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ABSTRACT

The commercial use of high performance concrete (HPC) as a building/construction
material is well established. In contrast the use of ultra-high performance concrete
(UHPC) in structural members is in its infancy and there is a lack of design tools and
lack of research on the performance of structural elements constructed with this new
generation material. To date, many publications on the material properties of UHPC

have been reported whereas publications on the structural behaviour of UHPC are few.

The general objective of this thesis is to study the behaviour of structural members
constructed with a steel fibre reinforced ultra high-strength, high-performance, concrete
mix known as reactive powder concrete (RPC) and subjected to non-flexural actions.
More specifically, this ?El,dl investigates: (i) the behaviour» of fibre reinforced RPC

prestressed girders without stirrups, failing in shear and; (ii) the capacity and stability of

cracks under load that develop due to bursting forces in anchorage regions of

prestressed concrete girders.

This thesis is divided into three main sections: (I) development of a RPC mix using
locally available materials; (II) testing of six deep panels designed to simulate bursting
in anchorage regions of prestressed RPC girders and; (III) testing of seven prestressed

RPC girders to investigate the behaviour of steel fibre RPC failing in shear.

In addition to the experimental investigations, an analytical model is developed to
describe the constitutive behaviour of fibre reinforced concrete. The model, named the

variable engagement model (VEM), is capable of describing both the pre- and post-peak _

behaviour of fibre reinforced. concrete subjected to/Mode i frac_tu;g/ The model is
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verified using the results of 29 direct tension tests undertaken by 10 researchers. The

results of the verification show that the VEM correctly models Mode I fracture of fibre

reinforced concrete for a wide range of concrete strengths (20 MPa to 200 MPa) and

with varying fibre types and quantities.

Following the development of the VEM the model was incorporated into a finite

element formulation for the analysis of fibre reinforced concrete, plaqe stress, members.
The ﬁumerical verification of the finite element model, which followed, showed that the
constitutive law developed for Mode 1 fracture of fibre reinforced concrete correctly
captured the overall behaviour of the specimens tested both in this study and in the
wider literature; including the load versus displacement response and the failure mode.
The numerical analyses were extended to parametric studies investigating the behaviour
of fibre reinforced RPC girders with varying fibre types and quantities, shear-span to
depth ratios and varying levels of prestress. From the parametric studies, it was
concluded that the shear strength of the specimens increased as the level of prestress and
fibre quantities increased. Also, the failure mode is more ductile for specimens with
higher quantities of steel fibres. In terms of shear span-to-depth ratios, the shear strength

becomes a constant for shear span-to-effective depth ratios of greater than three.

In the final part of the thesis, a design model based on the theory of plasticity, combined
with observations from the VEM, is used to calculate the shear capacity of fibre
reinforced RPC prestressed girders that are not reinforced with stirrups. The results of

the model compared well with the experimental data for the beams tested in this study.

TN .



NOMENCLATURE

v

area of the concrete section

area of the top flange

effective area of flange

area of web

cross section area of a fibre

gross cross-section area

area of prestressing steel

area of prestressing steel at bottom flange
area of prestressing steel at top flange

longitudinal reinforcement area

notched depth

shear span

distance from the external load to the starting point of a yield line (in

case of T-beams)

shear span to effective depth ratio

shear span to depth ratio
width of specimen

width of flange

effective width of flange
width of web

capacitance

effective diffusion coefficient

diameter of specimen

effective depth of specimen

fibre diameter
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distance of the neutral axis from the plastic centroidal

distance of ith level of prestressing steel from top surface

equals 2d,/d ¢

corrosion potential

secant modulus

modulus of elasticity of fibre

modulus of elasticity of matrix

modulus of elasticity

modulus of elasticity of prestressing strand

modulus of elasticity of steel

distance from the top surface of a beam to the centre of gravity of the
cross section

compressive strength

concrete flexural tensile strength

mean concrete compressive strength

in-situ compressive strength

tensile strength of the matrix (excluding fibres)
tensile strength of the fibre-matrix composite

cube concrete compressive strength

in-place concrete effective compressive strength

double punch concrete tensile strength

split-cylinder concrete tensile strength

effective plastic tensile strength of concrete
shear modulus

fracture energy determined from uniaxial tension tests

fracture energy of concrete without fibres
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fracture energy determined from three point flexural tensile test

height of cylinder; total depth of specimen
abrasion coefficient

gross second moment of area
air permeability
damage factor

global orientation factor

local orientation factor; decay factor

average value of the local orientation factor for all engaged fibres

total length of prism

clear span

characteristic length

initial fibre embedment length
critical fibre embedment length
critical fibre length

fibre length

cracking moment

axial force at the point of fibre-fracture

total load

failure load of flexural tension test

shear cracking load

failure load of double punch tension test
effective prestressing force at ith level
fibre pullout force

failure load for split cylinder tension test

tearing load

maximum load

vi
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Yt

electrical resistance

radius of curvature

effective thickness of top flange

diagonal shear cracking load
ultimate shear strength

crack opening displacement

critical crack width
engagement length
initial water content

residual water content

diameter of steel punch; horizontal projection of yield line

distance from the centroidal axis of fibre

distance from the bottom surface of a beam to the centroidal axis
distance from the top surface of a beam to the centroidal axis
engagement constant

fibre aspect ratio

bilinear softening model parameters

fibre fracture-bending coefficient

axial strain at the extreme tensile fibre at fracture

bending strain at the extreme tensile fibre at fracture

strain

concrete strain

concrete strain at peak stress

strain at peak stress of the matrix

failure strain
fibre failure strain
fibre yield strain

initial pre-strain of prestressing strand
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viii

yield strain of prestressing strand

strain at the guaranteed ultimate tensile strength of prestressing strand
tensile strain at cracking

tensile strain corresponding to the critical crack opening displacement
yield strain

major principal strain

minor principal strain

curvature, =1/r

Poisson’s ratio

effectiveness factor for concrete in compression
reinforcement corrosion rate

effectiveness factor for membrane action
effectiveness factor for concrete in tension

angle of inclination with respect to the cracking plane

critical angle for fibre engagement for a given COD
limiting angle for fibre engagement

resistivity of concrete

volumetric ratio of fibres

tensile reinforcement ratio

stress

tensile strength of a fibre-composite at w=0

tensile strength of a fibre

average axial stress at fracture

extreme fibre stress at bottom of beam at transfer of prestress
bending stress at the extreme tensile fibre at fracture

tensile strength of matrix

guaranteed ultimate tensile strength (GUTS)



extreme fibre stress at top of beam at transfer of prestress
tensile strength contribution from fibres

average prestress in the web

yield stress

major principal stress

minor principal stress

fibre-matrix interfacial bond stress

shear strength

ix



ABBREVIATIONS

CMOD
COD
CSM
DM
ESG

FE
FPM
FPRM
FR
FRC
FR-RPC
GUTS
HPC
HSC
NLFEA
NSC
RECAP

VEM
W/B

crack mouth opening displacement
crack opening displacement

crack sliding model

Demec

electronic strain gauge

finite element

fibre pullout model

fibre pullout and rupture model

fibre reinforced

fibre reinforced concrete

fibre reinforced reactive powder concrete
guaranteed ultimate tensile strength
high performance concrete

high strength concrete

non-linear finite element analysis
normal strength concrete

Reinforced Concrete Analysis Program
reactive powder concrete

variable engagement model

water binder ratio
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CHAPTER 1 - INTRODUCTION

1.1 Statement of the Problem

Since the beginning of the 20™ century, concrete has become the most widely used
construction material. According to CEMBUREAU, the world production of cement in
1998 was about 1.6 billion tonnes compared to just 10 million tonnes in 1900 (Aitchin,
2000). Traditionally, concrete was understood as a mixture of cement, water and
aggregate but in modern concrete other constituents may also be present such as mineral
components (e.g. fly ash, silica flour and silica fume), chemical admixtures (e.g. air-
entrainer, superplasticizer and retarder) and fibres (steel, carbon or synthetic).
Figure 1.1 shows the development of concrete throughout the age with normal strength
concrete (NSC) and high strength concrete (HSC) déveloped in the early 1900’s and
1950’s, respectively. The development of ultra-high-strength high-performance |
composite known as the reactive powder concrete (RPC) originated in the mid 1990’s.
Compared with general purpose concrete, research into structures and structural

components constructed with RPC as a building material is still in its infant stage.

What is RPC? In brief, RPC is an ultra-high strength cementitious material that contains
a high quantity of cement and silica fume, low quantity of water, incorporates large
amounts of fibres and exhibits remarkable characteristics such as high fracture energy,

low permeability, limited shrinkage and increased corrosion resistance.

Over the last four decades extensive research has been undertaken on the strength and
behaviour of non-flexural members cast using both non-fibre reinforced and fibre

reinforced normal strength and high strength concrete. Current methodologies for
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design of non-flexural members include empirically based design methods, strut-and-tie

modelling, limit design and finite element modelling.

In contrast, studies on the structural behaviour of fibre reinforced RPC members
reported in the public literature is minimal. Most of the reported literature of RPC
structural members is on the material properties of RPC and experimental tests of fibre
reinforced girders designed to fail in bending. Testing of RPC members under non-

flexural action has yet to be reported.

The purpose of this thesis is to explore the mechanical behaviour of steel fibre
reinforced RPC in non-flexural actions for structural application. This study includes an
analysis of the effect of fibres on the shear behaviour of RPC concrete beams and the
development and stability of cracks formed in non-flexural, bursting, regions of RPC

prestressed girders.

1.2 Aims and Scope

The aim of this thesis is to investigate the behaviour of non-flexural elements of RPC
bridge girders reinforced with steel fibres. These regions include the disturbed zones
adjacent to prestressing anchorages and the transfer of shear forces from applied

external loads to the supports. The work in this thesis is divided into three main parts:
(1) experimental programmes,

(i)  analytical derivations with experimental verifications, and

(i)  numerical analyses.
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The experimental programme in this study consisted of three distinctive stages. The first
stage was a series of tests to determine the mechanical properties of fibre reinforced
RPC using locally available materials. The second, a series of the tests were designed to
investigate bursting forces developed by prestressed anchorages and, lastly, a third
series of tests were designed to investigate the behaviour of fibre reinforced RPC beams
in shear. Recommendations for the design of fibre reinforced RPC beams in shear are

presented.

In the analytical studies, a new constitutive model has been developed for mode 1
fracture of fibre reinforced concrete. The model is verified using data obtained from the
literature and used in combination with a plasticity approach to calculate the strength in
shear of RPC beams. The results of the model are compared with the results of the RPC

shear beam tests undertaken in this study.

In the numerical studies, the constitutive model developed for fibre reinforced concrete
fracture is incorporated into a finite element model and tested against experiments on
fibre reinforced concrete beams obtained from the literature and tested in this study. The

finite element analyses are then extended to a series of parametric studies.

1.3 Organisation of Thesis

In Chapter 2, the existing knowledge of reactive powder concrete has been reviewed.
Also, the literature on the behaviour of non-flexural members and the literature on fibre
reinforced concrete and the shear strength of fibre reinforced concrete beams is

reviewed.
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In Chapters 3 to 5, the experimental programs of this study are presented. In Chapter 3,
the mechanical properties of nineteen different RPC mix designs using locally available
materials are reported. This covers the basic principles involved in producing RPC,

suggested mix designs and a comparison of results for different standard strength tests.

In Chapter 4, the mechanical behaviour fibre reinforced RPC deep panels with nominal
compressive strength of 150 MPa, dimensioned to simulate bursting in anchorage zones
of thin webbed prestress I-girders, is reported. Included in this chapter are the selection
of variables, specimen fabrication procedures, test configuration, instrumentation and

gauging, experimental results and comments on test results.

In Chapter 5, the results of tests of seven fibre reinforced RPC prestressed beams with
nominal compressive strength of 150 to 170 MPa without stirrups are reported. Included
in this chapter are the selection of variables, specimen fabrication procedures, test
configuration, instrumentation and gauging, experimental results and comments on test

results.

In Chapter 6, an analytical model named the “Variable Engagement Model” is derived.
The model is developed to simulate the behaviour of randomly orientated steel fibre
reinforced composites subject to uniaxial tension or mode I fracture. The variable
engagement model is a deterministic model and it is capable of describing the peak and
post-peak response of fibre-cement-based composites in tension. Included in this

chapter is the development and the experimental verification of the model.

In Chapter 7, a finite element model is presented incorporating the variable engagement

model as the constitutive law for tension. The model is verified using the experimental



1-6

results presented in Chapter 5 and using fibre reinforced concrete shallow and deep
beams, with various concrete strengths, reported in the literature. The results of
parametric studies which include different levels of prestress, fibre quantities, shear

span-to-depth ratio and fibre types are also presented in this chapter.

In Chapter 8, a design model for the shear strength of fibre reinforced concrete beams
without stirrups is presented and verified against the fibre reinforced RPC beams tested

in this study and presented in Chapter 5.

Lastly, in Chapter 9 the major conclusions from the experimental and numerical
analysis results of this study are presented with recommendations for future studies

given.
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CHAPTER 2 - LITERATURE REVIEW

2.1 Evolution of Concrete Technology

In 12 million BC, it is believed that a natural deposit of cement compounds was formed
from the reactions between limestone and oil shale during spontaneous combustion
(Shaeffer, 1992). In 3,000 BC, the Egyptians used lime and gypsum mortar as a binding
agent for building the Pyramids and the Chinese used cementitious materials in the
Great Wall of China. It is believed that in about the second century BC, the first use of
cementitious binding agent was used in southern Italy. The Romans used volcanic sand
called pozzuolana in their cement where it was first found near Pozzuoli in the bay of
Naples. One of the most well known masterpieces by the Romans using ancient
concrete is the Pantheon. Probably due to the lack of availability of similar pozzuolans
throughout the world, this type of concrete was not used elsewhere and stone and brick

masonry continued to be the dominant construction materials for many centuries.

The modern use of concrete can be traced back to John Smeaton who, born in 1724, is
famous for his work on the Eddystone Lighthouse in Cornwall, England, which he had
been commissioned to rebuild in 1756. Smeaton used interlocking courses of masonry
bound with a pozzolanic mortar. In his later work, he added aggregate to the mix and
built Ramsgate Harbour, Perth and Coldstream Bridges and the Forth and Clyde Ship
Canals (Skempton, 1982). In the early 1850’s, the use of reinforcing steel was
introduced by Jean-Louis Lambot in his boats (Shaeffer, 1992). With the use of
reinforcing, a new building form, the thin shell, was developed. In 1889 the first

concrete reinforced bridge was built, Alvord Lake Bridge in the USA.
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Basic cement tests were standardised in the early 1900’s. In 1904, Ingalls building in
USA was the first mounted concrete skyscraper. In 1916, the Portland Cement
Association was founded. A year later, the US Bureau of Standards and the American
Society for Testing Materials established a standard formula for Portland cement. In
1922, the tallest concrete building of the time was built, the Medical Arts Building
(70 metres high, Omaha, USA). Eugene Freyssinet successfully developed prestressed
concrete in the mid 1930’s. In 1935, the first major concrete dams, Hoover Dam and

Grand Coulee Dam were built (Shaeffer, 1992, Armstrong, 2001).

Interest in advanced cement-based materials is not solely because of their increased
strength but also because of their generally high-performance characteristics. The
earliest use of high performance concrete (HPC) can be traced to the 1950’s and in the
time since there has been numerous projects that have used HPC in their construction.
In 1973, Water Tower Place reached 260 metres with concrete strengths as high as
60 MPa (Shaeffer, 1992). In the following two to three decades, high performance
concrete has been widely used in bridges and high rise buildings such as Two Union
Square (USA), Petronas Twin Tower (Malaysia), Tsing Ma Bridge (Hong Kong) and

Trump World Tower (USA) but to list a few.

In the mid-1990’s, ultra-high performance cementitious mortar known as reactive
powder concrete (RPC) was developed with concrete strengths as high as 200 MPa. In
1997, the worlds first RPC filled steel tube composite foot-bridge was constructed at
Sherbrooke in Canada (Adeline et al., 1998) and in 2002 the worlds first fully RPC
footbridge spanning 120 metres was constructed in Seoul, South Korea (Deem, 2002).

At this time, a project is being developed by VSL (Aust) for the world’s first RPC
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highway traffic bridge to be constructed at Shepherds Gully Creek in Australia (Cavill
and Chirgwin, 2003). A schematic drawing showing the development of concrete

through to RPC is provided in Figure 1.1.

2.2 Reactive Powder Concrete

Reactive powder concrete is an ultra-high strength, low porosity cementitious material
with high cement and silica fume contents, low water-binder ratios and uses a new
generation of superplasticizer. Reactive powder concrete may also incorporate large
quantities of steel or synthetic fibres giving enhanced ductility and high temperature
performance. Unlike conventional concrete, reactive powder concrete contains no
coarse aggregate and the fine aggregate is replaced by fine sand and crushed quartz.
Richard and Cheyrezy (1994, 1995), Cheyrezy (1999) and Bonneau et al. (1996, 1997)
have reported the mechanical properties of RPC and the results showed RPC
demonstrated compressive strengths greater than 200 MPa and a modulus of rupture of

25-50 MPa.

2.2.1 Principle of RPC Development

Reactivé powder concrete is founded on the principle that a material with a minimum of
defects such as micro-cracks and pore spaces will be able to achieve a greater
proportion of the potential ultimate load carrying capacity as defined by its constituent
materials. Applying these guidelines, Richard and Cheyrezy (1994) proportioned a
powder type concrete with particle sizes ranging from a minimum of around 150 pm to
less than 600 pm to provide a very dense mixture, thus minimising the concrete void

spaces.



Conventional concrete is a highly heterogeneous material, in which the aggregate
(i.e. sand and gravel) form the skeleton of contiguous granular elements within the
cementitious paste. According to Richard and Cheyrezy (1994), the homogeneity can be

improved by:

(1) elimination of the coarse aggregate with replacement by a fine aggregate

such as crushed quartz of less than 600 pum;

(i) improvement of the mechanical properties of the paste; and

(iii) reduction in the aggregate/matrix ratio.

Compared with conventional concrete, the distribution in the size of the particles is
reduced by nearly two orders of magnitude. Richard and Cheyrezy (1994) reported that
a FR-RPC with the reduction in the size of the aggregate by a factor of about 50
(i.e. from 20 mm to 400 pm) results in a major reduction in the size of micro-cracks

from mechanical, chemical and thermo-mechanical sources.

The main factor governing the minimum amount of water needed for fluidising a
concrete mix is the compacted density of the dry solids. The density can be increased by
optimisation of the grain size distribution or by the application of pressure. The optimal
distribution is achieved by addition of approximately 25 percent by weight of cement
and silica fume. According to Richard and Cheyrezy (1995), the silica fume has three

main functions:
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(i) filling the voids between the cement particles;
(ii) enhancement of rheological characteristics by the lubrication effect
resulting from the perfect sphericity of the basic particles; and
(iii)  production of secondary hydrates by pozzolanic reaction with the lime

resulting from the primary hydration.
An application of pressure to the fresh concrete during setting can lead to an increase in
density of about 5 to 6 percent and an associated increase in strength (Table 2.1). The
increase of density is due to a reduction of entrapped air bubbles, removal of any excess
water giving a greater than 2 percent increase in the relative compacted density and

partial compensation of chemical shrinkage of concrete during setting.

Richard and Cheyrezy (1995) reported that heat-treating at 90 degrees centigrade for a
period of three days substantially accelerates the pozzolanic reaction and modifies the
microstructure of the hydrates that have formed. High temperature curing (between 250
and 400 degrees Celsius) on FR-RPC lead to extremely high compressive strength as

shown in Table 2.1.

Table 2.1 — Compressive strength of confined and heat treated RPC (Richard and
Cheyrezy, 1995).

Casting Method Curing Temperature (°C) | Compressive Strength (MPa)

250 488
No confinement

400 524

250 631

50 MPa confinement
400 673
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Zanni et al. (1996) shows that the high temperature heat-treatment leads to the
formation of crystalline hydrates called Xonotlite (C¢S¢H). The formation of Xonotlite
results in a considerable loss of weight due to intense dehydration but increases the
compressive strength as a function of residual water ratio, where the residual water ratio

is the ratio of the mass of water remaining ( w, ) in the sample at the time of the test to
the mass of water initially (w; ) introduced into the matrix. The compressive strength as

a function of the residual water ratio is shown in Figure 2.1.

Using the techniques described above enhances the strength of the concrete but with
ductility no better than that of conventional mortar (Cheyrezy, 1999). Ductility is
greatly improved if high quantities of steel fibres are added to the mix or if the concrete
is externally confined such as may occur by placing the concrete within a steel tube. The
addition of 190 kg/m® of 12 mm long non-deformed straight steel fibres (i.e.
approximately 2 percent by volumetric fraction) have been shown to give RPC some

ductility in compression.

The flexural behaviour of steel FR-RPC is similar to that of fibre reinforced concrete.
Typical mix designs for 200 MPa RPC (known as RPC200) and 500-600 MPa (known
as RPC800), as reported by Richard and Cheyrezy (1994), is shown in Table 2.2.

Typical mechanical properties for these mixes are given in Table 2.3.
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Figure 2.1 — Compressive strength as a function of residual water ratio (Richard and

Cheyrezy, 1995).

Table 2.2 — Typical RPC composition by weight relative to cement (Richard and

Cheyrezy, 1994).

RPC200 RPC800
Constituent Material
Fibre Silica aggregate | Steel aggregate

Portland cement 1 1 1
Silica fume 0.23 0.23 0.23
Fine sand (150-600 pm) 1.1 0.5 -
Crushed quartz (dsp = 10 pm) 0.39 0.39 0.39
Superplasticizer (polyacrylate) 0.019 0.019 0.019
Steel fibres (/; =12mm) 0.175 - -
Steel fibres (/ ; =3 mm) - 0.63 0.63
Steel aggregate (< 800 um) - - 1.49
Total water 0.19 0.19 0.19
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Table 2.3 — Mechanical properties of RPC200 and RPC800 (Richard and Cheyrezy,

1994).
Property RPC200 RPC800
Compressive strength of cylinders 170-230 MPa 490-680 MPa’
650-810 MPa*
Modulus of rupture 30-60 MPa 45-141 MPa
Fracture energy 20-40 N/mm 1.2-20 N/mm
Young's modulus 50-60 GPa 65-75 GPa
Pre-setting pressurization None 50 MPa
Heat-treating (3 days) 20-90°C 250-400°C
+ using quartz sand 1 using steel aggregate

2.2.2 Durability

Since the development of RPC in the mid 1990’s, many experimental investigations
have been conducted on the durability of this material (Bonneau et al., 1997, Roux et
al., 1996). According to Roux et al. (1996) the durability of RPC can be defined by
measuring the porosity, air permeability, water absorption, diffusion and migration of
chloride ions, accelerated carbonation, resistance to reinforcement corrosion, resistivity
and resistance to mechanical abrasion. Tables 2.4 to 2.6 and Figure 2.2 present some of
the durability tests on RPC and the results compared to 30 MPa normal strength
concrete (C30) and 80 MPa high performance concrete (C80 MPa). The results of Roux
et al. (1996) show that the excellent durability characteristics of RPC make it a
revolutionary material with, potentially, a significant increase in the life expectancy of

structures constructed using RPC.
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Table 2.4 — Air permeability coefficient of non-pressurised RPC200 compared with C30
and C80 (Roux et al., 1996).

Preconditioning of samples
Air permeability, K (m?)
5 days at 50°C 30 days at 80°C
C30 30x 10" -
C80 0.3 x 10* 120 x 1078
RPC200 - 2.5 x 10-18

Table 2.5 — Concrete effective diffusion coefficient for C30, C80 and RPC200
(Roux et al., 1996).

RPC200
C30 | C80
Non-pressurised | Pressurised
Effective diffusion
coefficient, D g (x1 02 m%s) 11 06 ) 0.02
Resistivity, o (kQ-cm) 16 96 1130 -
Abrasion coefficient, / 4.0 2.8 1.3 -

Table 2.6 — Results of corrosion-resistance tests (Roux et al., 1996).

Impedance test (t:h(;g;ls:l):il C30 C80 RPC200
Corrosion potential, E.,., >-200 0.82 +0.28 +0.90
(inmV) ’ ' '
Electrical resistance, Rqg 5500 0.37 12 3.002
(in kQ-cm?) ' ’
Capacitance, Cpzz (in pF/cm?) - 10.793 145 14
Reinforcement corrosion rate <1 12 0.25 <0.01
Veorr (In pm/yr) ' ) '
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2.2.3 Benefits and Applications

The characteristics of RPC make it a unique material with possibilities for use in a wide
range of structural and non-structural applications due to its superior strength and
corrosion protection capabilities in aggressive environments (Matte and Moranville,
1999, Richard and Cheyrezy, 1995, Roux et al., 1996, Torrenti et al. 1996). Enormous
benefits have been reported for the application of RPC. For instance, Richard (1996),
Adeline and Behloul (1996) and Gilbert et al. (2000) suggested with its superior
ductility and tension failure mechanism, fibre reinforced RPC can be used to resist all
but direct primary tensile stresses or localised shear. This may eliminate the need for

supplemental shear and other auxiliary reinforcing steel.

From the point of view of construction management, the construction time and labor
costs may also be significantly decreased; which is important in the century of high
labor costs. The inclusion of conventional stirrups in reinforced concrete beams and
structures require relatively high labor input and supervision and the replacement of
stirrups with fibres may reduce the fabrication cost. Also, with this new material thin or
irregular shaped sections, such as architectural panels, are possible due to the absence of

conventional reinforcement and the self-healing potential after cracking of RPC.

Gilbert et al. (2000) stated that RPC has the potential to compete structurally with steel
using prestressed RPC beams such as those shown Figure 2.3. From the perspective of
the bridge industry, the authors show how a RPC box girder may perform in place of a
constructed concrete Super T bridge (Figure 2.4a) for Georges River Bridge, NSW,
Australia. The existing deck consisted of seven simply supported, pretensioned, Super T
box girder sections placed side by side and spanning 35 m with a 175 mm thick in-situ

reinforced concrete deck placed over the 75 mm thick top flange of the girder. The RPC
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box girder, shown in Figure 2.4b, has been designed to perform the same task but the
RPC girder requires no conventional transverse reinforcement for shear. As the girder is
prestressed both longitudinally and transversely, no in-situ deck is required. The
longitudinal prestressing requirement for both girders is similar. Furthermore, the
weight of the RPC bridge superstructure is approximately 60 percent of the Super T

girder and deck slab.

F—220—k 0 ,ll/“ '400“ ....*

H—12 40
610 600

g
Py

Weight = 125 kg/m Weight = 167 kg/m
Area = 0.016 m? Area = 0.0636 m>
Steel 610UB RPC 600UB
¥ 314 ¥ ¥ 350 ,.b+
L ) 3‘;_20 -
H—12
340 350 5-152¢
strands
L | | N
Weight = 198 kg/m Weight = 141 kg/m
Area = 0.0252 m? Area = 0.0535 m?
Steel 310UC RPC 350UC

Figure 2.3 — Comparison of equivalent RPC beam and column sections and structural

steel (Gilbert et al., 2000), dimension in mm.
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Figure 2.4 — (a) Existing and (b) alternative RPC girder sections for Georges River
Bridge, New South Wales, Australia (Gilbert et al., 2000).



2-14

Reactive powder concrete is well known as a durable material. Its low and non-
interconnected porosity minimises mass transfer making penetration of liquid, gas, or
radioactive elements nearly non-existent. This increased durability and abrasion
resistance over conventional and high strength concrete makes RPC ideal for the storage
of nuclear waste or other hazardous materials (Richard and Cheyrezy, 1995, Torrenti et

al., 1996, and Matte and Moranville, 1999).

From the point of view of structural design, regarding long-term behaviour, RPC
exhibits low creep and shrinkage properties and has remarkable properties that allow the
elimination of most of the design considerations linked to time-dependent strains

(Richard and Cheyrezy, 1995, Cheyrezy, 1999).

Three completed projects using RPC, Sherbrooke footbridge (Canada), Seonyu
footbridge (South Korea) and Bourg-les-Valence Bridge (France) and an on going
project, Shepherds Gully Creek, Australia, highlight the potential use of RPC in the

application to civil infrastructure.

The first major structure to use RPC200 was the 60-metre single span Sherbrooke
Pedestrian Bridge crossing the river of Magog in Sherbrooke, Province of Quebec,
Canada (see Figure 2.5). The walkway deck, which serves as the top chord to the truss,
consists of 3.3 metres wide by 30 mm thick RPC slab (see Figure 2.5). The web
members, which slope in both directions, are of a composite design involving RPC
placed in thin walled stainless steel tubing having compressive strengths up to 350 MPa.
The success of this structure dawned a new era in design methodology of concrete
structures with no conventional reinforcing steel used for any part of the superstructure

(Lachemi et al., 1998).
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Figure 2.5 — Sherbrooke RPC bridge, Canada: (a) elevation; (b) cross-section (Lachemi
et al., 1998).

