough to make
the failure zones pass through the stones in HSC. This results in smoother crack surfaces

for HSC and therefore it is expected, that the coefficient of friction {tanp in eq. (2.3)
decreases.

Dahl (1992} has tested concrete cylinders with uniaxial strengths ranging from £, = 10 MPa
to 110 MPa. The cylinders are subjected to a constant hydraulic sidepressure, while the axial
load is increased until failure. The results on HSC clearly show a reduced ¢ from approxi-
mately 37° for NSC to 30° for HSC, i.e. the slope & in €q. (2.3) is reduced from 4 to 3, see
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Modified Coulomb criterion. Note that compression is defined by positive
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figure 1 of Appendix 1.

i jaxi n HSC
For small values of the sidepressure ﬁ&o%@ﬂ.ﬂhﬁﬁoﬁﬁw Mﬁo%ﬂwﬂ_omwawﬂ“wu M_owﬁamo . ose
om_iam._n . mmmﬁcﬂcw _%%nm” ﬁww” W.H_Nm.,wnwo test results are shown in a olf. - Mu_ﬁ EMWMM
ogethur 1 ﬁ._E straight lines having slopes k = 3, 4 and 8, ,:_m. &mmnm_ﬁ_. 82_% o
»ommE.mn i esults from both compresit matrix and other HSC mixes. .H..rn ine wit ope
i ds to the NSC criterion and it seems 1o predict a safe mmnw..o %Mwnnm”n yo
o th noﬁmmnmumooﬂn_ﬁ The line with k = 3 passes through &, = 1.5f. for G, = 0. o N_uomn o
MNM %MW amﬁa ﬁcmbﬁ.m for relatively high values of the sidepressure. However, {
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compression
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Figure 2.3 Pr i-li j teti it i
o Muomﬁ._ bi-linear failure criterion for HSC and compresit in Mohr
data are extrapolated towards the uniaxial case, we i faxi
, we predict a uniaxial strength 50 % high
than the actual strength. Therefore a bi-linear failure criterion is E.owcmn%ﬁr e

The bi-linear mod, ined i . e o
b a0d By model, outlined in figure 2.3, consists of 2 straight lines with different slopes

koy + £\ g, < oy
G = 24

kay + fo + o3k, 03> 05
where o;" denotes the minor principal i ich 1
s pal stress (the sidepressure) at which the transifio
__umnanwwm .M.rwo two lines Tmm.vaum. The two straight ¥ines of figure 2.3 are denoted by mcwmo_.:“
wu 2. The steepest line is characterized by ¢, and &, and it is termed the cracked strength
criterion, while the normal Cowlomb line is characterized by ¢, and k. From the

experimental observations in figure 2.2 it se that o’ = ° °
in order to fit the test data. s et @y Ol = 317 and g o 50
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2.3 Bi-linear failure criterion for compresit and HSC

The tensile regions of the triaxial failure criterion are not investigated experimentally in the
present thesis, but it is expected, that the normal tension cut-off is applicable. In Appendix
1 these aspects are further discussed.

2.3.1 Physical interpretation of the bi-linear w&wﬁm criterion

In the following an explanation is given to the question, why it seems reasonably to consider
4 bi-linear criterion instead of the normal approach to describe failure of concrete, se¢ also
Appendix 1. The description is & qualitative treatment of the phenomena corresponding to
the various parts of the failure criterion in figure 2.3.

In Horii & Nemat-Nasser (1986) the compression failure of brittle materials (e.g. rock) is
treated by means of linear-elastic fracture mechanics. The theory is not included here, but
the findings of a britile - ductile transition as the confinement pressure increases are
undoubtedly similar to what is observed in triaxial compression of HSC. Horii & Nemat-
Nasser investigate a plane micro-crack (flaw) within the material, whick is subjected to

biaxial compression, see figure 2.4

- v A

Micro-crack

]

Figure 2.4 Model of compression failure modes for brittle materials under biaxial
siresses.

Wing-crack

Plastlc
zZone

The sliding displacements along the micro-crack cause wing-cracks to originate from the
crack tips. The growth of these wing-cracks is approximately parallel to the most loaded
direction and they tend to stabilize, if the confinement pressure o is suffiently high.
Furthermore a socalled plastic zone develops in extension of the initial micro-crack. During
proportional biaxial loading the wing-crack and the plastic zone emanate from the micro-
crack tips. If the stress ratio o,/o, is sufficiently high, then the wing-cracks stabilize at a
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2. Theory of plasticity

2.4 Energy dissipation in lines of discontirity

given Jength, or even close again. Instead the plastic zone develops, ie. a more ductile
sliding failure instead of the brittle splitting failure, cf. Section 3.1.2 of Part I.

The initial failure line with subscript 1 in figure 2.3 is interpreted as the brittle Jailure mode.
The term cracked strength criterion is chosen, because this criterion is expécted to depend
on the actual state of damage within the material, e.g. the number and the sizes of initial
flaws. Thus, it is mainly the tensile characteristics, that govemn the cracked strength criterion.
The obvious parameters, that influence the presence of initial micro-cracks, are the loading
prior to testing and the curing and mixing conditions. Therefore it is questionably, whether
the cracked strength criterion is a material property.

However, a survey of test results from NSC subjected to combined compression and tension
suggests, that the cracked strength criterion fits the data satisfactorily. In this case the
tension cut-off criterion only has a little influence, see figure 5 of Appendix 1. Like it is
generally accepted the large experimental scatter on direct tensile tests makes any clear
conclusions difficulty.

The second line, that is termed the Cowulomb line in figure 2.3, is similar to the Coulomb
criterion normally applied to concrete. Like it is mentioned previously an observed
difference between HSC and NSC is, that the crack zones of HSC do not necessarily follow
the interfaces between mortar and aggregates, but develop through the stones. Thus, the
angle of friction is decreased like it is observed in several triaxial experiments. The
interception of the o/f-axis at o, = 1.5f, in figure 2.2 is an apparent uniaxial strength
increase. This increase is an indication of the fact, that in case of a perfect material without
flaws, the uniaxial strength would be about 50 % higher, than what is actually observed.

The reason why the cracked strength criterion is only experimentally visible for certain test
series on HSC (and compresit) is probably the following. For NSC it is hard to detect any
bi-linear behaviour because the transition stress ;" of eq. (2.4) is close to zero. It is well-
knowm, that the uniaxial tensile strength of concrete does not increase at the same rate as
the uniaxial compressive strength, when we pass from NSC to HSC. This means that the
Coulomb line moves outwards along the 7-axis at a higher rate than the cracked strength
line, when £, is increased, cf. figure 2.3. Furthermore the presence of experimental scatter
does not encourage testing of the behaviour at rather small confinement pressures,

It is expected, that the fibre reinforcement of compresit matrix decreasss the brittle
behaviour under compression like in the uniaxial case, but the tests do not support this. The
uniaxial compressive behaviour of a plain compresit matrix without fibres and a fibre
reinforced ditto is very different: the plain cylinder shows almost explosive failure, while
the fibre reinforced cylinder keeps its coherence after failure. In Chapter 3 of Part I this
behaviour is investigated, where it is found, that the energy dissipation is increased
significantly by the presence of fibres. However, in triaxial compression the fibres do not
seem to aveid the initial cracked strength failure criterion, Thus, there is still a transition
from briltle strength behaviour towards a more duectile Coulomb behaviour even though 6
% steel fibres are applied.
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2.4 Energy dissipation in lines of discontinuity

- In order to utilize the failure criterion in upper bound solutions, where the work equation

: . i ion only
i lied, we must be able to express the internal energy &..ﬁumﬂou, The presentation o
Mmowww%wm, the cases of plane stresses and plane strains, which are the most important. The
solutions for the modified Coulomb criterion are originally due to Jensen (1977), see also

Jensen (1975).

A—
o

Displacement zone of width & between two rigid bodies J and [7, which

Figure 2.5: ;
. move relatively to each other corrresponding to the u-vector.

ke it i joned in Section 2.1.1 a geometrically possible failure Bnn_umamﬁ. is
w.o_wmnmoﬁwm@ _MMNM_NWE bodies, that move relatively to mﬁnr.oﬁnr i.e. there exist .mmoEaH.nm_
discontinuities. In figure 2.5 such a displacement discontinuity between two rigid bodies,

II, is outlined. .

Mowmo Nmmcpmh% that I moves relatively to I according to a mmmw_»omBnE vector with length
% and inclination «, see figure 2.5. Furthermore the mnmcawﬁ.uoum are m.mmEuaa to be
homogeneous within a displacement zone of width 8. In the following the strains are n_nmnmﬁa
positive as compression similar to the normal stresses. By means of Em. transformation rules
for plane strains the principal strains in the displacement zone are written as

Gl k?_ - sine), -90° < & 5 90° (@3}
€ 26

issipati i d the dissipation per
The enerpy dissipation occurs solely along the displacement zones an >
unit <oEHmMo reads W = g6, + £,0; + £;0;. In case o.m plane stresses or sirains one of Ea_w
terms is always zero, which is utilized in the following. In figure 2.6 the trace of the yie
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2. Theory of plasticity

surface is depicted in the o, - o, plane for both plane stress and plane strain conditions. It

2.4 Energy dissipation in lines of discontinuity

is important to note, that the condition o; 2 &, > o; does not necessarily apply to this %mz.ﬂw 2R
diagram. R — ano Plane stress
Tension cut-off a=90 Plage strai
Ao _ Plane stress
po: P S<30 | plane strain
_ Plane stress
Cracked strength a=q Plane strai
A - 90° s Plane stress
ke
\@\ Compression a=-90° Plane siress
W
3
or\\ Cracked strength o= Plane strain
e
Transition point /vmv@\ - P, sa s Plane strain
. ’
-~ Coulomb o=@, Plane strain
Plane stress ./
/’ .
\\\ Miok,) - Table 2.1: Conditions for the regions in figure 2.6.
s 4 —b> In case of plane stresses the major principal stress never exceeds the uniaxial compressive
s strength because the intermediate principal stress does not influence the triaxial strength. In
\\o\w_.\ 1 case of plane strains we follow the Coulomb line, when the compressive stresses increase,
o7 : % Al i, 0) and the normality condition gives a fower limif for the displacement angle a equal to @,.
o £ )
\\.p uuuuuuuuuuuuuu The energy dissipation in case of plane stress or strain yields
v ¢
I
S : X e % W= €0, + €0, = lehc-au&n_ - (1+sina)ay) (26)
A \\\ P X ALl -k, 0
- § where eq. (2.5) is inserted. In order to calculate the energy dissipation per unit length of
‘ i f, the displacement zone we apply 7, = Wdt, where ¢ is the thickness of the displacement zone
’ perpendicular to the plane of figure 2.5. Thus, the width § of the displacement zone vanishes
. and the displacement zone is reduced to a line of discontinutly, where the energy dissipation
V 00,-10 . is concentrated according to the dissipation W,.
Figure 2.6: Bi-linear yield surfaces in o, - &, diagram for both plane stresses and Along the lines B - E and E - F in figure 2.6 the energy dissipation is independent of the
plane strains. actual stress values. For instance by inserting egs. (2.3) into eq. (2.6) along B - E we obtain
.H..rm line corresponding to the letters 4 - B - C - D corresponds to plane stresses, while the u : :
line A4 -B - E - F represents plane strain conditions. The strain vectors are given along these W, = Wot = mﬁﬁ - stng,)(k,0, + f) - (1 + singJo,)dt
lines according to the normality condition, cf. eq. (2.2). The sirain vectors at the points B, @7
c wba E are Snmn.:nw& as linear combinations of those corresponding to the adjacent lines. ut i
m.m.En.m is the transition point between the cracked strength criterion and the Coulomb =3 1 - sing)f;
criterion. In table 2.1 a survey of the conditions in figure 2.6 is given.
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2. Theory of plasticity

Thus, it is sufficiently to calculate the energy dissipation according to the points B, C and
E in order to express W, as a function of ¢, which is done in the following.

Plane stress conditions. In point B we bave o, =f, - k, f; and o, = -f, and by inserting these
values into eq. (2.6) the dissipation energy reads

W, = :M,,Q. ~ psine), ,” @, s @ 5 90° (2.8}

where the parameters A and y are defined as

L
A

In point C we have o, = f, and o, = 0, which give

A=1-Deen, pe1- wﬁé 29

W, = .M.“c - sing)f,, -90° <a<g (2.10)

In the special case of zero tension cut-off (f, = 0), i.e. the socalled square yield locus, we
have A = u = 1. In this case egs. (2.8) and (2.10) are identical, i.c. eq. (2.10) applies for the
whole range of the displacment angle c.

Plane strain conditions. The solution for point B is identical to egs. (2.8) and (2.9). For the
transition point E we have o, = f, + ko and o, = o, and the dissipation energy reads

W, = _W.Qr. - usine)f . @, s @ 5 @ (211
where the parameters A’ and p’ are defined as

a, *
A =1+ %ﬁ-c_ Rt =1 Wﬁ_é (2.12)

A simple contro] of the expressions shows, that W, from eq. (2.8) is identical to #; from eq.
(2.11) at @ = @,, viz. W, = wf(1-sing,)/2.

In figure 2.7 the linear variation of the 4 parameters in egs. (2.9) and (2.12) is given. These
parameters have the following physical meaning. The center and the radius of the Mohr
circle, normalized with respect to the compressive strength f, that tangent both the cracked
strength line and the line corresponding to tension cut-off, are given by A/2 and p/2
tespectively. Likewise the circle, that tangent the cracked strength line and the Coulomb line
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2.4 Energy dissipation in lines of mwneumaa_.q

Figure 2.7: Variation of the parameters defined in eqs. (2.9) and (2.12).
has center and radius equal to A"/2 and p'/2 respectively.

2.4.1 Practical use of the bi-linear failure criterion

This section includes both a parameter study of the dissipation energies given in egs. (2.8) -
(2.12) and a practical evaluation of the bi-linear eriterion compared to the normal approach.

The modified Coulomb etiterion exists as a special case of the bi-linear criterion. If the two
angles of friction in the bi-linear failure criterion are identical (¢, = Q=@ Sk =h = 5,
then the dissipation energy formulas correspond exactly to those of the modified Coulomb
criterion, see e.g. Nielsen (1984) and Jensen (1977).

Tt is recalled, that the normal value of ¢ in the modified Coulomb criterion is experimentally
determined approximately 37° for NSC, while tests on both compresit matrix and HSC indi-
cate, that g, ~ 51° and @, ~ 30° with the transition point given as gy = 0.1f, seem to be
a fair suggestion. In figure 2.8 and 2.9 these values are inserted in the energy dissipation

23




2. Theory of plasticity

2.4 Energy dissipation in lines of &Wnozmas.q
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Figure 2.8: Nommalized energy dissipation 2/, /(utf,) from eq. (2.8) with @, = 37°, i.e.
corresponding to the modified Coulomb eriterion.

formulas to compare the normal approach and the bi-linear proposal fowm plane strain
conditions.

For the modified Coulomb criterfon the energy dissipation is controlled by the rensile
strength, when the displacement angle o exceeds ¢ =~ 37°. This also applies to the bi-linear
criterion for the range @, = 51° < o0 < 90°, see figure 2.9, However, when the displacement
angle o is less than ¢, = 51° the energy dissipation is controlled solely by the transition
stress o, . Figure 2.9 shows great sensitivity with respect to ¢,". Therefore it is expected,
that upper bound solutions, where small values of o are essential to the correct solution,
may show significant difference between the two criteria. It is noted, that in case of plane

24

Figure 2.9: Normalized energy dissipation 27,/(utf)) from egs. (2.8) and (2.11) with
@; = 51° and @, = 30°.

stress conditions the difference between the two criteria is modest because the transition

stress does not influence this particular case.

In figure 2.10 the modified Coulomb criterion and the bi-linear criterion is compared in a
Mohr stress diagram normalized with respect to f,. For tensile minor principal stresses the
modified Coulomb criterion gives higher capacities than the bi-linear criterion, whereas this
is reversed for compressive minor principal stresses. Because of the difference in angle of
friction this is again reversed for high compressive stresses. However, the differences are
madest and they obviously change with the actual value of the transition sfress o, . Taking
inte account, that the cracked strength criterion is subject to great experimental scatter it
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2.4 Energy dissipation in lines of discontinuity

Figure 2.10: Mohr diagram normalized with respect to £, including both the modified
Coulomb criterion and the bi-linear criterion. Note that £/ = 0.05.

seems reasonable to keep utilizing a Coulomb criterion together with a singla-valued ¢ for
practical purposes.

In the following example a simple plastic upper bound solution is given for uniaxial
compression of a concrete prism under plane strain conditions. The example is based on
Jensen (1975) and it points out some of the differences between the normal approach and
the bi-linear model.
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Example 2.1: Load capacity of a concrete prism. In figure 2,11 the problem is outlined with
a prism loaded by the stress p over the width b. The upper part moves « along the straight
discontinuity line, which is inclined $ with horisontal.

L1 T de

Figure 2.11: Concrete prism Ioaded under plane strains with discontinuity line
inclined the angle B with horisontal.
The vertical displacement is usin(B-o) and the external work per unit thickness reads

W, = pbusin(p-c) (2.13)

The discontinuity line has the length b/cosf3 and the intemal dissipation energy is

fhu A - psine , @, < as90°
W, ==

® 2cosf|At - psine, @, s <@

(2.14)

per unit thickness, where eqgs. (2.8), (2.9), (2.11) and (2.12) are applied. The geometrical
testrictions on the angle B are @ < B < arctan(#/5). By imposing the work equation W = W,
we obtain

: A - psine , @, s« < 90°
p._ 1 ! (2.15)

fo 2cosp sin(P-a)| A* - pisine, @, <@ s @
from which we seek the smallest load capacity by altering the angles within their ranges.
A differentiation of the denominator of eq. (2.15) with respect to B yields a maximum value

of (1-sinc) for p=45° + /2. After inserting these values into eq. (2.15) and differentiating
with respect to o we get
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A-uw, @ o
h.ﬁme =45+ qf2)| = —CO5% (2.16)
da|f, (i-sine)?| A" - B, @y sas g

The parameters outlined in figure 2.7 give A-p = 2£4, (2 0) and A™n" = 20,"/f. (< 0) and
-together with the fact, that cose 2 0, we have opposite signs on d(p/)/da, corresponding to
the 2 a-ranges in eq. (2.16).

For @, = &« £ 90° the capacity increases with o and for @, < ¢t 5 g, it decreases. Thus the
lowest capacity corresponds to & = ¢, and § = 45° + ¢,/2 and the comect upper bound
solution is p/f. = 1 as it should be.

If instead the modified Coulomb criterion is applied the final solution gets identical, but only
the first range of egs. (2.14) - (2.16) exists,

For upper bound selutions similar to the above example, where the displacement angle is
not restricted by external limits the optimal a is expected to equal the initial angle of
friction @, and the presence of ¢, has no influence. However if the displacements are forced
to occur under angles below ¢, e.g. like it is the case of punching shear failure and pull-out
of an embedded reinforcement bar, then both lines of the bi-linear criterion is involved. It
is recalled that under plane strains, the lower limit & = @,, gives a theoretical limit for the
application of the theory of plasticity in order to fulfi! the normality condition.

2.5 Concluding remarks

It is experimentally validated, that HSC under multiaxial compression behaves differently
from what is normally used for NSC. The behaviour is due to the increased toughness of
HSC, which is known to cause bristle splitting failure instead of the usual sliding failure.
However as the confinement siresses increase a transition from the brittle failure mode
towards a more ductile mode is observed. ,

A simple way to model these observations is to consider a bi-linear failure critetion, where
arelatively high angle of friction is replaced by a smaller value as the confinement pressure
increases, cf. figure 2.2, Triaxial experiments on compresit matrix with 6 % fibres together
with other experiments on HSC indicate, that an initial angle of friction ¢, =~ 51° is
followed by ¢, = 30°. The transition between these two angles is found to correspond to
& confinement stress of approximately 10 % of £.. However, especially the transition stress
value needs further experimental investigation.
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An interesting outcome of the triaxial results is, that the presence of steel fibres does not
seem to effect the triaxial strength behaviour compared to HSC without fibres. Thus, no
influence of fibres on the triaxial strength.

In table 2.2 the energy dissipation formulas for lines of discontinuity are summarized for
the case of a bi-linear failure criterion. The modified Coulomb failure criterion for NSC
corresponds with the special case ¢, = ¢, = ¢ = 37°.

90° < a2 q 0.5(1 - sinct)utf, Plane stress conditions.

Plane stress and plane strain condi-

P <o s90° 0.5(h - psinouif, | ione % and p defined in eq. (2.9).
. el Plane strain conditions. A’ and p’
P2 505 Py 0.5(" - psine)ulfe | gefined in eq. (2.12).
Table 2.2: Energy dissipation per unit length discontinuity line under bi-linear failure

criterion. The parameters o, ¢ and u are defined in figure 2.5.

The practical use of the bi-linear failure criterion is not expected to replace the existing
modified Coulomb expression, which is well-documented throughout the past 20 years.
Instead it is assumed to be a supplement to the well-known expressions. In each case it must
be assessed, whether a change of the angle of friction, or even an extension to the bi-linear
case is profitable for the calculations. Especially in case of HSC these possibilities have to
be included in the considerations.
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3. Bending of slender beams

This chapter concerns the behaviour of beams subjected to bending. The beams are simply
supported and loaded perpendicular to the beam axis with a constant load per unit length.

In Section 3.1 some basic considerations, concerning both serviceability limit state (SLS)
and the ultimate limit state (ULS), are given with emphasis on FRC and HSC. In Section
3.2 the ultimate moment capacity for a T-beam with tensile reinforcement bars in its lower
side is investigated, The serviceability Iimit state in Section 3.2 concerns both deflection
demands together with stress limits in order to prevent concrete cracking and crushing.

Finally the special applications of compresit beams are considered in Section 3.4 with
comparison to both HSC and NSC beams. Emphasis is put on relatively slender beams
because this is expected to be one of the future tasks for application of high-quality concrete
into structural elements.

3.1 Background

For reinforced concrete beams it is well-known, that a very plastic bebaviour is observed.
A moment - curvature relationship of a reinforced concrete beam shows almost linear-elastic
behaviour until the mild steel bars start to yield under constant tensile stress. Thereafter the
moment - curvature curve gets almost horizontal and the curvature is mutiplied under
constant moment. Thus, it seems reasonably to model 2 concrete cross-section by means of
a plastic hinge, where the rotational capacity is many times greater than the maximum
elastic curvature.

The basic assumption is the Bernoulli assumption, which states, that plane cross-sections
remain plane and perpendicular to the beam axis during deformations. This assumption is
found to be valid in both the ULS and the SLS even though the concrete starts to crack.

Another important assumption to simplify the calculations is, that the tensile strength of the
concrete is neglected in determining the moment capacity. Thus, in the ULS the stresses on
a cross-section are assumed to consist of a compressive stress block over the compression
zone together with the tensile stvesses in the reinforcement bars, It is assumed, that the
eracks in the tension zone of a beam open significantly during yielding and therefore it does
not seem plausible to include the tensile stresses due to e.g. aggregate interlock across these
bending cracks, when the moment capacity in ULS is analyzed. In case of FRC beams,
where fibres are known to cross the cracks, there might be a contribution from the tensile
stresses, but they are most significant, when the SLS is considered, like it is shown in the
following sections.

31




3. Bending of slender beams

3.1.1 Moment - curvature relationship

As a result of the Bernoulli assumption the cross-sectional deformation state is completely
determined by knowing the extension of the beam axis together with the slope of the strain
distribution over the cross-section. The latter corresponds to the beam curvature x and it is
related to the bending moment M through

M = EJs EX)

where EJf denotes the bending stiffness. The M - x relationship of a reinforced concrete
cross-section has the following characteristics:

- Linear-elastic until the occurrence of first cracking.

- After first cracking the bending stiffness decreases towards the cracked stiffiress,
where only the reinforcement and the compression zone contribute.

- At the socalled balanced moment the reinforcement starts to yield and the bending
stiffness is reduced to almost zero.

- After yielding and eventally strain-hardening the beam fails by either concrete
crushing, or by rupture of the steel bars.

A M
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Tension

Siffening
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s
=

Figure 3.1: Principal moment - curvature relationship. The yielding of the steel

reinforcement is not included.

The normal approach is to consider uncracked behaviour, characterized by the initial
modulus of elasticity E,, until the cracking moment M, , which is defined by the tensile
bending strength of the material, is reached. Then the M - k curve follows a transition curve
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towards the cracked curve. The transition cirve never equals the cracked behaviour because
the intact concrete in between the cracks has a stiffening effect. In figure 3.1 we have a
simple M - x model, which invelves a sudden increase in x at first cracking, followed by
a straight line parallel with the cracked curve, see Favre & Charif (1994). The distance
between the cracked and the actual M - x curve along the x-axis is termed the tension

stiffening.