Figure 2.6 shows the Seonyu Footbridge (the Footbridge of Peace) in Seoul, South
Korea and constructed in April 2002 using RPC. The structure connects the city of
Seoul to Seonyu Island on the Han River. Constructed by Bouygues Construction, the
bridge consists of an arch with a 120 metre span supporting a 30 mm thick RPC deck.
According to Bouygues Construction (Deem, 2002), the structure required only about
half of the amount of material that would have been used with traditional concrete

construction, yet provides equivalent load-bearing and strength properties.
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An on going project on the world’s first RPC highway traffic bridge is under
construction by VSL at the Shepherd’s Gully Greek at NSW, Australia. The road bridge
is to comprise of four traffic lanes plus a footway. The superstructure of the bridge will
comprise of 16 precast pretensioned RPC beams singly spanning 15 metres (Figure 2.7).

The total width of the bridge is 21 metres.

Figure 2.7 — Typical precast pretensioned RPC beam used in Shepherds Gully Creek
Bridge.
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2.3 Non-Flexural Members

Over the past four decades, extensive experimental programmes have been undertaken
to investigate the behaviour of reinforced concrete non-flexural members, such as deep
beams, nibs, corbels, beam-column joints, etc. The experimental evidence is that non-
flexural members display an increase in shear capacity relative to that of flexural
members due to the effect of arching. That is, the process by which load is transferred
directly to a support through the development of struts. Early studies concentrated on
development of empirical design methodologies, many of which are summarised by
Kong (1990) and in the ASCE-ACI Joint Task Committee 426 report (1973). The major
limitations of these empirical approaches are a limited range of shear span to depth
ratios for which the design equations apply and an inability to explain the mechanics of

non-flexural behaviour.

More recently finite element studies incorporating non-linear material models have been
developed in combination with experimental programmes to determine the mechanics of
non-flexural behaviour. These studies have led to the development of rational design

models.

2.3.1 Early Numerical Studies

A large amount of work has been carried out on the behaviour of single span and

continuous span deep beams with span-to-effective depth ratio (a/d,) of 1 to 3

subjected to different loading conditions. In the earlier years investigators used finite-
differences and trigonometric series methods to predict the stresses in deep beams. The
accuracy for reinforced concrete deep beams was limited as only linear elastic

behaviour was considered.
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Uhlmann (1952) investigated a simply supported beam by solving the goveming
differential equations using Richardson’s method of successive approximation. He
successfully illustrated the fundamental difference between the load carrying action of
deep beams and a shallow beam by computing the stress trajectories for a number of

load cases.

Chow et al. (1953) used the finite difference method to investigate the stresses of deep

beams with various span to effective depth (a/d,) ratios when subjected to five

common load cases. Distributions and magnitudes of bending and shear stresses were
provided in graphical and tabular form and are applicable to structures made of

homogeneous material such as steel but not reinforced concrete.

Archer and Kitchen (1956) used a direct strain-energy method for the analysis of deep
beams and compared their solution to the finite difference and strain energy methods of
Chow et al. (1953), simple beam theory and photo-elastic methods were used. Archer
and Kitchen’s bending stress values agreed fairy well with the results of Chow et al.

(1953) but their shear stress results were not in good agreement.

Geer (1960) found a considerable amount of error in the works of Chow et al. (1953)
due to the earlier investigators’ use of a coarser net and rounding off of peak values.
Geer used a finer grid. His study showed that one of the most distinctive features of
deep beams, compared to flexural beams, is that the highest tensile stress occurs not at
the mid-span of the beam but near the face of the support. The maximum stress intensity

is a function of the magnitude of load and is also dependent on the reaction rather than
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the location of the load which caused it. Geer concluded that a deep beam needs

reinforcement in the bottom over the support more than anywhere else in the beam.

Barry and Ainso (1983) used the multiple Fourier series technique to compare the stress
fields in single span deep beam due to uniform loading at the top edge and at the bottom
edge. The method involved superposition of three stress functions. The first stress
function is used to satisfy the boundary conditions on the upper and lower edges of the
beam. The second and third stress functions were used to satisfy the boundary condition
on the vertical edges of the beam. This approach allowed satisfaction of all the required

boundary conditions.

2.3.2 Experimental Investigations

Leonhardt and Walther (1966) had experimentally demonstrated the formation of tie
arch action in deep beams in the mid 1960’s. An example of one of Leonhardt and
Walther’s deep beams is presented in Figure 2.8. They became aware that the main
flexural reinforcement retained a large proportion of its force close to the support and
therefore a full strength anchorage is required. The authors concluded that for deep
beams with a clear span-to-depth ratio less than 2, vertical and inclined web
reinforcement is of no benefit because the concrete always failed by crushing under the
bearing area. This work formed the basis for the CEB-FIP Model Code (1978) design

recommendations for deep beams.

During the 1970’s, Kong and his collaborators conducted numerous experimental tests
on reinforced deep beams. The investigated parameters consisted of the shear span-to-
depth ratio (a/h), vertical and horizontal web reinforcement ratio, effect of inclined

web reinforcement, weight of concrete and size and position of web openings.
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Figure 2.8 — Single span deep beam test of Leonhardt and Walther (1966).

Kong et al. (1970) tested 35 simply supported deep beams of shear span-to- depth ratios
(a/h) ranging from 1 to 3. The effects of seven different types of web reinforcement on
deflection, crack widths, crack pattern, failure modes and ultimate loads in shear were
studied. The authors noted the experimental failure load was in good agreement with
formulas proposed by both de Paiva and Siess (1965) and Ramakrishnan &
Ananthanarayana (1968) whereas the results were in poor agreement from the British
and American codes. Kong and Robbins (1971) performed similar tests on 38 simply
lightweight concrete deep beams with the same investigated parameter as mentioned
above. The authors concluded that inclined web reinforcement was the most effective
type of web reinforcement and the ultimate strength formulas suitable for normal weight

concrete deep beams were not necessarily suitable for lightweight concrete deep beams.

Kong and Sharp (1973) tested 24 lightweight concrete deep beams with the objective to
study the effects of web openings on strength and cracking. The results of the
investigation led to useful empirical design methods for deep beams with web openings.

The effect of an opening on the ultimate shear strength of a deep beam depends
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primarily on the extent to which it intercepts the load path joining the load bearing
blocks at the loading points and the support reaction point and on the location at which

this interception occurs.

Rogowsky and MacGregor (1983) and Rogowsky et al. (1986) reported on an extensive
investigation into the strength behaviour of continuous deep beams. The objective of
their tests was to identify the difference in behaviour between simply supported and
continuous deep beams. The investigation showed that the ACI predictions for shear
strength of deep beams was generally poor and in the case of continuous beams with
little or no web reinforcement, were unconservative due to the fact that they were based
on an incorrect mechanical model. Rogowsky et al. proposed a model for the shear
strength of deep beams using strut and tie modelling similar to that of Marti (1978),

Mueller (1979) and Nielsen et al. (1978).

Narayanan and Darwish (1988) conducted an experimental investigation on the shear
strength of fibre reinforced concrete deep beams with 11 of 12 beams tested containing
steel fibres provided to act as web reinforcement. Their investigated parameters
included the volume fraction of fibres, shear span-to-depth ratio and the concrete
compressive strength. The study reported that the inclusion of steel fibres in reinforced
concrete deep beams resulted in enhancing their deformation characteristics at all stages
of loading up to failure. Narayanan and Darwish also reported that fibre reinforced
concrete deep beams exhibited substantial increases in their ultimate loads as well as in
the load at first cracking. The authors modified the model proposed by Kong et al.
(1975) to calculate the ultimate strength of deep beams made of conventionally

reinforced concrete to account for the inclusion of steel fibres into the matrix.
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Teng et al. (1998a, b) extended the work of Kong et al. (1970-1978) from reinforced
concrete deep beams to prestressed concrete deep beams. Thirty-four deep beams were
tested. The parameters investigated included deformation, ultimate behaviour, various
cracking loads, modes of failures, main tension steel, various types of web
reinforcement, prestressing strains and span-to-depth ratio. The experimental results
show that the use of prestressing and orthogonal web reinforcement improved the
ultimate shear strength and the serviceability performance (crack widths) of deep
beams. The use of prestressing introduces a pre-compression in the beam web that
eliminates some of the induced tensile stress thus leading to an increase in the diagonal
cracking load and flexural cracking load. Teng et al’s equation to calculate the ultimate
shear strength was rewritten from the Kong-CIRIA (1977) equation in a form for

application to both reinforced and prestressed concrete deep beams.

Tan and Tong (1999) reported on six large pretensioned concrete girders of I-shape
cross-section. Two parameters were investigated being the shear-span to effective-depth
ratio and the partial prestressing ratio. In their tests, it was observed that the shear
strength of deep beams increases with the partial prestressing ratio and the level of
prestressing delays the occurrence of the initial crack. However, once formed, the crack
widths are not affected by the prestressing. The authors developed a strut and tie model
and used Mohr-Coulomb’s failure criterion and the Kupfer and Gerstle (1973) equations
for biaxial stress to explain the results with the model verified against the experimental
data. The model was shown to give reasonable agreement with the test data with a mean

theoretical to experimental failure load of 0.8 and a coefficient of variation of 0.035.
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Similar tests on the behaviour of deep beams were also conducted by numerous other
investigators such as de Pavia and Seiss (1965), Ramakrishnan and Ananthanarayana
(1968), Manuel et al. (1971), Singh et al. (1980), Smith and Vantsiotis (1982), Vecchio
and Collins (1982), Rogowsky and MacGregor (1983), Mansur and Alwis (1984),
Besser and Cussens (1984), Selvam and Natarajan (1985), Ricketts and MacGregor
(1985), Subedi et al. (1986), Foster (1992b), Tan et al. (1995), Foster et al. (1996),
Ashour (1997), Tan et al. (1999), Shin et al. (1999) and others. Their results indicated

similar behaviour to that discussed above.

2.3.3 Theoretical Models

Tan and Mansur (1982) adopted a simplified strut-and-tie model approach to determine
the shear strength of partially prestressed concrete deep beams. The authors’ method is
intended for both non-prestressed and prestressed concrete deep beams. However the

effect of vertical web reinforcement is not considered in their model.

Mau and Hsu (1987, 1989) introduced a shear design formula based on their softened-
truss model for deep beams having a shear span/depth ratio a/d of less than 1.3 and a

clear shear span-to-depth ratio L,/h of less than 3.3. Their formula is based on the

equilibrium condition of a shear element in a shear span of a deep beam.

Mau and Hsu compared the results of the model with 64 test results which were
available in literature at the time (from Smith & Vantsiotis, 1982, Kong et al., 1970, de
Pavia & Seiss, 1965) with the specimens selected on the basis that the predominant
mode of failure was by web shear. Their results showed a good agreement for their
model with the test results. Mau and Hsu extended this work further deriving a formula

for the shear strength of deep beams.
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Kotsovos (1988b) proposed a simple design procedure for deep beams which is based
on the concept of the compressive force path (Kotsovos, 1988a). In his model, Kotsovos
theorises that the shear resistance of a member is provided by a direct compressive force
transmitted to the supports by means of a load path. This is in contrast to the traditional
treatment which uses concepts of aggregate interlock and dowel action. The author’s
model was verified against the experimental results of de Pavia and Seiss (1965),
Ramakrishnan and Ananthanarayana (1968), Kong et al. (1970) and Smith and
Vantsiotis (1982) and also the continuous deep beam test results of Rogowsky and
MacGregor (1983) and Rogowsky et al. (1986). The method showed a reasonable
correlation with the experimental results, with the calculated values generally on the

conservative side.

In 1991, Mansur and Ong proposed modifications to the softened truss model of Mau
and Hsu (1987, 1989) incorporating the inclusion of short discrete steel fibres in
concrete on the behaviour and strength of deep beams. Experimental tests were carried
out on 10 fibre reinforced concrete deep beams in shear. The major parameters of the
study were span-depth ratio, volumetric fraction of fibres and the ratio of longitudinal
and transverse reinforcement. The authors considered an orthogonally reinforced
concrete element subjected to in-plane stresses and concluded a reduction in the shear
span to depth ratio increases both the diagonal cracking and ultimate shear strengths of
reinforced fibre concrete beams. The experimental program of Mansur and Ong (1991)
showed that the addition of discrete steel fibres in the concrete mix provides better crack
control and enhances the strength and deformation characteristics of deep beams

containing conventional reinforcement.
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2.3.4 Finite Element Modelling

With advances in computer technology through the 1980°s the application of the finite
element method became a feasible method for the design of non-flexural members. The
main advantage of numerical methods is that they provide an economical way of
analysing complex structures, rather than building and testing prototype models; that is,
provided a suitably accurate constitutive model is used. In short, when verified against a
wide range of experimental data, the finite element (FE) method is a valuable numerical

model for use in design practice.

One of the earliest finite element investigations into deep beams was carried out by Al-
Mahaidi et al. (1978). The constitutive relationship utilised by the authors was derived
from the work of Liu et al. (1972) in conjunction with the linearised biaxial stress
failure envelope proposed by Tasuji et al. (1976). The authors’ model used both linear
isoparametric quadrilateral element and constant strain triangular elements to represent
the concrete. Reinforcement was modelled using discrete bar elements and a linkage
element with fictitious orthogonal springs used to model the bond-slip, dowel action and

aggregate interlock mechanisms.

Al-Mahaidi used two approaches to model the effects of concrete cracking; the
distributed cracking approach and the discrete cracking approach (Figure 2.9). Whilst
the discrete crack approach provides for more realistic modelling of the physical
condition of crack propagation, including the effects of dowel action and aggregate

interlock, it has the disadvantage of requiring greater computational effort.
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Al Mahaidi et al. carried out analyses on three experimental deep members reported in
the literature with the intention to test the validity of their analytical model. These were
a deep beam with web reinforcement, tested by Leonhardt and Walther (1966) and shear
wall panels with and without web reinforcement tested by Jimenez (1977). The FE mesh
used for the Leonhardt and Walther deep beam is shown in Figure 2.10. From their
analyses Al-Mahaidi found that the distributed cracking approach was sufficiently
accurate to predict the load carrying capacity and behaviour of Leonhardt and Walthers’
deep beam. For the wall panel with web reinforcement, it was found that a combination

of the distributed and discrete cracking models produced the best results.

Disconnected
L—"Nodes

a) Distributed Cracking Model b) Discrete Cracking Model

Figure 2.9 — Two types of crack representations in Al-Mahaidi’s analytical model (Al-
Mahaidi et al., 1978).
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Figure 2.10 — Al-Mahaidi’s FE model for Leonhardt and Walther’s (1996) deep beam
WT3.

Balakrishnan and Murray (1988) reported on a FE model which they applied to analyse
a number of deep beams and reinforced concrete panels tested experimentally by
Vecchio and Collins (1982) and deep beams tested by Leonhardt and Walther (1966)
and Rogowsky and MacGregor (1983). For the reinforced concrete panels, the finite
element results showed a good correlation with the experimental results with a mean of
experimental/theoretical ratio of 1.04. The Leonhardt and Walther deep beam used for
comparison had a single span of 1600 mm, width of 100 mm, and was subjected to a
uniformly distributed load on its top edge (Figure 2.8). The reinforcement consisted of 4
layers of 8 mm diameter bars anchorage with hooks at each end and an orthogonal mat

of web reinforcement. With symmetry only half of the beam was modelled, using 50

square bi-linear elements.
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Vecchio (1989) developed a nonlinear finite element procedure that incorporates the
modified compression field theory (MCFT) as described by Vecchio and Collins (1986).
The FE modelling used by the author was an analytical model for reinforced concrete
membranes based on a smeared crack approach in which the cracked concrete is treated
as a new material with unique stress-strain characteristics. Vecchio carried out analyses
on two experimental beams reported in the literature with the intention to test the
validity of his analytical model. These were a deep beam with web reinforcement, tested
by Leonhardt and Walther (1966) and a shallow beam with stirrups tested by Bresler
and Scordelis (1963). The FE meshes used are given in Figure 2.11. Vecchio’s analysis
showed that the FE model correctly captures the overall behaviour of the tested beams
and he concluded that nonlinear finite element formulation can be used to calculate the

structural behaviour of reinforced concrete membrane elements.

Foster and Gilbert (1990) and Foster (1992a, 1992b) developed a NLFEA program
(called RECAP) to provide a non-linear analysis of reinforced concrete elements in
plane stress. It combined the constitutive relationships of Darwin and Pecknold (1977),
for undamaged concrete, with the modified compression field theory of Vecchio and

Collins (1986), for cracked concrete.

One of the most useful applications of NLFE modelling is the ability to analyse
complex, indeterminate, structures such as continuous deep beams. One constraint in
design of continuous deep beams is that it is difficult to ascertain accurately the
proportion of load taken by each of the supports. However the reactions are needed
before one can calculate the internal forces, and hence the size of the struts, ties and

reinforcement details. Rogowsky and MacGregor (1983) showed linear elastic analyses
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would provide unsafe designs in some cases. However NLFE programs, using
appropriate constitutive relationships are able to assess the support reactions for such

structures with relative ease.
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Figure 2.11 — Vecchio’s FE model for (a) Leonhardt and Walther’s (1996) deep beam

and (b) shallow beam (Specimen No. Al) of Bresler and Scordelis
(1963).
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Foster (1992b) carried out an extensive series of numerical studies on continuous deep
beams using NLFEA’s and prepared charts for various geometrical configurations. He
used the program to assess the effects of various parameters on the support reactions,
namely; concrete strength, horizontal and vertical reinforcement, width of load and
support plates, location of load within span and shear span to depth (a/d ) ratios. Foster
found that the three most important parameters were the amount of vertical web
reinforcement, a/d ratio and loading geometry. These general observations are
consistent with Rogowsky and MacGregor’s (1983) experimental results on continuous

deep beams.

In conclusion, nonlinear finite element analysis can be used with reasonable confidence
to predict the behaviour of non-flexural members since NLFEA has the ability to
account for equilibrium, compatibility and boundary conditions. Also, this powerful
method can be used directly to calculate the behaviour of complex structures for the

entire load range up to and beyond failure.

2.4 Constitutive Laws for Fibre Reinforced Concrete

The idea of using discrete, ductile, fibres to reinforce brittle materials such as concrete
is not new with many studies having been undertaken over the past four decades. Early
studies by Romualdi and Batson (1963) indicated that the tensile strength of concrete
can be improved by providing suitably arranged and closely spaced wire reinforcement.
The low tensile strength of concrete matrix is primarily due to the propagation of

internal cracks and flaws.
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Romualdi and Batson hypothesised that, if these flaws can be locally restrained from
extending into the adjacent matrix, the initiation of tension cracking can be retarded and
a higher tensile strength of the material achieved. In addition to increasing the tensile
strength, the inclusion of fibres may also enhance a number of other material properties
such as fatigue resistance (Romualdi et al., 1968), energy absorption and toughness,
ductility, durability and improve the service life of the material (Shah and Rangan,
1971). By adding fibres to a concrete mix the objective is to bridge discrete cracks

providing for some control to the fracture process and increase the fracture energy.

Since the early work of Romualdi and Batson (1963), the pullout mechanism of
discontinuous fibres embedded in a variety of cementitious materials has been studied
by a number of researchers. Some of the major studies in the field include those of Gray
(1984a, b), Gopalaratnam and Shah (1987a), Mandel et al. (1987), Namur et al. (1987),
Naaman et al. (1989), Namur and Naaman (1989), Wang et al. (1990a, b) and many

others.

2.4.1 Fibre Pullout or Fibre Fracture

The current understanding of the behaviour of fibre-matrix interfacial mechanics is
based on a number of pullout studies using single or multiple fibres where steel fibres
are embedded within a cementitious matrix. The experimental parameters investigated
including the rate of loading (Banthia and Trottier, 1991, Hughes and Fattuhi, 1975 and
Maage, 1977), curing and environmental temperatures (Banthia and Trottier, 1989b and
Banthia and Trottier, 1992), the quantity and quality of the matrix (Gray and Johnston,
1984, Banthia and Trottier, 1989a, and Gopalaratnam and Abu-Mathkour, 1987),

addition of adhesive agents (Guerrero and Naaman, 2000) and fibre type and fibre
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orientation (Banthia and Trottier, 1994, Naaman and Shah, 1976, and Soroushian and

Bayasi, 1991).

In spite of a belief sometimes expressed (Banthia and Trottier, 1994) that no correlation
exists between the behaviour of a single fibre pullout test and the behaviour of bulk
fibres in a real composite matrix, the effectiveness of a fibre as a medium of stress
transfer is often assessed using fibre pullout tests where slip between the fibres and the

matrix is monitored as a function of the applied load.

Despite numerous publications on fibre concrete behaviour, limited research has been
undertaken on developing general design models for fibre reinforced composites in
tension. Visalvanich and Naaman (1983) derived a semi-empirical model for the
tension-softening curve in discontinuous randomly distributed steel fibre-reinforced
mortar by assuming a purely frictional fibre-matrix interface and complete fibre pullout.
With the same assumptions and taking into account an additional frictional effect called
the snubbing effect, Li (1992) derived an analytical model named the fibre pullout
model (FPM) that predicts the complete bridging stress-COD relationship for fibre
reinforced brittle-matrix composite. One limitation of this model is it does not account

for the potential fracture effect of fibres in the composite.

A micromechanical model known as the fibre pullout and rupture model (FPRM) was
developed by Maalej et al. (1995). In their model, the FPM model of Li (1992) was
extended to account for the possibility of fibre rupture in the composite. The model is
able to predict the composite bridging stress-COD relationship, account for fibre
pullout, fibre rupture and the local frictional effect or snubbing. A limitation of the

FPRM is that it does not account for interaction between neighbouring fibres and the
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modification of the matrix properties by the addition of fibres, bending rupture and
possible effects of matrix spalling at the exit points of fibres inclined to the cracking

plane.

Using the “fibre-matrix misfit” theory of Timoshinko (1941), Naaman et al. (1991a)
proposed an analytical model for straight, undeformed, circular steel fibres aligned
perpendicularly to the cracking plane. The model was shown to capture the pullout-slip
relationship between steel fibres and concrete when compared to the experimental data
as published by the authors. However this model is limited for use in directionally

orientated plain fibre composites.

Gilles (1999) developed a micromechanical model taking into account the different
phenomena observed during pullout of a deformed fibre, including the interfacial
adhesion between the fibre and the matrix, friction and fibre deformation. The model
can be used for predicting pullout behaviour of fibres having various geometries but is

limited to the case where the fibres are aligned perpendicular to the cracking plane.

Marti et al. (1999) developed a simple parabolic model to describe the stress-COD
relationship of randomly orientated fibre reinforced composites with the tension stress

of the fibre composites given by

2
0'=0'0(1—§TWJ 2-1)

where o, is the peak tensile strength, w is the crack opening displacement (COD) and

I is the length of the fibres. The peak tensile strength is, in turn, given by
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(2-2)
2dy

1<)

where pr is the volumetric fraction of fibres, d s is the diameter of the fibres and 7,

is the bond stress between the fibres and the concrete. In Eq. 2-1 it is assumed that after
cracking of the matrix there is zero contribution to tensile strength from the matrix and

that the shear stress () is constant along the shorter embedded length.

Many other models have been proposed such as those of Romualdi and Batson (1963),
Aveston and Kelly (1973), Naaman et al. (1973), Pakotiprapha et al. (1974), Gray
(1984a), Brandt (1985), Lim et al. (1987b) and Easley and Faber (1999) but these
models are generally limited in their use as tools for structural designers due to

limitations of the models or due to the complexity of the models.

24.2 Factors Affecting Fibre-Matrix Bond

Many experimental and analytical investigations on bond between fibres and a concrete
matrix have been undertaken but the results are sometimes contradictory. Naaman and
Shah (1976) reported that the bond efficiency in a pullout test of steel fibres inclined
with respect to the line of stress is at least as good as that of fibres parallel to the
direction of stress. They also found that efficiency of the bond is inversely proportional
to the number of fibres being pulled out across a plane. In tests on fibre-matrix
specimens, Gray and Johnston (1984) reported that the direction of casting has a
substantial influence on the bond strength between the fibres and the mortar-matrix.
They stated that vertically cast specimens have interfacial bond strengths higher than

that of horizontally cast specimens. They also reported that an increase in the sand-
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cement ratio in the mortar matrix leads to a decrease in interfacial bond for the

vertically cast specimens and an increase in bond for the horizontally cast specimens.

Maage (1978) found that the bond properties between steel fibres and cement-based
matrixes are mechanical in nature and the anchorage of the fibres in the matrix is more
important than the adhesion. He also noted that the mean pullout load per fibre is not

affected by the number of fibres crossing the failure surface. Maage stated that

“...based on the weakest link theory, it should be reasonable that the
pullout per fibre would decrease when the number of fibres across

an area is increased...”

This is in contradiction with the results reported by Naaman and Shah (1976) and an

indication of the variability often encountered in fibre bond tests.

Pinchin and Tabor (1978) carried out tests on wire fibres and showed that compaction of
the concrete surrounding a fibre gives an increase in the mechanical bond and, thus, the
pullout load. They also determined that the pullout load increases linearly with
confinement and showed analytically that the pullout load is proportional to the fibre-
matrix misfit, which they defined as the difference between the radius of the wire and

that of the hole in the matrix when subject to shrinkage.

Burakiewicz (1978) reported that the shape of the pullout load-displacement curve
depends on the fibre type and that hooked fibres show smaller scatter in bond strength
than the other fibre types tested (plain and indented). He reported that the pullout of
hooked and indented fibres requires more energy than that of plain fibres, which implies
that deformed fibres have higher bond strengths than straight fibres. Burakiewicz

concluded that there is no significant influence on the fibre-matrix bond strength due to
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the orientation of fibres during setting and hardening of the matrix. This is in
contradiction with the findings of Gray and Johnston (1984). Burakiewicz also observed
that the bond strength appears to depend on the rate of pullout from the matrix and

contradicts the findings of Gokoz and Naaman (1981).

Gopalaratnam and Abu-Mathkour (1987) studied the effect of the fibre embedment
length, fibre diameter and matrix quality on fibre pullout characteristics. From their
experiments, Gopalaratnam and Abu-Mathkour observed that the average bond strength
is inversely related to the embedment length and that the average bond strength of the
fibre-matrix interface increases with an increase in fibre diameter. Gopalaratnam and
Abu-Mathkour also reported that the strength of the concrete does not significantly
influence the fibre pullout load. Their reasoning was that the frictional bond strength

may be unrelated to the matrix compressive strength.