Favre & Charif also include a description of a more complex model, where the tension stif-
fening is reduced with increasing bending moment according to a hyperbolic law. This type
of mode} forms the basis for most code rules and may include both shrinkage and creep.

Deformational behaviour of FRC beams. There exist several investigations of the flexural
deformations and strengths of FRC beams. One of the earliest, including both fibres and
conventional reinforcement, is Henager & Doherty (1976), but also Swamy & Al-Ta'an
(1981) and Alsayed (1993} report load - deflection curves of FRC beams. These in-
vestigations typically concern fibre contents of ¥,= 0.5 - 2 % of relatively long steel fibres
with aspect ratios _.E.mEm from 50 to 100. .:.E general conclusion is, that the ultimate
flexural strength is only slightly influenced by the fibres, while the deformational
characteristics are improved significantly.

. 2
%
h d -
0000 |—X% Bk,
| _ “or Eo
b
Figure 3.2: Stresses on a cracked fibre reinforced beam cross-section.

Because of the crack arresting effect from crossing fibres, the deflections are generally
smaller for FRC beams than for plain concrete beams, i.e. the tension stiffening increases.
Turthermore both the number of cracks and their widths are reduced considerably. A simple
model meant to include the stiffening effect of fibres erossing a crack is outlined in figure
3.2 :
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3. Bending of slender beams

The linegr-elastic solution of pure bending is well-known, The depth y, of the neutral line
and the moment of inertia are calculated as

Yo . 10447 » 20 B
d 2 hd-+ " E
bd + o E, 32
L _yEY _m%fE _ % w4
W uQ muﬁ &SA & =

where the cross-sectional constants are normalized with respect to the beam width b and the
effective depth 4. The elasticity ratio and the reinforcement ratio are denoted o and ¢
respectively.

When the beam starts to crack the normal approach is to take account of only the
compressive zone and the steel bars, ie. the tensile concrete stresses in figure 3.2 are
neglected. In that case v, corresponds to the position of the crack tip and the expressions in

eq. (3.2) read
Ty 2
2= neﬁ 1+-= - L
4 o (3.3)

In case of FRC (and compresit matrix) it seems reasonably to utilize a fensile strain limit,
where the matrix material starts to crack. The following cracking bappens under constant
tensile stresses provided by the crossing fibres, see figure 3.2, The cracking strain of the
matrix is denoted ¢_ and until this value is exceeded the expressions in eq. (3.2) are valid.

After first cracking the depth y, of the compression zone depends on the compressive strain
€ of the upper beam side, see figure 3.2, The equality between the compressive and the
tensile forces on the cross-section yields a second order polynomium, that should be solved
in order to determine y,:

2
Earf Yo k€| Yo _ . (3.4)
1+2 == 2 ~-=Z= -2ad =0
H ' m?_ ’ Te ?r =
and the comresponding moment of inertia reads

3 2 2
Tene | Yol , 1%fh _ Jo[Yo, Wf) 2 (3.5)
s 3\d 2eld d)d d

In case of normalized parameters the constitutive relation in eq. (3.1) reads
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M E. I ¢
emee Ly e S (3.6)
wy, " e i

whete m denotes the normalized bending moment. In figure 3.3 a normalized moment -
curvature relationship is depicted, where both the uncracked line, the cracked line and the
FRC line are shown.
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Figure 3.3: Characteristic M/(bd’f) - xd relationship for FRC beam.

At first cracking the slope of the FRC curve decreases slowly from the uncracked slope of
eq. (3.2) towards the cracked slope of eq. (3.3). This also appears from letting /e — ¢ in
egs. (3.4) and (3.5), which makes the values go towards those of eq. (3.3). Thus, the
horizontal distance between the FRC line and the cracked line (the temsion stiffening in
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figure 3.3} tends towards a constant value. At sufficiently high values of the curvature the
vertical distance between the two lines in figure 3.3 is calculated ag

€ 'E
AM _ am = am!w - wmg Ze (3.7

where y,/d is taken from eq. (3.3). The tension stiffening due to the fibres is estimated as
Am divided by the moment of inertia from eq. (3.3):

Axd = wmnq ?\n« - U\Q—EVN Am.Wu

2 pdf + 3ed(t - yjaf

The magnitude of this tension stiffening is proportional to the tensile strength of the
concrete through the value €, but it decreases significantly with increasing af. Thus, the
tension stiffening effect of the fibre bridging stresses over the tension zone of figure 3.2 is
only significant in case of beams with relatively low contents of conventional reinforcement
fike it is expected.

In Alsayed (1993) an empirical model is proposed to take the tension stiffening effect of
fibres inte account. The model proposes a contribution to the bending stiffness, that depends
on the square of the fibre reinforcement index and decresses with increasing bending
moments. A 3-parameter fitting of test data from both the author’s own investigation and
data from Swamy & Al-Ta'an (1981) is included. It is recalled, that the fibre reinforcement
index is defined by ¥,(L,/d,).

In Heshe (1988) several compresit beams with 6 % fibres are tested under four-point
bending. These beams are reinforced longitudinally with the geometrical reinforcement ratios
¢ exceeding 5 %. A moment - curvature model is applied to the experimental load -
deflection data, where the tensile stresses of the mairix are neglected. This simple model
seems to fit the experiments satisfactorily even though some experimental scatter exists.

3.1.2 Rectangular stress block

In figure 3.5 both the stress and the strain distribution on a beam cross-section in the ULS
are outlined. The normal approach to describe the compressive stress distribution in the
compression zone is to assume sirnilarity with the experimental uniaxial stress - strain curve
of concrete. From the Bernoulli assumption it is given, that the sirains vary linearly from
the tensile steel strain €, at the position of the steel reinforcement to the ultimate compres-
sive strain €, at the upper beam side.

The uniaxial stress - strain relationship for concrete under compression is observed in
numerous tests and several attempts to describe it analytically are found for instance in
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Sargin (1971), cf. Chapter 3 in Part I of the thesis'. For design purposes most codes use
simplified steess distributions such as the parabolic - rectangular stress - strain diagram, see
e.g. the eurocode EC2 (1992). Thus, the stresses increase parabolically up to the peak value
[ followed by constant stresses until the strains reach the prescribed compressive strain €.

Another popular simplification is to prescribe a rectangular stress block as a substitute for
the physically correct stress - strain curve, see e.g. the Danish concrete code DS 411 (1984)
or the American code ACT 318-39 (1989). The principle is to equivalent the correct stress -
strain curve with a rigid-plastic rectangular stress block, so that both the resultant compres-
sive force and its position are identical with the actual values.

The two constants ¢, and ¢, determine the rectangular stress block completely. The former
constant is defined as the ratio between the actual area under the correct uniaxial stress ~
sirain curve and the area of a rigid-plastic stress block. The rigid-plastic area equals f¢_,,
while the actual atrea is obtained by integration.

The Jatter constant ¢, is the relative distance from the nentral axis to the centre of gravity
of the stress block, divided with the strain corresponding to the peak stress e, .

If the stresses and strains, normalized with respect to their values at the peak point, are
denoted ¥ and X respectively, then we get the following expressions for ¢, and ¢, :

X. Xo
H ¥X) dX .‘ X¥C0 dX =
=0 - .0

y X & =

(=3

e

3.9

...N TSy

wwco&n Y=
1]

s»fa

where X = ¢g_, /e, is the normalized strain along the upper beam side, which is also the
upper limit of the integrations. The analytical stress - strain curve is given by the function
YX). When the values of ¢, and ¢, are calculated according to a given value of X, the
moment capacity of an under reinforced rectangular beam is given by

suau eT - H.|.‘.§aeu a.é
bd?f, g

where the reinforcement degree @ is defined in eq. (3.11). The term under reinforced
means, that the steel bars yield during failure, contrary to the term over reinforced, where
the compression zone crushes, while the reinforcement steel acts linear-elastic.

'Basic Strength Properties of Compresit Matrix.
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For a given value of the reinforcement degree @ the moment capacity m in eq. (3.10) varies
with X, and the correct value of X, is recognized as the one, that maximizes m. This cor-
responds to the assumption, that the material produces maximum resistance against failure.

In Exner (1983) a uniaxial stress - strain relationship of the socalled Sargin type, which
includes 4 parameters, is occupied, cf. Sargin (1971), Wang et al. (1978), or see also eq,
(3.3) in Part I of the thesis. This relationship is also suggested by the model code CEB
(1990). According to the characteristics of a rigid-plastic material the ultimate moment
capacity in pure bending is given by m, = @(1 - ®/2), assuming that both the concrete and
the steel yield under constant stresses umtil the compression depth y/d = @ reaches the
reinforcement level (ie. until y; = o), where the normalized plastic moment capacity m,
equals 1/2. .

The investigation reported in Exner (1983) solves the above problem of maximizing m in
eq. (3.10) with respect to X, . Furthermore Exmer performs a fitting of the effectiveness
factor v, to be multiplied with £, in the rigid-plastic solution, in order to obtain the capacity
corresponding to the correct stress distribution. The results are included in both Exner
{1983) and Nielsen (1984). In the case of over reinforced beams Exner concludes, that the
correct value of X, increases compared with the under reinforced case.

Numerical calculations of the rectangular stress block. In order to perform an analysis
of the stress distribution for compresit matrix the following simple analytical expression of
uniaxial stress - strain relation is applied

X

X = ———,
B-1+xP

p=t (3.12)

where the normalized stresses and strains are defined in eq. (3.9). The expresion describes
both the ascending and the descending branch, see Carreira & Chu (1983) or Section 3.1.1
of Part I for further details. This model is chosen for its simplicity and ability to model most
concrete types satisfactorily with only one parameter. The parameter (§ primarily controls
the descending branch, where increasing values increases the steepness of the post peak
behaviour.

Table 3.1 summarizes the input parameters to be used for various conerete types and
qualities. The values are taken from Chapter 3 of Part I of the thesis and it is emphasized,
that because of the experimental scatter on the test resuits, they should be used with care.
However the accuracy is assumed to be sufficient for practical use.
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NSC <40 2 2
HSC up to 100 2-3 8
Compresit matrix 150 4-5 4
Table 3.1: Suggested input parameters to the analytical expression of the uniaxial
compressive stress - strain curve defined in eq. (3.12).
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Figure 3.4: Varjation of stress block parameters in eqgs. {(3.9) and (3.10) as a function

of X, = ¢, /g, for 3 different types of concretes, cf. table 3.1.

In figure 3.4 the coustant ¢, of eq. (3.9) is calculated by means of numerical integration for
the 3 values of B in table 3.1 together with values of the parameter (1 - /X )e, of eq.
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(3.10). The latter controls the moment capacity and it shows a minimum value, when m has
its maximum.

For NSC the Danish code DS 411 (1984) prescribes a stress block of magnitade f acting
over 80 % of the compression depth. The ultimate strain &,, is prescribed at a constant value
of 3.5 %o, i.e. X, = 3.5/2 = 1.75 for NSC according to DS 411 (1984). From figuwre 3.4 the
minimum for (1 - ¢,/X_)e, is not found to be very distinct for NSC and the error introduced
by not choosing the value of X, that corresponds to the exact minimum value is minor.
The code values of X, = 1.75 and ¢, = 0.8 seem reasonably fiom the NSC curves with B
=2 in figure 3.4.

For the compresit and the HSC curves in figure 3.4 the minimum for (1 - e,/X_)e, gets
more pronounced as [ increases. In case of HSC, where the peak strain ¢, is only increased
slightly compared to NSC, the minimum oceurs at X,, ~ 1.2 (ie. e, ~ 2 - 3 %) and ¢,
should be in the vicinity of 0.65.

For the compresit curves in figure 3.4 a value of X, =~ 1.5 (i.e. g, = 6 %o} scems appropriate
together with ¢, = 0.7. However, the presence of steel fibres in the compresit matrix, which
ensures its coherence, makes it plausible to suggest a full utilization of the compression zone
(i.e. ¢; = 1) without the risk of sudden failures caused by explosive spalling.

Finally it is noted, that ACT 318-89 (1989 only permits rectangular stress blocks of
magritude 0.85f, acting over 65 - 85 % of the compression zone. The extent of the stress
block decreases with increasing concrete strength. Furthermore a constant value of g, = 3
%o is prescribed. The effect of limiting the magnitude of the stresses is to make the centre
of gravity of the stress block and the actual stress distribution correlate better.

In the following ULS expressions for the bending carrying capacity the rectangular stress
block method is applied with the parameters suggested in the present section. Thus, the
approach does not strictly follow the theory of plasticity, or includes the effectiveness factor
v on the uniaxial compressive strength.

3.2 Ultimate limit state

3.2.1 Ulimate moment capacity of T-beam cross-section

In figure 3.5 the geometrical and statical conditions for a cross-section, subjected to an
ultimate combination of moment and normal force, are outlined. It is assumed, that the
moment M and the normal force N are positive as shown and they act in the mid-point of
the cross-section. Like it is previously described the compressive stresses of the concrete are
assumed to be equivalent to its uniaxial stress - strain curve. The maximum compressive
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strain at the upper side is denoted £, and by means of geometrical equivalence the tensile
strains of the steel bars in depth 4 are given by

€, = (@ - 1a (3.13)

The following calculations assume a recrangular stress block of magnitude f,, acting over
the depth ¢y, , where y, is the depth of the compression zone, cf. the previous section.
Furthermore an eventual prestress of the steel bars is included by means of an additional
strain €, , which is added to the strain €, originating from the bending action.
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Figure 3.5: Stress and strain conditions in the ULS for reinforced concrete beam cross-

section under combined bending and compression.

The balanced situation, which makes the transition from the under reinforced cross-section
to the over reinforced cross-section, is given by
c+e. =g = 0o Sm (3.14)

2 T pre 5y Z
d €t Ey T €y,

where ¢, is the tensile yield strain of the steel bars. In the case of pure bending (ie. ¥ =
0) the secalled balanced reinforcement degree is found to equal

o, uA -wuw e G Pw (.15

bld _mn.+m#|m»z..w

It is noted that eq. (3.15) and the folowing formulas correspond to rectangular cross-section,
when &,/ = 1 and k/d = 0. The cross-sectional dimensions are shown in figure 3.5.
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When the cross-section is over reinforced the reinforcement does not yield. It is assumed,
that the steel bars foliow a linear elastic siress - strain carve until yielding, ie. the
constitutive conditions for the reinforcement steel read

1,
= 22 =
ouum?u+m3v for e+, <€, oa,=f for g+
u..-.

2e, (316

mhﬂ ¥

For the under reinforced cross-section the equivalence between A4, N and the normal stresses
yields

where the moment and the normal force is nonmalized with respect to the compressive
strength, the beam width and the effective depth according to m = M/bd"f. and n = N/bdf,.

For the over reinforced cross-section we obtain the compressive depth ¢, as the highest
root of a second order polynomium:

ﬁ L P LTl T A TP TN .19
bl d bld €y vd t €,
while the moment capacity is similar to eq. (3.17):
2 2 n+@ > O,
melhy gt 1B Sl My BYBN ) 3.19)
2d & 284 d 2 bpd Fi <1

where ¢,),/d is the root from eq. (3.18) and g, is taken from eq. (3.13).

In table 3.2 a survey of the calculations necessary to determine the ultimate moment
capacity for a T-beam is given. In the case of the normalized flange depth h/d being greater
than @, for a rectangular cress-section, calculated by means of eq. (3.15), the balanced
state occurs before the compression zone reaches below the flange.

The expressions are easily extended in order to include compression reinforcement.

However, the number of restrictions to determine, whether the reinforcement yields or not
is increased. The compressive strain g, of any eventual compressive reinforcement is
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determined similarly to eq. (3.13): &, = g.(1 - d,/%), where 4, is the depth to the
compression reinforcement.

Given cross-sectional dimensions and normal force N.
Is @, (h/d=0,b,/b=1)<h/d?
Yes, ie. @y, = Dy (h/d=0,5,/b=1) No, ie. ®,, = ®,; in eq. (3.15).

Isn+®<d,,?

Yes, i.e. under .Hmmu.monn&. No, i.e. over reinforced.
Isn+ ®>h/d? Is c,y/d from eq. (3.18) > h/d ?
Yes, i.e. T-beam, Mo, i.e. rect. beam. Yes, i.e. T-beam. | No, ie. rect. beam.
Equation (3.17). Equation (3.17) Equations (3.18) Equations (3.18)
with k/d =0 and (3.19). and (3.19)
and b,/b = 1. with i/d =0
and b, /b = 1.
Table 3.2: Calculation scheme for a T-beam under combined bending moment M and
normal force N. Note that in case of a rectangular beamn we have h/d =0
and b,/5=1.

3.2.2 Parameter study of ULS

In figure 3.6 an illustration of the normalized ultimate moment capacity is given for four
different beam dimensions (rectangular cross-section and A./d = 0.1 together with varying
web widths b, /b). The transition poinis from the under reinforced state to the over
reinforced state are also indicated on the »t - ® curves. In the over reinforced state the slope
of the curves decreases significantly compared with the under reinforced state. Thus, from
an economical point of view it seems reasonably to consider under reinforced conditions in
ULS design of beams. The effect of increasing the amount of steel bars is much higher than
in the over reinforced case. Furthermore the under reinforced ULS design provides the
structure with sajesy against sudden failure. The yielding of the steel bars gives warning of
a total collapse.

Like it appears from the previous section the normal force and the reinforcement degree act
together in governing the conditions for the ultimate moment capacity. If either the
reinforcement degree or the normal force increases the conditions go towards the over
reinforced case. Also the strain g, originating from an eventual prestressing of the
reinforcement influences the balanced conditions, see eq. (3.15). In table 3.3 examples of
the balanced reinforcement degrees are given in case of typical NSC, HSC or compresit,
according to the findings of Section 3.1.2.
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3. Bending of slender beams

Table 3.3: Examples of balanced reinforcement degrees for rectangular cross-sectiont
subjected to pure bending. The reinforcement yield strain £, equals 2.5 %,

corresponding to reinforcement bars of mild steel with yield strength in the

vicinity of 500 MPa. No prestress is applied.
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Figure 3.6: Normalized m - ® relationship for a compresit T-beam with varying web
width subjected to pure bending. The flange depth is A, = 0.1d.

It is recalied from eq. (3.11), that the reinforcement degree & depends on the strength ratio
J.4f. . Therefore identical reinforcement ratios for NSC and compresit result in different
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values of @. The 3 examples of ®,, in table 3.3 correspond to reinforcement ratios ¢ equal
to approximately 5, 7 and 28 % for NSC, HSC and compresit respectively. Like it is shown
in the following example there is a need for stronger reinforcement in case of compresit
matrix in order to match both its high compressive strength and its ductility.

’ Example 3.1: Effect of /. on moment capacity. Consider two beams with identical cross-
sections and reinforcement. The concrete strength f differs by a factor 4 and thus, the
reinforcement degree also differs by a factor 4. In figure 3.7 the ratio between the moment
capacities for the two beams is given as a function of realistic amounts of reinforcement ($
up to 5 %). Even though the reinforcement degree decreases from the low-strength beam to
the high-strength beam, then the absolute value of the moment capacity of the high-strength
beam still is higher, than that of the low-strength beam, because of its higher £,
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Figure 3.7: Ratio between moment capacities of two beams with £ differing by
a factor 4.

Bearing in mind, that the bending moments in a beam increase with the square of the beam
span, it seems obviously, that an increase of the moment capacity of 10-20 % only enables
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3. Bending of slender beams

a marginal increase of the beam span. Thus, no significant strength increase is obtained by
simply replacing 2 low-strength concrete with HSC unless also the reinforcement is changed,
A significant increase of the moment capacity (and thereby the beam span) by means of an
increase of f, requires either additional reinforcement, ie. increased ¢, or higher steel
strength, i.e. increased £,/ . If the reinforcement degrees are identical for two beams the
moment capacity increases proportional to the compressive strength increase, ie. with a
factor 4, which enables a doubling of the beam span.

3.3  Serviceability limit state

In the SLS the demands concern both the maximum deflections and the cracking of the
concrete beams. These demands are governed by both aesthetics and durability reasons. For
instance it is required from the Danish Road Directorate, that the maximum deflections of
aroad bridge should not exceed 1/400 of its span, when it is subjected to the live loads. The
dead Ioads, which are the permanent loads, result in time dependent deflections due to eg.
the creep characteristics of concrete. These Jong-ferm deflections are often counteracted by
means of an initial upward-directed deflection, which is slowly reduced. The live loads
cause shori-time deflections to be added to the deflections from the dead loads. It is these
additional short-time deflections, that are limited by 1/400 of the span in order to ensure the
proper bending stiffness.

The presence of cracks in the tensile regions of a beam has several negative effects. For
instance the risk of corrosion of the embedded reinforcernent steel is increased in cracked
concrete. This may be dangerous, especially in aggressive environments, i.e. cracks cause
durability problems. Furthermore, the presence of cracks has a psychological effect on its
users, even though the capacity of the beam is not threatened.

From the constitutive relation in eq. (3.1) it is recalled, that the beam curvature & depends
on the bending stiffness E_ [ for a given bending moment. It is known that the concrete
modulus of elasticify does not increase with the same rate as the compressive strength. In
figure 3.8 the dependency of E, on f, is taken from DS 411 (1984) and compared with the
measurements on compresit matrix, cf. Section 3.2.2 of Part 1 of the thesis. The modulus
of elasticity is only doubled, while the compressive strength is quadrupled from NSC to
compresit. Therefore we have reason to believe, that in order to utilize the compressive
strength of compresit in the ULS and increase the beam span, the deflections get too high
to fulfil the demands in the SLS, if no precautions such as prestressing are taken.

In the following sections various aspects comcerning the SLS conditions are treated. A
simply supported beam subjected to a prestress force P is investigated. It is expected that
both concrete and steel act linear-elastic in the SLS and that the cross-sectional constants
are transformed to take the stiffness of the reinforcement into account.
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The prestress force acts horizontally along the beam axis, see figure 3.9, ie. the case of
curved prestress tendons is not included. Furthermore the question whether the tensioning
of the tendons is performed before or after casting is not included in the study.
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Figure 3.8: Proposed E, - f, relationship from DS 411 (1984). Note that the rela-
tionship is extrapolated beyond the code limit of f, = 50 MPa.

3.3.1 Deflections of a simply supported beam

The curvature x is defined as the negative second derivative of the beam defiection 3, i.e.

= -d ?3/dx?. The negative sign is due to the assumption, that positive deflections are
downward-directed, while positive bending moments give compression in the upper beam
side. The constitutive equation in eq. {3.1) gives the relationship between the bending
moment and the deflections. When the bending moments within a beam are known the
deflection, comresponding to a certain position along the beam axis, is calculated by
integrating MAE_ I} twice and applying the proper boundary conditions.

47




3. Bending .&n slender beants

With a constant load p per unit length of the beam span L we obtain the maximum moment
M, = pI*8 at mid-span of the simply supported beam. The linear-elastic mid-span deflection
§ is calculated as

E » u
L.huum,.aummu G.NS
10 LA

Blw
o

Uneracked cross-sectional constants for a T-beam. Like in Section 3.1.1 it is assumed,
that the reinforcement bars deform according to the surrounding concrete. The elasticity
ratio between the moduli of elasticity for steel and concrete is denoted o = £,/E,. The steel
stresses are determined by multiplying the concrete stresses, comresponding to the Navier
stresses at the position of the steel bars, with the ratio o.

e
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Figure 3.9: T-beam cross-section subjected to the bending moment M and the prestress

force P with comresponding stress distributions.

In figure 3.9 a T-beam cross-section is depicted under pure bending with a prestress force
P acting from the reinforcement bars. The external moment M acts at the geometrical center
of gravity of the cross-section, while the prestress force P acts at a distance e from this
center. The distance 1 from the upper beam side to the center of gravity, which is also
termed the beam axis, is calculated as .

i
—_ ] — + [1-2[ L] + nv

By comparing 1 with the depth y, of the neutral line in eq. (3.2) it is obvious, that the
special case of the rectangular cross-section is obtained with 4,/d = 0 and 4,/ = 1. The
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distance 7 is not identical with the position of the neutral line because P gives a2 compres-
sive stress of magnitude P/4, at the beam axis, cf, figure 3.9.

The geometrical moment of inertia around the center of gravity is given by eq. (3.22), which
is also found to equal the rectangular case in eq. (3.2), when h/d=0and 3,/ = 1:

AT ST T S R
B? 1214 3b\d d d\d 2d (3.22)

Y L L W IRV A
b\d djd 4 d)d d

The vertical y-axis is directed downwards from its origin at the beam axis, which goes
through the geometrical center of gravity. The normal stresses are calculated by means of
the Navier equation with contributions from both the bending moment Af and the presiress
force P:
P _M-Pe
=L X~k 3.23
o) A 77 (3.23)
The numerically highest normal stresses, which occur at the upper and the lower beam sides,
are calculated by means of the moment of resistance. This is denoted # and defined by
dividing the moment of inertia with the distance from the beam axis to the beam side in
question. In terms of the normalized moment of inertia in eq. {3.22) we get

Wiow I d W _ I d (3.24)

where the terms w,,, and w,, denote the normalized moments of resistance, corresponding
to the lower and the upper beam side respectively, The core radii are defined as the moment
of resistance divided by the transformned cross-sctional area, i.e. by means of the expressions
Kipw = Wy i, and £, = W, /A,. If a compressive normal force acts within the core, limited
by k,, and &, around the beam axis, then the corresponding normal stresses are solely
compressive.

Under the assumption, that the cross-sections remain uncracked, the mid-span deflection of
eq. (3.20) depends on the curvature represented by x = (M-Pe)/E, I. Thus, the mid-span
deflection decreases proportional with the prestress force. However, if the prestressing is too
high or low there is a risk, that the cross-section starts to crack. This situation depends on
the loads, which are analyzed in the following section.

In case of the uncracked linear-elastic behaviour is assured by means of a proper

prestressing, then the SLS deflection demand of maximum L/400 from the live loads
becomes a rather simple calculation. The live load per unit length is denoted g and the
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3. Bending of slender beams

corresponding mid-span bending moment is denoted A, . Similarly the dead Ioad p and the
corresponding M, are defined. The SLS deflection demand is written
1 M L iE 14 M

—AL? s = gt 2 m, =

[
WEJS 400 T 40f gL’ * b¥,

(3.25)

where E_ corresponds to the short-term modulus of elasticity. A discussion of both the short-
term and the long-term stifnesses is given in Section 3.3.3.

The inequality in eq. (3.25) shows, that the magnitude of the the prestressing force is not
included in the criterion, Only the bending stiffness of the beam is important.

3.3.2 Valid prestress range

There are four demands for the SLS stresses in a beam, corresponding to the upper beam
side and the lower beam side subjected to either compression or tension respectively. Like
it is previously described the bending moment, corresponding to the dead load p, is denoted
M, and the live load g per unit length gives rise to M, . The maximum allowable tensile and
compressive nommal stresses are denoted r, and r, respectively in the SLS. First the 4
demands are given in terms of upper and lower bounds for the prestress force P.

Lower beam side. The tensile stresses, comesponding to the total loads M, , M, and P,
should not exceed r, to avoid cracking of the concrete:

Plly,, + €)= (M, + M) = ~W, s, (3.26)

which gives a lower bound for the prestress force.

The compressive stresses, corresponding to the permanent loads M, and P, should not
exceed r,, which gives an upper bound for the prestress force:

Jﬁ&: + mv M, < W, . (3.27)

Upper beam side. The tensile stresses, corresponding to the permanent loads M, and P,
should not exceed r;

Jﬁs -+ M, =z -W,r, (3.28)

up'e
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which gives an upper bound for the prestress force because the core radius £, is less than
e in most practical cases. If on the other hand &, > ¢, then P gives rise to compressive
stresses all over the cross-section and the demand is transferred into a lower bound for P.

Finally the compressive stresses, corresponding to the total loads M,, M, and P, should not
exceed r,, which gives a lower bound for the prestress force:

m.e.n - mu + q.mv + EL < ﬁ.‘.ﬁ_.q (3.29)

4p

In table 3.4 the 4 demands in eqs. (3.26) - (3.29) are given in terms of the nomalized cross-
sectional constants in eq. (3.24). Furthermore the prestress force is normalized according to
P/bdf, .

4ot |- - Lowerbowd - | Upperbosnd il
- Lower beam side: | (m, + m, - W, M (ko/d + &) | (m, + Wi (s + /)

- Upper beam side” | (w,r. [ - (m, + m)k/d - efd) | ~(m, + wor, )ik, /d - eld)

Table 3.4: Bounds for the normalized prestress force P/(Bdf,) = ¢o,. /. in order to
avoid concrete crushing and cracking in the SLS. Both w,, and w,,, are
defined in eq. (3.24). The normalized mid-span bending moments m, and
m, correspond to the dead load and the live load respectively.

333 Parameter study of SLS

Bending stiffness. The creep characteristics of concrete result in continuous deformations
beyond the inttial deformations. If concrete is loaded constantly it continues to deform
slowly, i.e. only the permanent loads result in creep. Instead of applying the initial modulus
of elasticity, observed from a short-term compression test, to deseribe the bending stiffness,
a reduced long-term modulus is suggested to take the creep deformations into account, The
elasticity ratio, defined by o = E,/E_, increases from short-term to long-term conditions,
denoted by o and o, .

The long-term creep coefficient W for concrete denotes the ratio between the long-term
deformations and the initial ditto. The increase of a from short-term to long-term conditions
is given by o = (1+¥)a, For NSC the short-term elasticity ratio o, ranges from 7 to 10
according to DS 411 (1984). Under long-term conditions E, is reduced to approximately one
fourth, i.e. ¥ = 3 and e, = 30 for NSC.

For compresit matrix the modulus of elasticity is experimentally determined to approximate-
Iy 50 GPa, see Section 3.2.2 of Part I of the thesis and fipure 3.8. There exist onmly
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preliminary creep reults on compresit matrix®. The long-term creep coefficient seems to be
about one half of what js found for NSC. These findings correspond to those of the two
Staie-of-the-Art reports ACI 363 (1984) and FIP/CEB (1994) on HSC. They conclude that
HSC seems to show reduced creep strains compared to NSC, but the test results are rather
few. With the short-term modulus E, ranging from 40 to 50 GPa for compresit matrix we
have o, within the range 4 - 5. A creep coefficient of ¥ = 1.5 gives a long-term value of
o, = 10,

The stiffness caleulations above use a steel modulus of elasticity E, = 200 GPa, It is noted,
that steel experiences socalled relaxation, when subjected to a constant extension for a long
period. Thus, the tensile stresses within a prestress tendon decreases slightly in time. This
effect is however not included in the present analysis.

Prestress limits. For a given beam with prescribed cross-section, loading and reinforcement,
the limits in table 3.4 depend on the beam span L and on the mechanical properties o, r.A4.
and r, /f,. For each L a valid range for the mormalized prestress force 40, /f. exists. In
Sfigure 3.10 a numerical example of these ranges is given, where the valid Tegion determines
the combinations of prestressing and beam span, that fulfil the criteria from eqs. (3.26)-
(3.2}. The lines in figure 3.10 are drawn according to the following parameter values: FA
= 40 MPa, f, = 1600 MPa, ./~ 0.01, r./f. = 1, $ = 2.8 % and p/g = 1.6. The horizontal
line in figure 3.10 represents the maximum allowable prestress, which is chosen as 80 %
of the reinforcement yield strength 7, The socalled prestress degree O, /f,,» Which is the
magnitude of the prestresses in the tendons in percent of their yield strength, is related to
the normalized prestress force through the expression: 4, e = ©a,. 0,

From the curves in figure 3.10 it appears, that in order to obtain high values of the beam
span, the following situations exist:

- The tensile stresses in the lower beam side exceed r, at [ = 3d, when no prestress
is applied. Thus the cracking criterion is very restrictive.

- In order to increase L without violating the cracking criterion we impose some
prestress. By increasing this prestress to @o,,/f, = 0.7 we obtain L =~ 30d. At this
point the crushing criterion at the upper beam side starts to govern the beam span
instead of the eracking ecriterion. .

- After this point any further increase of D6, /f, has a relatively small effect on
the beam span in order to avoid crushing of the upper beam side.

- Finally the amount of prestress is limited by the upper bound for the prestress de-
gree o, /f,,.

*Brite EuRam project Ministruct.
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Figure 3.10: Qualitative illustration of limits for the normalized prestress force ¢o,,. /1
= (0o, /f, as a function of L/d according to table 3.4.

It is noted, that the guantities in figure 3.10 are not general values. They aaﬂm:@ on the

beam geometry and material properties. However, the curves represent the qualitatively

correct behaviour.

The various limits, that exist on the combinations of ¢o,,./f, and L/d depend on the material
parameters according to the following

- The deflection demand w/L < 1/400 in eq. (3.25) gives an upper bound for the

span L under a given load situation. It is directly altered by the short-term hﬁ _U.E
also the reinforcement ratio ¢ influences the demand through the moment of inertia,
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3.3 Serviceability limit state

- The stress criteria for the upper and lower beam side are primarily altered by the
allowable SLS stresses r, and 7, to avoid crushing and cracking, If these stresses
are increased the valid region is widened. The reinforcement ratio ¢ and E, also
have some influence through the moment of inertia.

- When g/p increases, e.g. the live load increases, the maximum alfowable span gets
smaller.

- The maximum prestress level depends on the allowable prestress degree and the
reinforcement degree @, i.e. the reinforcement strength 5

334 Comparison of compresit and NSC in the SLS

As a consequence of the fact, that the brittleness of concrete increases with the compressive
strength, the tensile conerete strength £, is often modelled as being proportional to the square
root of f, (DS 411 (1984) prescribes the expression f = v/(0.1f,/MPa)). However, for
compresit matrix with its high amount of fibres this is not necessarily true. The ratio
between j; and ] is found to be almost identical for NSC and compresit, even though £
increases by a factor 4, cf. Section 2.4 of Part I of the thesis. Therefore the tensile stress
criteria in table 3.4 are not expected to differ significantly for NSC and compresit {r,/f is
practically identical). In the following example two identical beams made from NSC and

compresit are compared. The maximum SLS stresses are assumed to be r, = £, and r, =
0.05f..

Example 3.2: Numerical calculations of the prestress ranges. In order to observe the main
differences between a NSC beam and a compresit beam two geometrically identical beams are
considered. A rectangular simply supported beam with b x d = 200 x 900 mm is loaded by
a dead load of p = 10 KN/m and a live load of ¢ = 10 kKN/m. The prestressing reinforcement
ratio is ¢ = 2.8 % for both beams, which is obtained by means of 4 x 4 220 mm strands.
These strands have a yield strength of approximately 1600 MPa, cf. table 3.5. The long-term
elasticity ratios e, are chosen to the values 30 and 10 for the NSC and the compresit beam
respectively, cf. Section 3.3.3.

G (my

NSC 40

40
200 1100 900 -

Compresit 160 (.05 10
Table 3.5: Allowable stresses and geometry of NSC beamn and compresit beam.

54

1.5
0 i
= ]
E ]
ol O0T-————==---
2 4
15 -
b ]
)]
o ]
- -
P -
d -
-] .
= i
BO5 A -- =
g i
] .
=]
= H
0.0 4 N
0
normalized beam span

Figure 3.11: Limits for ®c,,, /, for identical NSC and compresit beams.

In figure 3.11 the valid prestress regions are depicted for the two beams, termed NSC and
compresit. The curves are similar with those in figure 3.10. The EB&E:E hxmuqa.h degree
is chosen to &,/ = 80 %. It is obvious, that the maximum ovs_am.z.n span only increases
marginally for the compresit beam compared with the NSC beam. This is because n:.v. w.aonnn
and type of reinforcement are identical and thus, the maximum prestress ma.<n_ HEH:E the
obtainable beam span. I however this level (= 0.8®) is raised by either increasing nmo
reinforcement strength, or by increasing the reinforcement ratio the effect on the compresit
bearn. span would be much more significant, than for the NSC beam span. In fact Eu NSC
beam hardly suffers any span reduction, if the reinforcement ratio is reduced by a third.

In Jobse & Moustafa (1984) the use of HSC for highway bridges in the USA is analyzed.
Standard prestressed bridge girders are compared under the mmmEHﬁmo.:. that the concrete
strength is increased from 42 to 70 MPa. Under identical loading, geometry and
reinforcement the girder length is increased together with the compressive strength. The
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length increase is about 20 - 30 % from NSC to HSC, but the effect is limited by the
maximum prestress force. From these results Shah & Ahmad (1985) conclude, that "..if the
design is governed by serviceability limit states, then high strength concrete can be
beneficial". Furthermore Shah & Ahmad state, that the use of HSC speed up construction
in general because a given strength level is attained earlier.

These observations basically are in agreement with the findings of Example 3.2 and those
of Section 3.2.2. In order to utilize the high compressive strength of compresit we have to
increase the reinforcement degree, either through the reinforcement ratio ¢, or through the
strength £,. Thus, it is not enough simply to replace the conventional conecrete in a beam
design with a HSC mix or with compresit, if a significant mechanical effect is wanted
beside the improved durability.

A way to increase the reinforcement content ¢ is to place the steel bars closer within the
same beamn dimensions. The distance/spacing between steel bars is governed by design rules
to ensure proper embedment without air voids, to provide protection against corrosion and
to provide the necessary anchorage capacity. The minimum bar spacing depends on
aggregate size, bar diameter and the aggressiveness of the external enviromment. Like it is
recalled from Chapter 1, one of the purposes of the compresit concept is to apply a compact
steel bar reinforcement to the structure. The relatively small aggregate size of 4 mm makes
it possible to reduce the bar spacing. Furthermore the increzsed bond strength between the
matrix - bar interface, that is experimentally observed for compresit matrix, enables smaller
bar spacings. However, a lower limit of these spacings is taken as one fibre length in order
lo ensure a homogeneous fibre distribution between the bars.

In DS 411 (1984) a concrete cover of magnitude 2 bar diameters is recommended and so
is the horizontal spacing between miid steel bars in a layer. If #y is the number of bars per
layer and d; is the bar diameter, then the beam width is limited by b > (2+3n,)d,.

In compresit however, both the cover depth and the bar spacing are expected to be reduced
to about one bar diameter, i.e. b = (1+2n,)d,. This halving of the bar spacing is only found
to enable 2 or 3 extra bars into each reinforcement layer for typical values of b/d, , which
is- a rather modest increase of the reinforcement content. Instead of adding more
reinforcement {0 an existing reinforcement arrangement jt seems more advantageous to
increase the size of the tensile zome of the cross-section. Thus, by considering a lower
flange, where the tensile reinforcement is embedded, or by considering exfernal reinfor-
cement. These eonsiderations are of course strongly dependent on the actual situation.
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3.4 Concluding remarks

Ultimate limit state. The observations in Section 3.1.2, concerning a reciangular siress
block to describe the comipressive concrete stresses in the compression zone, of a beam at

failure are

- The sensitivity of the analytical bending strength toward the ultimate ooBEamm.mou
strain seems to increase with the compressive strength. Em is due to the brittle
nature of high-strength concretes. Thus, it becomes more important to incorporate
a proper stress distribution, when HSC is considered.

- Because of the extensive stesl fibre reinforcement of compresit matrix it is expec-
ted, that the complete compression zone is utilized by the rectangular stress Eo&m.
This is due to the high ductility of compresit matrix, contrary to the explosive fai-
lure behaviour of plain HSC.

The findings of Section 3.1.2 is summarized in table 3.6, where ¢ is the extent of the
rectangular stress block of maguitude f;, within the compression zone. Furthermore the
ultimate compression strain €, is given for NSC, HSC and compresit.

jAccording to DS 411 (1984).

Table 3.6: Approximate values for the balanced reinforcement degrees and correspon-
ding reinforcement ratios for various types of concrete wEa 2 types of
reinforcement. The prestress degree is chosen at 60 %. It is recalled, that
the relationship between reinforcement degrees and ratios is @ = LT/
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- Table 3.6 also contains calculations of the balanced values of the reinforcement degree @
and the ratio ¢ for two different types of reinforcement {f, = 500 and 1600 MPa). The
balanced reinforcement degrees are calculated from eq. (3.15) fora rectangular beam cross-
section. The importance of @, in structural design is obvious, because it is advantageous
from an economical point of view and for the sake of structural safety, to consider under
reinforced design of concrete structures.

Like it is concluded in Section 3.2.2, a significant effect of increasing the moment capacity,
by means of higher compressive strengths, is obtained by keeping the reinforcement degree
constant. From table 3.6 it appears, that compresit has high values of the balanced
reinforcement degree and ratio, compared with the other concrete types, both in case of mild
steel reinforcement and prestressing reinforcement. Therefore it is possible to add high
amounts of reinforcement to compresit beams and at the same time maintain the wnder
reinforced cross-section. This property is utilized to make the best possible use of the high
compressive strength of compresit.

Serviceability limit state. The analysis in Section 3.3 is based on a compresit beam with
prestressed strands. The prestress is necessary in order to utilize the uncracked bending
stiffness. Several criteria exist in order to limit the prestressing force, so that the stresses do
Bot exceed certain critical values. These criteria are given in Section 3.3.2, The SLS
demands, concerning cracking and deflection, are found to limit the possibility of long beam
spans.

In conventional concrete bridges the dead load is often dominant, compared with the live
load, which gives them certain cross-sectional dimensions to ensure the proper bending
stiffness. Figure 3.8 shows, that the modulus of elasticity is only increased about 25 % from
the case of a good NSC to compresit matrix, while the compressive strength increases 3 to
4 times. For beams made out of HSC or compresit the cross-sectional dimensions are
minimized due to the high strength. Thus, also the self-weight and the bending stiffness are
reduced. The SLS demand for bending stiffness is related to the live load, which remains
unaltered from the conventional design and therefore the long spans need an improved SLS
design.

Preliminary test resuits show reduced creep characteristics for compresit and give reason to
believe, that the elasticity ratio o = E,/E, decreases from its short-term valug of Gy = 4 to
a long-term value of o, = 10.

A subject that still needs research, is the influence of fibres on the bending cracks with
respect to both crack widths and mutual crack distances. In Section 2.4 of Part I of the
thesis’, results from tensile tests on mild steel bars, embedded in compresit matrix, are
given. These results show, that no visible cracks occur for tensile strains up to 1 %o. Thus,

*Basic Strength Properties of Compresit Matrix.
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it seerns that even though the cracking strain of the Ema.v.n is E.anmm& several times (g, =
0.2 %), then the fibres seem to provide a very effective &mﬁnwmjm of the cracks. However,
it is also observed, that the matrix looses its stiffness, when ¢, is exceeded. Therefore .En
tensile stress criteria, given in Section 3.3.2, is meant to ensure the uncracked bending

stiffness of the cross-section.

Esm.:w it is summarized, that the bending analysis m_.moi.m a mommmEmQ to make E&.om the
high compressive strength of compresit, but this ..E._mnmmou is closely connected with the
presence of steel fibres to provide enough aan:.w. Compared to NSC, where the
compressive strength about one fourth of the compresit mn.mnmﬁ? we can mon_.u_m the beam
span with compresit roughly speaking. Thus, it mamBm.ncmm_Ea to Emumuma with a ooHE.E.
support for instance. However, the lack of bending stiffness makes it necessary to rectify

the SLS demands by means of e.g. prestressing.

3.5 References

ACI 363 (1984), *State-of-the-Art Report on High-Strength Concrete’, ACI Commitice 363,
ACI Journal, Vol. 81, pp. 364-411.

ACI 318-89 (1989), Building Requirements for Reinforced Concrete and Commentary,
American Concrete Institute, Detroit, Michigan, 353 pp.

Alsayed, S.H. (1993), *Flexural Deflection of Reinforced Fibrous Concrete Beams’, ACT
Structural Journal, Vol. 90, pp. 72-76.

Carreira, D.J. & K.-H. Chu (1985), ’Stress - Strain Relationship for Plain Concrete in
Compression’, ACI Journal, Vol. 82, pp. 797-804.

CEB (1990), CEB - .wﬁu Model Code, CEB Bulletin D’information No. 213/214, Thomas
Telford, London, 437 pp.

DS 411 (1984), Danish Code of Practice for the Structural Use of Concrete, 3rd Ed., Dansk
Ingenierforening, 98 pp.

. i - : I Rules and Rules
EC2 (1992), Eurocode 2: Design of Concrete Structures - Part 1: Genera
A s@w Buildings, European Prestandard ENV 1992-1-1:1991, Ist Ed., May 1992,
Dansk Standardiseringsr 4d, Copenhagen, 253 pp.

/ ni i i i No. 176, Depart-
Exner, H. (1983), Betonbjelkers Bajningsbareevne, in Um.”EmF Serie R, y
e Bmsﬂ o».uwadoﬁ:p_ Engineering, Technical University of Denmark, Lyngby, 62 pp.

59




3. Bending of slender beams

Favre, R. & H. Charif (1994), *Basis Model and Simplified Caleulations of Deformations

Wo%o_.&sm to the CEB-FIP Model Code 1990°, ACI Structural Journal, Vol. 91, pp.
-177.

FIP/CEB (1990), Higk Strength Concrete, State of the Art Report, CEB Bulletin d’Informa-
tion No 197, 61 pp.

Henager, C.H. & T.J. Doherty (1976), *Analysis of Reinforced Fibrous Concrete Beams’,
Journal of the Structural Division, ASCE, Vol. 102, No. ST1, pp. 177-188.

Heshe, G. Qm..wmv, "Experimental Research on Compact Reinforced Composite (CRCY,
Bygningsstatiske Meddelelser, Vol. 59, No. 1, Danish Society for Structural Science
and Engineering, 79 pp.

Jobse, H.J. .,w 8.E. Moustafa (1984), "Applications of High Strength Concrete for Highway
Bridges’, PCI Journal, Vol. 29, No. 3, pp. 44-73,

Nielsen, M.P. (1984), Limit Analysis and Concrete Plasticity, Prentice-Hall Inc., Englewood
Cliffs, New Jersey, xii + 420 pp.

Sargin, M. (1971), Stress - Strain Relationships for Concrete and the Analysis of Structural
Concrete Sections, Study No. 4, Solid Mechanics Division, University of Waterloo,
Canada, xxvi + 167 pp.

Shah, §.P. & S.H. Ahmad (1985), *Structural Properties of High Strength Concrete and its

Mﬂv_momn._ouu for Precast Prestressed Concrete’, PCI Journal, Vol. 30, No. 6, pp. 92-
19.

Swamy, WZ & 8. Al-Ta’an (1981), 'Deformation and Ultimate Strength in Flexure of
Reinforced Concrete Beams Made with Steel Fiber Concrete’, 4CT Journal, Vol.
78, pp. 395-405.

Wang, m..ﬂ.. 8.P. Shah & A.E. Naaman (1978), ’Stress - Strain Curves of Normal and
Lightweight Concrete in Compression’, ACI Journal, Vol. 75, pp. 603-611.

60

4. Shear strength of beams

The shear failure of reinforced concrete beams is very complex compared with the bending
failure, where the mechanism is better known. Thus, the shear strength is rather difficult to
predict beeause it depends on a lot of parameters such as the shear span, the amount of both
longitudinal and vertical reinforcement, the concrete strength and also the beam size. The
normal code-like approach is to divide the shear capacity into a sum of contributions from
the concrete (aggregate interlock), the reinforcement bars (dowel action), ete. These
contributions are analytically described by means of empirical expressions.

In the present investigation however, basis is taken in the theoretical plastic upper-bound
solution to the shear capacity of beams subjected to 4-point loading. This solution is
summarized in the following section for a rigid-plastic Coulomb material with zero tension
cut-off, It is expected that the plastic solution is going to dominate the code recommenda-
tions in the future, especially in Europe.

The plastic approach to the shear strength of beams has proven to be a good design tool for
reinforced concrete structures. The work mainly took place at the Department of Structural
Engineering, Technical University of Denmark, during the seventies, see e.g. Nielsen (1984),
pp- 205-235, for a thorough description of this work including several references. In Nielsen
& Breestrup (1978) the solution of non-shear reinforced beams is first published and in
Jensen (1981) a preat effort is made to obtain a complete exact plastic solution. Recently
Chen (1988) has included the concrete tensile strength in the plastic solutions for beams
with or without prestressing, deep beams and corbels.

In order to fit the plastic solution to laboratory test results an effectiveness facior v is
introduced. This factor is considered to fall within the range 0 - 1 and it is multiplied to the
uniaxial compressive strength to obtain the plastic strength vf; < f,. An extensive experi-
mental fitting of this factor exists in Roikjeer et al. (1979) and in Chen (1988). The effec-
tiveness factor is often interpreted to reflect the concrete brittleness, where smaller values
of v give a more brittle material, ie. v decreases with increasing f, . In case of beams
without shear reinforcement the effectiveness factor depends on manmy parameters. It is
found to increase with the reinforcement ratio, while it decreases with shear span and beam
size. In case of shear reinforced beams v is only considered to vary with the concrete
strength. Thus, the presence of shear reinforcement makes the other effects secondary.

The present investigation does not include any fitting with respect to the various parameters,
but instead it is an analysis of the fibre effect on the shear strength. Furthermore the basic
upper bound plastic solution is considered without taking the influence of the tensile
strength of concrete into account. It is believed, that the fibres improve the concrete ductility
and therefore increases the effectiveness factor significantly. The fact that shear failure
normally happens under the formation of a diagonal shear crack gives reason to believe, that
the fibres have a positive effect by providing increased ductility and energy dissipation.
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4.1 Theoretical plastic solution

The plastic solution is based on a horizontal simply supported rectangular beam subjected
to 2 vertical loads, symmetrically placed with respect to the beam mid-span. The clear
distance between the support and the load is denoted the shear span a. The beam dimensions
are similar to those applied in Chapter 3, cf. figure 4.1.