2.5 Shear Strength of Fibre Reinforced Concrete Beams

Over the past three decades, a number of experimental studies have been conducted to
investigate the shear strength of fibre reinforced (FR) concrete beams without any
conventional shear reinforcement. These studies have indicated that the addition of
fibres to concrete in beams without stirrups can significantly increase the ultimate shear
strength and transform the failure mode from one of brittle-failure to a more ductile one
(Swamy et al. 1993). Fibres are effective after the formation of cracks and resist
significant tension until the fibres pullout from the cracks or fracture. Cracks in fibre
reinforced beams are closely spaced with, typically, several dominant diagonal cracks
forming at failure, compared to a single dominant diagonal crack at failure in plain

concrete beams without stirrups.
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Table 2.7 — Summary of previous tests on FRC beams without stirrups updated from
(Adebar et al., 1997)

Authors Year | No of. |Beam byxde | pw ald, Jem | feu |Fibre| Iy Pf
Beams Type mm percent MPa MPa Type mm | percent
21 4.8 SS, 0-2.7
Batson et al. 1972 79 R (102x126| 3.1 1.2-5.0 33-40 - cs 19-25 0.22-1.8
W‘“‘;“;Z‘t”“ and 95| 3 | R [305x457| 25 | s 30 - st | o+ lous
LaFraughand | o[ 8 R [102x175] 30 [ 38 [30-50 | _ [SS, [,q, [10.15
Moustafa 3 T [125x600| 65 | 4.0 55 ME | <~ 1.0
Muhidin and 50x320| 50 | 47 25, 40,
Regan 19770 21 | 1 U5y 330| 24 | 32 | - [BP|W | g | 03
Robertsand Ho | 1982] 9 | R |s0x170| 2.4 0'82’ }"6’ ~ l40,48| ss | 38 | 013
Jindal 1984 | 44 | R |102x127| 20 |2048] 20 ) gﬁv 328 | 0,1.0
Swamy and 2 R [175x210] 1.95 44, 54 0,08
Bahia 19851 5 | T |i175x210(1.95-40] +* © laasa | S| 30 | o2
Sharma 1986 | 3 R |150x276| 1.0 18 (4249 | - |[HS| 50 |o0,10
Mansuretal. | 1986| 24 | R |150x200]0.8-2.0]2.0-44] 2033 | - HS | 30 | 0-1.0
Narayananand |57 | 39 | g |85x130 |20-57|2030| - |3675| cs [30,40| 0-2.0
Darwish
Limetal. |1987a] 16 | R | 152221 |1.1,2.2]1.5-35| 34 - HS | 30 | 0-1.0
Murty and
Venkatasharyulu] 1987 | 9 R |100x180| 1.3 | 2,3 - (2333 Ccw | 2754 0-1.5
Kaushiketal. | 1987 20 | R |102x135| 1.7 | 25 - 22 | cwW | 2846 | 0-1.5
Bj{lsm‘.a“d 1987 11 T |57x254| 23 3.7 | 4260 | - EH | 30 | 0-1.5
Alguire
Na’]‘;ya“‘.‘“ and | 19881 12 | R |100x345| 36 |05-07| - |3868| cs | 30 |o125
arwish
Ashouretal. |1992] 18 | R |125x215{04-46| 1-6 |92-101| - HS | 60 |05-1.5
, 51 63.5x102[1.1-22] 1-3 HS; |30, 50;
Lietal. 1992 9 R 127 x 204| 2.2 3 18-26 - P 13 0,10
Tanetal. |1993| 6 I |60x350] 38 |15-25| 35 - HS | 30 | 0-1.0
Imametal. |1994] 16 | R [200x300{1.9,3.1]1.845] 110 - | Hs | 60 0,075
Shinetal. 1994| 22 | R [100x175(3.6,7.2[2.0-60] 80 - ss | 100 | 0-1.0
Furlan Jr and PP; | 840;
Homi 1997 | 7 R |100x86| 08 | 35 |4355| - cs | 33, 50 | 0520
K‘;\‘dz“.‘g and 908 | 4 R [300x173| 4.1 3.0 |50,115| - * 60 |0.5,1.0
eister
200 x 180(3.1,4.5]3.1,3.3] 4691
’ ’ Ss; | 30,60
. 200x235| 43 | 2.8 | 6093 | o
Noghabai |2000| 32 | R [0 > %71 20 | 59 |eomr | - Pg, 25,*50 0-1.0
300x570| 2.9 | 3.0 | 60-77
Thisstudy | 2003 | 7 I |50x600| 572 | 33 |150-170] - ?ISS 13,30 | 1.3.2.5
Note: Beam type; R = rectangular; T = T-beam; I = I-beam. * information not given

Fibre type: CW = chopped wires; CS = crimped steel; HS = hooked steel; SS = straight steel;
ME = melt-extracted; P = polyethylene; PP = polypropylene; C = carbon straight;

PO = polyolefin
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Adebar et al. (1997) conducted an extensive review of shear strength tests of fibre
concrete beams without stirrups reporting the results of over 400 fibre reinforced (FR)
beam tests. More than 80 percent of the testes of FR beams have been on small-scale
specimen with effective depths less than 200 mm. Most of the remaining tests have been

on beams with depths of the order of 300 mm. A summary of tests is given in Table 2.7.

The first shear tests on fibre reinforced mortar beams were undertaken in the late 1960’s
by Batson et al. (1972). There experimental parameters were span to depth ratios and
fibre types. The authors’ results show the replacement of vertical stirrups by round flat
and crimped steel fibres provided effective reinforcement against shear failure. Since
the first study, numerous tests have been conducted on fibre reinforced concrete beams

with varying fibre types and quantities (s ), shear span to effective depth ratio

(a/d,), beam size, concrete strength and reinforcement ratios ( p,, ).

In 1975, Williamson and Knab reported the results of four large scale fibre reinforced
concrete beams with a total depth of 546 mm (see Figure 2.12). Among the four beams,
one beam was not fibre reinforced and it was treated as a reference specimen whereas
another beam contained U stirrups as shear reinforcement and the remaining two beams
contained 1.5 percent by volume of steel fibre. It was reported that the fibre reinforced
concrete beams increased the shear strength by 40 percent. However, steel fibres are not
effective in preventing catastrophic shear failure in full scale beams. In 1977, Muhidin
and Regan tested 21 medium size I-beams (i.e. with overall depth of 360 mm) with
crimped steel fibres in the concrete mix (see Figure 2.13). The parameters investigated
were fibre quantities, fibre geometries, concrete strength, width of web, shear span to

effective depth ratios and flange depths. The concrete strength was varied between
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25 MPa and 75 MPa. The fibre volumetric ratios were varied from 0 to 3 percent. Two
shear span to effective depth ratios were used, being 3.2 and 4.7. In their tests, the
authors observed shear strength increases as high as 150 percent. In the experiments, the
fibre reinforced concrete beams developed similar crack patterns to plain concrete

beams with stirrups.

s

l=—165.70 ATISO.OO T 150.00 T* 164.88 —=1

6400 -
7010

Elevation View

'<——150——|

e EAE
. PR

RO D

PR et

ce asT

546

l (Dimensions in mm)

7-25 mm dia. —/

Cross-Section View

Figure 2.12 — Details of specimens tested by Williamson and Knab (1975).



2-40

i3

5 S

] 1500 (TFL) or 1070 (TF) 1500 (TFL) or 1070 (TF)

-

-l
1

Elevation View (dimensions in mm)

P 400 i Pl 300 | %
50 g : v 50 L
-f— 10 T—— 10
1 [T rbsoars [T e
360 50 360 50
l????? 9.57.0f£E
—~te0+— t o b —}60 1=
leoJ 030 [—120-‘
Type TFL Type TF

Cross-Section View

Figure 2.13 — Details of specimens tested by Muhidin and Regan (1977).

In 1985, Swamy and Bahia tested seven T-beams and two rectangular beams without
stirrups. All the beams had a shear span to effective depth ratio of 4.4 and the effective
depth of the specimens was 210 mm. The steel fibre used in their tests was crimped and
was varied to a maximum of 1.2 percent by volume. The authors reported an 80 percent
increase in shear strength in the T-beams with 0.8-1.2 percent of 50 mm crimped steel
fibre and a 30 percent increase in shear strength of rectangular beams with 0.8 percent
of fibre. Swamy and Bahia concluded that the presence of fibres in concrete mixes
reduced shear deformations and were particularly significant in preserving the stiffness
of the beams allowing for higher failure loads. The use of fibres controlled the cracking

and displacement in the dowel zone and acted as shear reinforcement.
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In 1988, Narayanan and Darwish tested a series of 345 mm deep beams using short
shear spans. The longitudinal reinforcement was artificially anchoraged by external
plate to prevent anchorage failure (see Figure 2.14). The investigated parameters were
fibre volumetric ratios, shear span to depth ratios and concrete strengths. In the
Narayanan and Darwish tests, the authors concluded that the inclusion of fibres in the
concrete mix not only increased the stiffness of the beams but also increased the

spalling resistance, reduced crack widths and increased the failure loads.

Similar tests on the shear strength of fibre reinforced concrete beams were also
conducted by numerous other investigators such as LaFraugh and Maustafa (1975),
Jindal (1984), Sharma (1986), Mansur et al. (1986), Li et al. (1992), Imam et al. (1994)

and others. Their results indicated similar behaviour to that discussed above.
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Figure 2.14 — Details of specimens tested by Narayanan and Darwish (1988).



3-1

CHAPTER 3 — MECHANICAL PROPERTIES OF REACTIVE
POWDER CONCRETE

3.1 Introduction

Prior to the new millennium, mix designs for RPC were reported by Richard and Cheyrezy
(1994, 1995), Bonneau et al. (1997) and, using Australian materials, by Gowripalan et
al. (2000) and Gilbert et al. (2000). One objective of this study was to determine a highly

workable RPC mix, using Australian materials, with a compressive cylinder strength ( f,,,)

of at least 160 MPa and with a split cylinder tensile strength ( fg,) and flexural tensile

strength ( f,r ) of the order of 20 and 30 MPa, respectively.

In this chapter, experimental results of the mechanical properties of both fibre reinforced
and non-fibre reinforced RPC using Australian materials are reported. The results of
cylinder and cube compressive strengths, modulus of elasticity, modulus of rupture, double

punch tension, split cylinder tension and flow table tests are reported.

3.2 Mix Designs and Material Selection

In this study, nineteen RPC mixes were prepared as presented in Tables 3.1 and 3.2. The
main variables include the volumetric quantity of fibre, type of fibres and water/binder
ratio. The components of the reactive powder concrete mix used in this project were:
Kandos Type 1 General Portland cement manufactured to AS3972 (1997); undensified
silica fume produced in Western Australia; Sydney sand and quartz sand produced with a

particle size range between 150 um and 400 um; and ground silica flour (Grade 200) with
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particle size less than 4 um which was used as filler and manufactured in Granville, NSW.

Grading curves for the sand, ground quartz and silica flour are given in Figure 3.1.

Without the use of superplasticizer the production of RPC would not be possible. The
superplasticizer used in the mix was Glenium 51, which is a new generation, modified,
superplasticizer based on polycarboxylic ether. With these improved superplasticizers
water / binder (W/B) ratios of 0.10-0.14 are possible. Glenium 27, another type of
superplasticizer which contained a retarding admixture was used to delay the onset of

setting.
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Figure 3.1 — Grading curve of Sydney sand, quartz sand and silica flour.



Table 3.1 — Reactive powder concrete mix designs (proportion by weight relative to weight of cement).

Mix Designs No.
Component
1l 213|456 7| 8|9 10|11 |12]|]13|14|15]|16|17]|18]|19
GPCement | 1 | 1 | 1 |1 | 1] 111|111t} 1 1|1 |1]1|1]1]1
Sydney sand - - - - - - - - - - - - - - | 1.321.32]1.32|1.32 132
Quarizsand | 132132]132]1.32(1.32]132|132(1.32]1.32]1.32 132132132 |132] - | - | - | - | -
Silica fume | 0.32 10321032 ]0321032032(032]032]0321032]0.32(032]0.32{032|024|024]024{032]0.32
S?gfgfz‘;‘f)“ 0.056/0.0560.05610.056(0.056]0.056/0.056|0.056|0.056| 0.056 |0.056|0.056{0.0560.056|0.063 |0.063 |0.063|0.056|0.056
Superplasticizer
(Glenium 27) - I -l - -] -] - l|ooosl0006| - | - | -
*
Steel fibres - | - | - 10.125[0.1250.125] 0.25 | 0.25 | 025 | 025 | 0.25| 038|038 |038| - | - | - |0.15]0.19
(Type )
Steel fibres *
(Type D) S O (e e R s s O T R R R T X0 LN T R I
Steel fibres *
(Type D - e e e e - = - - -] - [025]0.100.06
Total water | 0.17 ] 0.20]0.2210.17]0.2010.24 | 0.17|0.20 | 0.21 | 022 | 0.24 | 0.17]0.20 | 0.24 | 0.13 | 0.13 | 0.24 | 0.20 | 0.22

Note: * refer Table 3.3

£-¢



Table 3.2 — Reactive powder concrete mix designs (proportion by kg/m’ of RPC).

Mix Designs No.
Component
1213|4567 |89 |10|11]12|13|14{15|16|17]|18]19
GP Cement 836 | 815 | 802 | 825 | 805 | 780 | 814 | 794 | 788 | 782 | 770 | 803 | 784 | 760 | 864 | 874 | 788 | 794 | 782
Sydney sand Sl e e - - - - - - | - [1140(1153]1040|1049[1032
Quartz sand 1103]1076|10591089(1062|1029(1074(1049|1040(1032[1016(1060(1035{1004| - | - | - | - | -
Silica fume 267 | 261 | 257 | 264 | 258 | 249 | 260 | 254 | 252 | 250 | 246 | 257 | 251 | 243 | 207 | 210 | 189 | 254 | 250
Superplasticizer | 40 | 46 | 45 | 46 | 45 | 44 | 46 | 44 | 44 | 44 | 43 | 45 | 44 | 43 | 54 | 55 | 50 | 44 | 44
(Glenium 51)
Superplasticizer 5 5
(Glenium 27)
*
Steel fibres <l -] - 1103)101] 97 |203|199|197 196|193 (305|298 |289| - | - | - [119]149
(Type )
Steel fibres *
Tpermny | T P
Steel fibres *
(Typem)""""""""1977947
Total water 142 [ 163 | 176 | 140 | 161 | 187 | 138 | 159 | 166 | 172 1 185 | 137 | 157 | 182 | 112 | 114 | 189 | 159 | 172
W/B 0.13/0.15/0.180.13 0.15]0.18 | 0.13 | 0.15|0.16 | 0.17 | 0.18 | 0.13 | 0.15| 0.18 | 0.10 [ 0.10| 0.18 | 0.15| 0.17
ol B 2.5
otal Fibre 0olo|o]13[13|13[25]25(25/|25(25/38|38|38/[20]1.0/(25]25
Volumetric Ratio (%)

Note: * refer Table 3.3
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Details of the steel fibres used are given in Table 3.3 with /, being the total length of
fibre, d  the diameter of fibre, a s is the aspect ratio of fibre (ay =Is/d ) and o g,

is the ultimate tensile strength of the fibre. Type I fibres were straight 13 mm long by
0.2 mm diameter and fabricated from very high strength steel with a tensile strength of
1800 MPa. Type 1I fibres were end hooked fibres 35 mm long by 0.43 mm diameter and
made from high strength bright mild steel which has a tensile strength of 1200 MPa.
TypeIll fibres were end-hooked fibres 30 mm long by 0.5 mm diameter with a

maximum tensile strength of 1200 MPa.

Table 3.3 — Steel fibre types.

{ d o
Type | Source s 4 ar s Fibre Shape
(mm) (mm) (MPa)
I Bekaert 13 0.20 65 1800
I |Dramix| 35 0.43 80 1200 S _
I |Dramix| 30 0.5 60 1200 I e N

All the constituents were batched by an electronic balance and mixed in a concrete
mixer for about 10 minutes. Water, superplasticizer and retarder were added gradually
until the materials were uniformly mixed (see Plate 3.1). The fibres were introduced
last, dispersed uniformly and mixed for a further 10 minutes. Although fibrous mixes
are less workable than plain concrete, the mix procedures proved satisfactory in that the
dispersion of fibres were found to be uniform and there was no evidence of fibre

balling. Flow table tests as per ASTM C230 were undertaken before casting of the



3-6

specimens to assure that the fibre reinforced concrete mix had achieved a flow between

160 to 210 mm (see Plate 3.2).

All the stainless steel moulds were cleaned and greased to allow smooth stripping. The
fresh FR-RPC was poured and compacted using a vibrating table. Within one hour of
casting, all the control specimens were covered under wet hessian and plastic sheet for
24 hours. All specimens were stripped after 24 hours and cured for a further 72 hours at
90 degrees centigrade in a hot water bath. After 3 days the specimens were removed

from the hot water bath and air cured until the day of testing.

Plate 3.1 — Fresh reactive powder concrete mix prior to addition of steel fibres.



(d

Plate 3.2 — Flow table test as per ASTM C230: (a) before removal of the brass cone,
(b) instantaneous after the removal of the brass cone, (c) after 10 drops and
(d) after 20 drops.

3.3 Specimens Size, Testing Instrumentation and Test Setup

Table 3.4 summarises the size of the specimens used in the material strength test. The
strength tests were undertaken in a 3000 kN Instron stiff compression testing machine
with stiff loading platens. Compression strength tests were undertaken on 200 mm high
by 100 mm diameter cylinders loaded at 20 MPa/min in accordance with AS1012.9
(1986) with the unformed end of the cylinder ground before testing and on 70 mm

cubes at a load rate of 20 MPa/min. A minimum of six specimens were tested in each

batch.
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The compressive stress-strain curves of the FR-RPC were obtained from a 200 mm high

by 100 mm diameter cylinder tested under circumferential displacement control of

50 pe/min over an average period of approximately two hours. Split-cylinder tension

tests were undertaken on 200 mm high by 100 mm diameter cylinders loaded at 1.0

MPa/min via a 10 mm wide loading strip (shown in Figure 3.2a).

Table 3.4 — Dimensions of specimens used in strength tests.

Strength Test Type | Specimen Type Load Rate Specimen Size (mm)
iaxial
Umax1a. Cube 20 MPa /min
compression
iaxial
Un1ax1a. Cylinder 20 MPa /min
compression
MOdI.ﬂPs of X Circumferential
elasticity & Cylinder .
. - Control : 50 pe/min
Poisson’s ratio
Split-cyli
P cy. inder Cylinder 1 MPa /min
tension
Doubl h
ouble punc Cylinder 1 MPa /min
tension
CMOD Control:
Prism (notched) on. °
500 pe/min .
Flexural tension & 3 00
fracture energy Midspan Deflection = S00——1+

Prism (unnotched)

Control: Imm/min
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Load T
Bearing -
Strip IR
PR ;"'4  < h = 200mm
Specimen 100 mm i
St|ff R0} OO0 T
Steel Plate L
LI d = 100 mm —le—
SSSSSSSSS S S S S S S S S S
(a) (b)

Figure 3.2 — Experimental setup of (a) split-cylinder strength test and (b) double punch
tensile strength test.

The flexural tensile strength (fr) on both fibre reinforced RPC and RPC without

fibres were obtained from both notched and unnotched three point bending tests. The
specimens used in this test were 100 mm square prisms spanning 400 mm with three

different notch depths (a), being a =0,25and 50 mm (see Figure 3.3). The notches

were formed by a 3 mm wide saw cut across the full width of the specimen. The
specimens were counter balanced (Plate 3.3) to eliminate the effect of the self-weight on
the fracture measurement. The notched specimens were controlled using the crack
mouth opening displacement (CMOD) at a control rate of 500 pe/min whereas the

unnotched specimen was controlled using the midspan displacement at a control rate of

1 mm/min.
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(dimensions in mm)
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Plate 3.3 — (a) Experimental setup of three point bending test and (b) CMOD control.



Double punch tensile strength ( f4, ) tests were undertaken on 200 mm high by 100 mm

diameter cylinders using a pair of 25 mm high by 25 mm diameter rigid circular
punches on the top and bottom surface of the specimens. The specimens were loaded at
1.0 MPa/min. A number of equations have been proposed for the calculation of double
punch tensile strengths including those of Chen and Drucker (1969), Chen and Yuan
(1980), Bortolotti (1988) and Marti (1989). In this study, the Chen and Yuan (1980)

equation is used and is

0.75P,
% 7 (0.3dh-0.25x%)

G.1)

where Fy, is the maximum double punch failure load, d is the diameter of the cylinder,

h is the height of the cylinder and x is the diameter of the steel punch as shown in

Figure 3.2b

3.4 Mechanical Properties of RPC

In this section, the mechanical properties of the different RPC mix designs are
presented. Raw data on the compressive strength test, split cylinder tension test and
double punch tension tests are given in Appendix A. The average values on the
mechanical strength are summarised in Table 3.5. The experimental results of the stress-
strain curves for FR-RPC mixes are given in Figure 3.4. The experimental results of the
three point bending test are given in Figures 3.5 to 3.7 where MID is the displacement

at the mid span and CMOD is the crack mouth opening displacement.



Table 3.5 — Mechanical properties on control specimens of mix designs 1 to 19.

Mix No Eo v fcm fcu fsp fdp fcf Gf,CMOD Gf,mid M@_ Flow
" (MPa) (MPa) | (MPa) | (MPa) | (MPa) | (MPa) (N/m) (N/m) G £ mid (mm)
1 446 | 012 | 16l - 7.9 8.2 11.8 - - - 160
2 444 | 0.12 | 148 - 75 7.9 9.9 - - - 230
3 442 | 0.13 | 133 - 7.3 7.6 9.5 - - - >350
4 446 | 0.15 | 168 194 20.2 11.2 | 29.7 22.8 24.8 0.92 120
5 433 | 0.15 | 156 180 18.3 10.1 22.9 22.1 21.7 1.02 160
6 40.0 | 0.14 | 137 167 15.2 8.4 28.3 23.2 23.2 1.00 290
7 488 | 0.15 | 181 214 24.4 120 | 425 33.9 34.4 0.99 110
8 468 | 0.15 | 176 181 23.7 11.9 | 349 26.6 20.2 1.32 150
9 440 | 0.15 | 163 176 19.2 119 | 298 27.7 27.8 1.00 170
10 450 | 0.15 | 16l 178 20.9 112 | 264 25.1 24.2 1.04 180
11 432 | 0.14 | 145 166 20.9 100 | 225 20.2 20.0 1.01 220
12 46.1 | 0.16 | 185 214 26.9 156 | 518 43.9 54.4 0.81 100
13 449 | 015 | 177 202 25.0 132 | 457 40.9 - - 130
14 440 | 0.14 | 160 184 23.6 122 | 452 36.4 36.2 1.01 190
15 483 | 0.13 | 156 - 21.8 - 22.0 6.0 6.2 0.97 -
16 - - 155 - - - - - - - -
17 40.0 | 0.13 | 157 188 18.3 11.1 25.2 12.4 12.3 1.01 210
18 490 | 0.14 | 173 187 22.4 13.6 | 263 15.6 15.3 1.02 150
19 46.0 | 0.15 | 169 185 23.5 122 | 23.8 18.5 18.6 0.99 180

Cl-¢
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Figure 3.4 — Stress-strain curves.
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Figure 3.5 — Load versus midspan deflection and load versus CMOD for mix designs 4 to 7.
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Figure 3.6 — Load versus midspan deflection and load versus CMOD for mix designs 8 to 13.
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3.5 Analysis of Test Results and Discussions

Nineteen RPC mix designs were developed in this study with the major investigating
parameters being the fibre type, fibre quantity and water quantity. A summary of the
mechanical properties of the reactive powder concrete mixes was presented in Section

3.4. In this section, discussions on the collected data are presented.

Figure 3.8 shows the compressive strength of the RPC mix design 8 (refer Table 3.2)
tested in a stiff 3000kN Instron machine at load rate of 20, 60 and 100 MPa/min. The
results show the compressive strength is not significantly affected with the increase of

load rate from 20 MPa/min to 100 MPa/min.

200
;«? O Mix 8 (W/B=0.15) p_=2.5%
= : — Trendline f
g 180-
o
: =
5 i Q
& 160 | o— o
2
[
g L
S 140 |
E L
[
o b
120 PR SN T T T YT TR T W (T WA NS U VN (N U S WS S NNV NN T T N NN SN T S U |
0 20 40 60 80 100 120

Load Rate (MPa/min)

Figure 3.8 — Compressive strength of RPC mix design 8 at load rate of 20, 60 and
100 MPa/min.
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Figure 3.9 shows the relationship of the cylinder compressive strength and cube

compressive strength ( f,,/fe ) corresponding to varying fibre volume and
water/binder ratio (W/B). The figure shows the average f,,,/f., ratio for FR-RPC is

0.88 and with a coefficient of variation of 5% and that neither the volume of fibre nor

the W/B ratio influenced the result.

In Figure 3.10 the relationship between the double punch tensile strength and fibre
volume and the water/binder ratio are plotted. Figure 3.10a shows that for the
specimens with greater than 1% of fibre there was a significant and consistent reduction
in the punching strength relative to the split cylinder strength. For the specimens
without fibres the punching strength to split cylinder strength is approximately unity

where for the specimen with one, or more, percent of fibres, fdp /£, sp= 0.55.

In Figure 3.10b the relationship between the double punch to split cylinder tensile
strength ratio is plotted against the water/binder ratio for water/binder ratios from
W/B =0.13 to 0.18. The figure shows that the water binder ratios do not influence the

double punch to split cylinder ratio.

Figure 3.11 compares the tensile strengths as measured by the double punch test, split

cylinder strength and modulus of rupture tests against the square root of the cylinder

strength, that is fy, / NSem s fsp / fom and Jef / \fem » for varying fibre quantities.

Comparing the two indirect tensile strength results (that is the double punch and split
cylinder tests) shows that the results of the split cylinder tests are significantly
influenced by the fibre volume relative to compressive strength. Less influence of fibre

volume is observed in the double punch test results.
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volume.

The split cylinder test may not give a good indication of the tensile strength of fibre
reinforced concrete. It was observed in the tests that the 10 mm wide Masonite strip
placed between the specimen and the loading bearing plate crushed prior to the splitting
of the specimens and this crushing was non-uniformly distributed along the length of
the specimen. After cracking the presence of fibres can carry tensile splitting forces and,
thus, the formation of the splitting crack may not result in failure of the specimen. As
the load increases, the load bearing region may crush before complete fracture across
the tensile plane, as demonstrated in the strut and tie model shown in Figure 3.12.
Further investigation is needed to study the effects of the presence of fibres across the
splitting plane on determining the tensile strength of the concrete using the split

cylinder test method.
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Figure 3.12— Control of tensile splitting forces in the split cylinder test by fibres

crossing the splitting crack.

3.6 Conclusions

Experimental results on the mechanical properties of both nineteen different mix
designs fibre reinforced and non-fibre reinforced RPC using Australian materials were
reported. The main investigation parameters were fibre types and quantity and water-
binder ratios. The tests include cylinder and cube compressive strengths, modulus of
elasticity and Poisson’s ratio, modulus of rupture, double punch tension, split cylinder

tension and flow.
From the strength tests, the following observations were made:

(1) The compressive strength of RPC is not significantly affected by the loading

rate for loading rates between 20 MPa/min and 100 MPa/min.



3-22

From the strength tests, the following observations were made:

(1) The compressive strength of RPC is not significantly affected by the loading

rate for loading rates between 20 MPa/min and 100 MPa/min.

(2) Cylinder compressive strength is approximately 88 percent of the cube

compressive strength.

(3) The double punch test is a more reliable measure of tensile strength than that
the split cylinder test for the calculation of the indirect tensile strength of

fibre reinforced RPC.

(4) A workable RPC mix giving compressive strength of greater than 160 MPa
is possible using Australia materials. The favoured mix is mix design 8

(refer Tables 3.1 and 3.2)
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CHAPTER 4 -DEEP PANEL STRENGTH TESTS

4.1 Introduction

In the application of steel fibre reinforced reactive powder concrete (FR-RPC) to
prestressed concrete girders without stirrups, an important factor that needs to be taken
into consideration is the ability of the FR-RPC to resist transverse stresses set up in the
prestressed end blocks (refer Figure 4.1). In the end region of a prestressed beam
transverse tension is produced by the dispersion of the longitudinal compressive stress
trajectories and may lead to longitudinal cracking within the anchorage zone. This
chapter studies the mechanical behavior of steel FR-RPC deep panels with the panels
designed to simulate tension bursting in anchorage zones of prestressed girders

(demonstrated in Figure 4.1). The study includes:

(1) the examination of the effect of fibres on the specimens after cracking,

(2) studying the potential use of fibres to replace shear and bursting

reinforcement, and
(3) investigating the effect of adding steel fibres for crack control and stability.

Six tests on steel FR-RPC deep panels were undertaken with the results discussed in this

chapter.



Figure 4.1 — Prestressed I-girder and web section showing simulated boundary forces

produced by prestressing.

4.2 Variables and Specimen Dimensions

The variables studied in the experimental program were

e fibre type (fibre aspect ratio and geometry);

e fibre quantity; and

e boundary conditions.
The dimensions of the specimens were designed such that a near uniform stress field
was developed away from the disturbed end regions. The panels were 1050 mm high
had a clear span of 500 mm and were 70 mm thick in the web and 120 mm thick in the

flanges. The deep panel dimensions are shown in Figure 4.2
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Figure 4.2 — Deep panels dimensions (in mm).

4.3 Materials, Mix Designs and Fabrications

The FR-RPC used in this project was mixed using the facilities available in the Cohcrete
Materials Laboratory in the School of Civil and Environmental Engineering, UNSW.
The components of the mix used in this project were Kandos Type 1 General Portland
cement manufactured to AS3972 (1997); undensified silica fume produced in Western
Australia; Sydney sand and quartz sand produced with a particle size range between 150
um and 400 pm. Ground silica flour (Grade 200) with particle sizes less than 4 pm was
used as a filler and is manufactured at Granville, NSW. Grading curves for the sand,
ground quartz and silica flour are given in Figure 3.1. Glenium 51 superplasticizer was
used in the mix to increase the workability and Glenium 27 superplasticizer which

contained retarder in the admixture was used to delay the onset of setting.



For panels 1 to 3 and 4 to 6 the W/B was 0.10 and 0.18, respectively. Details of the steel

fibres used are given in Table 3.3 with /, being the total length of fibre, d, the

diameter of fibre and o g, is the ultimate tensile strength of the fibre. Type I fibres were

straight 13 mm long by 0.2 mm diameter and are fabricated from very high strength

steel with a tensile strength of 1800 MPa. Type II fibres were end hooked fibres 35 mm

long by 0.43 mm diameter and are made from high strength bright mild steel with a

tensile strength of 1200 MPa. Details of the mix designs are given in Table 4.1.