The basis for an exact plastic solution is an upper bound and a lower bound yield load, that
coincide, see Section 2.1:1. The solution, that is applied in this chapter, is a simple one,
where the most important parameters are included. In Jensen (1981) the exact solution is
given with identical upper and lower bound yield loads. However, these exact expressions
include both the width of the load plate, the width of the support plate and the position of
the longitudinal reinforcement beside the reinforcement degree and of course the shear span.
Thus, the exact solution is rather complex and involves a lot of parameters.

The simple solution, shown in eq. (4.2), is only exact, when a certain relationship exists
between the position of the reinforcement 4 and the width of the support plate, ¢f. Jensen
(1981). This solution corresponds to an upper bound failure mode with pure translation,
while the complete solution requires rofations as well. In Jensen (1981) the complete
solution is briefly compared with the work by Roiljer et al. (1979) on the experimental
fitting of v. His conclusion is, that the differences between the complete solution and the
simple solution is only marginal. Therefore it seems reasonably to consider the simple
expression for practical purposes instead of the more complex solution.

There exist various opinions of which beam dimensions, that are significant in describing
the shear strength. The most common method is to consider the nominal shear stress defined
as the shear force ¥ divided by the effective cross-sectional area bd. Similarly the shear span
a is often normalized with respect to the effective beam depth d. In figure 4.1 a diagonal
discontinuity line, representing a shear crack, is depicted between the edges of the load
plates and the distance between these edges is considered as the shear span in the following.

The reinforcement may consist of both longitudinal tensile steel bars at the depth 4 and
vertical stirrups with spacing a,. The corresponding reinforcement ratios and degrees are
defined by

A, .“Iw ¢, = A @, = Geﬁ.«k 4.1y

¥
w
where the subseript w denotes the web reinforcement.

In figure 4.1 the displacement discontinuity line, that is assumed in the upper-bound
solution, is shown. The stresses in the beam are assumed to be plane siresses and the
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Coulomb failure criterion with zero tension cut-off is applied. This corresponds to ﬂwm square
yield Iocus, <f. figure 2.6, and the angle of friction has no influence on the solution.

Pt

—
\\ - | G
Lol

Figure 4.1: Rectangular beam subjected to 4-point loading. The theoretical dis-
placement discontinuity line is also shown.

The shear capacity is written as a function of the vertical and horizontal reinforcement
degrees, see e.g. Chen (1988). If either one of the reinforcement n_mm._.uom O®or D, nxn.b@@m
their maximum values ((w2)(/d) and vw/2 respectively) these maximum values are used in
the expressions below. This is indicated by the conditions ® * (W2)(%/d) and @, # v/2.

- - + 8 &
AeiaF + apyd-ov@ly - ofd) + 20, 058, <8, .

v

T
bdf, 1. .w.,.\a?ss ~OR -8, D<@,

where the limit @,, is defined by

o - vVald + dHd-BBly -ald g, VR @3)
N S T A% B YT 24d
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4. Shear strength of beams

The maximum values for the reinforcement degrees corresponds to the situation, where the
reinforcement stops yielding. If &, is below @, , then the theoretical discontinuity line runs
all along the shear span, i.e. the capacity depends on a.

4.1.1 Shear strength without stirrups

In this section several test results are compared with the plastic solution in eq. (4.2).
Emphasis is put on HSC beams without shear reinforcement. The number of test results on
high-strength beams is still limited, making a parameter fitting rather difficulty. Furthermore
most test series only includes one test beam for each parameter combination, so that the
experimental scaiter is difficulty to evaluate.

In Zhang (1994) some new ideas, concerning the shear strength of NSC beams without
stirrup reinforcement, are stated. These ideas are briefly summarized here. Like previously
mentioned the effectiveness factor is found to decrease with the shear span a for short spans
and then increase again, when the shear span exceeds a value of approximately 3d. This
dependency of v on a/d is modelled by a second order polynomium in Roikjer et al. (1979).

However Zhang tries to eliminate this dependency by means of the socalled ecracked shear
strength.

The various phenomena during a shear failure under 4-point loading is summarized as

- Vertical bending cracks initiate in the mid-span of the beam, where the bending
moment is constant and the shear force is zero.

- At a certain load level bending cracks also appear in the shear spans. These cracks
tend to flatten off to form inclined shear cracks. The cracks run towards the load
plates at the upper beam side.

- Suddenly a final diagonal shear crack propagates through the entire depth of the

beam together with a splitting crack along the longitudinal reinforcement towards
the support.

- Finally the load capacity is reached with the formation of this diagonal crack, or
eventually further load is sustained until crushing of the compression zone under
the load piate.

In her analysis Zhang (1994) assumes, that the position of the final diagonal erack is
determined by the tensile bending strength of the beam and that sliding occurs in this
diagonal crack. Thus, it is the cracked shear strength, that governs the shear strength of the
beam instead of the mondlithic strength. The plastic solution states, that the theoretical yield
line runs from the load plate to the support plate, when the tensile concrete strength is
neglected and mo stirrups exist. Instead the tensile bending strength of the concrete is used
to determine the actual position of the diagonal shear crack (and with it the modified
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ition of the yield line). This modified shear span, which is shorter than the mnEE. span,
Wo w_mmnma in z._w plastic No_amon together with the n_.mown.a m.m&um strength. Nr.mum estimates
the cracked sliding stremgth to be about half the monolithic mnmum.au on basis of wcmr,.om
tests. For relatively smail shear spans the conerete acts morolithic with a crack running
from the load plate to the support plate.

| i between
The expressions are not repeated her but Zhang (1994) mu.% good agreement bet
several un_mm&nm_ test resulis on NSC beams and her modified shear sirength s_._En..E
including any dependency of the shear span on the effectiveness factor. For further details
the reader is referred to her thesis.

It seems reasonable to apply this modified plastic solution to HSC beams, in particular
because it is a brittle material, which makes it very sensitive to the presence of nEnWm...ﬂ”_E.
the difference between cracked and monolithic strength is expected to be much more distinet

for HSC than for NSC.

HSC test results. In table 4.1 a survey of some of the m_ummn. tests on m.mn beams is m?.nu.
The results from these references are compared to the plastic mo_:E.uu in eq. (4.2) putting
&, = 0 in the following diagrams. Both the dependency of the normalized shear mqnam.ﬁ. f
Q% [, a/d and ¢ is treated, where it is recalled, that T is defined by the shear force V divided
by the effective cross-sectional area &d.

Tavestigation | .| Steesgth £
Nielsen & Breestrup 54 180 %302 | 06-3.6 0.68
(1978)
Mphonde & Frantz 20-100 | 152x208 | 15-36 3.36
(1984)
Ahmad et al. (1986) 70 127 x 200 1-4 1.77 - 6.36
Thorenfeldt & Drangs- 78, 98 150 x 250 23-4 323
holt (1990)
Xie et al. (1994) 40,104 | 127 x 215 1-3 207
Kim & Park (1994) 54 150 x 250 15-6 1.01 - 4.68
Table 4.1: Summary of existing shear tests on HSC beams without stirrups. Note that

Mphonde & Frantz use 3-point loading instead of 4-point and Nielsen &
Brastrup use prestressed beams.
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In Nielsen & Brastrup (1978) the inverse expressions to eq. (4.2) are given in order to
om_o:_mn.m v m_&nu the shear capacity is experimentally determined. In case of @, = 0 the
expressions in eq. {4.2) are rearranged into the following
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e ed
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Figure 4.2: Experimental v - f, dependency for @/d = 3 - 4. Constant reinforcement

ratio ¢ =~ 3.3 % but varying concrete strength.

In figure 4.2 the effectiveness factors, calculated from some of the shear strengths in
Mphonde & Frantz (1984) and Thorenfeldt & Drangsholt {1950}, are depicted as a function
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of f, for relatively large values of the shear span. The expected decreasing v - £, relationship
is significant. Furthermore, the model v = 2.2/J/f. is inserted in figure 4.2. This type of rela-
tionship is often applied in order to model the influence of £ . However, it does not seem
to fit the test results propesly along the whole strength range.
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shear span a/d
Figure 4.3: Experimental v - a/d relationship for HSC (f, = 70 - 104 MPa). Constant

reinforcement ratio ¢ = 2 %,

In figure 4.3 a few examples of the fitted values of v are given as a function of the shear
span for 3 different test series. It is noted that the experimental scatter makes any clear
conclusion difficult. From the HSC test results two trends seem to exist when the findings
of Zhang (1994) are kept in mind: '

67




4. Shear strength of beams

- The effectiveness factor decreases, when the shear span increases.
- The shear strength seems to be independent of the shear span, when @/d > 3.

The first observation symbolizes the transition from menolithic strength to cracked strength.
For short shear spans (a/d < 1) the plastic solution requires a rather high effectiveness
mwm_”n_u“.m rnnmcuw the wE_Em%mumam through menolithic concrete. The fact that the experimental
Ie: sometimes exceed v = 1 for short spans may be connected with the pl

assurnption, which is violated. d © pane svess
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, reinforcement ratio (pet.)
Figure 4.4: Experimental v - ¢ relationship for a/d = 3. The numbers indicate the

compressive concrete strengths,

For moderate shear spans (1 < a/d < 3) the sliding resistance of a bending related crack
governs the shear capacity. Thus, the effectiveness factor decreases significantly in this
range and the modified theory by Zhang (1994) should be applied.
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Finally the long shear spans (a/d > 3) are recognized to give almost constant strengths
independent of e/d. Thus, the plastic solution with continuously decreasing wif. - o/d
relationship is not valid. Instead the theoretical shear strength at /4 = 3 should be used for
longer spans. The fact that the shear strength seems to be constant, when a/d exceeds 3 is
often interpreted as the fensile strength of the concrete which is neglected in the simple

solution.

The beam size effect on the shear strength is investigated by Kim & Park (1994). Four
different beam cross-sections with effective depths ranging from 142 mm to 915 mm are
tested, all having identical compressive strength (f, = 54 MPa), reinforcement ratio ($ = 1.87
% and & = 16.6 %) and identical normalized shear span (@/d = 3). The effectiveness factors
calculated by means of eq. (4.4) decrease from 0.29 to 0.21 from this increased beam depth,
i.e. a decrease of approximately one third. A similar trend is observed from the results in
Thorenfeldt & Drangsholt {1990), where the beam size is doubled.

The dependency of /f, with respect to the amount of longitudinal reinforcement is depicted
in figure 4.4, The effectiveness factor, calculated from eq. (4.4), is given as a function of
the reinforcement ratio ¢ for the constant shear span a/d = 3. It seems that v increases with
the amount of reinforcement even though the effect is rather modest. Chen (1988) also
observes an increasing effect of ¢ on the effectiveness factor, but only while § <2 %, which

is not supported by figure 4.4,

= O — I T L nitoti T PR R PR |ﬂ—
lnvéstigation . . |- Strength | Dimensions | Shear span | :'Reinf. |- Web'reinf. -
T e e e e e

Mphonde & 20 - 90 152 = 298 36 3.36 0.34 - 1.03

Frantz {1985)

Sarsam & Al- 40, 75 180 x 233 25,4 223-351| 076 - 1,53

Musawi (1992}

. 42 32 1.58

Xie et al. (1994) 100 127 » 203 1-4 454 165 - 253

Table 4.2: Summary of existing shear tests on HSC beams with stirrups. Note that
both Mphonde & Frantz and Xie et al. use 3-point loading instead of 4-

point.
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4. Shear strength of beams

4.1.2 Shear strength with stirrups

..E..n_.n. nxmmﬁ scarcely any beam tests on HSC beams with stimups. In table 4.2 three
investigations are included, viz. Mphonde & Frantz (1985), Sarsam & Al-Musawi (1992)
and Xie et al. (1994), where concrete strengths up to 100 MPa are tested. The investigations
by Mphende & Frantz and Xie et al. use beams under 3-point loading, while Sarsam & Al-
Musawi use 4-point bending.

0.6
3 A
0.5 N
] N
“ /
s ~
= 7] ~
‘m OL. - P ~
Q 7 ~
g . N N
2 3 o A
£0.3 » .
o 3 *~ . h
P 1 — ~
.m : Nk - h -
g0z RN
] TNB o S K
m % o— I oo m/ ok
0.1 3 = /f/w"_n
J¥##%k Mphonde & Frantz (1985), a/d = 3.6
JPEEEs Sarsam & Al-Musawi (1992 .\w\a =4
0.0 Jassass Sarsam & Al-Musawi (1992), a/d =2.5
.. __.--—___-.—___-___-——_—___u__—.-_-__—-_—u
0 20 40 60 80 + 100
uniaxial compressive strength (MPa)
Figure 4.5: Experimental v - £, relationship from HSC beams with shear reinforcement.

The connected symbols only include variation of £,

In @mE.m 4.5 the nm.n.nmﬁnomm factors, calculated from two of the test series in table 4.2, are
depicted as a .Um.Eo:os of the uniaxial strength. The data points in figure 4.6, that are
connected by lines represent tests, where only the compressive strength of the concrete mix
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is altered. The trend from beams without stirrups, where the effectiveness factor decreases,
still exists, cf. figure 4.2. However, the effectiveness factor also seems to decrease with the
shear span like in the case without stirrups. The lack of repetitions makes it impossible to
include the experimental scatter in order to verify the significance.

In Xie et al. (1994) the shear span alone is varied for both NSC and HSC beams (@/d = 1,
2 and 3). The effectiveness factor equals 0.54, 0.21 and 0.13 respectively for the NSC
beams and 0.34, 0.18 and 0.1 respectively for the HSC beams, when the shear span
increases. Thus, there seems to be a significant influence from the shear span on v.

Furthermore both Sarsam & Al-Musawi (1992) and Xie et al. (1994) vary the amount of
shear reinforcement for constant values of &/d, f. and &. Sarsam & Al-Musawi (a/d = 2.5
and £ = 75 MPa) find a significantly decreasing v, when the shear reinforcement ratio
increases. Xie et al. (@/d = 3 and £, = 100 MPa) find an almost constant effectiveness factor

on the contrary.

The normal approach in case of shear reinforced NSC beams is to consider an influence of
the compressive strength on the effectiveness factor only. The influence of the other
parameters such as reinforcement ratios and shear span is often neglected. However, the test
results on HSC beams may indicate, that this approach cannot be transferred directly to
higher concrete strengths without also including the influence of especially the shear span.
The scarce nature of the shear reinforced beam tests however, makes any proper conclusions

impossible, :

42 Steel fibre effect on shear strength

There exist several investipations, where steel fibres are added to comcrete in order to
evaluate their effect on the beam shear strength. Table 4.3 contains most of these inves-
tigations. Most of the research is based on comparisons between code expressions of the
shear strength and test results with varying amounts of fibres. It seems that the concrete
beam shear strength is one of the few strength properties, that is significantly altered by the
presence of steel fibres.

Recently Batson & Youssef (1994) have compared shear test results with the plastic solution
and found a significant increase of the effectiveness factor. This observation is further
supported in the following section. Like it appears from table 4.3, the investigated fibre
types and amounts vary significantly. Most researchers use fibre contents ranging from 0.25
to 1.5 % and normally a reference mix without fibres is included. A few of the in-
vestigations also include beams with shear reinforcement.
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- . 4.2 Steel fibre effect on shear strength

oo hokedend | 75| 0,06
Mww o al. 80 2-6 mnomwmr 100 0-1
ﬁmmm%w tal 4050 | 2-49 . nw.mnw q 100 0,1
mwﬁwwwa. 35 ts-2 | O-1 60 0-06
oy & o210 1.6 oS 75 | 04-11
mw_wwﬁ al. 4| 15-35 %m.mmwﬂ 60 0-06
ww”wwmmm%md 60-70 | 2-31 eﬁnw . | 100133 ] 0.1
M_NMM% et al. 30 244 Ewmam“w . 60 0-05
Sharma (1986) | 45 1.9 st wa | 8 0,08
wﬁﬂ_wm ot | %0 45 nmwwuw_..w 100 0-12
ﬁﬁ»ﬂwﬁu& 30 4.7 0. 1.5 - -
m%mw tal 33 40| 12-5 mmb uMw 60 01-1a
T Svamy & Bahia, Swamy et al. and Tan et al. investigate thin-webbed I-
Table 4.3: mwwmﬂn”wmﬁ on FRC beams reinforced with enly longitudinal bars and steel

fibre reinforcement. Williamson & Knab test large beams, but they do not
specify their fibres, while the others test laboratory-sized beams.
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4.2.1 Experimental shear strength of FRC

FRC beams without stirrups. The reported strength effect of mm.&bm mﬁw_ ng.mm EG nMM
comnected with increased compressive m_qnu.mn._m. because the relatively smi M__.Homum_unma
fibres hardly influence the uniaxiai compressive ua.num.nr In figure .A.m the _._S._.MN _NME car
strengths /f, are depicted as a function of the fibre reinforcement index SMH\%W " wwﬁ E
amount and the geometry of the fibre reinforcement vary for the connecte p
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- 4.2 Steel fibre effect on shear strength

mmE.n&.Q“EE_mm:oEmnﬁEmBmBummpormmwwomn span and reinforcement degree are kept
constant.

Beside the experimental scatter, that is expected, the results in figure 4.6 seem to indicate

an increasing strength effect for Vi(L,/d;} < 0.75. For higher values of the fibre reinfor-
cement index no further strength increase seems possible,

In Darwish & Narayanan (1990) shear design recommendations are given for FRC beams
based on both their own test results and others. The shear capacity is divided into a
reinforcement contribution and a fibre contribution. The Jibre contribution depends almost
linearly on the fibre reinforcement index and the fibre offect on the compressive strength
is also included by Darwish & Narayanan. The proposed lower limit for Ve(l,/d;) is
approximately 0.3 in order to include the fibre effect on the shear strength. The proposed
upper limit of the fibre reinforcement index ranges from 2 to 3. These limits depend on the
type of steel fibre. Within this range the fibre contribution to the . shear strength is

proporticnal to Vy(L,/d;) according to Darwish & Narayanan. This design proposal is not
in accordance with figure 4.6,

The FRC results are compared with the plastic solution in the previous section. In figure 4.7
all FRC shear tests without stirrups are depicted in a diagram with the experimentally
observed shear strengths, normalized with respect to £, along the ordiante and the rigid-
Plastic solution along the abscissa, i.e. eq. {4.2) with v = 1. The diagonal line in the diagram
represents the condition, where the experimental results fit v = 1, while data points below
this diagonat line represent effectiveness factors less than unity, In order to model the data
points, that lie above the diagonal line with theory of plasticity, we have to expand the
expressions in eq. (4.2) to include the tensile strength of the conerete. The latter is not

included in the present analysis because it complicates the plastic solution strongly, cf, Chen
(1988).

The data points in figure 4.7 are divided into 3 groups, viz. firstly the reference group
without fibres (symbolized with the circles), secondly the beams with small amounts of
fibres (having Vi(L,/d;) < 0.75 and symbolized with the asterises) and finally a group with
fibre reinforcement indices 0.75 < V(L /d) < 1.3 (symbolized with the boxes). The test
results include normalized shear spans /d from 1 to 6, compressive strengths £ from 20 to

:ogmmbnam:moann.:oa%mﬁomem.oaaﬁoqcobm:aﬁnoﬁ fibre geometries, cf.
table 4.3,

Furthermore 3 test results on compresit beams with 6 % fibres are inserted in figure 4.7
corresponding to V,(L./d;} = 2.4 (straight Dramix fibres with L;= 6 mm and d,= 0.15 mm).
A total of 5 compresit beams are described in Heshe (1988) with 3 different longitudinal
reinforcement arrangements. The beams are reinforced strongly in erder to avoid bending
failure, i.e. with reinforcement degrees & > 60 %. The cross-sectional dimensions are b=
100 mm and 4 = 200 mm with the effective depth 4 = 160 mm. Three different shear spans
give a/d = 4.1, 4.5 and 4.8, ie. relatively large shear spans. The uniaxial compressive
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strength is approximately 130 MPa. Unfortunately no beam tests on plain compresit matrx
without fibres exist.
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Figure 4.7: in tabie 4.3. The compresit beams are taken from Heshe (1938).

The plain beam results without fibres are placed below the &.mmou& :.pn mwm.:rmm Mﬁo”ﬂ%
i nw<uA 1. The fibre reinforced results lie much closer to the M_mmouwww_%nmmm.w“o " MM: ans et
he i factor is closer to unity. If the mean value of | ;

o mmmmwﬁnmw the theoretical shear strength is nEoEmﬁa we obtain the mo:o«m;%%ﬁmmﬁmﬂ_m
Qﬁm_.m. E[(t/£) o /(tf)ed = 0.755, 1.03 and 1.20 nowunnﬁ.?.m_w for the 3 groups 0 nnmma
M“mmum:..a 4 q.nm.». course the results show a large experimental scatter like it is exp .
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The results of figure 4.8 show, that even though only a small amount of fibres is added to
the concrete mix (< 1 %), then the FRC material acts like a plastic material in shear, Thus,
the effectiveness factor on the compressive strength may be neglected. Recalling the ideas,
concerning the cracked shear strength approach, described in Section 4.1.1, a reascnable
explanation of the significant fibre effect exists. The sliding resistance of an existing
bending crack consists both of aggregate interlock and of crossing fibres being pulled out,
i.e. a crack through FRC does not reduce the shear stength as much as a crack through
plain concrete. Furthermore the presence of fibres prevents the sudden failure of a single
diagonal shear crack, so that the failure is notified like it is in case of shear reinforcement.

FRC beams with stirrups. The few test results, that exist, where both fibres and stirrups
are applied, are not sufficient to make any clear conclusions. In El-Niema (1991} shear
reinforced NSC beams with various fibre contents are tested under 4-point loading (a/d =
4.5). The compressive strength is £, = 25 MPa and the longitudinal reinforcement corres-
ponds to @ > 50 % and the web reinforcement 8. = 1.1 MPa. The steel fibres are crimped
and they are applied to 9 different concrete mixes giving fibre reinforcement indices within
the range 0.3 to 1.3, beside a reference mix without fibres. The normalized experimental
shear strengths t/f. do not show any significant influence of the fibre reinforcement.

In Sharma (1986) a normalized shear span of a/d = 1.9 is used. A concrete mix with L=
45 MPa is reinforced by 1 % fibres, corresponding to Vo(L,/d;) = 0.8, which results in a
normalized shear strength increase of approximately 40 % compared fo the reference mix.
Unfortunately Sharma does not include the strength characteristics of the reinforcement steel
implied so that a further analysis is difficult.

In Shin et al. (1994) HSC beams with f, = 80 MPa are reinforced with both fibres and
stirrups for a/d = 3. The amount of shear reinforcement is not reported, but a comparison
with the reference beam without fibres indicates, that the fibres do not influence the shear
strength, when stirrups are present. The fibre reinforcement index applied by Shin et al. has
the values 0.5 and 1, cf. table 4.3,

Finally both Lim et al. (1987) and Narayanan & Darwish (1987) include reference test
beams with stirrups, but no steel fibres, of. table 4.3. The normalized shear spans are a/d
= 1.5, 2.5 and 3.5 and a/d = 2, 2.5 and 3 respectively for the two investigations and the
longitudinal reinforcement ratios ¢ are constantly 2.2 and 2 % respectively. Lim et al. apply
NSC beams with £, = 34 MPa, while Narayanan & Darwish use HSC beams with £=60-70
MPa. The shear reinforcement consists of stirrups with .7 = 0.8 MPa in both cases. The
conclusion in Lim et al, (1987) is, that the stirrups can be replaced by 0.5 % straight steel
fibres to give identical shear capacity. In Narayanan & Darwish (1987) less than 0.25 %
crimped stee] fibres is enough to replace the stirrups.

These observations are validated by Lim et al. by means of the direct tensile strength of the

FRC mix. This tensile strength is measured to comespond reasonably to b from the
stirrup reinforcement, when 0.5 % fibres are added.
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'4.3 Diagonal compression field theory

The ULS shear design, that is used in Denmark since 1983, is based on the Emoa.\ of
plasticity. A method to predict the necessary shear H&E,Q.oaamﬂ E order to catry a given
shear force is named the diagonal compression field theory, which is recommended in D3
411 (1984).

This method is based on a lower bound plastic solution, which is E”mamw 9.55»1&& wnu.a,
see also Niclsen (1984), pp. 205-235 for further detaiis. The beam is oﬁ..nwamnma to consist
of a compressive and a tensile stringer. The distance between these stringers is termed the
internal moment lever h,. The nominal shear stress 7 is nﬁn:._.&nm as the m.rn.ma force V
divided with bk, . The value of &, changes along the beam according to the variations of .Em
bending moment. It is assumed, that the value of &, corresponds to the maximum bending
moment of the beam. The beam web, which is the region between the mn”Emﬂ.m. is mmm;u._nm_
to be in uniaxial compression inclined © with respect to the beam axis. The angle w is
termed the crack angle because it symbolizes diagonal cracks parallel with the compressive
stresses. Both the compressive and the tensile stringer are assumed to be sufficiently strong
in order to carry the bending action.

Failure is defined as a combination of web crushing, when Em inclined uniaxial compression
o, exceeds the effective strength vf,, and yielding of the stirrups ._.bn_a_. the stress £, Only
vertical stirrups perpendicular to the beam axis are considered. Tt is noted, that the reduced

material strengths f,, and £, are applied because of the ULS.

The equilibrium equations give the relationship between the shear stress T, the diagonal
compression o, and the crack angle:

v
o, = t{tan + cotd) < vf,, T = 4.5

In order to ensure equilibrium on a section parallel with the beam axis the tensile stresses
a,, in the stirrups should should fulfil the relationship
thatan® = A o, < A f

; @.6)

@:H.Eﬁ > ttanB

i iti ic principle of plastic lower
The inequalities of egs. (4.5) and (4.6) non.nmvo.s.n_ to the basic princip fp Y
bound solutions, where the stress state in equilibrium should be safe within the Sai

surface, cf. Section 2.1.1.

The combination of egs. (4.5) and (4.6) gives the design method ochmm in mm&..m ﬁw For
a given shear force (and siress) it is checked, whether the web crushing condition in eg.
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4.3 Diagonal compression field theory
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Figure 4.8: Graphical illustration of diagonal compression field theory for shear design

of beams. Material strengths are reduced design values.

(4.5) is met, We wish to obtain the smallest possible crack angle in order to minimize the
amount of shear reinforcement (¢, in figure 4.8). It is theoretically possible to consider
crack angles within the range 0 < @ < 90°, but the diagonal compression increases, when
6 decreases. However, in order to ensure, that the shear cracks during the SLS is not to

large, the Danish conerete code recommends the following range for *
12 e 26.6° @.7
stumwﬁu.a hmwmwﬁmm.qa.n iled Teinf. )

The value of the effectivencss factor to be used in eq. (4.5) is modelled as a decreasing
function of the compressive strength:
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fe

v=07 - ———,
200 MPa

£, < 50 MPa 4.8)

Thus, the effectiveness factor decreases from almost 0.7 for a low-strength concrete to 0.45
for £, = 50 MPa.

If the maximum allowable inclined compression stress o, = Vf,, is less than 2t, see figure
4.9, then it is impossible to reinforce the web sufficiently and a larger cross-sectional web
area is needed. If instead vf,, is higher than 2.5<, then the lower limit of 0, see eq. (4.7), is
chosen because it gives the smallest amount of shear reinforcement. However, the latter
condition may be interpreted as the compressive strength of the web not being fully utilized.

The method described above corresponds to the solution in eq. {4.2) with sufficiently strong
longitudinal reinforcement, i.e. ® = (W2)(#/d), and @, = @,,. Thus, an illustration of the
relationship between the shear sirength t and the shear reinforcement degree @, = ¢, fu/fs
obtained by combining egs. (4.5) and (4.6), reveals a quarter of a circle in a 1/, - D,
diagram with its center at (x/f;, ©,) = (0, v/2} and radivs equal to v/2.

It should be noted, that in order to fulfil the equilibrium equations the stringer forces are
altered by the shear force on the cross-section. If the bending moment on the cross-section
is denoted M, then both the compressive and the tensile stringer forces are M/, . The
compressive stringer force is reduced by 0.5Fcotd and the tensile stringer force is increased
with the same amount. Thus the longitudinal reinforcement should be designed with this
additional tensile load in mind.

According to the design method the shear force in question for determining the necessary
web reinforcement is defined as the smallest shear force along a length kcot6 of the beam
axis. Often the beam is divided in intervals of length hcot® and each interval is treated
separately according to the lowest shear force within that interval, cf. Nielsen (1984).

43.1 Application to compresit and HSC

It is assumed, that the presence of steel fibres makes it possible to utilize the compression
diagonal in the web completely, i.e. eq. (4.5) reads o, < f,,. This assumption is based on the
findings of Section 4.2, where relatively small amounts of steel fibres affect the shear
capacity remarkably,

in figure 4.9 the normalized shear stength js calculated according to the diagonal
compression field theory with varying web reinforcement ratio. For NSC, HSC and
compresit the compressive strengths are 40, 80 and 140 MPa respectively and the stirrup
vield strength is f,, = 300 MPa. The effectiveness factor is calculated from eq. (4.8) to 0.5
for NSC and this value is also used for HSC. For compresit the effectiveness factor v= 0.7
is applied in order to compare realistic design strengths.
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4.4 Concluding remarks
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Figure 4.9: Recommended t/f, - ¢,, relationship for NSC with £, = 40 MPa, HSC with
J. = 80 MPa and compresit with £, = 140 MPa.

The curved part of the relationships in figure 4.9 comesponds to. the circular +/f - @,
relationship mentioned in the previous section, i.e. combined web crushing and stirrup
vielding. The initial part the curves are straight lines from the origin. This linear part
represents the situation when the crack angle & has reached its lower limit (26.6° given in
eq. (4.7). The circular curves are stopped when the slope gets zero, representing the over
reinforced situation.

In figure 4.9 the strong effect of the effectiveness factor is obvious. For the NSC beam
(dashed line) the web crushing criterion is met at ¢, = 1 %. If, for instance steel fibres are
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added to the NSC mix, increasing v then the web crushing criterion gives significant higher
shear strengths. The same trend applies for HSC in figure 4.9, but it also appears, that the
higher compressive strength obtained in both HSC and compresit inereases the need for
stirrup reinforcement in order to utilize the compressive strength of the web.

432 Fibres as shear reinforcement

In figure 4.6 it is indicated, that steel fibres increases the normalized shear strength /.. For
relatively large values of &/ (in the vicinity of 3) the results show a reasonably linear effect
on tf, with respect to the fibre reinforcement index. However, when ¥ (Z,/d,) exceeds
approximately 0.75 no further effect seems present, Like it is expected the fibre effect is
strongest for the beam tests without any other shear reinforcement than steel fibres.

If the above-mentioned increasing effect from ¥,(L,/d;) on f, is compared with the stirrup
effects in figure 4.9, then it is found, that V,(L/d;) ~ 1 corresponds to a rather modest shear
reinforcement ratio ¢, = 0.2 %. In the Danish concrete code the minimum shear
reinforcement ratio is given as "7, = 0.2f,, where f, is the concrete tensile strength (often
taken as £ = +/(0.1£)). For NSC this demand gives ¢, = 0.13 %, i.c. the fibre effect
corresponds approximately to the shear capacity obtained from the minimum required shear
reinforcement ratio.

In Feddersen (1989) the design tool of the diagenal compression field theory from the
previous section is extended to include the socalled compression arch effect of the concrete
near the supports. The reader is referred to Feddersen (1989) for the details, but the solution
in eq. {4.2) without shear reinforcement (P, = 0} is combined with the diagonal
compression field theory. If x denotes the distance from the support along the beam axis,
then the shear strength from the arch effect is obtained by eq. (4.2), where the shear span
a/d is replaced by the distance x/d. When steel fibres are added to the concrete beams the
investigation in Section 4.2.1 show, that v = 1 in eq. (4.2) is applicable. Thus, the arch
effect is strongly affected by the fibres, contrary to the effect on a web reinforced beam.

4.4 Concluding remarks

The present analysis of the shear strength of HSC and FRC beams is mainly based on
laboratory tests on beams subjected to 4-point leading. The beam failures are all recognized
to happen as a consequence of the shear force within the shear span contrary to bending
failure. The test results are compared with a theoretical plastic solution, which is
summarized in Section 4.1. It is emphasized, that the practical experience with HSC and
FRC beams is rather scarce compared with NSC beamns, i.e. the conclusions reflect this fact.
There are only a few available shear tests on compresit beams. They show that in order to
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provoke a shear failure E.mﬁma of a bending failure the beams have to be over reinforced
considerably with respect to the longitudinat reinforcement. Unfortunately there exist no
shear tests with plain compresit without fibres.

A common observation from all FRC fests is, that the shear failure gets much more ductile,
when steel fibres are added. Instead of a single diagonal crack the failure may consist of
severdl cracks originating from the bending cracks within the shear span. The steel fibres
are also found to increase the shear strength. This effect is most pronounced in the FRC
beams without any web reinforcement, cf. figure 4.7. The increased strength is significant
for rather small amounts of steel fibres, e.g. when the fibre reinforcement index ¥(L,/dy)
is less than approximately 0.75. When ¥, (L,/d;) exceeds approximately 0.75 no further
effect seems present. However, the number of existing tests with fibre reinforcement index
beyond the value 1 is very limited. The fibre reinforcement may be equivalented to stirrup
reinforcement, but a rough analysis shows, that the fibres hardly correspond to the shear
capacity given by the required minimum shear reinforcement.

A comparison between the FRC test results without stirrups and the theoretical plastic
solution shows, that the fibre effect is reasonably modelled by putting the effectiveness
factor v = 1. This proposal is based on typical values of the longitudinal reinforcement
degree, the shear span, the beam size and the concrete strength, cf. table 4.3. For values of
the fibre reinforcement index ¥, (L,/d,) > 0.75 the assumption v = 1 seems to give a safe
prediction of the shear strength. Batson & Youssef (1994) also find, that steel fibres increase
v significantly, but no quantification is provided. It is expected, that a certain experimental
relationship exists between the fibre parameters and the value of v, but the experimental
scatter together with the scarce number of tests make such a quantification impossible at the
present time, Furthermore the variation of v with respect to the different parameters of plain
NSC beams is rather complex.

The quantification of the fibre effect on the beam shear strength may also be performed by
taking the direct tensile strength into consideration in the plastic solution, cf. Chen (1988).
However, it is the author’s opinion, that this solution is much to complex for practical
application. The fact that the shear strength becomes constant at a certain value of the shear
span {@/d = 3) is actually an indication of the tensile strength of the concrete. Furthermore
the tensile strength is difficulty to obtain experimentally.

An analysis of the design approach, given by the socalled diagonal compression field theory,
which is applied by the Danish concrete code DS 411 (1984), is given in Section 4.3. This
analysis shows, that in case of high compressive strengths (beyond the range of NSC),
utilizing the web crushing criterion requires low crack angles (often lower than the
minimum value of eq. (4.7)). The codes lower limit on 8 is included in order to minimize
the risk of large shear cracks in the SLS. Furthermore, utilizing the high compressive
strength to its limit takes a large amount of web reinforcement which is difficult to contain
in a beam web.
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Therefore the increased effectiveness factors provided by the presence of steel fibres seems
to be impossible to utilize in practice for high-strength concretes. However, the fibres may
have a significant effect on the socalled arch effect near the supports of the beam, because
the compressive strength governs the behaviour in these regions. If the effectiveness factor
can be neglected due to a certain amount of fibres the calculations are alse simplified
remarkably.
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5. Example of compresit bridge design

In this chapter an actual bridge design is considered. An existing foorbridge, that crosses a
motorway, is analyzed and a compresit solution is suggested. This compresit solution is
finally compared with the actual costs of the normal concrete solution. The presentation does
not include a thorough analysis of the possibilities, but a single realistic solution is chosen
and investigated fuxther in order to get a preliminary design proposal.

The footbridge in question is crossing the Amager-motorway at position 61.08 km. It is built
by the Danish Road UWS.SBﬁH in 1985. The existing solution, which is termed the NSC
solution, consists of a prestressed concrete bridge deck with 3 circular openings, where the
cables run in between. The bridge deck has 2 spans and 3 column supports and it is
continuously running over the mid-support. In figure 5.1 a front view and a cross-section
of the NSC solution is given. The bridge spans are 30 and 28.7 m respectively and the total
length is 66.5 m. The bridge deck has a total height of 1.15 m, which gives the bridge a
span - depth ratio of approximately 26, which is relatively slender for a normal conerete
bridge.

A solution is proposed, where the concrete girder is replaced by a box girder design of
compresit, Two variations are considered in Section 5.2: solution 4 keeps the column design
from figure 5.1 unchanged with 2 spans and sofurfon B investigates the possibility of
dispensing with the mid-support and considering a single simply supported span. In order
to minimize the material consumption of the box girder, the webs are designed as fruss
structures with compressive members of compresit and tensile members based on
prestressing tendons. It is believed that the good bond properties of compresit make it
possible to minimize the truss dimensions and still provide sufficient anchorage capacity of
the strands.

The compresit solution is inspired by the HSC structures, that are designed by the French
engineering company Bouygues amongst others, see e.g. Palenchon (1992) and Podolny &
Mireles (1983). The Bubiyan bridge in Kuwait is designed with a 3-dimensional truss
structure to carry the bridge deck. The trusses are precast as equilateral triangles and then
the deck is cast in-situ on the truss structure. External tendons are placed along the lower
side of the girder to balance the permanent loads.

The Sylans viaduct also applies a truss structure to carry the bridge deck. The webs of the
two-cell box girder consist of X-shaped trusses. These X-elements are precast and post-
tensioned. Then a segment of the bridge girder is cast by means of 8 X-elements, that are
cast into the bridge deck and a lower flange. The longitudinal reinforcement is partially
external, see Valenchon (1992). The concrete used for the Sylans viaduet has characteristic
compressive strength of 60 MPa.

'Bridge no. 3-0093, crossing of cycle path and footpath at 61.08 km, Amager motorway.
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5. Example of compresit bridge design : . - 5.1 Basic assumptions and background

It is a general chasacteristic of these bridge designs, where an extensive minimization of the
concrete is performed, that external prestressing tendons are needed. The reduced cross-
sections simply make it impossible to contain the steel reinforcement.

The compresit solution is also inspired by the HSC footbridge design for the 100 years
I ] . anniversary of the Danish Society of Engineers (DIF) in 1992, This bridge is situated at
Lunderskov railway station crossing the railway track and it is owned by the Danish State
Railways (DSB). The background for the concrete mix, applied to this design, is a part of
HITN, 1 u the Danish research programme "High-Cuality Concrele in the 90ies", which was carried
- ) out from 1988 to 1992. An innovative bridge design is used, where the bridge deck spans
H 30 m and makes the lower flange of the girder. In each side of the bridge deck a vertical
= plane truss beam js placed, i.e. a U-shaped cross-section being precast in sections of 3 m
— each. Underneath the bridge deck both external and embedded prestressing tendons are
» placed. The concrete strength for this bridge design is 75 MPa, which is used in both the
ULS and the SLS.
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i | 5.1 Basic assumptions and background

In the following sections the various aspects of the compresit solution are discussed in
\ details. It is assumed, that the compresit bridge deck is durable enough to ensure protection
| k — of the embedded reinforcement. Thus, the layer of insulation against water is omitted. This
] O design helps both to reduce the self-weight and the costs connected with the installation of
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these pavement layers. These principles have been fested in Denmark by the Danish Road
Directoraté on both the Ryi bridge and the Madum bridge since the early 1980ies, where
the effect on the durability of micro silica and fly ash respectively are tested.

In figure 5.2 the structural system is sketched with two simply supported truss beams, acting
together with the upper flange (the bridge deck) and the lower flange. The cross-section of
the box girder is considered to have right angles, but a more detailed investigation may
suggest inclined webs. The distance between the box girder webs is chosen to 2 m and even
though figure 5.2 does not show any edge beams, they are expected to be there. It is chosen
i 21 to consider a truss model with vertical compressive trusses and inclined tensile trusses. The
N . solution of inclining both the tensile and the compressive trusses is not investigated at
present.
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It is assumed, that the truss beams are precast together with the lower flange. The girder is
assembled on site from the precast elements by means of prestressing and the bridge deck
is cast in-situ. In figure 5.2 the prestressing tendons are indicated in the lower flange, but
they need not necessarily to be embedded totally in compresit. Along the upper flange of
Figure 5.1: Existing prestressed concrete solution of footbridge over motorway. All each box girder web a longitudinal beam is placed. These beams also include the possibility

measures are in m.
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5. Example of compresit bridge design

of prestressing reinforcement. Furthermore they act as connection between the bridge deck
and the underlying precast structure.

For calenlation purpose the truss system in figure 5.2 is considered to act as an ideal truss
beam with pure compression or tension in its elements. However, the actual structure
contains several restraints, that cause bending of the trusses, but these effects are not
included in the present amalysis. The lower flange is subjected to tension and in order to
fulfil the deflection demand in SLS we consider prestressing of the lower flange. In the
upper flange the truss beams are assumed to act together with the bridge deck in
compression. The vertical trusses are subjected to compression and the inclined frusses are
in tension. In figure A2.1 of Appendix 2 the calculation model of the truss beam is shown
and the internal forces of the trusses are calenlated in Section A2.1.

Bridge n_wn_?/

Linaoms L VL
In¢lined Lower Vertlcal

truss flange iruss
Truss beam
5m

TIIL P IT R RITIEVETIIRIT]]

A
./.W«_nam deck
Fruss beams
[~ & o

O O f—tLower flonge

P 15 m " 2 m o 15 m "
Cross-section b
Figure 5.2: Structural mode] of compresit solution. The webs of the box girder consist

of plane truss beams.

The existing NSC solution is prestressed with Freyssinet tendons of the type 12T15, ie. a
bundle of 12 strands (T15). Each strand has a nominal diameter of 15.2 mm and a nominal
cross-sectional area of 139 mm?. This type of strands are also used in the compresit solution.
The number of tendons used in the NSC solution is 10 tendons in the lower beam side at
mid-span and 16 tendons in the upper beam side over the mid-support, cf. figure 5.1. A total
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of 4 tendons run through the entire length of the bridge, while 6 tendons only run 3/4 of the

length from each end. All the tendons run in between the 3 openings of the cross-section.

Material parameters and loading. In the following the material strengths and stiffnesses
to be used in the design are given. The values are partly based on DS 41J (1984) and on
the experimentally determined material properties of compresit matrix with approximately
6 % steel fibres, that are reported in Part I of the thesis”,

The characteristic compresit strength is chosen to f, = 140 MPa and with the partial
coefficient ¥, = 1.8 we obtain £, = 78 MPa.

For the steel reinforcement we use a partial coefficient of y, = 1.4 according to DS 411
(1984). In case of conventional reinforcement bars a characteristic yield strength of f,= 400
MPa is applied, which gives f, = 286 MPa. In case of the prestressing strands, which
consist of high-strength steel, a characteristic yield strength of f, = 1600 MPa is utilized,
which gives f,,= 1143 MPa. The characteristic modulus of elasticity of the steel is E, = 200
GPa for both types of steel.

The characteristic short-ferm stiffness of the compresit matrix is based on a modulus of
elasticity of E, = 50 GPa, i.e. oy = 200/50 = 4. The long-ferm stiffness is based on E, = 20
GPg, i.e. a, = 10, cf. Section 3.3.3.

Two types of loads are considered on the footbridge. The dead load per unit length is de-
noted p and the live load is denoted g. According to the Joad rules prescribed by the Danish
Road Directorate the characteristic live load on a footbridge is a constant load per unit area
of 5 KN/m® It is assumed, that the traffic is restricted by a bar at each end so that no
vehicles can enter the bridge. The dead load consists of the self-weight of the bridge deck
and the girder, The weight of hand rails, signs and lighting columns are included in p.

In DS 411 (1984) the normal load combination to use in ULS is the dead loads together
with the live load increased from its characteristic value with 30 %. Thus the ULS load
combination is written

q,=p + 13g (5.1)

If the width of the traffic area is 5 m like in figure 5.1, then the live load is found to g =
25 kKN/m. The selfweight of the compresit bridge deck and girder is estimated to
approximately 7 = 30 kN/m, which is justified later on. The existing concrete solution in
figure 5.1 has a girder self-weight of approximately 54 kiN/m.

?Basic Strength Properties of Compresit Matrix.
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5. Example -of compresit bridge design

Centrally loaded colummn. The vertical compression trusses are designed according to DS
411 (1984), taking the risk of buckling into consideration. The method is briefly summarized
here. The method is based on the Engesser theory, where the rangent modulus of elasticity
of the uniaxial compressive concrete stress - strain curve is used.

The description is based on a square column with cross-sectional width b. The critical stress
G, is defined as

LS S S/ L
I3 * ni t b 5.2
L=y
E \ i

where I, is the buchling length and the radius of inertia i = /(I /4,). Normally no
contributions from the reinforcement are included in the cross-sectional constants. It is noted
that the reduced strengths, corresponding to the ULS, are applied. DS 411 (1984) recom-
mends that E_; in eq. (5.2) is set to 75 % of the initial compressive modulus of elasticity.
For NSC with characteristic strength f, = 40 MPa we obtain E /., = 710, while this ratio
equals approximately 270 for compresit matrix with £, = 140 MPa.

The central compressive load C on the column is restricted by the following 3 criteria:

1vad, e=ElE,, &=AJd,
C
Aa

[ -

s31+@, B =4, (5.3)

2

where the first criterion represents the situation without yielding of the reinforcement bars
and the second criterion includes yielding. The third criterion ensures, that the reinforce-
ment bars do not carry more load than the concrete, that surrounds them. It is demanded in
DS 411 (1984), that the reinforcement bars must be properly confined against buckling by
means of stirrups. It is noted that the yield strength f, comesponds to yielding under
compression.

The short-term &&m&a\ ratio o, for a good NSC is approximately equal to 10, For
compresit matrix it is assumed, that the elasticity ratio in eq. (5.3) npzam mwvnox::mﬁ_% 4.
For mild stee] reinforcement bars with a characteristic yield strength in compression of
approximately 400 MPa we obtain \1%& = 7 for NSC and £,/fs =~ 4 for compresit. It is
assumed, that the design expressions in egs. (5.2) and (5.3) are applicable to compresit with
the parameters described above. It appears that the two first criteria in eg. (5.3) are
practically identical for compresit because o = £,/

In figure 5.3 a normalized version of eq. (5.3) is shown with typical compresit data inserted.

For constant values of the normalized load C/B%f, the necessary reinforcement ratio ¢ is
given as a function of the normalized buckling length I, /b. When the column length
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Figure 5.3: Necessary reinforcement ratio ¢ as a function of buckling length 7./ for
a compresit column. Note that reduced material strengths are applied
according to ULS.

increases the necessary reinforcement ratio also increases, but at a certain point the third
criterion in eq. (5.3) is met and no further reinforcement helps. In this case a larger cross-
mnnmou. is needed in order to carry the specified load C.

For a given load C the minimum column width &, to carry this load is calculated from

B = MMT + [1+973

'min %.ﬁn.

5.4
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3. Example of compresit bridge design

where eq. (5.2) is inserted into the third criterion of eq. (5.3). From figure 5.3 it appears,
that the reinforcement ratio necessary to obtain this minimum width is approximately 27 %,
which is rather high for practical considerations. Even though the concept of compresit
includes high amounts of reinforcement then 27 % is too high in practice.

5.2 Compresit solution

The analysis in this section are based on the caleulations performed in dppendix 2. Section
A2.1 includes expressions for the internal forces in the trusses of the beamn. In figure A2.1
of Appendix 2 the calculation mode] is outlined. Like it appears a rather simple model is
" chosen for the analysis, which also reflects the rough nature of the apalysis.

The optimum truss configuration. In order to determine the configuration of the truss
beam the material consumption is analyzed in Section A2.2 of Appendix 2. When the truss
angle P in figure 5.2 is varied the necessary amount of steel reinforcement and compresit
vary. In the following the optimum truss angle is evaluated in order to obtain minimum
material costs of the truss beam.

The tensile forces in both the lower flange and in the inclined trusses are assumed to be
carried by prestressing tendons, The vertical compressive frusses are compresit columns
reinforced by means of mild reinforcement steel. The upper flange, which consists primarily
of the bridge deck, is not included because its dimensions do not depend on the truss angle.
The buckding length 1, in eq. (5.4) of the vertical trusses is assumed to equal the depth A,,
which is a safe value, because these frusses are actually restrained to a certain degree by the
upper and lower flanges.

For a given set of parameters such as the beam span L, the depth 4, and the load ¢, the
number of sections 7 together with  vary through ncotp = L/%;. The necessary stee] volume
is given in egs. (A2.5) and (A2.6) of Appendix 2 and the compresit volume in the vertical
trusses is given in eq. (A2.7). In order to obtain a reasonable comparisen the material
volumes are converted into material costs.

The material price for reinforced compresit is estimated to DKX 20,000 per m® compresit
and for prestressing steel it is estimated to DKK 30 per kg, which gives DKK 234,000 per
m* steel. These estimates are only used for comparative matters in the present analysis, but
they are further discussed in Section 5.3. In figure 5.4 a comparison of 3 different beam
geometries is given (L/h = 15, 30 and 45). The total material costs in the figure are divided
with the parameter gL*/f,,, which has the unit m>
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Figure 5.4: Theoretical material price normalized with respect to QNHSE_ versus truss

angle 8. Three different beam geometries L/, = 15, 30 and 45.

It is evident from figure 5.4, that the oplimum is rather shallow, which is often found in
structural optimization problems. However it seems reasonable, that § should be chosen in
the vicinity of 40° to obtain a satisfactory solution.