Table 4.1 — Fibre reinforced RPC mix designs for panels 1 to 6 (proportion by weight

relative to weight of cement).

Component Panel1 | Panel2 | Panel3 | Panel4 | PanelS | Panel 6
GP Cement 1 1 1 1 1 1
Sydney sand 1 1 1 - - -
Quartz sand - - - 1.32 1.32 1.32
Silica fume 0.24 0.24 0.24 0.32 0.32 0.32
Silica flour 0.157 0.157 0.157 - - -
Glenium 51 0.063 0.063 0.063 0.056 0.056 0.056
Glenium 27 0.006 0.006 0.006 - - -
Steel fibres
- - - 0.125 0.250 0.375
(TypeI)
Steel fibres
0.188 0.094 0.188 - - -
(Type II)
Total water 0.13 0.13 0.13 0.24 0.24 0.24
W/B 0.10 0.10 0.10 0.18 0.18 0.18
Equivalent Fibre 20 1.0 20 1.25 25 37

Volumetric ratio (%)
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All the constituents were batched by an electronic balance and mixed in a horizontal pan
mixer for about 10 minutes. Water and superplasticizer were added gradually until the
materials were uniformly mixed (refer Plate 3.1). The fibres were introduced last,
dispersed uniformly and mixing continued for a further 10 minutes. Although fibrous
mixes are less workable than plain concrete, the mix procedures proved satisfactory in
that the dispersion of fibres were found to be uniform and there was no significant fibre
balling. Flow table tests were undertaken before casting of the specimens to assure that

the fibre reinforced concrete mix had achieved sufficient flow (shown in Plate 3.2).

All specimens were cast vertically in plywood forms. The forms were cleaned and
greased to allow smooth stripping. The fresh FR-RPC was poured and compacted using
a vibrating table. Within one hour of casting, the specimens and test control samples
were covered under wet hessian and plastic sheet for 24 hours. All specimens were
stripped after 24 hours and cured for a further 72 hours at 90 degrees centigrade in a hot
water bath. After 3 days the specimens were removed from the hot water bath and air

cured until the day of testing.

4.4 Test Setup, Testing Procedure and Instrumentation

Details of the panels and the test setup are given in Figure 4.3. For panels 1 and 2 the
bounding supports were free to translate horizontally and were fixed for rotation. For
panels 3 to 6 the boundaries were modified with pins added to the test arrangement. The
pins and rollers were greased to minimize friction to give free rotation and horizontal
translation of the supports. Panels 1 to 3 were tested horizontally in a 5000 kN stiff
testing frame with 50 mm thick steel plates placed at each loading point. Panels 4 to 6

were tested vertically in a 3000 kN testing frame.
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Figure 4.3 - Test specimen dimensions and boundary arrangements: (a) panels 1 and 2;

(b) panel 3; (c) panels 4 to 6.

For panel 1, two electronic strain gauges (ESG) and five sets of Demec (DM) strain
gauges were used over a gauge length of 60 mm and 250 mm, respectively. For panel 2,
four ESG and five sets of DM gauges were used. The locations of the strain gauges used
for panels 1 and 2 are shown in Figure 4.4a-b. For panels 3 to 6, twelve seté of DM
strain gauges were used to measure strains and crack widths. The location of gauges for
panels 3 to 6 are shown in Figure 4.4c. Demec gauges 1 to 12 were located to measure
the crack width in the transverse direction of the panels whereas DMs 13 to 17 were
used to monitor the far end boundary strains in the longitudinal direction. The loading
was applied in 200 kN increments for panels 1 and 2 and 100 kN increments for
panels 3 to 6. For each increment of load the DM gauge data were recorded and the

crack pattern was traced. This procedure was repeated until failure of the specimen.
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Figure 4.4 — Electronic strain gauge and Demec target locations: (a) panel 1; (b) panel 2

and (c) panels 3 to 6 (dimension in mm).

4.5 Material Properties

Table 4.2 gives the material properties of the steel FR-RPC for the deep panels where

Py 1s the volumetric fibre ratio; E, is the modulus of elasticity; f, is the mean
compressive strength; fg, is the mean split-cylinder tension strength; Jor is the
flexural tension strength; G ¢ 1is the fracture energy; fg, is the double punch tension

strength and v is the Poisson’s ratio. Details of the strength testing instrumentation,

materials test setups and control specimen sizes are given in section 3.3 of Chapter 3.
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Table 4.2 — Detail of tested FR-RPC deep panels and strength test results.

Panel No. 1 2 3 4 5 6

Fibre Type ' 11 11 I I I I
pr (%) 2.0 1.0 2.0 1.25 2.5 3.72
E,(GPa) 48 - 50 39 40 44
fom (MPa) 162 150 162 135 144 158
fsp (MPa) 22 - 22 12.6 16.6 223
for (MPa) 20 - 20 18 24 30
fap (MPa) - - 10 12 15
Gy (N/'mm) 6 - 6 9.3 16.3 19.3
v 0.13 - 0.13 0.13 0.12 0.13
Flow* (mm) - - - 260 220 160

Notes: * Flow test per ASTM C230; t refer Table 3.3

4.6 Cracking Loads, Peak Loads and Failure Modes

The experimental results of the panel tests are given in Table 4.3 where P, is the first
cracking load determined by visual tracing of cracks on the specimens and B, is the

load at which a large tearing (or splitting) crack occurred in the panel and at which time
the experiment was stopped. It is seen that for the panels with rotational and
translational freedom (i.e. panels 3 to 6) the tearing load was in the order of two times
the cracking load whereas for the panels with only translational freedom the ultimate

load to cracking load ratio was in the order of three.
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Figures 4.5 and 4.6 present the crack patterns for the six deep panels tested in this study.
First cracking occurred in the tension zone by splitting at the bottom surface of the
panels. For panels 1 and 2 the major crack was initiated at the junction of the flange and
web adjacent to one support. The crack then propagated vertically and laterally in with
increasing load and it appeared that the boundary conditions influenced the location of
the initial cracks. The boundary conditions were then modified for the following tests to

allow for both free translation and free rotation of the ends.

With the boundaries free to rotate (panels 3 to 6) first cracking occurred approximately
at the mid-span of the panels, as seen in Figures 4.5c and 4.6. After initial cracking, the
crack propagated with increasing load until failure at which time the bursting crack had

propagated such that the specimens were divided in two.

Table 4.3 — Experimental results.

Panel 1 2 3 4 5 6

P, (kN) 800 600 700 500 600 700

Poar kN) | 2800 2000 1600 1010 1160 1530

Pear | Por 3.5 3.3 2.3 2.0 1.9 22
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4.7 Individual Panel Test Results

The raw data for the six panel tests is given in Appendix B and the plots of strains
measured versus loads of each specimen are presented at the end of this chapter in

Figures 4.7 to 4.37. Experimental observations of each specimen is reported below.

4.7.1 Panell

In panel 1 the first cracks were observed (by visual inspection) at a load of 800 kN. As
the loading was increased the cracks grew gradually until the major inclined cracking
initiated at the junction of the flange and web on the west side of the specimen (see
Plate 4.1). The cracks then propagated longitudinally and transversely with increasing
load. A major tearing crack occurred in the specimen at 2400 kN and testing was
concluded at a load of 2800 kN. The strains measured from DM1 to DMS in the mid-
region of the specimens are shown in Figure 4.7. The figure shows that at the level of
DM1 and DM2 the crack did not pass through the gauged zone and, hence, low strains
were measured. Figure 4.7 shows that strains of approximately 4000 pe were recorded
at DM 3 in the last step of the measurement before failure (i.e. at P = 2400 kN). This
corresponds to a crack width of 1.0 mm. Strains measured from the electronic strain
gauges (ESG1 and ESG2) at the same level as DM1 and DM2 in the mid-region of the
specimens are shown in Figure 4.8. Similarly, at the level of ESG1 and ESG2 the crack
did not pass through the gauged zone, thus, leading to low strains measured at these

levels (see Plate 4.1).
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WEST

Plate 4.1 — Cracking of panel 1 at P = 2200 kN.

4.7.2 Panel 2

The general behaviour of panel 2 was similar to that of panel 1 with first cracking
observed (visually and via strain readings) at a load of 600 kN. As the loading increased
the cracks grew gradually until the major inclined cracking initiated on the west side of
the specimen at the junction of the flange and the web. The cracks then propagated
longitudinally and transversely in with increasing load. A major tearing crack occurred
in the specimen at 1400 kN with a crack width of 0.6 mm. At 2000 kN the crack width

was 1.0 mm and the test was concluded at this point.

Plate 4.2 shows that the tearing crack did not pass through the gauged region measured
by DMs 1 to 5. The strains measured from the electronic strain gauges of the specimens
are shown in Figure 4.10. From the electronic strain gauge measurement of ESG4,

cracking of the specimen occurred at a load between 400 kN and 600 kN.
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Plate 4.2 — Cracking of panel 2.

4.7.3 Panel 3

The experimental setup for panel 3 is shown in Plate 4.3. In specimen 3 the first crack
was observed visually in the mid-region of the web at a load of 700 kN and the bursting
cracks grew gradually until a load of 1600 kN (2.3 times the cracking load). As the
loading was increased the cracks grew gradually until the major longitudinally crack
opened in the mid-region of the specimen. At 1800 kN the crack width was greater than
2.0 mm and the test was stopped. Plate 4.4 shows fibre bridging across the major tearing

crack at the completion of the test.



Strains measured versus the depth from the tensile surface of the specimen from DM1 to
DM4 in the mid-region, from DMS5 to DMS in the west side and DM9 to DM12 in the
east side are shown in Figures 4.11, 4.12 and 4.13, respectively. Figure 4.12 shows the
major crack did not pass through the DMS5 and DM6, thus low strains were measured.
The plots on the strain measured versus load from DM1 to DM12 are shown in Figures

4.14to 4.16.

The maximum tensile strains were measured at the tensile face of the specimen (i.e.
DMI1 and DM9) and decreased approximately linearly as the height from the surface
increased. Strains of 6000 pe were measured in DM1 and DM9 at P = 1600 kN which

corresponds to a crack width of 1.5 mm.

The far end boundary strains from DM13 to DM17 are presented in Figure 4.17. The
measured strains were reasonably uniform across the section indicating uniformity of

stress at the boundary.

Plate 4.3 — Test set-up for Panel 3.
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Plate 4.4 — Tearing of panel 3, P = 1600 kN.

4.7.4 Panel 4

The experimental set up of panel 4 is shown in Plate 4.5. The general behaviour of panel
4 was similar to that of panel 3 with the first crack observed at 500 kN in the mid-span
of the web. As the loading was increased the cracks grew gradually and consistently
until a major tearing crack formed in the mid-region of the specimen. Tearing of the

specimen occurred at 1000 kN (twice the cracking load).

With the exception of gauge DM, the major tearing crack, shown in Plate 4.6, ran
through the central and east gauges zones of the panel. The measured strains versus
depth from the tensile surface for DM1 to DM4 in the mid-region and DM9 to DM12 in
the east side are shown in Figures 4.18 and 4.19, respectively. Figure 4.19 shows the

maximum tensile strain occurred at the tensile surface of the specimen (DM9) and
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decreased approximate linearly as the depth from the tensile surface increased. A
maximum strain of 2000 pe was recorded in DM9 at 900 kN, corresponding to a crack
width of 0.5 mm. The strain readings from DMS5 to DM8 at the west side are given in
Figure 4.20. The plots on the measured strains versus load for DM1 to DM12 are shown

in Figures 4.21 to 4.23.

The far end boundary strains from DM13 to DM17 for panel 4 are presented in
Figure 4.24. The strain measured at the far end boundary show some variation across
the section. In panels 4 the strains in the web are reasonably uniform with lower strains
in the flanges observed. This indicates that for these specimens the webs were more
highly stressed at the boundary than the flanges. This was most likely due to some

unevenness in the finished surface of the far end boundary.

Plate 4.5 — Set-up for panels 4 to 6.
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Plate 4.6 — Tearing of panel 4 - the end of the test.

4.7.5 Panel 5

The general behaviour of panel 5 was similar to that of panels 3 and 4 with the first
crack observed in the mid-span of the web. The first crack was observed at a load of 600
kN. As the loading was increased the cracks grew gradually until the tearing crack
opened in the mid-region of the specimen. Tearing of the specimen occurred at a load of

1100 kN (approximately twice the cracking load).

The tearing crack is shown in Plate 4.7; the crack ran through the gauged zone in the
mid-section (DM1 to DM4) and the east side (DM9 to DM12) of the specimen. Average
strains measured from DM1 to DM4 in the mid-region and DM9 to DM12 on the east
side are shown in Figures 4.25 and 4.26, respectively. No data was obtained from

gauges DM6, DM8 or DM9 as the targets were inadvertently located out of gauge
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range. The load versus strain plots for DM1 to DM12 are given in Figures 4.27 to 4.29.
Figure 4.25 shows the maximum tensile strains occurred at the bottom face of the
specimen (DM1) and decreased approximate linearly with increasing depth from the
tensile surface. A maximum strain of 3000 pe was recorded in DM1 for the last

measurement step, P = 1000 kN, and corresponds to a crack width of 0.75 mm. Visual

assessment of the specimen showed that prior to the failure of the specimen, there was
considerable pulling out of the steel fibres or bridging of the fibres across the crack
surface (Plate 4.8). The test showed visible evidence of the steel fibres bridging the
cracks enhancing the serviceability of the panel. The far end boundary strains measured
from DM13 to DM17 are presented in Figure 4.30. Similarly to panel 4, the strain

measured at the far end boundary show some variation across the section.

Plate 4.7 — Tearing of panel 5 - the end of the test.
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Plate 4.8 — Panel 5: Steel fibres bridging a tearing crack and pulling out of the fibres

across the crack surface.

4.7.6 Panel 6

The general behaviour of panel 6 is similar to that of panels 3, 4 and 5 with the first
crack observed at 700 kN in the mid-span of the web. As the loading was increased the
cracks grew gradually until development of the tearing crack initiated in the mid-region
of the specimen. Tearing of the specimen occurred at a load at 1500 kN (approximately

twice the cracking load).

Plate 4.9 shows the major tearing crack ran through all the gauge zones of the mid-
section (DM1 to DM4) and the east side (DM9 to DM12) of the specimen. Strains
measured from DM1 to DM4 and DM9 to DM12 are shown in Figures 4.31 and 4.32,
respectively. The strain readings from DMS5 to DMS at the west side are given in Figure

4.33. The load versus strain plots for DM1 to DM12 are given in Figures 4.34 to 4.36.
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Figure 4.31 shows the maximum tensile strains were measured at the bottom face of the
specimen (DM1) and, as for specimen 3 to 5, decreased approximate linearly with
increasing distance from the tensile surface. A strain of 9000 pe was recorded in DM1

in the last measurement step P = 1500 kN and corresponds to crack width of 2.25 mm.

The far end boundary strains given by DM13 to DM17 are presented in Figure 4.37.
While the far end boundary strains show some variation across the section, it is
reasoned that the far end strains were sufficiently uniform and are sufficiently distant

from the tension face as not to have affected the bursting forces.

Plate 4.9 — Tearing of panel 6 — P = 1500 kN
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4.8 Behaviour under Load and Discussion

Cracking and crack propagation for the panels was monitored throughout each test.
Comparison of the crack patterns in the deep panels showed that the quantity of fibres in

the concrete mix did not significantly affect the initial cracking load ( P,, ) but did have

an influence on the rate of crack growth and on crack widths. After the initial cracking
of the specimens, the cracks propagated at a faster rate in the panel with the lowest
quantity of steel fibres. The experimental results indicate that the panels with free
translation and free rotational setup fail at approximately twice the cracking load. Panels
with free translation and constrained rotations failed at approximately three times the

cracking load.

Table 4.4 compares the failure load of panel 3 (i.e. containing only end-hooked fibres)
to those of panels 4 to 6 (i.e. containing various quantities of straight fibres). The
experimental failure load are compared to that for panel 3 corrected for the variation in
compressive strength. Table 4.4 shows the failure load is generally lower for panels
reinforced with straight steel fibre. For example, the normalised failure load for panel 5

is 82 percent of the failure load of panel 3.

Comparing the fracture energies given in Table 4.2, for specimens 4 to 6 with 13 mm
long straight steel fibres, it is seen that the fracture energies are significantly higher than
the fracture energy measured for specimen 3. It would therefore be expected that the
normalised failure load of panels 4 to 6 should be higher than that for panel 3.
Neverthele/ss this was not the case as observed experimentally and presented in Table
4.4. One of the possible explanations for this outcome is panel 3 which had the longer
fibres (that is 35 mm fibres) had a better control over the stability of the tearing crack

than was provided by the short fibres.
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Table 4.4 - Normalised failure loads.

Jem Fibre Frear Frear ° fcm, panel3
Panel
(MPa) Type | Pf (%) (kN) Ptear, panel3 Jem
3 162 EH 2.0 1600 1
4 135 SS 1.25 1010 0.76
5 144 SS 2.5 1160 0.82
6 158 SS 3.7 1530 1.21

4.9 Conclusions

Six steel FR-RPC deep panels were tested to investigate crack growth and stability in
RPC panels for increasing load. The specimens were dimensioned to simulate bursting
forces in non-flexural regions of prestressed concrete girders. The test variables were
the quantity and type of fibres and the boundary support conditions. The steel fibres
used consisted of either 35 mm end hooked fibres or 13 mm straight fibres and the fibre
content was varied from 1.0 to 3.7 percent, by volume. The support boundaries
investigated were free translation with fixed rotation and free translation with free

rotation.

From the experimental study the following observations are drawn:

I. The location of the bursting crack is significantly influenced by the boundary
conditions. For the specimens with free translation and fixed rotation supports, the

tearing crack formed at the junction of the flange and the web. For the free
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translation with free rotation boundaries the tearing crack formed in the web

generally towards the centre of the specimen.

The quantity of fibres and type of fibres used in the concrete mix does not
significantly affect the initial cracking load but has a significant influence on the
failure load. The support boundary restraints also have a significant effect on the
failure load in that the failure load is higher for panels with free translation and fixed
rotation boundary conditions than for panels with both free translation and free

rotation supports.
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Figure 4.7 — Pane] 1: Strain measured in the mid-regions versus height from extreme
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Figure 4.8 — Panel 1: Load versus strain measured.
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Figure 4.10 — Panel 2: Load versus strain measured.
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Figure 4.14 — Panel 3: Load versus strain measured (DM1 to DM4).
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Figure 4.15 — Panel 3: Load versus strain measured (DM5 to DMS).
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Figure 4.16 — Panel 3: Load versus strain measured (DM9 to DM12).
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Figure 4.18 — Panel 4: Strain measured in the mid-regions versus height from extreme
tensile (DM1 to DM4).
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Figure 4.19 — Panel 4: Strain measured in the east side versus depth from the tension

surface (DM9 to DM12).
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Figure 4.20 — Panel 4: Strain measured in the west side versus depth from the tension
surface (DMS5 to DMS).
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Figure 4.21 — Panel 4: Load versus strain measured (DM1 to DM4).
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Figure 4.22 — Panel 4: Load versus strain measured (DMS5 to DMBS).
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Figure 4.23 — Panel 4: Load versus strain measured (DM9 to DM12).
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Figure 4.25 — Panel 5: Strain measured in the mid-regions versus depth from the tension
surface (DM1 to DM4).
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Figure 4.26 — Panel 5: Strain measured in the east side versus depth from the tension
surface (DM9 to DM12).
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Figure 4.27 — Panel 5: Load versus strain measured (DM1 to DM4).
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Figure 4.28 — Panel 5: Load versus strain measured (DMS5 to DM8).
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Figure 4.29 — Panel 5: Load versus strain measured (DM9 to DM12).
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Figure 4.30 — Panel 5: Load versus strain measured (DM13 to DM17).
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Figure 4.31 — Panel 6: Strain measured in the mid-regions versus depth from the tension
surface (DM1 to DM4).
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Figure 4.32 — Panel 6: Strain measured in the east side versus depth from the tension
surface (DM9 to DM12).
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Figure 4.34 — Panel 6: Load versus strain measured (DM1 to DM4).
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Figure 4.35 — Panel 6: Load versus strain measured (DMS5 to DMS).
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CHAPTERS ~SHEAR BEAM STRENGTH TESTS

5.1 Introduction

This series of tests included the testing of seven FR-RPC prestressed beam specimens
(SB1 to SB7). In this chapter selection of variables, specimen fabrication procedures,
test configuration, instrumentation and gauging, experimental results and comments on

test results are reported.

5.2 Variables and Specimen Dimensions

The main variables studied in the experimental program were

o fibre type (i.e. fibre aspect ratio and geometry);

e fibre quantity; and

e prestressing levels
The beams were 4.5 metres in total length having a span of 4.0 metres and a total depth
of 650 mm. The webs of the beams were designed as a thin membrane of 50 mm
thickness. The top flanges were 400 mm wide and contained six 15.2 mm diameter high
strength steel prestressing wires. The bottom flanges were 250 mm wide and contained
twelve 15.2 mm diameter strands. The beam dimensions are shown in Figure 5.1. The

specimens were designed to fail by diagonal tension (shear) in the web region.
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Figure 5.1 — Fibre reinforced RPC prestressed girders dimension (in mm).



5.3 Materials, Mix Designs and Fabrication

Details of the reactive powder concrete (RPC) mix for specimens SB1 to SB7 are given
in Tables 5.1 and 5.2. The steel fibre reinforced reactive powder concrete used in this
project is produced using a high energy concrete mixer provided by VSL (Aust.) (see
Plate 5.1). The cement used in this project was Kandos Type 1 General Portland cement
manufactured to AS3972 (1997); the undensified silica fume used was produced in

Western Australia and Sydney sand was used with particle size range between 150 um
and 400 pum (refer Figure 3.1 for grading curve). The superplasticizer used in the mix

was Glenium 51, which is a polycarboxylic ether based superplasticizer.

Plate 5.1 — High energy RPC mixer (VSL, Australia).



Table 5.1 — Fibre reinforced RPC mix designs for specimens SB1 to SB7 (proportion by

weight relative to weight of cement).

Component SB1 | SB2 | SB3 | SB4 | SBS | SB6 | SB7
GP Cement 1 1 1 1 1 1 1
Sydney sand 1 1 1 1 1 1 1
Silica fume 024 | 024 | 024 | 024 | 024 | 024 | 0.24
(S(‘}‘;rip::t;’)zer 0.042 | 0.042 | 0.042 | 0.042 | 0.042 | 0.042 | 0.042
Steel fibres (Type I) 0.190 | 0.190 | 0.190 | 0.095 | 0.114 0 0.143
Steel fibres (Type II) 0 0 0 0 0.076 | 0.190 | 0.047
Total water 0.20 0.21 0.22 0.20 0.19 0.22 0.21

Note: SB stands for shear beam.

Table 5.2 — Fibre reinforced RPC mix designs for specimens SB1 to SB7- material

quantities (kg per m® of RPC).

Component SB1 | SB2 | SB3 | SB4 | SB5S | SB6 | SB7
GP Cement 928 920 911 939 937 911 920
Sydney sand 928 920 911 939 937 911 920
Silica fume 223 221 219 225 225 219 221
Superplasticizer

( Gf:nrfum 51 39 | 39 | 38 | 39 | 39 | 38 | 39
Steel fibres (Type I) 176 175 173 89 107 0 131
Steel fibres (Type II) 0 0 0 0 71 173 43
Total water 186 193 200 188 178 200 193
W/B 0.16 | 0.17 | 0.18 0.16 | 0.15 0.18 | 0.17
Total Fibre 25 | 25 | 25 | 125 | 25 | 25 | 25
Volumetric Ratio (%)

Note: SB stands for shear beam.
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Details of the steel fibres used in the beams are given in Table 5.3 with [, being the
total length of fibre, d ¢ the diameter of fibre and o g, is the ultimate tensile strength of

the fibre as reported by the manufacturers. Type I fibres were straight 13 mm long by
0.2 mm diameter and are fabricated from very high strength steel with minimum tensile
strength of 1800 MPa. Type II fibres were end hooked fibres 30 mm long by 0.5 mm
diameter and are made from high strength bright mild steel with a tensile strength of
1200 MPa. Water-binder ratios used varied from 0.15 to 0.18 with the aim to get a
minimum flow of 160 mm as measured by ASTM C230. Two fibre volume ratios were

used 1.25 and 2.5 percent.

All the dry components (i.e. cement, silica fume and sand) were pre-batched into
0.5 tonne bags. The dry components were then transported to the high energy mixer and
mixed for about 10 minutes. Water and superplasticizer were added gradually until the
materials were uniformly mixed. The fibres were introduced last, dispersed uniformly
and mixing continued for a further 10 minutes. Flow table testing was undertaken before
casting of the specimen. All specimens were cast vertically in steel forms as shown in
Plate 5.2. The forms were cleaned and greased to allow smooth stripping. The fresh FR-
RPC was compacted using external vibrators which were attached to the steel forms.
Within one hour of casting, the specimens and test control samples were covered under

wet hessian and plastic sheeting until the day of demoulding.

Table 5.3 — Steel fibre types.

No. Type Iy (mm) (dy (mm)| o4 (MPa) Fibre Shape

I Straight 13 0.2 1800

II | End-hooked 30 0.5 1200 S _
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Plate 5.2 — Pouring of reactive powder concrete in the steel forms.

The time of stripping, curing and testing of the specimens, relative to casting, are
summarised in Table 5.4. After stripping, the specimens were cured for 7 days at 80
degrees centigrade in a hot water bath. After 9 days (12 days for specimen SB2) the

specimens were removed from the hot water bath and air cured until the day of testing.

Figure 5.2 shows the manufacturers stress-strain curve for the 15.2 mm 7-wire steel
strand used in this project. The strand has a guaranteed ultimate tensile strength (GUTS)
of 1750 MPa. The nominal cross-sectional area of the strand is 143 mm®. Table 5.5
shows the results on the 15.2 mm diameter steel strand relaxation over 5 days with
initial prestressing forces of 75 kN and 37.5 kN. In conducting the tests the same
procedure (and Anchorage length) was used as that for prestressing of the specimens.
The relaxation specimens were kept at ambient temperature and humidity with the
temperature varying from 15 to 25 degrees Celsius over the period of the test. The test

shows the loss of prestress is less than 0.5 percent over a period of 120 hours.



Table 5.4 — Day of event relative to casting.
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Day
Event SB1 SB 2 SB 3 SB 4 SB5 SB6 SB7
Casting 0 0 0 0 0 0 0
Stripping 2 5 2 2 2 2 2
Start Curing 2 6 2 2 2 2 2
End Curing 9 12 9 9 9 9 9
Testing 90 85 65 58 49 34 34
Table 5.5 — Strand relaxation test.
Day Initial (Day1) 2 3 4 5
75 74.8 74.8 74.7 74.7
Prestressed Force (kN)
37.5 37.4 37.4 374 374
2000 -
1500 |
©
S
TI; 1000 | Ep=195 GPa
4 0.2% Proof Stress = 1750 MPa
»
500 |
0-.4.;11. P Y | BTSSR S R ek P S RS |
0 05 1 1.5 2 3 3.5 4
Strain (%)

Figure 5.2 — Stress-strain curve of 15.2 mm diameter prestress steel.
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5.4 Test Setup, Testing Procedure and Instrumentation

Details of the specimens, experimental variables and the test setup are given in
Table 5.6 and Figure 5.3, respectively. Specimen SB3 was set as the reference specimen
with 2.5 percent of Type I fibres and with 15 percent prestress (that is, 15 percent of
GUTS). Specimens SB3 to SB7 were prestressed to 15% of the guaranteed tensile
strength of the strands giving an average prestress in the section of 7.2 MPa. Each
strand in specimens SB1 and SB2 was prestressed to 0 and 30 percent of the guaranteed
tensile strength, respectively. Specimen SB4 was similar to specimen SB3 except it had
half the amount of Type I fibre in its mix. Specimen SB5 and SB7 consisted of fibre
cocktail RPC mixes with varying quantities of Type I and II fibres and beam SB6

contained 2.5 percent of Type II fibres.

As the experimental program is designed for the specimens to fail in shear, sufficient
residual tensile reinforcing capacity is required, over and above the tension induce in the
strands by the prestress, to ensure that a flexural tension failure does not occur. For this
reason the prestress was limited to 30 percent of the breaking load of the strands. The
total prestress was made consistent with design practice by increasing the total area of

prestressing reinforcement.