Compresit configurations. Two different compresit solutions are presented. In each
situation it is tried to put the compresit material to its limit. From an architectural point of
view it seems desirably to reduce the truss angle [§ from its optimum value of approximately
40° because this gives a lighter appearance of the truss structure. Because the optimum in
figure 5.4 is not so well-defined it is decided to choose a value of B nearer to 30° than 40°,
The two compresit solutions are termed solution A and B:
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5. Example of compresit bridge design

- Solution 4 consists of two simply supported girders each spanning L = 30 m be-
tween the existing supports, cf. figure 5.1. The bridge girder is not considered to
be continuous over the mid-support, even though it probably is in an actual de-
sign situation. The internal moment lever distance is taken as #; = 1 m and each
truss beam is divided into # = 18 sections, which gives p = 31°.

- Solution B consists of a single span girder simply supported with L = 60 m. Thus,
the mid-support in figure 5.1 is dispensed with. In order to test the possibility of
very slender beams we set /i, = 1.5 m and n = 24, which gives p =31°.

In the following sections these two solutions are treated with respect to both the SLS and
the ULS, according to the material data given in the previous section.

5.2.1 ULS design

In this section the cross-sectional dimensions of the two solutions are determined together
with the reinforcement requirements. It is noted that the calculations do not include all
details required for a final design. The load g,, given in eq. (5.1), is applied to the girder.
The dead load is estimated to p = 30 kN/m and the live load equals g = 25 kN/m, because
the lane width is 5 m, cf. figure 5.1 and 5.2. This gives a total ULS Joad per unit length,
that equals g, = (30 + 1.3-25) kN/m = 62.5 kN/m.

Vertical compressive trusses. Equation (5.4) is wsed to determine the smallest possible
width of the square compresit trusses. The compressive load comesponding to the outermost
truss is applied, i.e. C=10.25g,L. The reason for the factor 0.25 is that the Ioad g, is divided
on 2 truss beams, The results of the calculations are minimum column widths b, equal to
74 mm for solution A and 167 mm for solution B.

Table 5.1: Necessary width and reinforcement ratio of vertical trusses according to
the curves of figure 5.3. Calculated from the outermost vertical truss in the
beam.
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The necessary reinforcement ratios under these minimum dimensions are rather high (¢ >
25 % from figure 5.3). If these widths are increased slightly the need for reinforcement
decreases. In table 5.1 the conditions are shown, when & is increased from its minimwm
vahuie to 80 and 120 mm for solution A and B respectively. It appears that this increase of
widths reduces the necessary reinforcement ratio to about half,
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Figure 5.5: Necessary number of prestressing strands in lower flange of box pgirder as
a function of the position from the simply supported end.

It is obvious, that a more detailed analysis should include the variation im cempressive
internal forces throughout the truss beam together with the restraints from the bridge deck
and the lower flange, i.e. include the correct buckling length, but this amalysis is not
performed here.
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Figure 5.6: Necessary number of prestressing strands in the inclined trusses as a

function of the position from the simply supported end. Note that the
strands should be divided between two truss beams,

Prestressing tendons. Based on the expressions in egs. (A2.1} and (A2.2) of Appendix 2
the necessary amount of prestressing steel is evaluated, The amount is presented as the
number of Freyssinet sirands T15, each having a nominal cross-sectional area of 139 mm?.
In figure 5.5 and 5.6 the necessary number of strands is shown, comresponding to the lower
flange of the box girder and the inclined trusses respectively. The axis of abscissas in the
diagrams gives the position from the simply supported end of the girder. The curves only
apply for one half of the span in each case because of the symmetry. Each mark on the
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curves corresponds to a section of the truss beam. It is not surprising, that the curves are
similar to the variation of the bending moments and the shear forces within the girder.

In the lower flange we need 4 tendons 12T15, ie. 48 strands, in solution 4 to carry the
tensile force at mid-span, while solution B needs 10 tendons at mid-span, cf. figure 5.5. It
turns out that the SLS gets most restrictive than the ULS, so that the tendon arrangement
of the lower flange is treated further in the following section.

Figure 5.6 shows, that the oufermost inclined trusses need 7 strands in selurion 4 and 12
strands in solfution B. Note that the values in figure 5.6 are the total number of strands,
which apply to both truss beams. The necessary amount of strands reduces to only a few
strands towards the girder mid-span. The actual choice of reinforcement arrangement in the
inclined trusses depends on several conditions. In the calculations to follow it is assumed,
that the amount of prestress reinforcement in the inclined trusses corresponds with the
curves in figure 5.6.

Bridge deck slab. The bridge deck is supporied by the box girder webs, see figure 5.2,
Edge beams mn along both edges of the deck to ensure sufficient stiffness and to carry the
hand rail of the footbridge. The beams, that run along the upper flanges of the truss beams,
are precast together with the trusses and the lower flange and they primarily serve to anchor
the reinforcement from both the vertical and the inclined trusses.

The cross-section of the bridge deck is modelled as a cantilever beam in the present
analysis. The cantilever length is approximately 1.5 m and the maximum bending moment
occurs above the supports from the truss beams. The constant thickness of the slab is
estimated to. 100 mm, which is a value chosen from practical considerations concerning in-
situ casting, rather than the result of an optimization. The reinforcement of the slab consists
of deformed mild steel bars in both longitudinal and transversal directions. A preliminary
calculation shows, that a reinforcement ratio of ¢ = 1 % is enough to carry the ULS load.

The bridge deck also acts as the compressive upper flange of the box girder. In both
solution A and B the maximum compressive force at mid-span does mot result in any
problems, but care must be taken in making the slab act together with the precast trusses.
It is emphasized, that the ULS design of the bridge deck is only meant to guide a more
detailed approach, which is not performed in this thesis. It is obvious that possibilities exist
to save material in the deck slab. For instance by varying the slab thickness.

522 SLS design

The SLS design is performed according to the downward-direcied deflections & of the bridge
at mid-span. The dead load p gives long-term deformations, that are counteracted by an
initial upward-directed deflection §,,, i.e. a certain camber of the girder. The deflections

corresponding to the live load g should not exceed 1/400 of the span L in order to ensure
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suffient bending stiffness of the bridge, cf. Broteknik (1984). The possible SLS load g,, that
is considered, lies within the dead load p = 30 kN/m and the maximum SLS load g, =
ptg = (30+25) kKN/m = 55 kN/m.
In Section A2.3 of Appendix 2, expressions for the mid-span deflection & of the bridge
girder are given. The deflection is considered to be a sum of 4 contributions, viz. § = 8, +
&; + By + &, where

- &5 originates from the inclined trusses,

- &, originates from the Jower flange,

- By originates from the upper flange and

- & originates from the vertical trusses.

Equations (A2.13) - (A2.17) give expressions for these 4 separate deflection contributions.
Note that downward-directed deflections are considered positive.

The deflections depend on the prestressing of the lower flange, according to the presiress
degree o, /f;y, where o, is the prestress of the tendons and f, is their sirength. In the
analysis only a constant value of g,/ is considered.

J0and 1 60 and 1.5
18, 31°, 1.67 m 24,31°,25m

2 tendons 6 tendons

4 tendons from each end
2 tendons from each end of length 45 m.
of length 28 m. 2 tendons in the central

part of length 15 m.

Table 5.2: Necessary number of prestressed tendons (Freyssinet 12T15) in lower
flange in order to ensure compression in the SLS. The constant prestress
degree is o, /f,; = 0.6. Notation taken from figure A2.1.

Tendons in lower flange. The amount of strands in figure 5.5 is necessary to ensure the
ULS carrying capacity, but it is not enough to ensure the SLS demands. The number of
prestressed tendons in the lower flange is chosen so that the flange is under compression
during its service life. Thus, with a given prestress degree and the maximum service load
p+g = 55 kN/m applied, the lower flange should be in compressien. The constant prestress
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degree is chosen to o, 4, = 60 %. No effects of steel relaxation or frictional losses are
included in the present investigation. In table 5.2 the necessary mumber of tendons
(Freyssinet 12T15) is given.

The reason for ensuring compression of the lower flange is in order to apply its compressive
stiffness which is much larger than the tensile stiffness of the tendons alone. It would be
possible to allow tensile stresses if only the cracking criterion of the SLS is considered
because compresit matrix has a large tensile strain capacity without discrete cracking.
However, the deflection criterion is more strict than the cracking criterion.

Short-term deflections. When compression is ensured in the lower flange of the girder due
to prestressing and the deflection calculations are linear-elastic, then the deflections increase
linearly with the SLS load g, . In table A2.1 of Appendix 2 the calculated deflections are
listed for each of the above-mentioned contributions. The following assumptions concerning
the stiffnesses of the trusses are applied in the caleulations:

- The inelined trusses are reinforced by means of prestressing strands, according
to figure 5.6, i.e. exactly enough to fulfil the ULS demands.

- The cross-sectional dimensions of the compresit Jower flange are estimated to
equal 2 x 0.2 m, cf. fipure 5.2.

« The upper flange cross-sectional dimensions are taken as those of the bridge deck,
ie. 5x 01 m

- The square cross-sections of the vertical trusses have dimensions (80 mm)” and
(150 mm)? for solution A and B respectively, cf. table 5.1.

The upper Iimit for the shori-term deflections from the /ive load ¢ = 25 kKN/m, is L/400,
which equals 75 and 150 mm respectively for solution A and B in order to ensure sufficient
bending stiffness. The calculations show, that the increments in deflections, corresponding
to the live load, are equal to 104 mm and 316 mm for solution A and B respectively. Thus,
neither of the compresit solutions fulfils the SLS demand unless the girder is stiffened
further.

For sciution A the deflection demand is fulfilted by increasing the stiffness of the inclined
trusses, i.e. by reducing the term 3, in table A2.1, It is recalled, that the reinforcement of
the inclined trusses corresponds precisely to the number of prestressing strands given in
figure 5.6. However, the actual number of strands will be higher of practical reasons and
therefore the stiffness of the inclined trusses is underestimated in the calculations. The
analysis in eq. (42.20) of Appendix 2 shows that, if the number of prestressing strands in
each inclined truss is increased by 60 %, then the sufficient stiffness of the bridge girder
is obtained. .
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For solution B the beam span js relatively higher, than in solution A (I/% = 40 and 30
tespectively), which causes problems in the SLS. The calculations in Section A2.3 show,
that it is not sufficient to increase the stiffness of the inclined trusses alone, of, eq. (A2.22).
In order to fulfil the condition 8(p+q) - 8(p) < L/400 = 150 mm we have to prestress the
inclined trusses as well as the lower flange. In the previous comsiderations the inclined
trusses have only contributed to the stiffness by the reinforcement steel. It is assumed, that
the prestressing strands are embedded in compresit, but its stiffness is not included under
tension, If however, the inclined trusses are in compression, for instance due to prestressing,
then the compresit cross-sections get active.

In egs. (A2.17) and (A2.23) of Appendix 2 a simple method to increase the stiffness is
given, by means of prestressing the embedded strands in the inclined trusses. For instance,
the strands are prestressed before casting. The model assumes, that each truss is prestressed
according to its maximum tensile force during its service life, which means compression at
all times and involves the total compresit cross-section instead of just the reinforcement, The
cross-sectional dimensions of the square trusses are assumed to equal (150 mm)®. By means
of this prestressing of the inclined trusses their stiffness is increased by a factor 3.

Finally it is assumed, that the stiffness of the upper flange (bridge deck) can be increased
with 50 %, if the contributions from the steel reinforcement and the edge beams are
included in the stiffness calculations. In eq. (A2.24) the expression for the deflections is
given, where both the prestressed inclined trusses and the increased upper flange stiffness
are included. The deflection increment, corresponding to the live load, is now reduced to
178 mm, which is a little higher than the limit of 150 mm.

It is emphasized that the investigation of solution B is mainly performed in order to evaluate
the possibilities of increasing the beam span at a higher rate than the beam depth, Therefore
we have not performed any increase of the depth A, from 1.5 m in order to obtain a
sufficient bending stiffness of the bridge girder. However, this possibility also exists.

Long-term deflections. In the previous analysis of the short-term deflections the initial
modulus of elasticity £, = 50 GPa is applied for compresit matrix in the calculations. When
the dead load alone is considered, the deflections increase as a function of time because of
the creep characteristics of the compresit matrix. The relaxation of the prestressing steel
also causes time dependent deflections, These various time dependent effects are included
in the Jong-term modulus of elasticity equal to 20 GPa, ef. Section 3.3.3. °

In table A2.2 of Appendix 2, the expressions for long-term deflections are given for the two
compresit solutions. From the expressions in this table we calculate the long-term
deflections &, under the dead load p = 30 KN/m. In table 5.3 both the short-term deflections
and the long-term deflections are listed.

It is generally accepted, that a bridge looks best with a small camber at all timmes. Therefore
it is chosen to provide the solutions in table 5.3 with an initial upward-directed deflection
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8, during construction. The value §,, = 150 mm is chosen for both solutions. For solution
A this camber value ensures, that not even the maximum SLS load results in positive
deflections. For solution B the dead load alene is unable to produce positive deflections. As
in solution A the initial deflection §,, = 150 mm ensurcs, that the maximum SLS load does
not result in positive deflections.

30m, 1m 60m, 1.5m
18,31°, 167 m 24,31°,25m
60 -51
68 -65
150 150
Table m.u“. Deflections calculated for the dead load p = 30 KN/m. Note that the

camber 8, is upward-directed, while the other deflections are positive as
downward-directed. Notation taken from figure A2.1.

5.3 Price comparison with existing concrete solution

The two compresit solutions A and B from the previous section are compared with the
existing comcrete solution. This comparison is based on the price estimate from the
contractor. In fact the prices are taken from the cheapest bid out of 4 different bids. The
analysis only concerns the structural elements, that are expected to cause differences
between the solutions. The topics that are considered in the price comparison are the
following:

- Primarily the amount of concrete/compresit and reinforcement steel differs be-
tween the various solutions.

- The top-layers of insulation against water on the bridge deck together with the
top-layer to resist abrasion are omitted in the two compresit solutions.

- The mid-support column is dispensed with in solution B. For solution A the co-
lumans are assumed identical to those in the existing concrete solution.

- The form work is assumed identical for the solutions, because the widths of the
bridge deck are identical. :
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- The amount of scaffolding for the compresit solutions are less than for the existing
concrete solution, because the precast truss beams act as scaffolding for the bridge
deck mould. However, these differences between the solutions are assumed to ba-
lance, because the fruss beam involves transportation and assembling on site.

- The moulds for the circular cpenings of the existing concrete solution are not in-
cluded in the compresit solutions. These moulds consist of corrugated steel tubes.

In Section A2.4 of Appendix 2 the amounts of commpresit matrix, prestressing tendons and
mild steel reinforcement are calculated for solution A and B. From these amounts the total
material costs for the bridge girder are calculated. The prices of the reinforcement steel are
taken from the estimate.

Table 5.4: Price comparison between the existing concrete solution, compresit
solution A and compresit solution B (without mid-support). The price
index for 1985 and 1995 is 509 and 670 respectively. The content of the
table only treats the elements, that are changed in case of the compresit
solution,
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It is assumed, that the consumption of compresit is divided into the bridge deck, which is
cast in-situ, and the truss beams being precast. The compresit prices for these two
applications are estimated to DKK. 6,000 per m® and DKX 17,000 per m® respectively. The
cost of compresit matrix for the in-situ casting is more or less based on the raw material
cost including 6 % steel fibres of type Dramix OL 12/.4 (£, =12 mm and d,= 0.4 mm). The
precast compresit cost is based on experiences obtained from the prefabrication of 40,000
compresit slabs to serve as drainage covers in the bottom of the Great Belt tunnel.

in table 5.4 the total prices are calculated from the amounts in Section A2.4 of Appendix
2 for the various elements of the bridge. The amount of Freyssinet tendons vary for the 3
solutions with solution A being cheapest. It is recalled, that solution A is treated as two
separate simply supported girders, while the existing concrete solution is a continuous
girder. The existing solution applies 727 m of tendons, while solution A and B apply 400
and 980 m respectively.

The column supports are included in table 5.4, because solution B does not include the mid-
span column. In Section AZ.4 the total price of the 3 columns is evaluated from the
estimate, The costs for the existing concrete solution and solution A. are assumed identical,
while solution B is taken as 2/3 of this price. Thus, no investigation is performed to control
whether the supports and the foundations need to be enlarged or reduced becavse of the
changes in loading and self-weight.

The comaparison does not include any eventual differences in the earthworks between the
3 solutions, It seems reasonably, that solution A is made similar to the existing solution with
tespect to the foundations, the columns and the embankments, because the depth of the
girders are almost identical. However, for solution B the beam depth is increased by
approximately 0.5 m and therefore the embankments need to be higher, i.e. higher costs of
the earthworks. A very rough calculation of this extra cost from buying and adding more
soil and gravel to raise the two embankments 0.5 m gives an amount of approximately
1995-DKXK 250,000. If this amount is added to solution B in table 5.4 it exceeds the cost
for the existing solution by about 100,000.

54 Concluding remarks

This section concludes the numerical calculations of a small footbridge made of compresit.
The existing concrete bridge has a length of approximately 60 m with two continuous spans,
see figure 5.1. This prestressed bridge girder is replaced by 2 compresit single-box girder
with a plane truss system in each of its two webs. In figure 5.7 to 5.10 the appearance of
the two compresit solutions are outlined in order to give the reader a better impression of
the suggestions. The details of the compresit design are not treated in the present analysis,
but a reasonable estimate of the outer dimensions and the necessary reinforcement are
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provided in Section 5.2. The npext step of the analysis is to model the structure more
accurate, for instance by means of a finite element model. Furthermore the design of the
nodes, where the trusses meet, still needs extensive calculations. Another topic that needs
further investipation is the conditions during the assembling of the precast sections together
with the presiressing procedure, which are important issues.

In Section 5.3 the solutions are compared from an economic point of view. The result is
found in table 5.4 in terms of 1,000 DKK. It is noted, that the prices in table 5.4 are not the
total cost for a complete bridge, but only includes the clements, where obvious differences
exist between the 3 solutions. The table shows, that the price of compresit solution A is
almost DKK. 300,000 less than the concrete solution, while the price of solution B is almost
equal with the concrete solution. Thus, it seems justified, that the compresit material, which
is a rather expensive material, is considered to be competitive with normal conctete. Note
that the compresit solutions are even more slender, than the existing concrete solution.

The analysis on the ULS and the SLS in Section 5.2 shows, that the slender design makes
it difficult to fulfi the SLS demands. The bending stiffness of the bridge girder requires a
certain amount of compresit material in both the compressive upper flange and in the lower
flange, which is also compressed as a result of the prestressing. Thus, even though it seems
possibly to minimize the dimensions of the lower flange, due to the ULS, then the
dimensions are necessary to ensure the proper bending stiffness.

Figure 5.7: [Mustration of compresit mo_cmon.wm
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Figure 5.8: Front view of compresit solution A.

107




5. Example -of compresit bridge design

Figure 5.9: Front view of the compresit solution B
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5 5 2 R :
Figure 5 Tilustration of the compresit solution B. The existing conerete solution is
outlined in figure 5.1.
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6. Conclusions

Valenchon, C. (1992), *Offshore Application of High Performance Concrete Space Frame’,
High Performance Concrete, From Material to Structure (Ed. Y. Malier), E & FN

Spon, London, pp. 477-434. The technical conclusions of the research are given in Section 6.1, while Section 6.2
: concerns the peeds for further research. The comclusions include the work of both the
present report (Part IT) and Part I of the thesis'. It is emphasized that each chapter of both
Teports contains a separate section titled concluding remarks, summarizing the most
important results. The reader is referred to these sections for more detailed conclusions on
the various topics.

The scopes of the project are mainly:

- The scientific scope was primarily to establish thé triaxial failure criterion for
compresit matrix. Furthermore to investigate the most important material proper-

_ ties with respect to e.g. the fibre characteristics.

- The technological developments should be achieved concerning the structural be-
haviour of compresit, Furthermore the effect of steel fibres on the plastic effecti-
veness factors is investigated.

- The scope for practical applications was to establish design tools for the consul-
ting engineers.

The method to provide the marerial properties of compresit matrix as a function of fibre
content and type is several experiments performed at the Department of Structural
Engineering, Technical University of Denmark. In Part I these compresit experiments are
reported, and a better knowledge of the basic properties such as unisxial compression and
tension is obtained. The triaxial failure eriterion, which is very important for the theory of
plasticity, is established for compresit mattix, and paraliels are drawn to the behaviour of
high-strength concrete in general.

Part II of the thesis, includes primarily an investigation of the structural applications of
compresit. This investigation is closely compared with similar concrete materials, both plain
concrete of various strengths and fibre reinforced concrete. The design tools for structural
engineering with compresit are not provided in a complete code-like manner. However, the
bridge design example, that ends the present report, introduces design principles and ideas
that are expected to be used in the future. The establishing of design rules for these new
concrete materials takes further experiments on structural members in order to become
generally accepted.

'Basic Strength Properties of Compresit Matrix.
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6. Conclusions

6.1 Main conclusions

Strength properiies. The experimental material properties in Part ] concern the uniaxial
compressive and tensile stress - strain curves, the triaxial compressive strength (failure
ctiterion) and the fracture energy (energy dissipation per unit crack area). The tests include
a variation of the fibre content (¥,= 0, 3, 6 and 9 %) and the fibre geomeiry (aspect ratios
L;/d, = 30, 40 and 87). The fibres in question are straight Dramix fibres. It turns out that
the fibre reinforcement index, which is defined as ¥, (L,/d;), is a very important parameter
together with the interfacial fibre - matrix bond sirength.

Both the uniaxial compressive and tensile strengths are observed to be linear functions of
the product of the bond strength and the fibre reinforcement index. The values are not
repeated here, but it appears that the fibres tend to act as confinement of the compression
cylinders. Furthermore Part I contains a simple one-parameter amalytical model of the
uniaxial compressive stress - strain curve for compresit matrix. This model includes both
the ascending and the descending part.

An observation from the uniaxial tensile fests is that a reinforcement index of approximately
1 marks an important transition. For smaller fibre reinforcement indices, the tensile stresses,
transferred across a crack by means of fibres, do not exceed the matrix cracking strength,
However, when V(L /d,} exceeds approximately 1 the possibility exists for a subsequent
cracks to be formed, because the stresses transferred by the fibres are bigger than the matrix
cracking strength.

Furthermore the tensile tests show, which fibre type and geometry, that should be preferred.
In order to avoid breaking of the steel fibres instead of pull-out failure, an upper limit exists
for the aspect ratic L,/d,. A total of 3 different Dramix fibres have been tested with
compresit matrix, but they only represent 2 qualitatively different fibres:

- One is a brass-coated fibre of type OL 6/.15 HC, which has L,/d, = 40 and diame-
ter d,= 0.15 mm. This fibre has a critical aspect ratio of approximately 157, ie.
the fibre length may be almost 4 times higher than it actually is without breaking.

- The other fibre type is OL 12/.4 with L,/d,= 3 and diameter d, = 0.4 mm. This
fibre has a critical aspect ratio of approximately 43, ie. the fibre length may be
increased by almost 50 % without breaking.

The former fibre type is much more expensive than the latter, showing a price difference
of approximately factor 3. Fortunately it seems that it is the cheapest steel fibre (OL 12/.4)
that is closest to its optimum length in order to utilize its capacity completely. Of course,
other fibre geometries exist with hooks or deformations in order to improve their bond
strength to the matrix. Preliminary tests with some of these fibre types show no significant
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irmprovements of the mechanical properties, Therefore only straight steel fibres are applied
to compresit.

The friaxial tests result in detailed information, concerning a proper failure criterion for
compresit matrix and similar high-strength concretes. The normal Coulomb friction criterion,
which states, that the triaxial strength increases linearly with the confinement pressure, is
applied to the results. Generally, a reduced angle of friction is found like it is in various
other investigations on high-strength concrete, viz. an angle ¢ of approximately 30 ° instead
of 37°, which is normally applied to normal-strength concrete. This reduction in the
coefficient of friction is explained by smoother crack surfaces in high-swength concrete,
where the aggregate is cracked as well as the binder.

However, the triaxial tests also show that for small values of the confinement pressure there
seems 1o exist a rather high angle of friction (g =~ 51°). This value is directly connected
with the increased brittleness of high-strength concretes. A bi-linear version of the Coulomb
failure criterion is given, which seems to apply to compresit matrix and fo other high-
strength concretes, It is interesting that even though the compresit matrix contains a rather
high fibre content, it still seems to act as other high-strength concretes.

From the information in Part I of the thesis, we have listed some of the most important
compresit characteristics for structural application in table 6.1.

140 6 50 20

Table 6.1: Characteristic material properties for fibre reinforced compresit. The long-
terrn modulus of elasticity is based on a creep coefficient of 1.5.