All the specimens had a similar experimental setup and instrumental gauging (see
Figure 5.4). The specimens were simply supported over a 4 metre span (measured
between support centrelines) and the applied concentrated load was placed at the centre
of the specimens. All specimens were tested in a 5000 kN capacity stiff testing frame

and tested under ram displacement control.
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Table 5.6 — Details of specimens.

Initial Prestressing
Beam Force (kN) Otop Obot | OCave Fibre
No. Top Flange | Bottom Flange (MPa) | (MPa) | (MPa) | Volume (%)
SBI 0 0 0 0 0 | Typel-25
sB2 | 450 900 472 | 272 | 143 | Typel-25
sB3 | 225 450 236 | -136 | 715 | Typel-25
sB4 | 225 450 236 | -136 | -7.15 | Typel-1.25
sBs | 225 450 236 | 136 | 715 | VPO
SB6 | 225 450 236 | -13.6 | -7.15 | Typell-2.5
sB7 | 225 450 236 | 136 | 715 | (P00

Note: C1op and O7p,, are the extreme fibre stresses of concrete at transfer

O 4ve is the average prestress on the section

One end of each specimen was a pinned support and the other end had a pin and roller
support, as shown in Figure 5.3. The pins and rollers were greased to minimise friction

and to give free rotation and horizontal translation, as required.

The instrumentation used for each specimen is shown in Figure 5.4 with monitoring of
99 sets of Demec (DM) gauges and seven LVDTs. Demec gauges 1 to 16 were located
at the top (compression) flange of the specimen with DM gauges 17 to 32 located at the
bottom (tension) flange. Demec gauges 33 to 99 were located in the web regions of the
specimens to measure longitudinal and shear strains in the web. LVDTs 1 and 6 were
used to measure longitudinal strains in the flanges with LVDTs 2 to 5 located to
monitor diagonal strains. The displacement transducer LVDT 7 was placed to measure
the midspan displacement of the beam. Load was applied in increment until the peak
load was attained. For each increment of load the DM gauge data were recorded and the

crack pattern was traced.
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5.5 Material Properties

The results of the material control tests are summarised in Table 5.7 and presented in
Figures 5.5 and 5.6. The complete set of results is given in Appendix C. The mean

compressive strength ( f.,) was determined from six 200 mm high by 100 mm

diameter cylinders stressed under load control at a rate of 20 MPa/min according to
AS1012.9 (1986). The ends of the cylinders were ground flat. The cube compressive

strength ( f,, ) was determined from 70 mm cubes stressed under load control at a rate

of 20 MPa/min.

The modulus of elasticity ( E,) and the Poisson’s ratio (v ) were obtained from stress-

strain tests on 200 mm high by 100 mm diameter cylinders tested under circumferential
displacement control at a rate if between 25 pe/min and 150 pe/min over a period of
approximately two hours. The full stress-strain curves for the cylinders are given in
Figure 5.5 with strains measured between the platen of the testing machine (i.e. over a

200 mm gauge length).

The split cylinder tensile strength ( f; sp) Was obtained from tests on six 200 mm high by

100 mm diameter cylinders loaded at 1.0 MPa/min via a 10 mm wide loading strip

(refer Figure 3.2a). The notched three point flexural tension strength ( Jer ) was obtained

from 100 mm square prisms spanning 400 mm with a notch depth of 25 mm. The
specimens were counter balanced to eliminate the effect of the self-weight on the
fracture measurement and the specimens were controlled under crack mouth opening

displacement (CMOD) at a rate of 500 pe/min (refer Figure 3.3 and Plate 3.3). The
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fracture energy (G ) was obtained from notched three point bending tests with either

the total area under the load versus displacement or the load versus CMOD curves
divided by the net cross-sectional area of the specimens (that is, bx [k —a], where b is
the width of specimen, 4 is the total depth and a is the notch depth). The curves of

load versus mid-span displacement and load versus CMOD are given in Figure 5.6.

Double punch tensile strength ( fz, ) tests were undertaken on 200 mm high by 100 mm

diameter cylinders using a pair of 25 mm high by 25 mm diameter rigid circular
punches on the top and bottom surface of the specimens and were loaded at 1 MPa/min
(refer Figure 3.2b). Equation 3.1 as proposed by Chen and Yuan (1980) is used to

evaluate the double punch tensile strength.



Table 5.7— Mechanical properties of control specimens.

Specimen No. Eo v €cp Sem Sou fsp fdp fcf Gf Flow
(MPa) (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (N/mm) | (mm)

SB1 44000 0.15 0.004 161 176 19.2 11.9 29.8 27.7 170

SB2 45000 0.15 0.004 160 178 20.9 11.2 26.4 24.7 180

SB3 43000 0.14 0.0045 149 166 219 10.6 23.2 21.0 210

SB4 43000 0.14 0.0042 164 180 18.0 10.3 14.8 14.3 170

SBS 49000 0.14 0.004 171 187 224 13.6 26.3 15.5 150

SB6 40000 0.13 0.004 157 168 18.3 10.2 25.2 12.4 210

SB7 46000 0.13 0.004 169 185 23.5 11.1 23.8 18.6 180

v1-¢
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Figure 5.5 — Stress-strain curves.
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5.6 Individual Shear Beam Test Results

The raw data for the Demec strain readings for the seven shear beams are given in
Appendix D. Plots of the LVDT data versus load are given in Appendix E. In this
section, experimental observations for each specimen are reported. The load-deflection

curves of specimens SB1 to SB7 are given in Figures 5.7 and 5.8.
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Figure 5.7 — Load versus midspan deflection for specimen SB1 to SB4.
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Figure 5.8 — Load versus midspan displacement for specimens SB3 and SB5 to SB7.
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5.6.1 Beam SB1

Plate 5.3 shows the experimental setup of specimen SBI1 in the stiff steel frame. The
first diagonal shear cracks were observed at one of the shear spans (the west shear span)

of the girder at a cracking load of P, =300kN (see Plate 5.4). As the loading was

increased further diagonal shear cracks formed with the cracks distributed across the
span. Plate 5.5 shows that the diagonal shear cracks had propagated toward the top
flange of the specimen at a load of 700 kN. Eventually, a major inclined crack initiated
in the east shear span. Sudden major tearing cracks occurred near the support region in

the west shear span of the specimen adjacent to the support at P, = 860kN (see Plate

5.6). The major diagonal crack in the east shear span ceased to open any further at this
point. Testing was concluded when the applied load had reduced to 600 kN and the
corresponding recorded maximum deflection at the midspan was 35 mm (refer

Figure 5.7).

A A ARRAL AR

Plate 5.3 — Test specimen setup in the 5000 kN stiff testing frame.



5-19

EAST

P =300 i}

irst bserv Shar Crack
i :

Plate 5.5 — SB1: Major diagonal shear crack at P = 700 kN.
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Plate 5.6 — SB1: Tearing cracks in the west side of the shear span at P = 860 kN.

5.6.2 Beam SB2

The general behaviour of specimen SB2 was similar to that of specimen SB1 with first

cracking observed at a load of F.,.= 400 kN. Plate 5.7 shows that, as the loading was

increased, further diagonal shear cracks formed and the cracks smeared cross the span.
At load 900 kN, the diagonal shear cracks had grown gradually and propagated towards
the top flange until a major inclined crack initiated in the west shear span (Plate 5.8).
The load at this point was 96 percent of the peak load. A major diagonal crack formed
in the west shear span at the peak load of 966 kN. The load then dropped to 900 kN and
the crack width of the major diagonal shear crack continued to open as shown in
Plate 5.9. The load then began to increase until a second peak was reached at 994 kN
when a second diagonal crack formed near the support region of the west span. Testing
was concluded when the load had reduced to 470 kN at a deflection of 30 mm (refer

Figure 5.7).
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Plate 5.8 — SB2: Formation of first critical diagonal shear crack P = 950 kN.
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Crack width over 4mm

—— f

Plate 5.9 — SB2: Crack width over 4 mm at first post peak load of 900 kN.

5.6.3 Beam SB3

The first diagonal shear cracking was observed at a load of 300 kN. Plate 5.10 shows as
the loading was increased a number of diagonal shear cracks formed and the cracks
were smeared across the span. At 850 kN a major diagonal crack formed in the east
span. The peak load was 856 kN. After the peak load, the diagonal crack opened
considerably and the load reduced. Plate 5.11 was taken at a post peak load of 700 kN
with all fibres having been pulled out along the crack plane. Plate 5.12 shows that at the
post peak load of 600 kN, the top flange of the girder is rotated at two distinct locations
with the crack width of the major diagonal crack being over 100 mm. Testing of
specimen SB3 was concluded when the post peak load had reduced to 320 kN at a

midspan deflection of 70 mm (refer Figure 5.7).
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Plate 5.11 — SB3: fibre pullout at the diagonal crack at post peak P = 700 kN.



5-24

Plate 5.12 — SB3: flange rotation at post peak P = 600 kN.

5.6.4 Beam SB4

First diagonal shear cracking was observed at a load of P.,.= 300 kN. The general

behaviour of specimen SB4 was similar to specimen SB3 which contained twice the
volumetric amount of fibres in the concrete mix. Many minor diagonal shear cracks
formed at the pre-peak load and smeared across the span (see Plate 5.13). However, for

beam SB4 the peak load was lower at 673 kN (compared to 856 kN for beam SB3).

Plate 5.14 shows at the post peak load of 520 kN, three major diagonal shear cracks had
formed in the east shear span and the crack widths measured were over 12 mm. After
further deformation, when the load had dropped to 420 kN, the three major diagonal
cracks joined together to form a single crack with a crack width of over 30 mm (see
Plate 5.15). Testing of specimen SB4 was concluded when the post peak load had

dropped to 270 kN at a midspan deflection of 69 mm (refer Figure 5.7).



Plate 5.14 — SB4: Major diagonal crack formation from the joining of three cracks at the

post peak load of P = 520 kN.
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Plate 5.15 — SB4: Coalescence of diagonal cracks to form the failure crack at a post
peak load of 420 kN.

5.6.5 Beam SB5

In specimen SBS5, first cracking was observed at a load of P..= 400 kN. Similar to the

other specimens, as the loading was increased more distributed diagonal shear cracks
formed with the cracks smeared across the shear spans. A major diagonal crack formed
in the east span of the specimen at the first peak load of 860 kN (see Plate 5.16). The
load then dropped rapidly to 700 kN. The load then increased until a second peak was
reached at P = 880 kN and another diagonal crack formed near the loading plate area of

the east side of the specimen (see Plate 5.17).

Testing of specimen SB5 was concluded when the load had reduced to 480 kN at a

midspan deflection of 30 mm (refer Figure 5.8).
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Plate 5.16 — SB5: Crack pattern at P = 800 kN (ascending).

Plate 5.17 — SBS5: Failure of specimen post peak load of 750 kN.
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5.6.6 Beam SB6

Specimen SB6 containing 2.5 percent by volume of end hooked fibres (0 percent
straight fibres) performed similarly to that of the other specimens. First observed

cracking was at a load of P..=300kN (see Plate 5.18). As the loading was increased,

diagonal shear cracks formed regularly throughout the shear spans, as shown in Plate
5.19. Plate 5.20 shows a major diagonal crack with an average crack width of over

2.5 mm formed at the west end of the specimen at the peak load of 660 kN.

After the peak load, the load steeply dropped away to 450 kN and a constant load of
450 kN was maintained for a further 8 mm of displacement in the mid-span of the
specimen. Testing was concluded at the post peak load of 330 kN at a mid-span of

30 mm (refer Figure 5.8).

Plate 5.18 — SB6: Shear cracks smeared cross the shear spans at load of 300 kN.
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Plate 5.20 — SB6: Major diagonal crack width approximately 2.5 mm at peak load of
660 kN.
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5.6.7 Beam SB7

The general behaviour of specimen SB7 was similar to that of specimen SB5 with two
peak loads being recorded. In specimen SB7, first cracking was observed at a load of

P.,.=350kN (see Plate 5.21). Similar to the other specimens, as the loading was

increased distributed diagonal shear cracks formed and the cracks smeared across the
shear spans (see Plate 5.22). A major diagonal crack formed in the west shear span of
the specimen at the first peak load of 800 kN. The load then suddenly dropped to
570 kN. With increasing jack displacement, the load then again increased until a second
peak was recorded at a load of 650 kN. At this point a second diagonal crack formed in
the west shear span near the loading plate (see Plate 5.23). Plate 5.24 shows the pullout
of straight fibres and fracture of the end-hooked fibre across the failure surface of the
major crack. Testing of specimen SB7 was concluded at a displacement of 86 mm,

corresponding to a load of 240 kN (refer Figure 5.8).

Plate 5.21 — SB7: First observed shear cracking at P = 350 kN.
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Plate 5.23 — SB7: Major diagonal cracks at the conclusion of the test; P = 240 kN.
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Plate 5.24 — SB7: Fibre pullout of fibre Type I (straight) and fibre pullout and fracture
in fibre Type II (end-hooked) fibres.
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5.7 Comments on Test Results and Observations

The experimental results of the shear tests are summarised in Table 5.8 where P,, is the

first shear cracking load determined by visual tracing of cracks on the specimens and

P, is the maximum or peak load recorded during the experiments. Specimen SB3 is the

reference specimen and it is used to compare the ultimate shear strength of the other six

specimens.

Comparing the mean cylinder compression strengths with the double punch tensile
strength (Table 5.7) for specimens SB1, SB2 and SB3 (the specimens with 2.5% of
13 mm straight fibre), the ratios of tensile strength is similar to that of the compressive
strengths. A similar variation is also seen in the flexural tension strengths and fracture
energies but, curiously, not in the split cylinder tension results. In Table 5.8 the
experimental results are compared to that for specimens SB3 corrected for the variation

in compressive strength.

Table 5.8 — Experimental results on shear beams SB1 to SB7.

P, P, fem,sB3
speinen | o8 | | B | B o
SB1 300 860 2.9 0.93
SB2 400 994 2.5 1.08
SB3* 300 856 29 1.00
SB4 300 673 2.2 0.71
SB5 400 880 2.2 0.90
SB6 250 660 2.6 0.73
SB7 350 800 2.3 0.82

Notes: * Reference specimen.
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In terms of the prestressing levels, the comparison presented in Table 5.8 indicates a 15
percent variation in strength due to the effect of prestressing. In terms of the quantity of
the same type of fibre, Table 5.8 shows the comparative strength of specimen SB4 (with

1.25 percent fibres) was 30 percent lower that specimen SB3 (with 2.5 percent fibres).

For the test using different fibre types, Table 5.8 shows that the failure loads were lower
with increasing quantities of the 30 mm end hooked fibres and reducing quantities of
13 mm straight fibres. This indicates that fibre fracture may have had a significantly
greater influence for the longer end hooked fibres than for the short straight fibres. This
is further evidenced by the lower fracture energies measured in the control specimens

for increasing end hooked fibre to straight fibre ratios (refer Table 5.7).

A comparison of the crack patterns (Figures 5.11 to 5.14) show all the girders behaved
in a similar manner with the diagonal shear cracking initiated in the web regions of each
of the shear spans. The diagonal cracks then multiplied and propagated toward the top
flange and smeared across the spans with increasing load. Finally, failure resulted from
tensile fracture across a single, dominant, crack or from a coalescence of cracks leading

to the formation of a dominant crack.

After the shear failure of the girders, a significant load was carried by the specimen
despite wide tearing cracks with all fibres having pulled out or fractured across the
failure surface. For example, in Plate 5.12 it is seen that specimen SB3 at 600 kN on the
descending path was severely damaged in shear. At this point, it appears that the top and
bottom strands remained sufficiently anchored to act as cable structures with the girder

maintaining a significant load capacity.
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Figure 5.9 — Crack pattern for (a) shear beam SB1 and (b) shear beam SB2.
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Figure 5.11 — Crack pattern for (a) shear beam SB5 and (b) shear beam SB6.
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Figure 5.12 — Crack pattern for shear beam SB7.
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5.8 Analysis of Results

5.8.1 Assessment of Pre-strain

For the seven specimens, only specimen SB1 was not prestressed. For specimen SB2 to
SB7 an assessment of the strain conditions in the specimens at the start of the test is
needed in order to evaluate the total strains in the specimen. The change in strain as
measured by the gauges may be added to the initial strains to obtain the total strain at
each gauge location. The assessment of pre-strain was undertaken using 2D, plane stress
linear elastic FE modelling. The material parameters used in the FE model are
summarised in Table 5.9 and Figure 5.13. The FE results of the prestrains at the
designated location of the Demec gauges are presented in Figure 5.14 and are given for
the zero load reading of the raw data section in Appendix D. The prestrains were
calculated from the displacements obtained from the nodes of the FE model located as
per the Demec targets and measured over the same gauge length as that of the

experiment.

Table 5.9 — Material parameters used in pre-strain assessment of beams SB2 to SB7.

Specimen Notation | SB2 | SB3 to 7
Concrete
Top flange Thickness (mm) 400 400
Top flange/web Interface thickness (mm) 225 225
Web thickness (mm) 50 50
Bottom flange/web Interface thickness (mm) 150 150
Bottom flange Thickness (mm) 250 250
E, (GPa) 45 45
1% 0.15 0.15
Prestressed Steel
Top steel area (mmz) 858 858
Bottom steel area (mmz) 1716 1716
E, (GPa) 195 195
Strand Prestrain 0.00135 0.00269
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5.8.2 Behaviour under Load

Comparison of the crack patterns in the shear beams show that the quantity of fibres,
type of fibre and prestressing level only marginally affected the shear cracking load

(P, ) but did have a significant influence on the rate of crack growth. After the initial

cracking of the specimens, the cracks propagated at a faster rate in specimens SB2 and
SB4, the specimens with the highest prestress and lowest quantity of steel fibres,

respectively.

Figure 5.15 compares the load versus mid-span deflection of specimens SB1, SB2 and
SB3. The figure shows that at different levels of prestressing, not only did the ultimate
shear strength of the specimens increase with increasing prestress but the prestress also
influenced the stiffness of the girders. Comparison of specimen SB1 (i.e. with no
prestressing) and SB2 (i.e. with average 14.2 MPa prestress in the web) shows the

ultimate shear strength increased by approximately 16 percent.

1000 - o .
B , “/ SB2- 30% Prestressing

800 [ SB1- 0% Prestressing
— - t S ! SB3- 15% Prestressing
Z 600 ; ¢ ¥ ..,
5 R . .
o / .
g - ¢
5 400 [

-
200
0||||||||||||||||||||||||||||||l|||||l|4|

0 10 20 30 40 50 60 70 80
Deflection (mm)

Figure 5.15 — Load versus mid-span displacement of beams SB1, SB2 and SB3.
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In terms of varying the ratio of fibre quantities in the cocktail mixes, Figure 5.16
compares the load versus mid-span displacement of specimens SB3, SBS, SB6 and SB7.
The ultimate shear strength and the stiffness of the specimens decreased as the quantity
of the straight steel fibres was reduced. Apart from SB1 (with no prestress), all other
specimens were resilient to the occurrence of second peak phenomenon. This second
peak is believed to due to the second order effect due to the arching action of the beam
to the supports. In general, modelling of the second order effect is outside of the scope

of this thesis and will not discuss in depth.

Figure 5.17 plots the normalised shear strength of specimens SBS to SB7 against the
reference specimen SB3 and shows the replacement of a portion of straight fibres by
end-hooked fibres led to a reduction in the ultimate shear strength. Figure 5.18
compares the load versus mid-span displacement of specimens SB3 and SB4 which had
2.5 percent and 1.3 percent of straight fibre, respectively. The ultimate shear strength of

specimen SB4 is approximately 30 percent less than the reference specimen SB3.
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Figure 5.16 — Load versus midspan displacement of beams SB3, SBS, SB6 and SB7.
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The horizontal strains measured at the top and bottom flanges of specimens SB1 to SB7
are presented at the end of this chapter in Figures 5.19 to 5.32. The measured
compressive strains were of the order of 600 pe to 800 pe, which are equivalent to
compressive stresses of 27 MPa to 36 MPa. This indicates that crushing of the top
flanges was not an issue. The maximum tensile strains at the bottom flange were
2500 pe to 4500 pe. This indicates that the strands remained in the elastic range and

yielding of the tensile reinforcement was also not an issue (strand yield strain, & ), =

8970 pe).

5.9 Conclusions

Seven reactive powder concrete prestressed girders without stirrups were tested to study
the capacity of fibre reinforced RPC beams in shear. The test variables were the
quantity and type of fibres and the prestress. The steel fibres used in the tests consisted
of either 13 mm straight fibres and/or 30 mm end-hooked fibres. All the tested
specimens had the same cross-section and were subjected to mid-point loading over a

shear span of 2 metres. The shear span to effective depth ratio for the beams was 3.33.

From the experimental study the following conclusions are drawn:

I.  The quantity of fibres and type of fibres used in the concrete mix does not
significantly affect the cracking load but has a significant influence on the rate of

crack propagation and on the failure loads.

II. At the peak load, many fine cracks had formed in the web, with the cracks well
distributed through the shears spans. The failure loads were more than twice the

cracking loads.
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Figure 5.19 — SB1: Strains in top flange (DMs 1 to 16).
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Figure 5.20 — SB1: Strains in bottom flange (DMs 17 to 32).
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Figure 5.21 — SB2: Strains in top flange (DMs 1 to 16), includes prestrain.
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Figure 5.22 — SB2: Strains in bottom flange (DMs 17 to 32), includes prestrain.
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Figure 5.23 — SB3: Strains in top flange (DMs 1 to 16), includes prestrain.
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Figure 5.24 — SB3: Strains in bottom flange (DMs 17 to 32), includes prestrain.
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Figure 5.25 — SB4: Strains in top flange (DMs 1 to 16), includes prestrain.
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Figure 5.26 — SB4: Strains in bottom flange (DMs 17 to 32), includes prestrain.
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Figure 5.27 — SBS: Strains in top flange (DMs 1 to 16), includes prestrain.
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Figure 5.28 — SBS: Strains in bottom flange (DMs 17 to 32), includes prestrain.
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Figure 5.29 — SB6: Strains in top flange (DMs 1 to 16), includes prestrain.
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Figure 5.30 — SB6: Strains in bottom flange (DMs 17 to 32), includes prestrain.
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Figure 5.31 — SB7: Strains in top flange (DMs 1 to 16), includes prestrain.
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Figure 5.32 — SB7: Strains in bottom flange (DMs 17 to 32), includes prestrain.



CHAPTER 6 — VARIABLE ENGAGEMENT MODEL FOR
FIBRE REINFORCED CONCRETE IN TENSION

6.1 Introduction

It is well established that for quasi-brittle materials, such as concrete, loaded in tension
that localisation dominates the behaviour beyond the peak load and that this behaviour
can be described by the load versus crack opening displacement (w) as shown in Figure
6.1. For plain concrete the critical crack opening displacement that is the crack opening
displacement (COD) for which the stress is zero, occurs at the point where the last of
the mortar-aggregate matrix bridges the macro-crack. At this point typical CODs are of
the order of 0.4-0.5 mm (Petersson, 1981). In the case of fibre reinforced concrete,
assuming pullout of the fibre from the matrix and that the fibre pulls out from the side
with the shortest embedment, the critical COD is half the length of the fibre. This is

typically one to two orders of magnitude greater than that for plain concrete.

I\ (0]
matrix + fibres

......

-
W

Figure 6.1 — Stress versus crack opening displacement for the matrix, fibres and the
fibre matrix composite.



In addition, when a matrix crack is bridged by discontinuous, weakly bonded, fibres,
further extension of the crack is inhibited as energy has to be supplied for fibre
debonding, fibre pullout against interfacial tractions and deformation of any fibres lying
at oblique angles to the crack surface. Figure 6.2a shows a fibre embedded at a flaw line
when w = 0. The fibre has negligible reaction force as the bond-slip of the fibre-matrix
has yet to be developed. As w increases, fibres in the fracture zone become active and

deformation of fibre occurs.

Ideally, the pulley approach (Aveston and Kelly, 1973) can be used to describe the
bridging phenomena of a fibre crossing a cracked surface, as depicted in Figure 6.2b,
with the assumption that the matrix at the exit point of the fibre is infinitely rigid. In this
case the bond-slip from the fibre on the side of the shorter embedment equals the crack
opening displacement (that is w = fibre slip). According to Morton and Groves (1974),
as the fibre-matrix interface has a negligible tensile strength, the fibre is able to “cut

through” a part of the matrix a distance of d, tan@ , where d is the fibre diameter and

@ is the fibre inclination angle (refer Figure 6.2a).

Thus the description of the bridging phenomena of a fibre crossing a cracked surface
may be better described using a modified pulley approach (Figure 6.2c) where the
pulley is attached to the matrix via a spring. From geometrical compatibility, the COD

will be larger than the bond-slip (w > slip ).
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Figure 6.2 — Fibre crossing in a flaw: (a) before cracking; (b) pulley theory;
(c) modified pulley theory.

In the development of the deterministic design model that follows, the following

assumptions are made:

i.  behaviour of a fibre reinforced composite may be obtained by a summation
of the individual components. That is, the effects of each individual fibre can

be summed over the failure surface to yield the overall behaviour of the

composite;



ii.  the geometric centres of the fibres are uniformly distributed in space and all

fibres have an equal probability of being oriented in any direction;

iii.  all fibres pullout from the side of the crack with the shorter embedded length

while the longer side of the fibre remains rigidly embedded in the matrix;

iv.  displacements due to elastic strains in the fibres are small relative to

displacements resulting from slip between the fibres and the matrix;

v.  the bending stiffness of a fibre is small and energy expended by bending of

fibres can be neglected.

6.2 Fibre Engagement

For mechanically anchored fibres, after the adhesion between the fibres and the matrix
is broken, some slip between the matrix and the fibres must occur before the anchorage
is engaged. In addition, in the modified pulley theory (Figure 6.2c) the COD is greater
than the slip between the fibre and the matrix albeit the difference is small. The COD
for which the fibre becomes effectively engaged in the tension carrying mechanism is

termed the engagement length and denoted as w,. Assuming the engagement-length

versus fibre-slip relationship can be described using a continuous function then the

boundary criteria dictates that for a fibre angle of 8 =0, w, =0 and the function is to

be asymptotic to 8 = 7/2 . One such a function is

w, =« tan6 (6.1)

where w, is the COD at the point of engagement of the fibre and « is a material

parameter obtained from fibre pullout tests for varying €. To avoid variations along the
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plateau of the load versus COD curves in the determination of w,, the fibre is taken to

be effectively engaged at the point corresponding to 50 percent of the peak load. With
this condition, the data of the single fibre tests of Banthia and Trottier (1994) for end-
hooked and for crimped fibres are given in Figure 6.3a and 3b, respectively. For the
Banthia and Trottier data, Eq. 6.1 with & =1.24 for the end-hooked fibres and a = 2.31
for the crimped fibres correlates well. The model resulting from the engagement

equation (Eq. 6.1) is termed the variable engagement model (VEM).

For the VEM, the force in a single fibre is

w<w,and w>1,: Pr=0

6.2
We<WSlai Pf=7l'dfTb (la—w) 6.2

where d ¢ is the fibre diameter, /, is the initial length of embedment of the fibre and

7, is the mean shear stress between the fibre and the matrix measured along the
remaining portion of embedded fibre (l 2= w). In the analyses that follow, 7; is taken

as constant for a given fibre-matrix structure. The pullout force as determined from
Egs. 6.1 and 6.2 for the 60 mm long by 0.8 mm diameter end-hooked fibres of Banthia

and Trottier (for their medium strength concrete tests, f,,,, =52 MPa) are compared to

the experimental data in Figure 6.4 for various fibre angles 8. The interfacial bond shear

stress is calculated from the test of =0 degree giving 75, = 4.4 MPa. The figure

shows for fibres orientated at a high angle to the matrix, while some adhesion exists for

low CODs, significant slip is needed before mechanical locking occurs.
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Figure 6.3 — Engagement COD versus fibre angle for Banthia and Trottier (1994) data:
(a) end-hooked fibres; (b) crimped fibres.
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and Trottier (1994).



6.3 Engagement Angle

Using the concept of a fibre engagement length, discussed above, we can infer that for a
randomly orientated fibre composite material, cracked in tension, at any point in the
load-COD path there can be defined a critical angle for which fibres are becoming

active. We term 6,,;, as the point where fibres orientated at 8 < 6,,;, carry load while

for fibres at 8 > 8,.,;; are yet to be engaged. From Eq. 6.1 we write

O.rig = tan”" (w/cz) (6.3)

The model represented by Egs. 6.1 and 6.3 shows that, for a given COD, as « increases

6., decreases and, hence, a is a material measure of the resistance to slip between the

fibre and the matrix.

From Eq. 6.3 it is seen that 8., is a function of the current COD. Substituting the
maximum possible fibre slip before engagement w=1/, /2 into Eq. 6.3 gives the

limiting angle
Otim = tan " (1 /20 ) (6.4)

Whilst not all fibres at 8 < 8;,, may be engaged (depending on the initial embedded

length, /,), no fibres at 6 > 6y;,, can ever be engaged.
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6.4 Stress-COD Model Excluding Fibre Fracture

For fibres randomly orientated in three dimensions, Aveston and Kelly (1973) show that

the number of fibres crossing a plane of unit area is p ¢ / 2 where p is the volumetric
ratio of fibres. For fibres of length /, and diameter d, passing through a cracking

plane with the fibre pulling out from the side with the smaller embedded length, Marti

et al. (1999) noted that for w=0 the average length of embedment is / f / 4 and that the

number of bonded fibres decreases linearly with increasing COD. Rewriting Eq. 6.2 in

the form
Pr=krdsryls[2 (6.5)
gives
k=0 for......... w<w,and w21, (6.6a)
k=2, -w)l, for.......... w, <w<l, (6.6b)

where k is denoted as the local orientation factor.
Integrating Eq. 6.5 over a plane of unit area one obtains the tension stress
O'=Kdeafprb (6.7)

where a =1 / dy is the aspect ratio of the fibre, K ¢ is the global orientation factor

and K; is a damage factor or fibre efficiency factor.
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The damage factor (K;) in Eq. 6.7 accounts for a loss of efficiency in bond of the

fibres when the region around an individual fibre is affected by the pullout of adjacent
fibres. As the relative volume of fibres increases the local damage in the region

bounded by / £ / 2 from the crack (Figure 6.5) increases as the crack opens. Thus, as the

volume of fibres increases the damage factor decreases. Also, for the case where fibre
balling occurs the efficiency of the fibre is reduced. It can be reasonably inferred that
the damage factor is a function of the quantity of fibres, fibre type, strength of the
adjacent concrete-matrix and the COD. For conventional volumes of fibres used in

practice and where no fibre balling occurs, K; may be taken as unity.

Low damage High damage

-

[
a—

i

|

A a
L Damage zone J

(degree of damage a function of the number of fibres crossing the crack surface)

Figure 6.5 — Damage in concrete-matrix due to fibre pullout in the vicinity of a crack.
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Various values of K f have been proposed in the literature. The orientation factor can

be determined by probability and is affected by the shape of the domain over which the

orientation is considered. In Table 6.1 various values of K » as defined by different
researchers are listed. Taking all fibres as effectively engaged upon cracking of the
matrix, Marti et al. (1999) showed that, in general, K =05 (1 - 2w/l f ) 2 while at the
point of initial cracking K s = 1/2. In the model adopted by Foster (2001) where only

fibres at 0<@<x/3 were considered effective at the point of matrix cracking,

Kp= 3/8. Using the fibre engagement model described by Egs. 6.1 and 6.2 one obtains

1 N
Ky =F.Zik" (6.8)
1=

where N is the number of fibres crossing a plane of unit area and k; is the local

orientation factor for the i-th fibre. Alternatively, by Eq. 6.3 we write

lim 1 [ %2 lim 1 [%
Kr=p o ﬁ{ %k(w)+0§’k(w)} = N ﬁ{ zo:k(w)} (6.9)

Given a random distribution of fibres with equal probability that any given fibre

crossing a crack has a shorter embedded length of between zero and / f / 2, the average

value of the local orientation factor for all engaged fibres is

w

Iy

(6.10)

kave =

N | =



Table 6.1 — Orientation factors (updated from Ganeshalingam et al., 1981).
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* For 3D randomly
Authors Ky orientated fibres
%%
Romualdi and 6[ 6[ cosg cosy do dy
Ki=
Mandel (1964) f A 0405
| [dpay
00
7
I cos@ do
- . _ 0
Parimi et al. (1973) Kf= 77—. 0.637
2
fae
0
Aveston and Kelly %
(1973) K= jsme cosf do 0.5
0
vo
jjcosz @ cos? vdedy
Pakotiprapha (1976 =00
prapha (1976) | K, o 0.25
[|dpay
00
7
Foster (2001) K;= '[ sin @ cos 8 d@ 0.375
0
This study Given by Eq. 6.12 Variable < 0.5

* Note: see Figure 6.6 for fibre orientation definitions.



6-13

Ko

crack plane

crack plane

X
vy

¢
: o
i - Zy

Figure 6.6 — Fibre orientation definitions (ref. Table 6.1).

Further, if all fibre orientations have equal probability and noting that the proportion of

bonded fibres decreases linearly with increasing w, then from Eq. 6.9 we write

Ky = 2eritkave (I—Z—WJ (6.11)
T lf

where the term in parenthesis in Eq. 6.11 is the proportion of fibres that have not pulled

out from the matrix for a given COD. Substituting Eqs. 6.3 and 6.10 into 6.11 we find
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tan~! (w/a) [ 2w Jz
Kfp= ———|1-— (6.12)
T lf

Comparing Eq. 6.12 with that of Marti et al. (1999) it is seen that the proposed

relationship for K f approaches that of Marti et al. for @ — 0. In Figure 6.7, Eq. 6.12 is
plotted for varying a for a fibre length of / £ =60mm. For @ =0.5 the peak stress
obtained from the fibres is 74 percent of that when all the fibres are assumed engaged at

first cracking and occurs at 2w/ lr =0.074.

The fracture energy provided by the fibre contribution is calculated by integrating

Eq. 6.7 over the domain w=0 to w =/ f /2 and gives

lr/2

T
Gr= [odw=K, P 4+ B] (6.13a)
67
0
with
A= Ghmlf -3 malf COt2 (Ghm) (6.13b)
B=5a+2a ln(cos¢91im)(3—cot2 Hlim) (6.13¢)

The total fracture energy is the sum of the fibre contribution (given by Eq. 6.13) and
that of the matrix. For typical volumes of steel fibres the matrix fracture energy
contribution is small relative to that of the fibre and can be neglected. This may not be

the case for smaller, finer, glass fibres.
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Figure 6.7 — Global fibre embedment parameter (K ) versus crack opening

displacement for / = 60 mm.

In the formulation of Eq. 6.12 it was assumed that all fibres are pulled out from the
matrix and there is no fibre fracture. Thus, Eq. 6.12 applies provided that

drofu

6.14
2 Tph ( )

lf <lc=

where /. is a critical fibre length and & fu 1s the ultimate tensile strength of the fibre. If

the inequality of Eq. 6.14 is violated then a portion of the fibres will fracture and

Eq. 6.12 does not apply.



6.5 Stress-COD Model Including Fibre Fracture (excluding bending)

Assuming a constant bond shear stress along the fibre length then, by force equilibrium,

any arbitrarily orientated fibre will fracture if

;58 %h

> +w, (6.15)
4 Tp

For a given COD (w) the global orientation factor is given by

5 1 Ocrit la,crit o
Kp=|=—— [ kG,.0)dl,do || 1-2= (6.16)
T lf/2 w 0 w lf

where [, .,;; is the critical fibre embedment length for fracture and is given by

Lycris =min{l./2+w, , 17/2) (6.17)

Substituting Eq. 6.6 into Eq. 6.16 gives

4 acrit 2
Kp=—r- [{max(ly e -w, 0)fPdo (6.18)
wl f 0

where 6,,;, is given by Eq. 6.3. Equation 6.18 may be solved by numerical integration.

For the case of /, </ no fibres fracture and Eq. 6.18 reduces to Eq. 6.12.

In Egs. 6.14 and 6.15 the ultimate tensile strength of the fibres o g, is evaluated

excluding the effect of bending stresses on the performance of the fibres. Whilst the
effect of bending is commonly ignored in the calculation of the critical length

(Eq. 6.14), strains induced by bending of the fibres can reduce the axial capacity of the



fibre, particularly for fibres having limited ductility such as glass and carbon fibres. The
issue of fibre bending and fracture is discussed in more detail in Section 6.8 of this

thesis.

6.6 Experimental Verification

In the experimental verification of the variable engagement model that follows, it was
observed that a relationship exists between the type of fibre used, the bond shear

resistance, 73, and the uniaxial tensile strength of the concrete-matrix without fibres,
fer- Where the bond shear strength was measured directly by the investigators, using

fibre pullout tests, the measured data is used in the model verification. Where no bond
shear data was available the relationships between the matrix cracking strength and the

bond shear data given in Table 6.2 were used. Where f,, was not measured the tensile

strength was taken as f,; =/ fom / 3 where f_, is the mean cylinder strength in MPa

(ACI Code, 1999).

Table 6.2 — Relationship between bond strength and tensile strength of the fibre

concrete matrix.
Fibre Type Matrix Bond Strength, 7,
Concrete 2.5f
End-Hooked and Crimped

Mortar 2.0f

Concrete 1.2f,
Straight
Mortar 1.0/
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In the application of the model the stress-COD relationship of the concrete matrix is
required but this data is rarely available and, in general, difficult to obtain. Where the
stress-COD relationship of the concrete matrix without fibres was measured by the
investigators, using direct uniaxial tension tests, the data is used in the model
verification. In the absence of this data, the tensile stress-COD model for the non-fibre

matrix was taken as

cw

O, =0y € (6.19)

where o, is the tensile stress, w is the COD and c is an attenuation factor and is

taken as ¢ = 15 for both concrete and mortar specimens.

For fibres used in conventional quantities the fracture energy provided by the fibres far
exceeds that of the matrix and the VEM is insensitive to the particular stress-COD

model adopted for the matrix.

6.6.1 Banthia and Trottier (1994)

Banthia and Trottier (1994) undertook a series of single fibre tension tests for end-
hooked, crimped and twin cone steel fibres embedded in conventional, medium and
high strength concrete. The VEM is compared against Banthia and Trottier
experimental data for their end-hooked and crimped fibre tests and for their
conventional and medium strength concrete tests. In the high strength concrete tests for
the end-hooked and crimped fibres and in all tests using twin cone fibres the fibres
fractured before pullout. The testing arrangements used by Banthia and Trottier are

shown in Figure 6.8.
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Figure 6.8 — Schematic of Banthia and Trottier (1994) pullout tests (in mm).

The end-hooked fibre tests consisted of 60 mm long by 0.8 mm diameter fibres with a
tensile strength of the fibre of 1120 MPa. Taking the point of fibre engagement as
50 percent of the peak load, the fibre engagement parameter was assessed to be
a =1.24 (refer Figure 6.3a). The bond strength was taken as the mean of six specimens

measured for the 6 = 0 degrees tests and was 7 =3.7 MPa and 75, = 3.9 MPa for the

fem =40 MPaand f,,, = 52 MPa tests, respectively.

The results of the VEM are compared in Figure 6.9 for the pullout load and in
Figure 6.10 for the pullout energy. Banthia and Trottier reported energies at slips of
1 mm, 3 mm and at total pullout. It is seen that the VEM compares well against the

collected data for the peak loads and the pullout energies reported.
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In the crimped fibre tests, Banthia and Trottier used 40 mm long by 1.0 mm diameter
fibres with a tensile strength of 1040 MPa. The bond shear strength for the

@ = 0 degrees tests (average of six specimens) was 7, = 11.0 MPa for the
fem =40 MPa tests and 73 =11.1 MPa for the f, = 52 MPa tests. Again taking

engagement at 50 percent of the peak load, the fibre engagement parameter was
assessed as a =2.31 (refer Figure 6.3b). The results of the VEM are compared with
Banthia and Trottier crimped fibre test data in Figure 6.11 for pullout loads and in
Figure 6.12 for the total pullout energy and for the energies measured at slips of 1 mm
and 3 mm. Again, the figures show that the VEM results compare well with the

measured data.

In Figure 6.13 the results of the verification tests of the Banthia and Trottier data are
summarised for the peak pullout force and for the total pullout energy. The figure shows
that the bulk of data are within £ 20 percent of the equality lines. The mean theoretical
to experimental ratios are 1.05 and 1.16 with coefficient of variations of 0.19 and 0.20

for the pullout load and pullout energies, respectively (excluding the outlier).
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Figure 6.9 — Comparison of VEM with experimental pullout load on end-hooked fibres
(Banthia and Trottier, 1994): (a) f,,, =40 MPa and (b) f_,, =52 MPa.
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Figure 6.10 — Comparison of VEM model with experimental pullout energy on end-
hooked steel fibres (Banthia and Trottier, 1994): (a) f., = 40 MPa and

() fom =52 MPa.
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Figure 6.11 — Comparison of VEM with experimental pullout load on crimped steel
fibres (Banthia and Trottier, 1994): (a) f,, = 40 MPa and (b) f,, =

52 MPa.
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Figure 6.12 — Comparison of VEM with experimental pullout energy on crimped steel

fibres (Banthia and Trottier, 1994): (a) f,, = 40 MPa and (b) f,, =

52 MPa.
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Figure 6.13 — Comparison of experimental and theoretical results for Banthia and
Trottier (1994) fibre pullout tests: (a) peak load and (b) total pullout

energy.
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6.6.2 Lim et al. (1987b)

Lim et al. (1987b) undertook a series of uniaxial tension strength tests for end-hooked
and straight steel fibres in various volumetric ratios in conventional strength concrete.

The results of the VEM compared with the Lim et al. tests are discussed below.

In the specimens using straight steel fibres, the fibres were 30 mm or 50 mm long by

0.57mm diameter and had a tensile strength of o 5= 340 MPa and modulus of
elasticity of E ;=210 GPa. Fibre volumes were 0.5, 1.0 and 1.5 percent and each

specimen had a cross section of 70 mm by 100 mm. The test setup used by Lim et al. is
shown in Figure 6.14. The uniaxial specimens were fabricated from normal strength
concrete with cement : sand : coarse aggregate : water ratios of 1:1.8:2.8:0.5 and a
maximum particle size of 10 mm. The unnotched specimens were tested in direct
tension by a pair of specially designed grips using a servo-controlled testing machine at
an extension rate of 0.25 mm/min over a gauge length of 200 mm. The final
experimental load-extension plots were taken from the average of four displacement
transducers distributed uniformly around the specimens. Details of the properties of the
material used by Lim et al. for their straight fibre tests are given in, Appendix F,

Table F1.

The bond strength (rb) was measured directly for each test using single fibre pullout

tests and the data collected is used in the VEM verification. The tensile strength of the
non-fibre reinforced concrete was measured directly and the concrete matrix strength

was taken as f,, = 2.2 MPa. The engagement parameter was taken as a = 0.15. The
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results of the VEM are compared in Figures 6.15 and 6.16 for the uniaxial strength for

their FR composites. It is seen that the VEM compares well against their data.

Pin joints for
free rotation

100

Bearing
plates

Tensile
specimens

250 350 500

Transducer

Cotter pins to
secure parts

Figure 6.14 — Setup for direct tension test and dimension of test specimens- dimensions

in mm (Lim et al., 1987b).
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to 3 mm).
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In their end-hooked fibre tests, Lim et al. (1987b) used 30 mm or 50 mm long by
0.5 mm diameter fibres with a tensile strength of 1130 MPa. The uniaxial specimen
dimensions and testing procedure was similar to that for the straight fibre specimens
with the exception that the normal strength concrete had a cement:sand:coarse
aggregate:water ratio of 1:1.5:2.5:0.5. The bond strength was measured directly by the

investigators using single fibre pullout tests and the data collected used for the 7,'s in

the VEM verification. The tensile strength of the non-fibre reinforced concrete was

measured directly and was f.,= 2.7 MPa. The engagement parameter was taken as

a = 0.15. By Equation 6.14, for the 50 mm long end-hooked steel fibres used by the
Lim et al. the critical embedded length is 48 mm and is less than the fibre length. As the
critical length is only slightly smaller than the fibre length, the small effect of fibre
fracture has not been considered. Details of the material properties for the Lim et al.

end-hooked fibre tests are given in Appendix F, Table F2.

The results of the VEM are compared with Lim et als’ data in Figures 6.17 and 6.18. It
is seen that the VEM compares well against the experimental data. In comparing the
engagement parameter, « , adopted for the Lim et al. tests with that measured in the
single fibre tests of Banthia and Trottier (1994), discussed in Section 6.6.1, it is‘
observed that for the randomly orientated fibre tension tests, a is significantly lower
than for the single fibre pullout tests. This lower a value indicates that fibres have been
engaged much earlier in the composite than when embedded singly and pulled out
directly from the matrix. It is hypothesised that this phenomena occurs due to the

straining of the fibres pre cracking and due to interference effects of adjacent fibres.
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6.6.3 Petersson (1980)

Petersson (1980) undertook a series of uniaxial tension strength tests for indented and
straight steel fibres with various volumetric ratios in conventional strength mortars. The

VEM is compared against Petersson’s experimental data for his straight fibre tests.

The straight steel fibres used were 30 mm long and 0.3 mm diameter. A mortar was
used with water/cement ratio of 0.6, cement/sand ratio of 0.31 and the maximum
particle size of 4 mm. Specimens with fibre quantities of 0.25, 0.5 and 1 percent were
tested with specimen dimension of 30 mm by 50 mm by 200 mm high and with two
15 mm deep notches (see Figure 6.19). The stress-COD for the non-reinforced mortar
matrix was measured by Petersson using uniaxial tension tests and this data is used for

the o-COD of the mortar matrix in the verification that follows. The uniaxial tension

strength of the non-reinforced mortar was measured as f_,= 3.0 MPa and, thus, as per
Table 6.2 the bond strength was taken as 7;,=3.0 MPa. The engagement parameter is

taken as a = 0.08. The material data for Petersson’s specimens are given in Appendix F,

Table F3.

The results of the VEM are compared in Figure 6.20 for the tensile stress versus COD.
It is seen that the VEM compares well against the experimental data for both the peak

load and the reported fracture energies.
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Figure 6.19 — Uniaxial strength test setup of Petersson (1980).
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Figure 6.20 — Comparison of VEM with experiments of Petersson (1980) for 30 mm

straight fibres in mortar.
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6.6.4 Barragan et al. (2003)

Barragan et al. (2003) tested five identical uniaxial tension strength specimens with
40 kg/m® of 60 mm long by 0.75 mm diameter end- hooked steel fibres in concrete with

a 70 day strength of f,,= 41 MPa. The fibre volume ratio was p = 0.45 percent and

the fibres had a tensile strength of 1000 MPa. Cylindrical test specimens were used with
a gross diameter of 150 mm and 15 mm deep notches. The testing arrangements are
given in Figure 6.21. The concrete used has a maximum aggregate size of 12 mm, an
aggregate/cement ratio of 5.3 and water/cement ratio of 0.57. Further details of the

material properties of the Barragén et al. tests are given in Table F3.

In the VEM the tensile strength of the concrete was taken as f,; = +/ fom, /3 =2.1 MPa.

The bond strength was taken as 7= 5.3 MPa (refer Table 6.2) and a = 0.2. The results

of the VEM are compared with the test data in Figure 6.22 for the tension strength
versus COD. The shaded area represents the experimental data range of the five
specimens tested by the investigators. The figure shows that although the five
specimens were identical in material composition and testing procedure, the variability
after cracking in strength, for a given COD, was + 30 percent from the mean. It is seen
in Figure 6.22 that the VEM compares well against the average of Barragan et al’s data.
The fracture energy of the partial curve (i.e. up to w = 2.0 mm) was 1.62 N/mm for the
VEM and compares favourably with the average measured energy of 1.84 N/mm for the

five specimens.
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Figure 6.22 — Comparison of VEM with experiments from Barragan et al. (2003).
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6.6.5 Lietal. (1998)

Li et al. (1998) undertook a study on uniaxial tension strength tests for end-hooked steel

fibres in a medium strength concrete matrix ( f.,,= 52 MPa) containing 6 percent by

volume of 30 mm long by 0.5 mm diameter fibres with a minimum tensile strength and
modulus of elasticity of 1000 MPa and 200 GPa, respectively. The constituents making
up the concrete-matrix were Type I OPC, coarse aggregate with a maximum size of 10
mm and silica fume. The water/cement ratio was 0.45. The test was conducted on
unnotched rectangular uniaxial tension specimen with cross section dimensions of
100 mm by 20 mm. Details of the specimens and the testing arrangement are given in
Figure 6.23 and the material properties are summarised in Table F3. The specimens

were loaded at a displacement rate of 0.004 mm/min over a gauge length of 120 mm.

The stress-COD relationship of for the unreinforced concrete matrix was measured
using uniaxial strength tests and it is used for matrix curve in the modelling analysis.
The matrix cracking strength was measured to be 4.2 MPa and the bond strength was
taken as 10.5 MPa (as per the formulas given in Table 6.2). By Eq. 6.15 the critical

length of the fibres is ¢ .= 23.8 mm and, being less than the fibre length, will result in a
portion of the fibres breaking. The global fibre orientation factor (K ) was calculated

using Eq. 6.18 and the engagement parameter was taken as & = 0.13.

The results of the VEM are compared against the experimental data in Figure 6.24. The
figure shows that the VEM compares well with the Li et al. data for the stress versus

COD.
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Figure 6.24 — Comparison of VEM with the data of Li et al. (1998).
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6.6.6 Groth (2000)

Groth (2000) tested a series of fibre reinforced cement mortar specimens with
0.7 percent by volume of steel fibres. The fibres used were high strength straight
DRAMIX fibres 20 mm long by 0.13 mm diameter. The minimum tensile strength and
modulus of elasticity of the fibres used were 1000 MPa and 200 GPa, respectively. Four
types of cement based matrices were used with varying quantities of ordinary Portland
cement, silica fume, quartz sand and blast furnace slag. The binder to sand ratio for each
mix was 1:3 and water to binder ratio 1:2. The four mixes used are denoted as ordinary
Portland cement (OPC), 50 percent of OPC and 50 percent of blast furnace slag (S50),
50 percent OPC mixed with 50 percent of quartz sand (Q50), and 95 percent OPC and 5
percent of silica fume EMCS500). The mechanical properties of the matrix are given in

Appendix F, Table F4.

Uniaxial tension tests were performed on notched cylindrical cast specimen with a net
diameter of 90 mm (Figure 6.25). The tests were done under closed loop displacement-
control using for displacement transducers uniformly spaced around the circumference
of the specimens. The tension stress-COD behaviour of the non-reinforced mortar was
measured by Groth using uniaxial tension tests and this data was used for the matrix

curves used in the verification.

The bond strength of each mix was determined using the relationships presented in
Table 6.2 and the engagement parameter was taken as @ = 0.04. The VEM results are
compared with the experimental data of Groth (2000) in Figure 6.26. The figure shows
that the numerical results obtained from the VEM compares well with Groth’s

experimental data.
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Figure 6.25 — Tensile specimens of Groth (2000).
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6.6.7 Wang (1989) and Wang et al. (1990a,b).

Wang (1989) and Wang et al. (1990a, b) undertook a series of uniaxial tension strength
tests on various types of synthetic fibres with various volumetric ratios in normal
strength mortar (NSM) and high strength concrete (HSC). The fibres used included
aramid, high-strength high-modulus polyethylene and polypropylene micro-fibres with
fibre fractions of between 0.6 percent and 3 percent, by volume. For their tests with
high-strength, high-modulus, polyethylene (Spectra 900) fibres, Wang et al. tested two
specimens with 12.7 mm long by 0.038 mm diameter fibres in NSM and one specimen
in HSC with 6.35 mm long by 0.038 mm diameter fibres. The strength and modulus of
elasticity of the fibres were 1200 MPa and 120 GPa, respectively. Details of the test

specimens are given in Appendix F, Table F5

Wang et al. tested notched specimens in uniaxial tension having net cross section
dimensions of 51 mm square (shown in Figure 6.27) and were tested at an extension
rate of 0.3 mm/min for the first 1 mm of displacement and at (approximately)

1.5 mm/min for the remainder of the test (Wang, 1989).

For the VEM verification using the polyethylene fibre tests of Wang et al., the

engagement parameter was taken as a =0.10, the tensile strength of the normal

strength mortar and high strength concrete ware taken as f, =1.8MPa and
Jo =42MPa, respectively and the interfacial bond strengths were taken as

7, =1.02 MPa for the NSM and 7;, =1.5 MPa for the HSC specimens'.

Details of the interfacial bond shear strengths were obtained from similar tests using the same

constitutive materials reported by the same cohort group in Li and Wu (1992).
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The results of the VEM are compared with the Wang et al. data in Figure 6.28 with a
good correlation observed between the model and the test data for the 2 percent NSM
and 0.6 percent HSC specimens. The model under predicts the post cracking strength

and fracture energies for the 1 percent NSM specimen.

The tests by Wang et al. using aramid (Kevlar and Technora) fibres were subject to
fibre fracture and bending. Verification of the model using this data is discussed in

Section 6.8.
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] e | '
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Figure 6.27 — Loading fixture for the direct tensile test and dimension (mm) of direct

tensile test specimens.
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6.6.8 Noghabai (2000)

Noghabai (2000) undertook a series of uniaxial tension strength tests for 1 percent by
volume of straight steel fibres in high strength concrete with a standard cube
compressive strength of 110-130 MPa. The VEM is compared against Noghabai’s

experimental data.

The straight steel fibres used were 6 mm long and 0.15 mm diameter and with fracture
strength of 2600 MPa. The tension specimens were tested with net cross-section of

55 mm diameter. The matrix tensile strength ( f,;) was measured experimentally and it
is reported as f.,=4.15 and 3.77 MPa for specimen denoted as HSCl¢015 and

HSCYe6/0.15, respectively. The bond strength of the fibre-matrix interface is taken as

7, =1.2f,, as per Table 6.2. The material data for Noghabai’s specimens are given in

Table F7. The results of the VEM are compared in Figure 6.29 for the tensile stress
versus COD. It is seen that the VEM compares well against the experimental data for

both the peak load and the descending curves.

5 5 —
k=6.0mm - |f=6.0mm ]
Hsc' C Hsc'

df=0.15mm $§6/0.15 - d¢=0.15mm $6/0.15
~ = Y[ =45MPa
S s C 0 =0.043
[} 7 3 L
0 o .
£ £
()] (7]
2 2
= =
€ c
- -

0 1 2 3 4
w (mm)
(a) (b)

Figure 6.29 — Comparison of VEM with experiments of Noghabai (2000).
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6.6.9 Behloul (1995)

Behloul (1995) reported the results of a uniaxial tension strength test on 170 MPa fibre
reinforced reactive powder concrete. A matrix was used with water/binder ratio of 0.18,
cement/sand ratio of 0.91 and 2.6 percent by volume of 12 mm long by 0.20 mm
diameter fibres. Details of the specimens are shown in Figure 6.30. The matrix tensile

strength for the non-reinforced RPC matrix (f.) was measured by Behloul using

uniaxial tension tests and this data is used in the verification that follows. In their tests,
the average value of the matrix tension strength of the non-reinforced mortar was

measured as f.,=5.1 MPa, and, from tests by Orange et al. (1999) on similar concrete-
fibre mix, 7= 10 MPa. The engagement parameter is taken as o = 0.043. The material

data for Behloul et al.’s specimens are given in Appendix F, Table F7.

The results of the VEM are compared in Figure 6.31 for the tensile stress versus COD.
It is seen that the VEM compares well against the experimental data for both the peak

load and post peak response.

500 -

P T \r I(IO *I/_ P

<+— 100 —
/
' e
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Figure 6.30 — Direct tension specimens of Behloul (1995), (dimension in mm).
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Figure 6.31 — Comparison of VEM with experiments from Behloul (1995).

6.6.10 Denarié et al. (2003)

Denarié et al. (2003) reported two uniaxial tension strength tests for straight steel fibres
with 2 percent by volume in reactive powder concrete with a standard cylinder
compressive strength of 171 MPa and modulus of elasticity of 57 GPa. Straight steel
fibres of 13 mm long and 0.15 mm were used and the water/binder ratio was 0.14. The
tensile strength tests were carried out using closed loop servo hydraulic 1000 kN
universal testing machine under displacement control. Details of the test specimens and

experimental setup are given in Figure 6.32.

The matrix tensile strength for the non-reinforced RPC matrix, f,, was not measured
experimentally and, thus, was taken as f,, = 0.33,/ fem =4.36 MPa as per Table 6.2.
In the verification that follows, a bond strength of 7, = 10 MPa was adopted as per the

tests of Orange et al. (1999). The engagement parameter is taken as a = 0.043. The
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material data for Denarié et al.’s specimens are given in Appendix F, Table F7. The
results of the VEM are compared in Figure 6.33 for the tensile stress versus COD.
Again it is seen that the VEM compares well against the experimental data for both the

peak load and post peak response.

o o) T
Metallic Plate - 100
o
Specimen
LVDT ——=ff=.. 300

(dimension in mm)

Figure 6.32 — Uniaxial tension test setup (Denarié et al., 2003).
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Figure 6.33 — Direct tension specimens of Denarié et al. (2003).
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6.7 Comments on the Fibre Engagement Parameter, a

In evaluation of the fibre engagement it may reasonably be assumed that elements such
as the constitution of the concrete matrix, the fibre type and fibre diameter maybe
important parameters in the determination of o . From the proceeding verification the

following observations are made:

1. Banthia and Trottier (1994) undertook a series of tests on different type of fibres
embedded in three different concretes. The results for their tests for end-hooked
fibres in 40, 52 and 85 MPa concretes were presented in Figure 6.3a. Here it is
observed that the concrete strength was not a significant effect in the determination
of a . For the Banthia and Trottier tests on crimped fibres a similar observation is
made (Figure 6.3b). Thus, while the constitution of the matrix in terms of particle
size and density may prove to be a fundamental parameter, the strength of the

matrix shows little influence on « .