Structural applications. One of the questions, that arises, when fibre reinforced concrete
is discussed, is the effect of fibres on the ultimate carrying capacity. Do the fibres make it
possible to include the tensile strength in the ULS calculations? The answer to this question
is not nnambiguous, but depends on many different things:

- Firstly the experimental scatter, that is recognized on the tensile properties of con-
crete in general, makes it necessary to consider relatively high amounts of fibres,
in order to detect any significant effect on the load capacity.

- Even though it is possible to alter the post-cracking behaviour of the concrete by

means of adding steel fibres, the tensile strength is still limited to a few per cent
of the compressive strength.
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- Keeping in mind that steel fibres are a rather expensive component of a concrete
Imix, it is obvious that the fibre content should be minimized. Therefore it seems
unlikely for the fibres to carry a significant part of the tensile stresses on a cross-
section, compared with conventiona] steel reinforcement in structures.

N.mm_.umnm these statements in mind it is emphasized that the investigation indicates a
significant effect of steel fibres on the beam shear strength, which is elaborated further in
the following.

However, no doubt exists, whether the fibres improve the serviceability behaviour of a
conctete structure. Both the cracking behaviour and the bending stiffness are improved by
the presence of fibres, even when the fibre content is modest. These observations are
common for all investigations concerning fibre reinforced concrete.

..Euo design of _emm span beams of compresit, with applications for instance in bridge design,
is treated theoretically with the main conclusions being discussed below.

The ultimate bending capacity can utilize the compressive strength of compresit, but it
requires high amounts of mild reinforcement steel, or application of high-strength steel to
get an improvement of the beam span. The compressive ductility of the fibre reinforced
compresit matrix gives a very wide range for the reinforcement degree without the risk of
over reinforcing the beam.

The high strengths give rise to minimizing the cross-sectional beam dimensions and thereby
also the bending stiffness. The modulus of clasticity does not increase by more than
approximately 25 % for compresit compared with normal-strength conerete, Thus, the
bending stiffness limits the possibility of inereasing the beam span. However, the
possibilities of prestressing are improved because of the fibres,

The beam shear strength seems to increase with the presence of steel fibres, especially for
beams without stirrup reinforcement. This effect is modelled by a plastic solution without
taking the concrete tensile strength into account, i.e zero temsion cut-off, It is recalled that
the plastic solution includes an efféctiveness factor v {< 1) in order to reduce the actual
uniaxial compressive concrete strength. This factor, which is used to obtain agreement
between the plastic solution and the actual carrying capacity, may show a rather complex
dependency on several parameters. However, a number of beam tests with steel fibre
reinforcement indicate that a very simple estimate of v = 1 is a good mnmmmm.mou for fibre
reinforced concrete, in despite of large variations of e.g. the compressive strength. A better
agreement between the plastic theory and the fibre reinforced tests might be found, if the
tensile strength is included as a parameter, but it is the authors opinion that the simple
expressions are sufficient for practical use.

The Danish design method for shear reinforcement consists of a strur and tie methodology,

in which inclined compression failure of the beam web is combined with yielding of the
shear reinforcement (stirrups). In order to obtain inclined crushing of the beam web in a
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high-strength concrete beam, it takes a rather high amount of conventional shear
reinforcement, which seems hardiy obtainable in practice. Therefore the increased value of
v due to the fibres, which directly increases the crushing strength of the beam web, might
not be utilized in case of beams made of compresit or other high-stremgth concretes.
However, near the beam supports, where the concrete is known to act as a compressive
arch, the effect of steel fibre reinforcement may be significant, because it is the plastic
compressive strength vf that governs the shear strength in this region instead of the stirrup
yield strength.

Finatly the thesis contains an example of compresit bridge design, where a compresit
solution is compared with an existing conventional concrete solution, The price estimate
shows that even though compresit matrix is much more expensive than normal concrete, the
compresit solution still seems competitive (note that the plain material price of compresit
matrix is often 2-4 times that of normal concrete due to the steel fibres). Instead of a solid
beam girder, the compresit solution consists of a box girder design, where the webs consist
of a plane truss structure. Two different beam span to depth ratios are investigated: a
solution with a span to depth ratic of 30 and a solution with this ratio equal to 40. The latter
is chosen in order to eliminate the mid-support column of the bridge, while the former
solution consists of two spans with a mid-support similar with the existing concrete solution.
The general findings are:

- The bending stiffness of the compresit bridge girder turns out to govern the neces-
sary dimensions like it is expected. For the long bridge with span to depth ratio
of 40, naturally these difficulties are biggest, but a reasonable solution is sugges-
ted.

- The almost total impenetrability of the compresit matrix is used to dispense with
the moisture insulation layer on top of the bridge deck, which saves both weight
and construction expenses.

The design calculations are only preliminary in order to compare the competitiveness of
compresit with conventional concrete, Several details still need extensive research and
design. The design of a truss structure for this particular task is chosen, because it is
recognized that high-strength materials need a different design approach than normal
concrete. In a truss beam calculation model the internal forces are easy to follow and they
result in pure compressive and tensile stresses. Therefore the design gets very transparent,
and it can be split up into the separate structural members.

Arnother Teason for considering trusses made of compresit matrix is the belief that the good
anchorage properties of compresit® are usable in the connections between the trusses. These
anchorage properties are known to be strongly influenced by the presence of steel fibres.

Currently being investigated in the Brite EuRam project Ministruct.
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6.2 Future research needs

The outcome of this thesis is primarily the basic strength properties of compresit matrix.
However, there is still a need for several investigations on the compresit material, but also
on similar high-strength concretes. Of course, a lot of research is going on continuously, but
some of the major structural topics, needing further research are:

- An analytical prediction of crack widths and mutual distances. Thus, a relationship
between the tensile post-crack curves that are obtained experimentally for concre-
tes, and the actual structural cracks in reinforced concrete/compresit menbers, Es-
pecially a model that includes the influence of the various fibre properties.

- The effect of column confinement, e.g. in terms of stirrups or steel fubes, on both
the strength and the ductility. Also the questions of column stability need research.

- The effect of steel fibres on the beam shear sirength.

- .H._._n anchorage zones around prestressing tendons, where the fibres provide a good
reinforcement against concrete splitting,

Beside these mechanical investigations, which are strongly based on experiments on the
hardened concrete, there is a need for knowing the rheological properties, the permeability
toward liquids, the early-age properties and so forth.

mo.E.n of these questions are being investigated through the above-mentioned project
Ministruct, ronning from 1993 through 1995,
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Appendix 1

Triaxial strength of ultra high-strength fibre
reinforced concrete

This appendix contains a copy of the paper presented at the ACI 1994 International
Conference on High-Performance Concrete, November 15-18, 1994 at the Singapore Hilton,
Singapore. The layout of the paper is preseribed by the ACI with 3 tables and 5 figures
placed at the end of the paper. A total of 18 references are also mcluded in the paper,
represented with numbers in brackets.

The content of the paper is based on the findings in Chapter 4 of Part I of the thesis', but
the topic of triaxial failure critetion is also discussed in Chapter 2 of the present report.

Synopsis: A total of 50 triaxial compression tests are performed on cylinders of ulira high-
strength concrete, The matrix is reinforced with straight steel fibres and it sustains unjaxial
compressive stresses of approximately 160 MPa. Comparisons are made with related triaxial
strength resuits of high-strength conerete (HSC) and the Coulomb failure criterion is applied.

Contrary to what is normal procedure, the tests cover the region of small confinement
pressures (below 10 % of the uniaxial compressive strength). It is found that the almost
explosive uniaxial compressive failure of HSC is reflected in the failure criterion. The angle
of friction, that governs the behaviour under smatl confinement pressures, seems to equai
approximately 51° instead of 37°, which is normally applied to concrete.

Under increasing confinement pressure the Coulomb criterion gets reasonable for a wide
range of compressive strengths (from 60 MPa to 160 MPa). However, the angle of friction
is reduced to 30°, which is due to the fact, that the crack growth in HSC is only slightly
influenced by the aggregate.

The present test results do not reveal any significant effect of the steel fibres on the strength
criterion, Even though a volume content of 6 % straight Dramix fibres is added to the high-
strength matrix the behaviour still follows the above description. Thus it seems likely, that
it is practically impossible to alter the behaviour of HSC to that of a true Coulomb material
by means of fibres.

'Basic Strength Properties of Compresit Matrix.
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The author took his master degree in structural engineering from the University of Aalborg,
Denmark, in 1990. Presently he is a Ph.D. student at the Department of Structural Engine-
ering at the Technical University of Denmark (TUD), Lyngby. Since 1992 he has been
employed by the consulting engineering company the Carl Bre Group, Glostrup, Denmark.

INTRODUCTION AND BACKGROUND

Throughout decades it has been well-known, that confined concrete shows an .annmm.& axial
mn.n:.mz.s_. The early investigation by Richart et al, (see Ref (1)) suggests a simple linear
relationship obtained from cylinders subjected to external oil pressure:

S, =h 4lp (1)

where f, and £ are the confined and wnconfined axial strength respectively and p is the
lateral confinement pressure. The confinement is normally produced by means of external
hydraulic pressure, or by means of embedded steel stirrups.

Both Ivengar et al. and Ahmad & Shah report a slope of Eq. (1) equal to approximately 2.3
instead of 4.1 (see Refs. (2) and (3)). This value is obtained from normal strength concrete
cylinders reinforced with steel spirals. Thus, the stirrups, spaced at distances from 30 to 120
mm, are not as effective as a hydraulic pressure.

The confining effect is closely related to the triaxial strength criterion applied to concrete,
In the present paper basis is taken in the Coulomb criterion, which has been successfully
applied to concrete, in despite of its simplicity. It states that the shear stress of a failure
plane consists of two components, viz. cohesion and friction:

|t] = ¢ + otang @

where ¢ is the cohesion, & is the compressive normal stress and ¢ is the angle of friction.
Furthermore this criterion is often combined with a socalled tension cut-off at the uniaxial
tensile strength £ )

Equation (2) results in a linear failure criterion similar to Eq. (1), when the principal stresses
are considered:
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g = 1xsine ®
1 - sing

Q_.u.ﬁ+~3uw

where o, and o, are the major and the minor principal stresses respectively and £ is the
uniaxial compressive strength. It is emphasized, that the normal stresses are positive as
compression.

Throughout the last 3 decades the Coulomb failure criterion has been applied to reinforced
concrete structures in connection with the theory of plasticity (ses e.g. Ref. (4)). Satisfactory
engineeting accuracy for normal strength concrete is obtained, when @ is equal to
approximately 37° (tang = 0.75 and k= 4). In order to include the fact, that concrete is not
a perfect rigid-plastic material, a socalled effectiveness factor (<1) is multiplied by f. This
semi-empirical factor furthermore takes into account micro and macro cracking, rotation of
the macro cracks, various size-effects, dowel-effects from the rebars, ete.

At the Department of Structural Engineering, TUD, an extensive investigation of the failure
criterion for high-strength concrete (HSC) with compressive strengths up to 110 MPa has
been performed by K.K.B. Dakl under the supervision of Professor M.P. Nielsen (cf. Ref.

€3)3

The main conclusion from this investigation is, that the angle of friction ¢ should be
reduced from approximately 37° to 30°, when HSC is considered (see e.g. Ref. (5)). This
decrease is understandable by taking into account, that normal strength concrefs primarily
cracks along the mortar-aggregate interfaces, while HSC cracks through the stones. The
more smooth crack surfaces result in a reduced coefficient of friction.

This characteristic difference between normal strength concrete and HSC is also one of the
reasons for the explosive failures observed for HSC under uniaxial compression, When the
crack growth of the existing micro cracks (imperfections and flaws) becomes unstable,
cracks develop without any significant intemal resistance. In normal strengih concrete the
apgregate arrests the crack growth considerably.

SCOPE OF INVESTIGATION

The triaxial strength of an ultra high-strength conerete is investigated and the influence of
adding steel fibres is evaluated. A comparison is performed with related HSC results. The
siwength data are used to modify the Coulomb criterion for application: to HSC. The main
reason for applying the Coulomb criterion is its simplicity and the fact, that many structural
problems are solved for normal strength concrete, under the assumptions of a rigid-plastic
Coulomb material and the normality condition. Furthermore the Coulomb criterion results
in satisfactory accuracy for practical engineering problems.
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TEST SPECIMENS

The triaxial mxﬁonhnouw are performed on concrete cylinders (9100 x 200 mm) subjected
to Qan:.um_. oil pressure together with an axial load, which is increased until failure. In table
1 the mix ingredients are listed. The steel fibre reinforced matrix has a water to binder ratio
of 0.18, which gives an extremely dense matrix.

The binder is a socalled Densit binder (registered trademark of Densit A/S, Aalborg
Denmark) and it consists of Portland cement and micro silica. The Densit binder mm
especially designed at Aalborg Portland A/S, Aalberg, Denmark, to show optimom packing
of the particles. The quartz sand includes grain sizes up to 4 mm.

The steel fibres are straight Dramix fibres. In table 2 the fibre characteristics are given for
the 3 concrete mixes termed mix A, B and C. Mix A contains no fibres, while mix B and
.O contain 6 % by volume of two different fibre types. The main reason for adding the fibres
is to increase the ductility of the matrix, but the strength is also influenced. The matrix
normally has a unjaxial cylinder strength between 150 and 180 MPa.

The curing of the cylinders was accelerated in order to ensure completed strength
development at the time of testing. After casting in steel moulds, the specimens were
wrapped in wet towels and plastic. Then they were cured for 5 days in a heating room at
45°C, followed by approximately 2 months in the laboratory, still wrapped in plastic.
wommwmn of the heat curing no further strength development was expected during the test
period.

EXPERIMENTAL PROCEDURE

A triaxial cell developed at the Depariment of Structural Engineering, TUD, was utilized
for the tests. A steel barrel contains the cylindrical specimen, which is tightly fitted in
mﬁ..ﬂm_. rubber membranes to prevent the oil to enter the pores. The cell is filled with
»E__dEEwﬁ_w 3 litres of hydraulic oil. No intermediate layers are applied between the
cylinder ends and the load plates. It is ensvred that the cylinder ends are accurately plane
by grinding them before testing.

dﬁ.oz pressure is raised up to a specified level, acting on all the cylinder faces, The
maximum obtainable oil pressure is 140 MPa. By means of an external 10 MN hydraulic
._mnT the axial !oad is applied under a constant load rate of 0.3 MPa per second until failure.
This load path is normally employed in order to obtain the socalled compressive meridian
of the failure surface, where an axial compressive stress is imposed on the hydrostatic stress
state (o, 2 o, = o3 2 0).
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The cylinders are sandblasted before testing in order to expose possible air voids near the
surface. Then all voids are filled with a mix of gypsum, sand and water. This is done to
avoid puncture of the rubber membranes and damage of the electrical resistance gages, wien
the oil pressure is raised.

STRENGTH RESULTS

Only the strength characteristics of the tests are presented in this paper (see table 3). The
triaxial strength is taken as the maximum axial load during each test, while the confinement
pressure is kept constant at a specified level. The values in table 3 are normalized with
respect to the uniaxial compressive strength f, taken as the mean value of 3 cylinder tests,
The brackets in table 3 contain the coefficients of variation on £ and it appears, that the ex-
perimental scatter is very limited.

The triaxial strengths for mix C are obteined from 3 repetitions of each confinement
pressure, while mix A and B only include 2 repetitions. The coefficients of variation on the
triaxial strengths are found to be less than 2 %.

In figure 1 the results are depicted in a normalized strength diagram, which also contains
HSC results from Ref. (5). Furthermore two lines are inserted with slopes k = 3 and 4,
corresponding to the expression in Eq. (3).

It is recalled that normal strength concrete is modelled by the slope & = 4. Howewer, it
appears that the triaxial strength of HSC tends to follow a straight line, intersecting the o)-
axis at 1.5f with the slope & = 3. This observation seems to hold for a wide range of
compressive strengths and it is probably unaltered by the presence of steel fibres. When the
confinement pressure decreases below 0.1f, the triaxial strength follows a steeper line to
intersect the &)-axis at f.

For confinement pressures below 0.2/, a very limited number of experiments on HSC exist.
In figure 2 special emphasis is placed on the conditions conceming small confinement
pressures using test results from Refs. (5}-(7). The test results from Ref. (7) correspond well
with the present results, while those of Ref. (6) follow the line with the slope k£ = 4.

The investigation by Lahlou et al. (Ref. (6)) concems concrete cylinders (»100 % 200 mm}
from 3 different conerete mixes, The uniaxial strengths are 46, 78 and 113 MPa with the
water to binder ratios equal to 0.50, 0.35 and 0.23 respectively. The mix with the highest
strength contains silica fume.

In Setunge et al. (Ref. (7)), 4 different mixes are tested by means of 8100 x 200 mm
cylinders, These mixes have water to binder ratios from 0.26 to 0.35 and three of them
contain silica fume, The compressive strengths range from approximately 100 MPa to 130
MPa. The main parameter varied in the tests is the aggregate type, but no significant
influence is found.
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An initial slope of k£ = 8 is proposed in figure 2, corresponding to @ =~ 51°. At g, 2 0.1f
the slope seems to decrease to k& = 3, corresponding to @ = 30°, ’

A m.ommmc. Eo.voum._ mEvamu.m for HSC should of conrse be on the safe side. In Ref, (7) a
mﬂﬁmﬁ line is mﬂ.ummnmﬁn given by Eq. (3) with k = 3. However a safe design proposal for
the failure criterion may be chosen as a bi-linear curve on basis of figure 1 and 2:

L+ 4oy, 0z o0, <05,
o =
L5, + 30,, 05205

@

”zuw first part corresponds to what is normally applied to concrete and the second part
includes a reduced angle of friction. This proposal is taken from Ref. (5), but already in
1968 Hannant & Frederick (Ref. (8)) suggested a bi-linear design criterion for nommal
mn.num%w mnwnﬁ.nﬁ. However, in their proposal the transition point was placed at o, = 4f. and
o, = 0.75¢.

DISCUSSION

.H.rn. mnan.wE of a true Coulomb material, subjected to triaxial compression, shows a single
straight line in both the Mohr diagram and the principal stress diagram, according to Eqs.
.ﬁmv Ea.ﬁuu. However, the results obtained from HSC indicate, that a single straight line is
insufficient to describe the friaxial compressive strength. Instead a bi-linear model seems to
match the experimental data (cf, figure 2).

?.nmﬁm 3 ﬁ.wo situation with a bi-linear failure envelope is outlined in 2 Mohr diagram. The
EE».H .:um is denoted by subscript 1, while the original Coulomb line is denoted 2. The
condition for the two lines to result in identical uniaxial compressive strengths is ¢ /c, =

Nk

.H“.wo initial line has an increased slope and a reduced cohesion compared to the Coulomb
line. Apart from an eventual reduction of f] these differences result in reduced triaxial tensile
mw..o.._mzu characteristics of the material. This tensile strength reduction is interpreted to
Jnm_bma from existing micro cracks in the hardened concrete. Therefore the initial failure
line in figure 3 is termed the cracked strength criterion. '

As a result of the assumption, that the cracked strength criterion mainly depends on the
damage of the mortar structure within the concrete, it is expected to vary with a number of
parameters such as

- The load history and load type.

- The curing conditions.
- The existence of damaging alkali-aggregate reaction.
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Therefore the criterion cannot be considered as a true material property.

Another interesting feature of the cracked strength criterion is, that a concrete mix with a
fully developed micro crack structure {i.e. f= 0) cannot sustain any unisxial compressive
stress at all.

Normal Streneth Concrete

In the following it is shown to be very plausible, that also normal strength concrete (f < 40
MPa) shows a behaviour similar to the bi-linear model described above.

In Ref. (9) AM. Neville describes the existence of fine initial cracks at the interface
between aggtegate and cement paste even prior to loading. These micro cracks start to grow
at about 30 % of the ultimate load. At 70 to 90 % of the peak load cracks develop through
the mortar, bridging the bond cracks to form a continuous patter.

J.G.M. van Mier has investigated the fracture processes in concrete under multiaxial loading
(see Ref. (10)). The research includes the influence of specimen size, casting direction and
the load path. The tests utilize concrete cubes loaded throngh steel brush plates, because it
is essential to minimize the frictional restraints against transverse deformations. An
important conclusion is that the descending branch of the compressive stress - strain curve
is strongly influenced by the specimen beight. Thus, the axial deformations are localized in
inclined shear bands instead of being homogeneous.

Furthermore Ref. (10} includes a diagram depicting the axial compression strain €, as a
function of the lateral strain &, {(see figure 4). The diagram shows, that the strain rate ratio
(de,/de,) increases from its initial value, corresponding to the elastic Poisson ratio, to a
value of approximately 8 at the peak load. This corresponds closely to the theory of
plasticity, where the normality condition applied to the Coulomb criterion results in the
theoretical solution de,,/de,, = -dey/de, = k in the case of plane strain. Thus, the uniaxial
results on concrete cubes with £, = 45 MPa clearly indicate, that k exceeds the typical value
of 4.

A comparison of various normal strength concretes, subjected to small confinements, in both
the compressive region and the region of tension-compression-compression  stresses, is
shown in figure 5. Also the two lines corresponding to k=4 and 8 are depicted in the o, /f -
,/f. diagram. It appears that the slope & = 8 is appropriate in the vicinity of the o, /f-axis
and in particular in the tensile region. However, care should be taken in comparing test
series with differences in both specimens, load paths and test equipment.

Figure 5 indicates the great experimental scatter to be expected in triaxial tests, especially

for the tensile region. Becauss of this scatter it is hard to detect any distinct change of &k
from its normal value of 4. This distinction is further troubled by the fact, that the transition
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from the cracked strength criterion to the Coulomb eriterion almost coincide with the
vniaxial compressive strength and that most triaxial tests are originated from this state.

High-Strength Concrete

Previously we have described, that cracks in HSC do not notice the aggregates to the same
extent as in normal strength concrete. Therefore it is expected, that HSC is much more
sensitive to the presence of micro cracks than normal strength concrete. Thus, the cracked
strength criterion becomes experimentally visible for HSC. For the same reason the internal
friction of HSC seems to be slightly smaller than that of normal strength concrete (@, = 36°
instead of 37° in figure 3).

It is impossible to determine any clear experimental relationship between the two strength
criteria in figure 3 and the strength f,. The cracked strength criterion is assumed to depend
on many parameters as previously mentioned. The Coutomb line depends on the internal
friction and it hardly recognizes the micro cracks. Therefore it is expected, that the Coulomb
criterion increases relatively to the strength f. Thus, the gap between ¢, and ¢, increases
with £. However, the HSC results in figure 1 indicate, that a Coulomb criterion with k= 3,
intersecting the o-axis at 1.5, is a good estimate even though the unjaxial compressive
strength varies.

Fibre Reinforced Concrete

From figure 1 it seems, that the presence of 6 % steel fibres in mix B and C does not alter
the triaxial strength behaviour significantly, compared to mix A and the other high-strength
concretes. It is reasonable to assume, that the fibres do no influence the angle of friction.

The fibres are known to possess a remarkable crack arresting effect in conerete. Therefore
the cohesion ¢, is probably increased by the fibres crossing the cracks, i.e. the cracked
strength reduction is counteracted by the fibres. It is often assumed, that the fibres make it
possible to force the failure envelope at small confinement pressures from the cracked
strength criterion to the Coulomb criterion. However, the present test series still shows a
significant cracked strength line in despite of a fibre content of 6 %. This content is close
to the practical limit, when the workability of the fresh mix is considered. An upper limit
of 1-2 for the fibre reinforcement index V,(L,/d;) is often suggested, which is exceeded by
mix B and C.

The fact that none of the fibre reinforced mixes succeeded in producing 2 true Coulomb
materjal under compression stresses justifies the conclusion, that it is impossible to alter the
failure envelope of the ultra high-strength matrix sigoificantly closer fo the Coulomb line
than indicated in figure 2.
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In case of normal strength FRC however, both Ref. (17) and (18) report a change E.w&EH.m
mode under biaxial compression from adding steel fibres. For plain concrete the failure is
governed by splitting cracks in the plane of the stresses, while the addition of 1-2 % fibres
causes the failure to consist of inclined shear cracks instead.

CONCLUSIONS

The general conclusion is, that the Coutomb failure criterion gives a satisfactory description
of the wiaxial strength of HSC just like in the case of normal strength concrete, In Eq. (4)
a bi-linear design proposal is given, which is closely related to the criterion normally

applied.

However, the compressive triaxial tests performed on Em_u.mnduma.u concretes {(both Emw.. and
steel fibre reinforced) result in the following observations concerning the strength behaviour:

1 For small confinement pressures {< 0.1£,) the triaxial strength is governed primarily
by a reduced cohesion, because of micro cracks and imperfections.

2: The angle of friction, that applies to this socalled cracked strength criterfon is
approximately 51° (k= 8}.

3 When the confinement pressure increases the triaxial strength is governed by the
internal coefficient of friction. The angle of friction is found fo be equal to 30° (¥
= 3) for £, ranging from 60 to 160 MPa.

4: The incorporation of 6 % steel fibres does not seem to alter the EEcm_ strength
behaviour. However, the fibre reinforced cylinders show extreme ductility compared
to plain concrete cylinders.

Furthermoze it is justified that the socalled cracked sirength criterion m_mo.mm applicable to
nommal strength concrete. This strength criterion is not taken to be a material property, but
it is assumed to depend on both load history, curing conditions, ete.
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NOTATION

Cohesion.

Fibre diameter.

Uniaxial compressive strenpth.

Uniaxial tensile strength.

Unconfined axial strength.

Confined axial strength.

Constant defined in Eq. (3.

Fibre length.

Lateral confinement pressure,

Fibre content by volume.

Major and minor principal sirains respectively.
Axial and lateral strains respectively.

Angle of friction.

Normal stress. Positive as compression.
Principal stresses, Positive as compression (o, 2 6, 2 ©;).
Shear stress.
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Table i: Mix proportions, 1 - Table 3: Triaxial strepgth results,

| A 0 1702 (1.7) 0.059 147

Table 2: Steel fibre characteristics (straight Dramix fibres). 0.080 2.10

; - . 0.034 1.34

- OL 12/.40 | OL 6/.15 HC , 0.065 1.61

0 6 6 : 0.12 1.88

0.18 2.19

" 12 6 B 1.8 164.3 (2.1) 0.24 218

- 30 40 0.37 2.74

- 12 24 0.40 2,84

- 1350 2950 043 Y
- Low carbon. | Brass-coated,

high sarbon 0.13 1.84

0.25 229

036 2.69

C 24 165.0 (0.5) 0.49 2.98

0.61 3.23

0.73 3.62

0.85 4.05
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Figure 1: Experimental o/ff. - o/f. relationship.
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Figure 2: Experimental o,/f. - o,/f; relationship for small confinement pressures.
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Figure 3: Bi-li i i i
i-linear failure envelope in Mol diagram. Figure 4: Axial strain versus lateral strain in uniaxial compression tests on concrete
cubes. Strain curves in %o are taken from Ref, (10).
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normalized confinement stress
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Figure 5: Experimental triaxial stength results for normal strength concretes.

)

_O g (RN

\,|u |||||||||||||||||||||||||||||||||||

O e

o T S upupnn .5 S SR L .V- ..............
| 5 XXXXX Ref. {12), £.=20
] / H++ Ref. (13), £.=56 MPa
| IEEEEE] Ref. TJ_ f.=27 MPa
| _nh NANMA Ref. (15), £.=43 MPa

0 AQE! %w&. {18), £.=30 MPa

~0.15 -0.10 —=0.05 0.00 0.05 0.10 0.i15 0.20 0.23

Appendix 2

Calculations for compresit footbridge

This appendix contains the numerical calculations associated with the compresit solution
proposed in Chapter 5. The appendix consists of 4 sections, treating various calculations on
the compresit design. The system chosen for the investigation is a simply supported
statically and peometrically determinated truss beam. The reason why this simplified
calculation model is used instead of making & more detailed finite element model is the wish
to evaluate the influence of the various geometrical parameters. Farthermore the design is
rather roughly, which is also reflected in the calculation model.

=58
2

™~
o
!c._

L/2

Figure A2.1:  Plane truss beam system with dimensions and loading.

A2.1 Internal forces in truss beam

The plane truss beam is outlined in figure A2.1 with dimensions and loads. The beam is
simply supported with span L. A total of n sections, each with length /, are considered,
where 1 = 2,4,6,8,, i.e. | = L/n. The truss angle B is defined by tanf = h,/f = nh,/L. The
distance between the compressive and tensile stringers is denoted #;. In figure A2.1 the load
g per unit length is divided into r-1 identical point loads acting in the upper flange nodes
as indicated. It is noted, that g in the figure not necessarily denotes the live load.

141




Appendix 2 Calculations for compresit footbridge

The internal forces are the compressive force C in the vertical trusses, the compressive force
K in the upper flange, the tensile force T in the Jower flange and the tensile force F in the
inclined trusses. In the following these tmss forces are expressed for the different sections
of the beam, indicated by the index j = 0,1,2,--,n/2-1, cf. figure A2.1. Because of the beam
symmetry in both geometry and loading only half of the » sections are considered.

The Ritter method of cuiting vertically through 3 bars of each section and using the three
equilibrium conditions is applied. A vertical force equilibrium gives

um|hm-h .n ...m- ..E._
fe i - L), 1-aenia @2.1)

Moment equilibrium around the upper left node of each section gives the tensile force:

-1,

n
2 (A2.2)

T, = asmuﬁlui - Mq-cw . 7123,
r=]

T,=0

where it appears, that the outermost truss of the lower flange {f = 0) only serves to obtain
a geometrically determinated truss system.

The compression in the upper flange is found by means of horizontal force equilibrium:

J
-ﬂw QNOOun_w Au CQ+HV -j- Mmﬂluvg , j= H..N.w.:..mlu. ,

=t (A2.3)
K, = nlmhno”u

Finally the compressive forces in the vertical trusses are found by cutting free the nodes and
ensuring the vertical force equilibrium for each node:

L (n+l R . n
Cc, = &8+ | - LB
7 Bl HA gw j=123 ) 1,
(A2.4)
L qL
c =2 ¢_=.9. .
° 2 N2 op-1

where C, and C,, denotes the forces in the outerrnost and the central truss respectively.
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A2.2 Optimization of truss angle B

In order to choose a proper configuration for the truss beam in figure A2.1 we apply a
simple optimization on the geometry by varying the angle B of the inclined tensile bars and
observing the material corsumption and the material costs.

The necessary amount of reinforcement steel to carry the tensile forces Fand T is caleulated
for a given load g. For the inclined trusses this steel volume is expressed as

n-1[
=23

a2 KL 2
LI I = 24,6, (A2.5)
\.1 mE.“; \“& _w .MH-M ?

‘where the factor 2 takes into account, that the sum from j = 0 to #/2-1 only includes half

the span. For the lower flange we get

INM

=..u.|_.
w 1

E
The total steel volume is calculated as ¥, + V.

For a given beam geometry determined by the span L and the depth %, the number of sec-
tions » is varied in egs. (A2.5) and (A2.6) to investigate the steel consumption as a function
of the truss angle P. It is noted, that the dependency between B and » is tanP = nk,/L. From
both eg. (A2.5) and (A2.6) it seems reasonably to consider the normalized prestressing steel
volume (V" + VgL, during the comparison.

The amount of compresit is not as sensitive to the truss angle as the amount of steel
reinforcement, but the compresit needed for the vertical compression trusses in mmE.n A2l
is of course dependent on the number of sections. A simple E_m._wm_m is performed in the
mo:osaum The amount of compresit in a single vertical truss is given by hb% If the
minimum attainable column width b, from eq. (5.4) is used and the column dimensions
are assumed identical for all the vertical trusses, corresponding to the outermost truss (f =
(), then we get the expression

n
V, = hp2nel) = 2%Epf1 + |1+ Guq%v (1+1)
8 fu LE,
t {A2.T)

AN
f1 + QH + mwul__.mulum.mliﬁ 3]
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Appendix 2 Calculations for compresit footbridge

where C, = gL/2 is inserted in eq. (5.4) with I, = A&,, The factor (n+1I) comresponds to the
total number of vertical trusses in the beam.

Hu. figure A2.2 an illustrative example of the volumes from eqgs. (A2.5) - (A2.7), normalized
with respect to gL*/f,,, is given. The material parameters, that are inserted in eq. (A2.7), are
Ly =20, fulfs = 15, E4/fy = 268 and £, /g = 500.

20

10

normalized volume

[ S0 T T T T T T T TR T 00 OO0 O O A

o rrrrrrermT “ TTTTTTTTT “ TLITFITTTTT “ TTTTTTUTTrTY “ rrry _l_ LI R
o 20 40 80 80 100
number of sections

Fignre A2.2:  Example of volumes of prestressing steel and compresit with varying
number of sections ». Volumes are normalized with respect to mh&.,i.

A small parameter study shows, that the magnitude of £,k /g has very little influence on
the compresit volume in figure A2.2, so that a precise value is not necessary. In figure 5.4
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the costs are compared instead of the volumes for different values of L/A, , i.¢. the volumes
are weighted according to the actual material prices, which makes a comparison possible.

A2.3 Vertical deflections at mid-span

In order to evaluate the SLS we calculate the Jinear-elastic deflections of the beam outlined
in figure A3.1. The principle of virtual work is applied through the work equation. It is
recalled, that the deformations and the internal forces do not necessarily correspond to each
other in the work equation. Therefore a vertical downward-directed force of unit magnitude
is placed on the mid-span node of the truss system at the upper flange. The internal forces
from this load is calculated and denoted by superscript 1. The deformations are taken as
those corresponding to the actual loading, i.e. force divided by the stiffiess. By imposing
the work equation on these two systems we obtain the mid-span deflection as

az-t[ gl I 1
d=81=2Y 55 .3 AT B,
0 m}_ sinf B&_ mmh (A2.8)
i 1
ogn;.. . nﬁnﬁs
E4, Edyp

where the stiffness of the jth truss is symbolized by Ed, . The lefi-hand side corresponds to
the external work, while the right-hand side is the internal energy from the total number of
trusses in the system. The last term on the right-hand side represents the vertical truss at

mid-span.

The internal forces from the unit load are calculated below. In the inclined trusses we obtain
the tensile forces

i : n
Fle 2| = 0,1,2,-,2-1 (A2.9)
J 2si W 7 3Laday 2
and in the tensile stringer we have
ﬁ_ = g.nME , = c.rw.....muw (A2.10)

The compressive forces in the upper flange are
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K- % . F =022 (A2.11)

and the compressive forces in the vertical trusses are

1

cl==, j=012-5%-1, cC,= A2.12
;=3 j 2 2 2 = 1 ( )

Expressions for the mid-span deflections. The deflection & is considered to be 2 sum of
4 different confributions denoted 8, &, 8y and 8. according 1o the internal forces in eqs.
{A2.1) - (A2.4) respectively, i.e. the subscripts correspond to the internal forces. Thus, the
deflection contribution from each group of structural elements of the truss beam can be

recognized separately.
The stiffness of the jth inclined truss is E, A" and the deflection contribution from the
inclined trusses is

niz-1

m.unu

=0

h, Flg)
si’P EAS

In case of the steel reinforcement cross-sectional area \r.s governed by the ULS load q,,
ie A4, = Fiq M, we obtain

b, =2 0 IS (A2.13)

where g,/g, denotes the ratio between the SLS and the ULS load.

The deflection coniribution from the lower flange depends on the prestress force P, acting
on the jth section. Like it is stated in Section 5.2.2, the amount of prestress tendons in the
lower flange is chosen, so that it is under compression throughout the SLS, i.e. P, = Tifq,)
for g, < 55 kN/m. The actual amount of prestressed tendons in the lower flange is given in
table 5.2 of Section 5.2.2. .

The stiffness of the jth section of the lower flange under this assumption is £ {4, + o ),
where A, is the cross-sectional compresit area of the lower flange. The deflection is written:

s-_.Eﬁ-w
n M ” 00 h s
b I * P m....ﬁhn+nh&~ﬁ B =Tig)

where the negative values symbolize upward-directed deflections. In case of any of the
sections subjected to tension instead of compression (i.e. P; < Tifg,), the stiffness is replaced
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with the tensile stiffness E, 4, . It is noted, that the reinforcement contributes to the
compressive stifftess of the lower flange.

Under the assumption, that all the lower flange tendons are prestressed to the same prestress
degree o, /f,; we obtain

mnaal Ii.-l , wl .
T ° E, m LAy fu J1rod fa By
where ¢, = 4,,/4, is the reinforcement ratio of the jth section. In the special case, where the

amount of tendon reinforcement corresponds exactly to the ULS load, ie. 4, = T(g.)/%.
the term T, (g, V(4 4,) equals q,/g,, where g, is the SLS load.

For the upper flange the main contribution to the stiffness is from the bridge manw.. This
stiffzess is assumed to be constant and js demoted EA.**. It is noted, that the stiffness
contribution from the mild steel reinforcement of the deck is not taken into consideration.
The deflection contribution is calculated from
LS s DeotBKa) (A2.15)
= j+1)cot 4 -
a2y (0D

5

Finally the deflections originating from the vertical frusses are calculated as

h nf2
LY} Clg)

b " At

where the stiffness is considered to be identical for all the trusses, Hn_s&nm the wcnmmE&bm_
reinforcement. By inserting eq. (A2.4) the deflection contribution is rewtitten into

,Eq%é,ﬁ-ﬂ.l_, E._@
% = m}cseﬁ 4 ‘M.u%-_

In order to investigate the influence of prestressed inclined trusses we use the expression
-1

8 =3

J=0

h Fa) - ¥

si’p EAT

. B':Ffq)

where 4,” is the cross-sectional area of the inclined trusses, which is considered constant
for all the sections. It is assumed, that the prestress force P,” equals the tensile force
corresponding to the maximum SLS load g, in the jth truss, ie. P = Ffgom) BY
inserting eq. (A2.1) we obtain )
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{(A2.17)

Thus, we have g, < ¢, and therefore 8,7 gives an upward-directed deflection contribution.

Numerical calculations for the short-term deflections, The deflections in eqs. (A2.13) -
{A2.17) are all based on linear-elastic assumptions, which means that the deflections vary
linearly with respect to the SL5 load g, . First the short-term deflections are evaluated
because the primary SLS demand is, that the deflections, corresponding to the live load,
should not exceed £/400. The following assumptions are used in the calcutations:

- The shori-term moduli of elasticity are E,= 50 GPa and E, = 200 GPa.

- The inclined trusses are reinforced by means of prestressing strands T15 according
to the amounts given in figure 5.6, Le. precisely enough to carry the ULS load.

- The cross-sectional dimensions of the compresit lower flange, which is under con-
stant compression because of the prestressed tendons, is estimated to 2 x 0.2 m,
ie. 4, = 0.4 m® in eq. (A2.14). The amounts of tendons are given in table 5.2.

- The cross-sectional dimensions of the upper flange are taken as those of the brid-
ge deck, ie. 5 x 0.1 m and 4%* = 0.5 m’ in eq. (A2.15).

- The cross-sections of the vertical trusses are squares with dimensions (20 mm)’
and (120 mm)® for solution A and B respectively, see table 5.1. Furthermore a
constant reinforcement ratio of 15 % is included for the calculations with eq.
(A2.16).

Firstly the deflection contribution 8. in eq. (A2.16) is analyzed separately, The terms inside
the brackets on the right-hand side equals 49.5 and 84 for solution A and B respectively (the
number of sections » equals 18 and 24 respectively). By inserting the proper physical values
we obtain

30 m? 495 mm? Lt
g, = 0.17g, —— , Solution A
50 GPa-{0.08 m*{1+40.15) 17 * N
8, = (A2.18)
R 2 2
6015 m En.. = 029g, I | Solution B
50 GPa{0.12 m)*{1+40.15)23 N

where the column widths from table 5.1 and a constant reinforcement ratio of 15 % are
inserted. Keeping in mind, that the live load of ¢ = 25 kN/m is divided on two truss beams,
the deflection contribution from the verfical trusses is rather modest compared with the
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other elements. In table A2.1 the various deflection contributions are calculated from egs.
(A2.13} - (A2.16) a5 a function of the normalized SLS load ¢,/g,, where g, = 62.5 kN/m.

60 and 1.5
18, 31°, 1.67 m 24,31°,25m
194q, /g, 389q, /g,
-29 + 284, /4, -178 + 1784, /4,
329,744 2154, /9.
54,4, 94, /44
29 + 259, /g, -178 + 791q, /g,

Table A2.1: Short-term deflections as a function of the SLS load, normalized with
respect to g, = 62.5 kN/m, The prestress degree is o, s = 0.6.

Like it appears from the table the deflection contribution 3. is almost anmw.mmwuum. ..;m
decimal places in the values are excluded in order mot to signal any false impressions
concerning the precision of the calculations. In case of zero loading the prestressed lower
flange gives an upward-directed deflection of 29 mm.

In order to check the SLS deffection demand, which is written

75 mm , Solution A {A2.1%)
u@+3|m§mb_.§u *Go EE.moEmnnw

we only bave to consider the linearly increasing terms of & in table A2l Nnou.inm Q.E the
load ratio g/g, = (25 KN/m)A(62.5 kN/m) = 0.4, we get deflection increments in solution A
and B equal to 104 mm and 316 mm respectively due to the live load. Zou.w of these <mem
fulfil eq. (A2.19), i.e. we have to increase the stiffness of the bridge girder in both solutions.

First we consider solution A by means of increasing the stiffness of the inclined frusses,
which is direetly propartional with the amount of steel reinforcement. If the amount o».. pre-
stressing strands in the inclined trusses is inereased by the factor A we obtain the condition

8(@+alla) - d{pla,) = B(0.88) - B(048) (A2.20)
= 0.4(194/A + 28 + 32 + 5) mm < [f400 = 75 mm

where the values 0.48 and 0.88 correspond to p/g, and (p+g)/iq, respectively. H._.R ,....E:am
within the brackets correspond to those in table A2.1 for solution A. The no_u&non in eq.
(A2.20) is fulfilled, when A = 1.58. This means that eq. (A2.19) is fulfilled, if the number
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of prestressing strands is increased with approximately 60 %. In this case the expression for
§ in table A2.1 pets the appearence
&

muﬂm+mw+mh+mn

“ To + ;mw EB.Sus.usz
d

(A2.21)

when the values for solution A are inserted.

For solution B a similar method of increasing the stiffness is not sufficient. We have to
consider the other trusses as well. The deflection demand, similar with eq, (A2.20), yields
5(0.88) - 5(0.48) = 0.4(389 + 178 + 215 + 9) mm

= (156 + 71 + 86 + 4) mm = 317 mm > 150 mm

(A2.22)

where the terms within the brackets correspond to 8¢, 8;, 8, and &, respectively of table
A2.1, It is obvious, that even though the inclined trusses, or both the upper and lower flange
are considered to be totally rigid, then the demand is still not fulfilled. Thus, the stiffness
of all the trusses have to be increased.

A method to increase the stiffness is to consider prestressing of the inclined trusses as well
as the lower flange. This is treated in eq. (A2.17} and in the following the numerical
calculations for solution B are shown, The number of sections is » = 24 and the terms
within the brackets on the right-hand side of eq. (A2.17} are found to equal 3.13. The
expression for 7 is applied to sefution B, where L =60 m, iy = 1.5 m and B = 31°:
o = 33— LIOEE 0 g5 gy - 22T g )
- 50 GPa A[sin*31° AP N

which is always negative {upward-directed) because the SLS load never exceeds g, =p+g
= 55 kN/m. By inserting the estimated cross-sectional dimensions 150 x 150 mm (4" =
22500 mm?) we obtain

.mwau TS + :mmv EE E.N&
qa .

where ¢, = 62.5 kN/m is applied similarly with the expressions in table A2.1. A comparison

with the expression §; = 389g, /g, from table A2.1 shows, that the stiffness of the inclined

trusses is increased with a factor 3. However this increased stiffness is still not enough in

eq. (A2.19).

An additional stiffness increase of the upper flange (the bridge deck) is assumed in the

following. It is recalled, that no stiffness contributions are included from the reinforcement
in the bridge deck, or from the edge beams. A rough estimate shows, that the stiffness of
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" the upper flange is reasonably increased by 50 % by taking these confributions into

consideration. By inciuding this increased stiffness together with the prestressing of the
inclined trusses it is possible to reduce the deflection increment in eq. (A2.22) from 317 mm
to 178 mm. This value is still not below the limit of 150 mm, but it is assumed, that the
missing stiffress is obtained from a more detailed calculation. The total deflection in
solution B, including these assumptions, reads

5
8 =0 + 8+ 15+ 8= H-S_-Gm + ??:?%wiw mm
I (A2.24)
= ﬁnm.__w + ﬁm.m.mw mm, g,=625kNm
qq

Lopg-term deflections. The long-term modulus of elasticity of the compresit matrix is 20
GPa to include the creep characteristics of the matrix, i, 2.5 times smaller than the short-
term value. The long-term conditions are only important in connection with the dead load
p = 30 KN/m. Under assumption of the actions taken in the previous section in order to
ensure the proper bending stifftess of the beam girder the expressions for the long-term
deflections are listed in table A2.2.

30 and 1 60 and 1.5
18, 31°, 167 m 24,31°,25m
121q,/q, -253 + 2884, /4,
-63 + 60g, /9, =345 + 3444 /4,
794, /g4 3589, /44
13g, /g, 239,/4,
-63 + 273¢,/44 -598 + 1013q, /g,

Table A2.2: Long-term deflections as a function of the SL3 load, normalized with
respect to g, = 62.5 XN/m. The prestress degree is G,, /s = 0.6. Note that
in solution B the inclined trusses are prestressed in order to utilize their
compressive stiffness.

For solution A the long-term deflection from the dead load is §.(0.48) = 68 mm and the
short-term deflection is caleulated from eq. (A2.21) to 5(0.48) = 60 mm. Thus, almost all
of the long-term: deflection is occupied by the short-term deflection. It is recalled that the
value 0.48 corresponds to p/g,.
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For solution B the long-term deflection from the dead load is §, (0.48) = -51 mm, ie. it is
upward-directed due to the prestressing, while the short-term deflection is calculated from
eq. (A2.24) to §(0.48) = -65 mm.

A2.4 Price calculations

The following material prices are all in DKK (Danish kroner), The prices used for the
existing concrete solution, see figure 5.1, are all in J985-DKK, but the prices are transferred
into 1995-DKK at the end of the comparison. The prices on the existing concrete bridge is
taken out of the estimate from the contractor, that built the bridge in 1985.

The following prices from the estimate are used for the reinforcement:

- Freyssinet tendons (12T15) : 1985-DKK 315 per m

- Mild steel bars : 1985-DKK 8,500 per ton
- Jacking - jacking anchor : 1985-DKK 3,900 per pair
- Jacking - blind end anchor : 1985-DKK. 2,500 per pair

The two types of anchors are used to apply tension to the tendons from both ends (jacking -
jacking) or from one end only (jacking - blind end).

Material consumption. The consumption of compresit matrix is more or less identical for
the two compresit solutions A and B. A total bridge length of 66.5 m is used to calculate
the amounts of compresit:

- Bridge deck : 0.1-566.5 m* =33 m’
- Beams in upper flange : 240.3766.5 m* =12 m?
- Lower flange : 0.2266.5 m* =27 m’

Furthermore there is compresit matrix in both the vertical and the inclined trusses, but the
amount of matrix in these members is very modest. For solution A it is approximately 1 m’,
while it is 2 m® for solution B. .

The total amount of compresit matrix in the bridge girder is piven as 75 m’ without
distinguishing between the two solutions. If the density of the reinforced compresit is
approximately 30 kN/m’, then the girder gets a self-weight per unit length of approximately
34 kN/m based on this amount of matrix. This value is slightly above the dead load p = 30
KkN/m, which is applied to the design, but this is assumed to be of no importance,
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The amount of reinforcement steel varies between the two solutions. Based on the
informations in table 5.1, concerning the tendons, the following quantities are found for
solution A:

- Freyssinet tendons (12T15) : 266.5m+825m+

36/5in31° m =~ 400 m
- Jacking - jacking anchor : 22 = 4 pairs
- Jacking - blind end anchor : 22+2) = § pairs
- Mild steel reinforcement (5 %) : 33 m*0.05-7800 kg/m® = 13 ton

It is noted, that these amounts are calculated for two separate bridge girders, which are
simply supported. The benefit of connecting the two girders over the mid-support is not
included in this investigation.

For solution B the amount of reinforcement is caleulated as

- Freyssinet tendons (12T15) : 6665 m + 850 m + 217 m +
48+1.5/sin31° m =980 m

- Jacking - jacking anchor : = § pairs

- Jacking - blind end ancher : 2442 = 10 pairs

- Mild steel reinforcement (5 %) : 33 m*.057800 kg/m’ =~ 13 ton

Compresit material price. The price of compresit matrix is difficult to estimate because
the material is only at the beginning of its commercial life. The pure material cost of one
cubic metre is estimated to approximately 1995-DKX 6,000 including 6 % by volume of
steel fibres (Dramix type OL 12/.4). This price is used for the bridge deck, which is cast in-
sifu.

For the precast truss beam the price of compresit per m® also includes the extra expenses
comcerned with precasting. Thus, precasting takes longer than in-situ casting, it takes more
equipment and so forth, An estimate is obtained from the casting of small slabs, that are
utilized as drainage cover in the Great Belt tunnel. These slabs are precast at a prefabrica-
tion concrete factory at a price of approximately 1995-DKK 17,000 per m’, including mild
steel reinforcement. The total price in 1995-DKX of the 75 m® compresit, that is applied in
both solution A and B is calculated as

- Bridge deck cast in-situ : 35 m®6,000/m? = 210,000
- Precast truss beam sections : 40 m*+17,000/m? = 680,000
- Total compresit price ! 1995-DKK = 890,000
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