2. In comparing the Banthia and Trottier data presented in Figure 6.3a and b, it is seen
that the type of fibres is an important factor in the determination of « . In the
verification above, @ was chosen to best match the experimental data. In the
verification process, the VEM was compared with 17 sets of experimental data for
end-hooked and straight steel fibres and the a’s used for these analyses are plotted
in Figure 6.34 against the fibres diameter. The figure shows that for steel fibres

a=dg/3.5. The COV for the data presented is 6.2 percent. There is insufficient

data available to draw a conclusion on any relationship between the engagement
parameter, «, and the fibre diameter for other (non-metallic) fibres and this is a

topic for further research.
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Figure 6.34 — Fibre engagement parameter versus fibre diameter for end-hooked and

straight steel fibres.

6.8 Bending of Fibres and Fibre Fracture

In the formulation of FRC in tension, developed above, where fibre fracture is included
it was assumed that bending of the fibres has only a small effect on the overall
behaviour when using ductile fibres. However, where brittle fibres are used or where a
large portion of fibres that cross the cracking plane fracture, the stresses induced
through fibre bending can not be ignored. In Figure 6.35, the data of Banthia and
Trottier (1994) for their twin cone fibres are plotted comparing the average axial stress
in the fibres, normalised for the fracture stress for fibres at 8 = 0 degrees, versus fibre
angle. In these tests the strength was limited by fibre fracture. The figure shows that as
the fibre angle increases the average stress in the fibres, at fracture, decreases. Also
plotted in Figure 6.35 is the data of Kanda and Li (1998) for their PVA fibre tests where
the fibres fractured. In this chapter a general model is developed that includes fibre
bending effects on the influence of fibre fracture for the determination of the o — @

curve for FRC.
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Figure 6.35 — Normalised rupture strength of fibres versus angle of inclination.

6.8.1 Model for Fibre Fracture with Bending
Two cases are considered in the derivation of the limiting axial fracture strength (o, )

for fibre fracture with bending. The first model is based on linear elastic-brittle behaviour
(Figure 6.36a) and the second case being of material behaviour for a rigid-plastic material

(Figure 6.36b).

to to

Elastic-brittle Rigid-plastic

0 @)
Yy . £ y &
€q

(@) ()

Figure 6.36 — Stress-strain curve for fibre: (a) elastic-brittle and (b) rigid-plastic.
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Taking plane sections to remain plane, the axial strain on the fibre and the bending
strains can be superimposed to give the total strain as shown in Figure 6.37a. A fibre
will fracture when the extreme tensile fibre strain reaches its limiting fracture strain,

Efu- The limiting axial strain of the fibre at any angle of inclination, &, , can therefore

be written as

€au = € fi —€pu (6.19)

where ¢, is the bending strain at the point of fibre fracture for a fibre orientated at an

angle @ to the crack plane. For a perfectly elastic-brittle fibre the limiting average axial

fracture strength (o, ) is
Ouu=0f —Epy Ef for 0<¢p, <&p (6.20a)
Cau =0 for Epu 2 Efy (6.20b)

where o 5, is the fracture stress of the fibre and E ¢ the elastic modulus of the fibre.

For the case of a rigid-plastic material, the limiting average axial fracture strength

(o4, ) of a fibre of circular cross-section subject to bending is derived in Appendix G

and is given by

Oau =0 for 0<ep, <€g/2 (6.21a)

Oay = O fu .[22 1—(3)2 +2sin_1(c_1)] for g /2<¢p <t (6.21b)

/2
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Figure 6.37 — Stresses and strains in fibre subject to axial force and bending: (a) strains;
(b) stresses for elastic brittle material; and (c) stresses for rigid-plastic

material.
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where d =2d, /d s and d, is the distance from the plastic centroid of the section to the

neutral axis and is given by

d
dO =._1;

& fu
; (———1] (6.22)

Ebu

Assuming the part of the fibre for which bending occurs has constant moment over an
arc of constant radius of curvature (r), shown in Figure 6.38, the relationship between

the bending strain &, and the diameter of the fibre d ; is written as
V=x=— (6.23)

where x is the curvature (x =1/r). The boundary conditions dictate that any function
describing the radius of the curvature (r) must be asymptotic to the § = 0 axis as for

¢ = 0 for 04, = 0 g, . One function meeting this criteria is 7 o cot(9).

df :/ \\

..............

_______ Bending

zone

..............

Constant
curvature

Figure 6.38 — Schematic of bending of fibre in FRC.
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For the analyses that follow, we adopt the function

d s cot@
_ pdset6 _ 2tand (6.24)

2 © Bdy

r

where £ is an empirical constant. With Eqgs. 6.23 and 6.24 we write

b =%tan9 (6.25)

The strength interaction diagram for the PVA fibres used by Kanda and Li (1998) are
plotted in Figure 6.39 together with the theory for elastic-brittle fibres described by Egs.
6.20 and 6.25. The fibres used have a diameter of 0.014 mm and an ultimate tensile
strength and the modulus of elasticity of 2250 MPa and 60 GPa, respectively. It is

shown that with £ =200 the model correlates well with the experimental data.

Both the elastic-brittle theory given by Eq. 6.20 and the rigid-plastic theory given in
Eq. 6.21 are plotted in Figure 6.40 with the results of the twin cone steel fibre of
Banthia and Trottier (1994). The fibre used had a diameter of 1.0 mm and an ultimate
tensile strength and modulus of elasticity of 1200 MPa and 200 GPa, respectively. The
limiting fracture strain of the fibre is taken as 0.04. Comparing the test data with the two
models shows that the rigid-plastic theory does not capture well the strength interaction
of the more ductile, steel fibre. On the other hand, the elastic theory compares well with
the collected data. In the elastic curve shown in Figure 6.40 a value of

E ¢/ =300 MPa is used as was the case for the PVA fibres plotted in Figure 6.39.
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Figure 6.39 — Comparison of VEM with the experimental data of Kanda and Li (1998).
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Figure 6.40 — Comparison of proposed models with the twin cone fibre data of Banthia
and Trottier (1994).
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6.8.2 Wang (1989) and Wang et al. (1990a, b)

As discussed in Section 6.6.7, Wang (1989) and Wang et al. (1990a, b) undertook a
series of uniaxial tension strength tests on various types of synthetic fibres with various
volumetric ratios in conventional strength mortars and high strength concrete. For the
experimental verification of the VEM with fibre bending and fracture, the aramid fibre
tests and the polyethylene tests are analysed. Two types of high strength aramid fibres
were used, that is Kevlar 49 and Technora. The Kevlar 49 fibres used were 6.35 mm
long by 0.012 mm in diameter with an ultimate tensile strength of 3310 MPa and
elasticity modulus of 70 GPa. The Technora fibres were 6.35 mm long by 0.012 mm in
diameter, had, an ultimate tensile strength of 3940 MPa and elasticity modulus of
60 GPa. Normal strength mortar was used for all specimens with cement / sand / water
ratios, by weight, of 1/1/0.5. Notched specimens for the direct tensile strength test had a
net cross section dimension of 51 mm square (see Figure 6.27) and were tested as
described in Section 6.6.7 of this thesis. The interfacial bond strength is taken as
4.5MPa for the Kevlar fibre as measured by Wang (1989). The interfacial bond

strength of Technora fibre was not reported and is also taken to be 4.5 MPa.

Figure 6.41 compares the o —@ curve obtained using the VEM with the experimental
data for Wang for their tests on Technora FR mortars with one, two and three percent of
fibres. It was reported that the measured average composite strength and fracture energy
for the 1 percent composite were 3.31 MPa and 1.42 N/mm, respectively, and the
composite strength and fracture energy for 2 percent of the composite were 3.11 MPa
and 1.28 N/mm, respectively, whereas the average composite strength and fracture
energy for 3 percent of the composite were 3.65 MPa and 1.87 N/mm, respectively (see

Appendix F, Table F6).
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Figure 6.41 — Comparison of VEM including fibre-fracture with bending with data from
Wang (1989) on Technora fibre reinforced normal strength mortar:
a) py=1 percent; b) pr=2 percent; and (c) p,=3 percent.
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It was observed that the peak strength and fracture energy of the composite did not
increase significantly for increasing fibre volumes. According to Wang et al. (1991),
the insignificant increase in strength of higher volume of FRC was due to balling (or
clumping) of the fibres as observed in scanning electron micrographs. Also, it was
observed that a major failure mechanism for aramid FRC were crack deflection around

fibre bundles, bundle splitting and bundle shearing. The authors stated

“...it appears from these observations that the maximum fibre volume
fractions which can be included in this matrix without causing sever

fibre bundling and clumping is around or slightly more than 1% ...”

Assuming that a fibre volume of 1 percent was the optimum quantity of fibre that is able

to be uniformly distributed in the matrix, a fibre efficiency factor (K ;) is used to

account for the observed fibre bundling or clumping in the Technora fibre matrix. Thus

for 2 percent and 3 percent by volume of fibres K; = 0.5 and K; = 0.33, respectively.

The matrix strength was taken as 1.85 MPa. An engagement parameter « =0.20 was

taken for the aramid fibre and £ =20 was used to account for the brittle nature of the

fibres. The peak composite strength and fracture energy calculated by the VEM are
summarised in Appendix F, Table F6. The table shows that VEM calculates the

cracking strength and fracture energies within 20 percent of measured values.

Figure 6.42 and Appendix F (Table F6) compare the uniaxial tensile o —@ of fibre
reinforced cement as determined from the VEM for a 2 percent Kevlar 49 fibre
reinforced mortar. The measured average composite strength and fracture energy were

4.0 MPa and 1.3 N/mm, respectively. In the model the matrix cracking strength was
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taken as 1.85 MPa (as measured from split cylinder tests). As for the Technora fibres,
a =0.20 was used for the Kevlar 49 fibres with f=20. The model gives a peak
composite strength of 3.3 MPa and a fracture energy of 1.3 N/mm and compares

favourably with the test data.

lf = 6.35 mm; df = 0.012 mm
4 Pf= 2%; 1, = 4.5 MPa; K4 = 1.0
‘t of, = 3310 MPa; o = 0.02; B = 20

Tensile Stress (MPa)

Figure 6.42 — Comparison of VEM including fibre fracture and bending with data from
Wang et al. (1990a and b) on 2 percent by volume of Kevlar 49 FR

mortar.

6.8.3 Maalej et al. (1995)

Maalej et al. (1995) undertook uniaxial tension tests on aramid fibre reinforced mortar.
The fibres used were 12.7 mm long by 0.012 mm diameter Kevlar 49 having an
ultimate tensile strength of 3310 MPa and modulus of elasticity of 70 GPa. The matrix
consisted of Type 1 Portland cement, silica fume and superplasticizer with ratios of
1:0.1:0.02 and a water to cement ratio of 0.27. The measured elastic modulus of the
matrix was 13 GPa. The fibre/matrix interfacial bond strength was taken to be 4.5 MPa

(as measured by Wang (1989) for an identical mortar-matrix mix). The uniaxial tension
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test is conducted on notched rectangular uniaxial tension specimens with a net cross
section dimension of 50 mm by 13 mm. The matrix strength is taken as 4.0 MPa and the

full o —w for the non-reinforced mortar is determined from Eq. 6.19. A constant
a=0.02 was used for the aramid (Kevlar) and the fibre fracture-bending constant is

taken as S = 20. The results of the VEM are compared with the Maalej et al. data in

Figure 6.43 and Appendix F, Table F8.

l¢ = 12.7mm; d§ = 0.012mm
4k pf = 2%; 1, = 4.5 MPa;

©
% B ofy = 3310 MPa; o = 0.02; B = 20
hd i QO
w 3t
8 ] c% % ° Exp.
E N3 % VEM FRC
o 2R\ & 2., 0 e VEM Matrix
% B
Ak
e 1R
0 ;
0 0.5 1 1.5 2

Figure 6.43 — Comparison of VEM with experimental data of Maalej et al. (1995).

6.9 General Comments on the Fibre Fracture-Bending Model Parameter, 8

In this section, the influence of bending induced stress on the weakening of fibres in
axial tension is discussed. Two models were proposed, the first based on elastic theory
and the second based on plastic theory. Of the two models, the elastic model shows
significant promise for the modelling of fibre reinforced composites in uniaxial tension
where a significant proportion of fibres fracture after cracking of the matrix and at, or

before, engagement. Whilst based on a rational concept for elastic fibres, in the
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extension of the model to include elastic-plastic fibres, the fibre fracture-bending

parameter, £, is taken as an empirically derived constant.

While a more general model for elastic-plastic fibres could be developed for bending of
circular fibres combined with axial tension, the model becomes complex due to issues
such as the order of load application (eg. bending followed by axial loading at the point
of engagement), yielding and unloading. To this extent the use of elastic theory
provides an attractive semi-rational approach and, in the authors’ opinion, explains

adequately the concepts of the behaviour while maintaining the simplicity of the model.

6.10 Summary of Verified Fracture Energies

In calibration studies it was found that for end-hooked and straight steel fibers the

engagement parameter can be taken as a=dg /3.5. With this relationship and the

material properties given in Appendix F, the partial fracture energies were calculated
using the VEM and compared with the measured data. The energies compared are those
measured at the conclusion of the experimental test. The results, given in Table 6.3,
give a mean experimental to theoretical ratio of 0.92 and a standard deviation of 0.19.
Two studies used in the verification include multiple, identical, specimens from
Barragan et al., (2003) and Toutlemonde and Torrenti, (1999). The standard deviation in
measured fracture energies for the test data on the identical tests are 0.26 and 0.19,
respectively. Thus, it is concluded that the VEM compares well with the test data with

the standard deviation of the test to model within the variation of the experiments.
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Table 6.3 — Comparison of partial fractures energies calculated by the VEM with

measured data.

) G COD for G G
Reference Specimen Failure Fexp GF exp FVEM | _TIEM
Mode (N/mm) (N/mm) GF exp
(mm)
Specimen 1 P 2.08 2.0 1.61 0.77
) Specimen 2 P 1.32 2.0 1.61 1.22
Ba“g%a&ft Al Specimen3 | P 2.02 2.0 1.61 0.80
Specimen 4 P 1.36 2.0 1.61 1.18
Specimen 5 P 2.46 2.0 1.61 0.65
Behloul (1995) | 2.6% Fibres P 17.28 4.8 15.80 0.91
1% Fibres P 11.95 5.0 4.84 0.41
1?1319‘19‘2;1 2.4%Fibres | P 12.20 5.5 11.59 0.95
4% Fibres P 17.85 5.5 19.04 1.07
OPC P 1.82 1.5 1.51 0.83
Groth S50 P 1.61 1.5 1.58 0.98
(2000) Q50 P 1.39 1.5 1.24 0.89
EMC500 P 1.78 1.5 1.65 0.93
Noghabai S-6/015 P 1.63 | full curve 1.17 0.72
(2000) M-6/015-2 P 0.78 | full curve 1.05 1.34
Lietal. (1987) | Specimen 1 PF 9.04 1.0 8.77 0.97
S22 P 0.163 3.50 1.83 0.867
, S3 P 0.163 3.50 2.38 0.904
L(‘fg‘;f,;‘)l' H21 P 0.143 3.50 6.91 1.055
H22 P 0.143 3.50 4.42 0.994
H3 PF 0.143 3.50 6.90 1.075
R 0.25% P 1.69 7.0 1.55 0.92
P‘z;‘;rgs;‘)’“ R 0.50% P 4.10 7.0 3.04 0.74
R 1.00% P 7.10 7.0 6.04 0.85
Specimen 1 P 9.67 2.0 6.35 0.66
Toutlemonde | Specimen 2 P 6.48 2.0 6.35 0.98
& Torrenti Specimen 3 P 5.49 2.0 6.35 1.16
(1999) Specimen 4 P 7.69 2.0 6.35 0.83
Specimen 5 P 7.13 2.0 6.35 0.89
Average 0.92
Std. Dev. 0.19

* Note: P = Fibre pullout; PF = Fibre pullout and fracture.
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6.11 Conclusions

Many models have been proposed for the design of fibre reinforced concrete under
uniaxial tension, but the models are generally limited in their use as a tool for structural
designers due to limitations of the model or due to the complexity of the model. For
design, engineers require a simple yet reliable approach that explains and models with
sufficient accuracy the behaviour under load of fibre reinforced concrete in tension. In
this thesis, a simple deterministic model, the Variable Engagement Model (VEM), is
developed to describe the behaviour of randomly orientated steel fibre reinforced
composites subject to uniaxial tension. The model is developed by integrating the
behaviour of single, randomly oriented, fibres over 3D space and is capable of
describing the peak and post-peak response of fibre-cement-based composites in

tension.

In the verification studies of the VEM, the proposed model is compared against a wide
range of experimental data and includes 29 uniaxial tension tests on fibre reinforced
concretes and mortars by 16 researchers. Overall the model showed a good correlation
with both the uniaxial tensile strength of the specimens and with the fracture energies.
The loads versus crack opening displacements are plotted and again good agreement is
seen for the model compared with the experimental data. Finally, a model was proposed
for the inclusion of bending effects on the weakening of fibres in axial tension. Two
methodologies were pursued, an elastic model and a plastic model. The results of the
investigation showed that the elastic approach can capture observed behaviour of fibres
subject to combined tension and bending across a cracked medium. Further research is
required to confirm the general applicability of the proposed fibre fracture-bending

model.
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CHAPTER 7 - FINITE ELEMENT MODELLING OF FIBRE
REINFORCED CONCRETE BEAMS

7.1 Introduction

In this chapter, the variable engagement model (VEM) is incorporated as a constitutive
model for non-linear finite element modelling. The model is verified against a number
of experimental tests on fibre reinforced concrete beams with concrete strengths from
30 to 170 MPa. In the numerical analysis, the FE program RECAP (Foster, 1992a) was
modified for the incorporation of the VEM as per Chapter 6 for the modélling of Mode 1
fracture of fibre reinforced concrete. A total of 45 FR-concrete beams are numerically

modelled and the results are presented.

7.2 Constitutive Relationship for Orthotropic Membranes

In the FE modelling, the concrete element is modelled as two dimensional orthotropic
membrane elements. Details of the material law can be found from the earlier work of
Foster (1992a, 1992b), Foster et al. (1996) and more currently, Foster and Marti (2003).
In this section, the formulation of the material law on the orthotropic membrane element

used in the FE program is briefly presented.

Utilizing the concept of equivalent uniaxial strains, as developed by Darwin and
Pecknold (1977), Foster (1992a, 1992b) developed a finite element program (RECAP)
for the analysis of reinforced concrete membranes subjected to biaxial stresses. The
equivalent uniaxial strain can be thought of as the strain that would exist in one

direction when the stress in the other direction is zero. This can be written as



gl | 1 -vialjém
{32}—[—"21 I:H‘C"Zu} D

where ¢ and g, are the strains in the principal directions, ¢, and ¢, are the

equivalent uniaxial strains in the principal directions and vy, and v,; are Poisson’s

ratios (Foster and Rangan, 1999, Foster and Marti, 2003).

By inverting the coefficient matrix of Eq. 7.1 the equivalent uniaxial strains are

obtained such that

&) l1-vipvarlvar 1] (&

The stress is then obtained from uniaxial base material models and given by

Ocl | _ Ecl 0 €1lu .
{Gc2}_[ o Ecz}{ezu} ...... (=1,2) (7.3)

where E,; and E_, are the secant moduli in the principal (1, 2) stress directions and

are determined from the appropriate uniaxial stress-strain curve.

After cracking, it is taken that there is no transmission of lateral tension strains across

the cracks and thus for cracking in the major principal direction v,; = 0. When cracking

occurs in the minor principal direction vy, =v5; =0.

Relating the stresses and strains in the familiar manner of {o}=[D]{¢}, the material

elasticity matrix in the material 1-2 coordinate system is taken as that suggested by

Darwin and Pecknold (1977)
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ol . Eg  vi2Ea-vaEe 0
Dlyp =7 E., 0 (7.4
(l _V12V21) sym. ‘ (1 ! 2V21)Gc12

with the shear modulus G, derived by Attard et al. (1996) and is

1
(1-v12v21)Gerz = < [E(1-v12)+ Eca(1-va1)] (7.5)
4

The material elasticity matrix is transformed into the global XY coordinates by

[Dly, =1z [Plas2 [7). (7.6)

where [T L is the strain transformation matrix.

Finally, the element stiffness matrix is obtained in the usual manner

k=1 [ 18] [D],, [B] a4 .7

where ¢ is the element thickness and [B] is the strain displacement matrix.

7.3 Constitutive Relationship for Reinforcing and Prestressing Steel

The trilinear curve shown in Figure 7.1 is used to model the steel reinforcement used in

the FR-beams, where E p 1s the modulus of elasticity of prestressing wires, E is the
modulus of elasticity, o y 1s the yield strength of the reinforcement corresponding to the
yield strain of ¢, o, is the tensile strength corresponding to strain of ¢,; and ¢, is

the ultimate strain at the point of fracture. In the FE modelling, this trilinear curve is
used to model all steel bars. This includes longitudinal tension and compression bars

and transverse reinforcement (if any).
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Figure 7.1 — Tri-linear model for reinforcing and prestressing steel.

74 Constitutive Relationship for Fibre-Reinforced Concrete

The stress-strain law of the concrete in compression is modelled using Thorenfeldt et

al.’s (1987) model

n
fe =fc,,—”nk (7.8)
n-1+n

where 77 =&, / Ecp 5 €. 1s the concrete strain; £, is the strain corresponding to the peak
in-situ stress, f.,; n is a curve fitting factor given by n=E, / (Eo -E, ); E, is the
initial modulus of elasticity of the concrete; Eg, = fop / Ecp 1s the secant modulus; and

k is a decay factor for the post peak response and increases with the concrete strength.

The decay factor used in this study is that proposed by Collins and Mitchell (1991) and
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is taken as k =1 before the peak stress and taken as k =0.67+ f, / 62 >1.0 after the

peak stress.

Figure 7.2 shows the stress-strain relationship of FR composite in uniaxial tension. The
constitutive law of the FR-composite is composed of the superposition of two
distinctive components; the first being the tension softening law of the matrix (without
inclusion of fibres) and the second being the contribution of the fibres after cracking of

the matrix.

For the non-fibre reinforced matrix, the bilinear stress-strain model of Petersson (1981)

is used as shown in Figure 7.2a with the tension softening parameters

a=1/3; ay =ga3 +ap; az _18 EOGF;” (7.9
9 lch fct
A% A%
Jor =7 Jor

Matrix + Fibre

Bilinear Fibre (VEM)

(Petersson, 1981)

Matrix excluding

|
|
|
|
|
|
|
|
t
d|
N
o 1Y A
1~f6"t } \\
|
1
1

fibre
1 : & w
] cl
1 - -
E_ Q. & a, &
72 p 37 | U e
&y Q3 € eu=nér/lch
(@) (b)

Figure 7.2 — Fibre reinforced concrete in tension: (a) bilinear stress-strain model for

RPC matrix and (b) variable engagement model.



where f,; is the tensile strength of the matrix (excluding fibres); &gp is the cracking
strain of the matrix; E, is the initial elastic modulus of the concrete; Gp,, is the

fracture energy of the matrix; and [, is the characteristic length of the finite element.

For the strength contribution of the fibres, the stress-COD of the VEM is given by Egs.

6.7,6.12 and 6.18.

In the FE modelling, the matrix cracking strength is taken as the experimental results

measured by the investigators based on their uniaxial tension strength tests. Where f;

was not measured experimentally the tensile strength was taken as f,, =0.33\/f.,, .

This reduced tensile strength takes into consideration residual stresses due to shrinkage
of the specimens and is consistent with models for normal strength and high strength
concrete and with the experimentally observed cracking loads compared with that

obtained from the FE modelling.

The matrix fracture energy ( Gp,, ) of the concrete is taken as that given by the trend line

as given in Figure 7.3 which plots the experimental data for fracture energies of normal

and high strength concretes tested in uniaxial tension.

For normal strength and high strength concrete, the bond shear strength is taken as per

Table 6.2, that is

Tp =2.5f for deformed fibres (7.10a)

Tp =12 f, for straight fibres (7.10b)
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Figure 7.3 — Fracture energy of non-fibre reinforced concrete versus concrete strength.

For reactive powder concrete, the bond strength for straight steel (SS) fibre is taken as
10 MPa as reported by Orange et al. (1999). Since no information is available for the

bond strength of end-hooked (EH) fibres in RPC, a value of 7, = 15 MPa is used in the
analyses that follow. The engagement parameter is taken as a=dy /3.5 for all

analyses.

7.5 Experimental Verification

In the verification, a total of 45 FR-concrete beams are examined. Among the 45
specimens, the investigating parameters consist of the cross-sectional geometry,
specimen size, shear span-to-depth ratio, fibre types and fibre quantities, concrete
strengths and steel reinforcement ratios. A summary of the tests used in the verification

is given in Table 7.1.



Table 7.1 — Summary of FRC beams without stirrups for FE verification.

No. of |Beam| byyxd, | Py Sem | feu |Fibre| Ir | Py
Reference . ald
Beams | Type | mm % MPa |MPa|TyPe|mm!| %
This study SS 13
7 I 50x600 | 5.72 3.33 {150-170] - i 1.3,2.5
(Chapter 5) x HS | 30
Adeline and
Behloul (1996) 2 X | 40x350 8,2 - 150 - SS 13 12,25
Noghabai 200x180} 3.1,4.5{3.1, 3.3| 46-91 6.30
(Ozg();))al 16 | R |200x410| 30 | 29 |60-77| - | 88 [ 7 0-10
300x5701 2.9 3.0 60-77
Swamy et al 1.55 2
et 9 | 1 |s5x265| 276 | 343 |32441| - | cs |50 1.0
(1993) 431 491
Narayanan and
Darwish (1998) 11 R |100x345 3.6 0.5-0.7 - 38-68] CS | 30 |0-1.25

Notes: * Beam type; R = rectangular; T = T-beam; I = I-beam; X = X-section
Fibre type: CS = crimped steel; HS = hooked steel; SS = straight steel

7.5.1 FR-RPC Beams Tested in this Study (Chapter 5)

The experimental results of seven FR-RPC I-section beams with concrete standard
cylinder compressive strengths of 150 to 170 MPa were reported in Chapter 5 of this

thesis. The test variables included fibre type, fibre quantities and prestress.

Details of the FE mesh used are given in Figure 7.4. The FE mesh consists of 630 by 4-
node isoparametric concrete elements for the flanges and web and 6 by 4-node stiff
elements for the steel plates. The prestressing steel in the specimens are model as 2-
node bar elements prestrained as appropriate to simulate the prestressing force. Perfect
bond was assumed between the steel and the concrete. One half of the specimen is
modelled accounting for symmetry. The material parameters used to develop the

constitutive law of the FR-concrete in the FE modelling are given in Table 7.2.




P/2

Bar elements

/,’/O \\“} Membrane Bar { .
'\\ /; Element Element ;\@—@/
e M P/2
Element Type Number of Area21 Thickness
Elements (mm"®) (mm)
Top flange 90 - 400
Top flange/web interface 45 - 225
Web 360 - 50
Bottom flange/web interface 45 - 150
Bottom flange 90 - 250
Bottom steel plate 4 - 250
Top steel plate 2 - 400
Top prestress steel 45 858 -
Bottom prestress steel 45 1716 -

Figure 7.4 — Finite element mesh for RPC beams tested in this study
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Table 7.2— Material parameters used for modelling the prestress FR-RPC girders tested

in this study.
Specimen SB1 SB2 SB3 SB4 SBS SB6 SB7
Notation
mcrete
fep (MPa) 161 160 150 164 171 157 169
f. (MPa) 4.19 4.17 4.04 4.23 4.32 4.14 4.29
E, (GPa) 44 45 43 43 49 40 46
Grm (N/m) 330 330 310 340 350 320 350
I, (mm) 50 50 50 50 50 50 50
Ecp 0.004 | 0.004 | 0.004 | 0.004 0.004 0.004 0.004
v 0.15 0.15 0.15 0.15 0.15 0.15 0.15
o 0.33 0.33 0.33 0.33 0.33 0.33 0.33
a 13.6 13.9 13.4 13.4 15.1 12.3 14.3
a 60 61 59 59 66 54 63
-estressing Steel ”
Initial
Prestress 0 0.0027 | 0.00135 | 0.00135 | 0.00135 [ 0.00135| 0.00135
Strain, & p;
E, (GPa) 195 195 195 195 195 195 195
£y 0.00769 | 0.00769 | 0.00769 | 0.00769 | 0.00769 | 0.00769 |  0.00769
£, 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Ef 0.05 0.05 0.05 0.05 0.05 0.05 0.05
o, (MPa) 1500 1500 1500 1500 1500 1500 1500
o, (MPa) 1750 1750 1750 1750 1750 1750 1750
bre
Fibre Type SS SS - SS SS SS/EH EH SS/EH
Py (%) 2.5 2.5 2.5 1.25 1.5/1.0 2.5 1.88/0.62
I+ (mm) 13 13 13 13 13/30 30 13/30
d; (mm) 0.2 0.2 0.2 0.2 02/0.5 0.5 02/05
o 5, (MPa) 1800 1800 1800 1800 | 1800/1200 | 1200 | 1800/1200
7y (MPa) 10 10 10 10 10/15 10 10/15
a 0.057 | 0.057 | 0.057 | 0.057 | 0.057/0.143 | 0.143 | 0.057/0.143
Notes: SS = straight steel fibre; EH = end hooked fibre

# see Figure 7.1 for stress-strain definitions
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Table 7.3 shows the comparison of the shear strengths obtained from the FE modelling

(ty,FEM ) With the results from the experimental testing (7, exp) for beams SB1 to

SB7. The mean theoretical to experimental ratio for the peak load was 0.91 with a
coefficient of variation of 7.6 percent. Figure 7.5 shows that, with the exception of SB1,
the FE results compared well with the experimental data for the midspan deflection of

the girders.

The FE results for beams SB3 and SB7 are compared to the experimental results in the
following (with the results typical of the seven beams tested). In Figures 7.6 to 7.9 the
flexural tensile and flexural compressive strains measured in the flanges of beams SB3

and SB7 are plotted. The FE results compare well with the measured data.

Of particular interest in the FE analyses are the behaviour of the shear spans given the
absence of conventional shear reinforcement. In Figure 7.10a, the principal tension
strains are plotted for the shear span of beam SB3 for a load approximately equal to the
FE ultimate load. At the FE ultimate load of 810 kN, the maximum tensile strain in the
web of the prestressed beam is 0.055 which is equivalent to a crack width of 2.75 mm.
In Figure 7.10b, the principal stress vectors are plotted showing the major critical crack
angle of approximately 28 degrees to the horizontal. This compares with the observed

failure crack angle of 32 degrees in the test beam.

In Figure 7.11a, the principal tension strains are plotted for beam SB7 for a load equal
to the failure load. At the predicted peak load of 794 kN, the maximum tension strain
for the prestressed beam is 0.050 which is equivalent to a crack width of 2.5 mm.
Comparing the FE results with the experimental crack pattern and Figure 7.11b shows

the FE analyses correctly captures the location and angle of the major diagonal shear



7-12

crack at failure. In Figure 7.11b, the principal strain vectors show that the major critical
crack angle is approximately 23 degrees and this compares with an angle measured in

the experimental beam of 21 degrees.

In general, the results of the FE model compare well with the experimental data for the
overall response of the beams with the FE model able to correctly capture the overall
behaviour including the failure mode. The one exception is beam SB1 which gave a
significantly lower calculated capacity than that observed in the experiment. The

general behaviour and failure mode of SB1, however, is similar to that of the test beam.

Table 7.3 — Comparison of experimental shear strength and FE model for specimens

SB1 to SB7.

Specimen Vi,exp Tu,exp Vu,FEM | Tu,FEM Tu,FEM
No. (KN) (MPa) (kN) (MPa) Tu,exp
SB1 430 14.33 340 11.33 0.79
SB2 497 16.57 442 14.73 0.89
SB3 428 14.27 405 13.50 0.95
SB4 337 11.23 304 10.14 0.90
SBS 440 - 14.67 384 11.83 0.87
SB6 330 11.00 324 9.08 0.98
SB7 397 13.23 394 12.67 0.99

Average 0.91
COV. 0.076
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Figure 7.5-Load versus mid-span displacement of specimens SB1 to SB7.
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7.5.2 Mesh Sensitivity

The tension model adopted for the concrete in this study is the crack band model of
Bazant and Oh (1983). This model was developed to avoid mesh sensitive results for

problems involving concrete fracture.

In section 7.5.1, it is shown that FE modelling can capture the overall behaviour of the
beams tested in this study with a good theoretical to expertmental correlation being
obtained. In this section, the sensitivity of the results to the size of the mesh is reviewed.
Beams SB3 and SB7 are analysed for three element sizes in the web (the location of the
fracture). The mesh sizes analysed are 25, 50 and 100 mm square within the web region.
The material properties used were kept constant as per Table 7.2 with the exception of
the characteristic length of the element which was taken as 25, 50 and 100 mm as

appropriate.

The results of the load versus midspan deflection for the various FE models are shown
in Figure 7.12 and are compared with the test data. The comparison shows the peak load
is not sensitive to the mesh and while there is some variation in the load-displacement
response, this variation is relatively small and well within any variation that maybe
expected from repeating the laboratory tests. Thus, it is concluded that the 50 mm
square meshes adopted for the FE models were appropriate and that the results are not
sensitive to the FE mesh adopted. In Figures 7.13 and 7.14, the displaced meshes for
specimens SB3 and SB7, respectively, are compared and the comparison shows the

diagonal crack location is not sensitive to the mesh sizes.
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7.5.3 Sensitivity Tests on the Parameters o and 7,

There are two independent parameters that are used to calibrate the VEM (Chapter 6),

namely the engagement parameter o and the fibre-matrix bond strength 7;. In this

section the sensitivity of the results to these parameters is investigated. Again,

specimens SB3 and SB7 are chosen for further analysis.

Firstly, the fibre-matrix strengths are held constant at 10 MPa for the straight fibre and
15 MPa for the end-hooked fibre, respectively, where the engagement parameter is

varied by + 25 percent from the calibrated value of a =dy/3.5. The load versus

midspan displacement of specimens SB3 and SB7 are plotted in Figure 7.15 and show

that the results are not sensitive to « .

Next, the fibre engagement parameters are held constant at o =d £/3.5 and the fibre-

matrix bond strengths are varied by + 25 percent. In Figure 7.16a the results are plotted
for the case of holding the bond strength of the straight fibres as constant at

7p, = 10 MPa (as reported by Orange et al., 1999) and varying the bond strength of the

end-hooked fibres. The bond strength of the end-hooked fibres was taken as 11.25, 15.0
and 18.75 MPa. The results show that the strength and response of specimen SB7 are
not significantly changed for the different bond-strengths modelled for the end-hooked

fibres. This is because for all cases of 7, analysed, the length of fibres dictates that

some fibres will fracture at the point of engagement. By reducing the fibre-matrix bond
strength each fibre that does not fracture carries a lower load but there are more non-
fractured fibres as a proportion of the total fibre volume. The opposite is true for the

case of increasing the bond strength of the end-hooked fibres. Thus, the decrease
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(increase) in bond strength and, hence, load per fibre, is almost equally offset by an

increase (decrease) in the proportion of non-fractured fibres crossing the crack.

In Figure 7.16b, the results are plotted for the case of holding the bond strength of the

end-hooked fibres as constant at 7, =15 MPa and varying the bond strength of the

straight fibres. In this case the length of the fibres is less than the critical length for fibre
fracture and decreasing (increasing) fibre-matrix bond strength leads directly to a
decrease (increase) in the tensile capacity across the cracks. Thus, it can be concluded
that an accurate assessment of the fibre-matrix bond strength is required when the
length of the fibres is less than then critical fibre length for an accurate analysis of the

structure.
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Figure 7.16 — Load versus midspan displacement for specimen SB7 for constant

engagement parameter and varying the fibre-matrix bond strength of
the (a) end-hook fibres and (b) straight steel fibres.
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7.54 UHP-FRC Girders (Adeline and Behloul, 1996)

Adeline and Behloul (1996) tested two 15-metre long 150 MPa FR-RPC X-shaped
beams. Beam 1 was prestressed by eight T15 tendons and Beam 2 was prestressed with
two T15 tendons. For both specimens, the tendons used had a nominal area of 140 mm?
and a guaranteed ultimate tensile strength of 1770 MPa. The tendons were prestressed
to a stress level of 1420 MPa before casting. All the tested beams were without stirrups.

Details of the material parameters used for FE modelling and details of the tested beams

are given in Table 7.4 and Figure 7.17, respectively.

The details of the FE mesh are given in Figure 7.18. The FE mesh for Beams 1 and 2
consisted of 500 by 4-node isoparametric concrete elements for the flanges and web.
The prestressing steel in the specimens are modelled as 2-node bar elements prestrained
to simulate the prestressing force. The prestressing stands in Beams 1 and 2 were
assumed to have 9 percent and 3 percent of ultimate losses relative to the initial jacking

forces, respectively. One half of the specimens are modelled accounting for symmetry.

Figure 7.19 shows that for Beam 1 the FE model gave a lower load at yielding of the
specimen but, this aside, the general behaviour was well represented by the model. For
Beam 2 the results of the FE model compare well with the test data. Both the
experiments and the FE specimens fail in flexure with no indication of shear failure in

the non-reinforced web region (see Figure 7.20).
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Table 7.4— Material parameters used for modelling the FR-RPC girders of Adeline and

Behloul (1996).
Adeline and Behloul (1996)
Specimen Notation Beam 1 [ Beam 2
Concrete
fep (MPa) 150 144
fet (MPa) 4.1 4.0
E, (GPa) 43.3 34.8
Grpym (N/m) 290 280
I, (mm) 148.5 148.5
Eep 0.005 0.005
v 0.15 0.15
a 0.33 0.33
ay 4.5 3.6
as 18.7 14.8
Prestressing Steel #
Total Relaxation 9% 3%
€ pi 0.00663 0.00706
E, (GPa) 195 195
€y 0.00769 0.00769
£, 0.02 0.02
&f 0.05 0.05
oy (MPa) 1500 1500
o, (MPa) 1750 1750
Steel Fibre — Straight
Fibre Type SS SS
Iy (mm) : 13 13
dy (mm) 0.16 0.16
pr (%) 2.5 2
o 5, (MPa) 2200 2200
73 (MPa) 10 10
Q -parameter 0.046 0.046

Notes: SS = straight steel fibre; # see Figure 7.1 for stress-strain definitions
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Figure 7.18 — FE mesh for Adeline and Behloul (1996) beams.
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Figure 7.20 — Beam 1 displaced shape at moment equal to 626 kNm.

7.5.5 FR-HSC Beams (Noghabai, 2000)

Noghabai (2000) tested four series of high-strength concrete (up to f.,= 130 MPa)

beams designed to fail in shear. The primary experimental variables examined were
various types of fibre and fibre volume and various beam depths (from 250 mm to

700 mm). The shear span-to-effective depth ratios were varied from 2.9 to 3.3.

From Noghabai’s tests, 16 FR-concrete beams without stirrups were selected to conduct
numerical analysis. The material parameters used for the FE modelling are given in
Table 7.5 and details of the tested beams and FE mesh as are summarised in Figures

7.21 to 7.23. The uniaxial tension strengths of the matrix (excluding fibre), £, , were

measured experimentally by the researchers and these values were used for the

modelling herein.
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Table 7.5 — Material parameters used for modelling the FRC beams of Noghabai

(2000).
M-series L-series
Specimen | HSC" Hsc" Hsc™ Hsc™ Hsc" Hsc" Hsc
Notation $6/0.15 | S60.0.7/0.5 | $60/0.7/0.75 Smix S6/0.15 | S60/0.7/0.75 Smix
Concrete
fop MPa) | 873 78.7 68.4 81.8 79.0 68.4 81.8
fq MPa) | 377 3.77 3.77 3.77 3.77 3.77 3.77
[ E, (GPa) | 24.8 24.2 26.0 24.4 27.2 26 24.4
Gpm (N/M) | 170 150 130 160 150 130 160
l,5 (mm) 50 50 50 50 50 50 50
Ecp 0.0035 | 0.0035 | 0.0035 0.0035 0.0035 | 0.0035 0.0035
v 0.2 0.2 0.2 0.2 0.2 0.2 0.2
) 0.33 0.33 0.33 0.33 0.33 0.33 0.33
ay 5.1 4.4 4.14 4.73 4.93 4.14 4.73
a3 21.4 18.4 17.0 19.8 22.7 17.1 19.8
Tension Reinforcing Steel #
E; (GPa) | 200 200 200 200 200 200 200
£y 0.00295 | 0.00295 | 0.00295 | 0.00295 |0.00295| 0.00295 | 0.00295
& 0.005 0.005 0.005 0.005 0.005 0.005 0.005
£f 0.05 0.05 0.05 0.05 0.05 0.05 0.05
oy, (MPa) | 590 590 590 590 590 590 590
o, (MPa) | 680 680 680 680 680 680 680
Fibre
Fibre Type | SS EH EH SS/EH SS EH SS/EH
Iy (mm) 6.0 60 60 6.0/30 6.0 60 6.0/30
df (mm) | 0.15 0.7 0.7 0.15/0.6 | 0.15 0.7 0.15/0.6
pr (%) 1.0 0.5 0.75 0.5/0.5 1.0 0.75 0.5/0.5
o5 (MPa) | 2600 2200 2200 |2600/1100| 2600 2200 |2600/1100
7p (MPa) | 4.52 9.43 9.43 4.52/9.43 | 4.52 9.43 4.52/9.43
a 0.043 0.2 0.2 0.043/0.17 | 0.043 0.2 0.043/0.17
Notes: SS = straight steel; EH = end hooked,;

# see Figure 7.1 for stress-strain definitions
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Table 7.5 — continued, material parameters used for modelling the FRC beams of

Noghabai (2000).
S-Series
Specimen HSC' HSC' HSC' HsC! Nsc”
Notation $6/0.15 $60.0.7/0.5 | $60/0.7/0.75 Smix Smix
Concrete
fep (MPa) 103 91.5 91.5 94.5 44.8
fer (MPa) 4.15 4.15 4.15 4.15 3.75
E, (GPa) 353 33.3 31.9 39.5 32.2
G fn (N/m) 200 180 180 180 85
Icp (mm) 25 25 25 25 25
Ecp 0.0040 0.0035 0.0035 0.0035 0.003
v 0.2 0.2 0.2 0.2 0.2
o 0.33 0.33 0.33 0.33 0.33
ay 13.5 11.5 11.0 13.5 6.56
a3 59.0 50.1 48.0 59.5 28.0
Tension Reinforcing Steel ’
E, (GPa) 200 200 200 200 200
€y 0.00295 0.00295 0.00295 0.00295 0.00295
£, 0.005 0.005 0.005 0.005 0.005
Ef 0.05 0.05 0.05 0.05 0.05
oy, (MPa) 590 590 590 590 590
o, (MPa) 680 680 680 680 680
Fibre
Fibre Type SS EH EH SS/EH SS/EH
I ¢ (mm) 6.0 60 60 6.0/30 6.0/30
d y (mm) 0.15 0.7 0.7 0.15/0.6 0.15/0.6
pr (%) 1.0 0.5 0.75 0.5/0.5 0.5/0.5
o 5, (MPa) 2600 2200 2200 2600/ 1100 | 2600 /1100
7p (MPa) 5.0 10.38 10.38 5.0/10.38 | 4.50/9.38
a 0.043 0.2 0.2 0.043/0.17 | 0.043/0.17
Note: SS = straight steel;

EH = end hooked;

# see Figure 7.1 for stress-strain definitions
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Figure 7.21 — Noghabai (2000) beams: (a) Test setup; and (b) FE mesh of S-series.
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Figure 7.22 — Noghabai (2000) beams: (a) Test setup; and (b) FE mesh of M-series.
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Figure 7.23 — Noghabai (2000) beams: (a) Test setup; and (b) FE mesh of L-series.

Element Type I No. of Elements | Area (mmz) I Thickness (mm)
S-series
Concrete Elements 360 - 200
Steel Plate 6 - 200
Tension Steel 90 536 -
Compression Steel 30 157 -
Anchorage Steel 40 100 -
M-series
Concrete Elements 360 - 200
Steel Plate 8 - 200
Tension Steel 108 838 -
Compression Steel 36 402 -
Anchorage Steel 32 314 -
L-series
Concrete Elements 840 - 300
Steel Plate 8 - 300
Tension Steel 180 1636 -
Compression Steel 60 402 -
Anchorage Steel 132 170 -
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The ultimate shear strengths obtained from the FE modelling are compared with the test
results in Table 7.7. Good prediction of shear strengths are observed with the average
FE shear strength to experimental shear strength ratio being 0.97 with a coefficient of

variation of 0.10.

Figure 7.24 shows the load versus midspan deflection of Noghabai’s test and the FE
plots. The comparison shows the FE results generally compare well with the

experimental measurements.

Figure 7.25 shows the principal strain vectors of the FE results for the M-series beam
HSC™six at the point of failure and shows failure was by the diagonal shear splitting in

the web.

Table 7.7 —Comparison calculated and experimental shear strength for the

Noghabai (2000) specimens.

Serics Specimen Vauexp | VuFEM | Tuexp | Tu,FEM | Fu.FEM
Notation (kN) (kN) (MPa) (MPa) Tu,exp
HSCse/0.15 299 278 8.31 7.72 0.93
HSCls60070. 252 236 7.00 6.56 0.94
S HSC s600.7/0.75 262 277 7.28 7.69 1.06
HSC smix 295 299 8.19 8.31 1.01
NSClsmix 189 191 4.85 4.90 1.01
HSC 56015 (1) 289 262 3.52 3.2 0.91
HSC 6015 (2) 336 262 4.10 3.2 0.78
HSC " se00705 (1) | 264 282 3.21 3.41 1.07
M HSC;ﬁlsw_og/o,s ) 312 282 3.80 3.44 0.91
HSC s60/0.7/0.75 (1) 339 338 4.13 4.12 1.00
HSC seon707s ()| 292 338 3.56 4.12 1.16
HSCMsmix (1) 367 343 4.48 4.18 0.93
HSC smix () 327 343 3.99 4.18 1.05
HSCYs60.15 445 414 2.60 2.42 0.93
L HSC 56007075 509 527 2.98 3.08 1.04
HSC" smix 596 484 3.33 2.83 0.81
Average 0.97
COV. 0.01
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Figure 7.24 — Load versus midspan deflection of Noghabai (2000) beams: (a) M-series

and (b) L-series tests.



7-35

400 .
[ Hsclsso/o.mﬂs S-Serles
[ BSC'gg15 asd Smix Exp
i se00705 | 1 ... FEM

=
174
‘_—____ CL

TETE TS s oo o

300

-
YT Lid

200

100

Load at Reaction Support (kN)

0 L
0 5 10 15
Midspan Deflection (mm)
(©
Figure 7.24 (Continued) — (c) S-series tests.
S D SN S TN B SR S Sy R % T SR N Y R R B S A e Y
LR TR R IR - I R AR R K 2K R BR R R R R R R IR R R 4
° R EEEEEEEEEEEEE EEE T EEE Y
06000 0 006 & 6600026606660 96se008% 8600009
O 0O O O O © O & O 6 6 6 6 O G 6 O O 06 O 6 6 6 6 06 & B %%@9900
O 0 0 0 O 6 6 6 &6 6 6 O S O 6 6 6 6 66 O 6 O L2 0600 00
© O O O O O O 6 6 6 6 6 6 6 O 6 0 O LA 4 e 0 6 6 o &6 & ¢
EEEEEERERERBRY XX‘\XXQ\ ¢ 866860009
00000088%1%%‘&% XXXXXE e - 8 0 - o 8 - ¢
S0 - - - 0 o e OO0 - - e &S - N N YK T T
e SR AR @ R ot o g ats o
TSP SHP

Figure 7.25 — FE analyses showing the principal strain vectors of Noghabai (2000)
M-series beam HSCms,mix at the load of 343 kN.
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7.5.6 FR-Light-Weight Concrete I-Beams (Swamy et al., 1993)

Swamy et al. (1993) tested nine FR-NSC I[-beams with concrete cube compressive
strengths of 40 to 51 MPa. The fibres used were 1 percent by volume crimped steel
fibre. The test variables included shear span-to-depth ratios and steel reinforcement

ratios.

Details of experimental setup and FE mesh are given in Figure 7.26. The FE mesh
consisted of 770 by 4-node isoparametric concrete elements for the flanges and web and
107 by 2-node bar elements for the reinforcing steel. One half of the specimen is

modelled accounting for symmetry.

The material parameters used for the constitutive laws of the FR-concrete in the FE

modelled are given in Table 7.8.

The shear strengths obtained from the FE analysis (7, rp)s ) are compared in Table 7.9
with the experimental ultimate shear strength (Tu,exp) for nine tested FR specimens.

Comparison of the analyses show that the FEM correctly calculates the failure loads and
failure modes for the specimens with a mean numerical to experimental ultimate shear

stress ratio of 1.0 and a coefficient of variation of 8.4 percent.

Figure 7.27 compares the load versus midspan deflection for specimen 3TLF1, 2 and 3
for the FE and experimental results. The comparison shows that the FE results correlate
well with the experimental data. Also, the tensile steel strains and the concrete strain at
the top flange region at the midspan are compared in Figure 7.28. Again the figure

shows that a good correlation was achieved.
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Figure 7.26 — Swamy et al., (1993) I-beams: (a) Experimental setup; (b) FE mesh and

(c) summary of FE mesh details.
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Table 7.8 — Material parameters used for modelling the FRC beams of Swamy et al.

(1993).
Specimen | 1TLF-1 | 1TLF-2 | 1TLF-3 | 2TLF-1 | 2TLF-2
Concrete
Sep (MPa) 35.6 38 34.5 32.5 40.9
Jet ¥ (MPa) 1.97 2.03 1.94 1.88 2.11
E, (GPa) 20.8 21.6 20 20 22
Ggy (N/m) 70 75 70 60 80
l.; (mm) 25 25 25 25 25
Ecp 0.003 0.003 0.003 0.003 0.003
v 0.2 0.2 0.2 0.2 0.2
o 0.33 0.33 0.33 0.33 0.33
oy 12.3 12.9 12.2 11.2 13.0
a3 54.0 56.6 53.6 48.9 56.9
Tension Reinforcing Steel
E (GPa) 200 200 200 200 200
£y 0.0023 0.0023 0.0023 0.0023 0.0023
£, 0.005 0.005 0.005 0.005 0.005
Ef 0.05 0.05 0.05 0.05 0.05
o, (MPa) 460 460 460 460 460
o, (MPa) 580 580 580 580 580
Fibre — crimped steel
pr (%) 1.0 1.0 1.0 1.0 1.0
Iy (mm) 50 50 50 50 50
dy (mm) 0.5 0.5 0.5 0.5 0.5
o, (MPa) 1570 1570 1570 1570 1570
7, (MPa) 5 5.13 4.9 4.75 5.33
a 0.143 0.143 0.143 0.143 0.143

Notes: * taken as 0.33, / fep s # see Figure 7.1 for stress-strain definitions
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Table 7.8 (continued) - material parameters used for modelling the FRC beams of

Swamy et al. (1993).

Specimen 2 TLF -3 3TLF -1 3 TLF -2 3TLF -3
Notation
Concrete
Sep (MPa) 36 35.7 33.1 35.9
S * (MPa) 1.98 1.97 1.90 1.98
E, (GPa) 21.5 20 21 21.4
Ggpn (N/m) 70 70 65 70
lcp (mm) 25 25 25 25
Ecp 0.003 0.003 0.003 0.003
v 0.2 0.2 0.2 0.2
o 0.33 0.33 0.33 0.33
ay 12.6 11.9 12.4 12.6
a3 55.3 52.0 54.5 55.0
Tension Reinforcing Steel #
Eg (GPa) 200 200 200 200
£y 0.0023 0.0023 0.0023 0.0023
£, 0.005 0.005 0.005 0.005
Ef 0.05 0.05 0.05 0.05
o, (MPa) 460 460 460 460
o, (MPa) 580 580 580 580
Fibre — crimped steel
pr (%) 1.0 1.0 1.0 1.0
¢ (mm) 50 50 50 50
d ¢ (mm) 0.5 0.5 0.5 0.5
o f, (MPa) 1570 1570 1570 1570
75 (MPa) 5 5 4.8 5
a 0.143 0.143 0.143 0.143

Notes: * taken as 0.33, Jep s #see Figure 7.1 for stress-strain definitions




Table 7.9 — Comparison of calculated and experimental shear strengths for

Swamy et al. beams.
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Specimen Fgﬁﬁig rl\rlllf)rzlte Fath:rEl;\/I/Iode ::,i::; r(l;/gg _:_;%
1 TLF -1 Shear Shear 5.51 5.23 0.95
1 TLF -2 Shear Shear 4.05 3.79 0.94
1 TLF -3 Shear Shear 2.92 3.42 1.17
2 TLF -1 Shear Shear 4.93 5.21 1.06
2 TLF -2 Shear Shear 3.13 3.41 1.09
2 TLF -3 | Shear-flexure | Shear-flexure 2.94 2.8 0.95
3 TLF -1 | Shear-flexure Flexure 4.65 4.51 0.97
3 TLF -2 Flexure Flexure 2.85 2.67 0.94
3 TLF -3 Flexure Flexure 2.02 1.92 0.95
Average 1.00
CcCov 0.084

80

Load at Reaction Support (kN)

Figure 7.27 — Load versus midspan deflection for Swamy et al. beams 3TLF-1,

3TLF-1

20

40

3TLF-2 and 3TLF-3.

Midspan Deflection (mm)



7-41

60
Compresssion Tension
concrete 2TFL-3
2TFL-3 l Steel
-3 3TFL-2 .
8
G 30
w
| ™
2
2 20
(7]
10

olbia—r 1t ., L L PSS R T U S SRR SR U T T |
-6000 -4000 -2000 0 2000 4000 6000 8000 10000
Strain at Midspan ( pc)

Figure 7.28 — Swamy et al. beams 3TLF-2 and 3TLF-3: tension steel strains and

concrete compressive strains at the midspan.

7.5.7 FR-NSC Deep Beams (Narayanan and Darwish, 1988)

Narayanan and Darwish (1988) tested 11 FR deep beams with conventional concrete
with cube compressive strengths of 32 to 68 MPa. Three parameters were investigated;

the volume fraction of fibres, shear span-to-depth ratio and the concrete strength.

Details of the experimental setup of the test are shown in Figure 7.29 and the FE mesh
used is given in Figure 7.30. The FE mesh consisted of 192 by 4-node isoparametric
concrete elements for the web and 8 by 4-node stiff elements for the steel plates. The
tensile reinforcement in the specimens is modelled as 2-node bar elements with perfect
bond between the steel and the concrete. One half of the specimen was modelled

accounting for symmetry.

The material parameters used to develop the constitutive law of the FR-concrete in the
FE model are given in Table 7.10. Table 7.11 compares the numerical failure loads to
the experimental failure loads. Comparison shows a theoretical to experimental shear

capacity ratio of 0.99 with coefficient of variation of 8.9 percent.
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Figure 7.29 — Details of Narayanan and Darwish (1998) beams.
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Figure 7.30 — FE mesh for Narayanan and Darwish (1998) beams..
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Table 7.10 — Material parameters used for modelling the FRC deep beams of Narayanan

and Darwish (1988).
Specimen | D2 | D3 | D4 | D5 | D6 | D7
Concrete

Jep (MPa) 51.6 49.8 46.4 54.6 53.6 49.3
Sa*(MPa) | 237 2.33 2.25 2.44 2.42 2.32
E, (GPa) 36.3 35.6 34.4 37.3 36.9 35.5

Grm N/m) | 100 90 85 100 100 90
lcp (mm) 25 25 25 25 25 25
Ecp 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003
v 0.2 0.2 0.2 0.2 0.2 0.2
o 0.33 0.33 0.33 0.33 0.33 0.33
ay 21.0 19.2 18.9 20.4 20.6 19.4
a3 93.0 85.1 83.3 90.3 91.0 85.7

Tension Reinforcing Steel *
E; (GPa) 200 200 200 200 200 200

£y 0.00275 | 0.00275 | 0.00275 | 0.00275 | 0.00275 | 0.00275
&, 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005
Ef 0.05 0.05 0.05 0.05 0.05 0.05
o, (MPa) 550 550 550 550 550 550
o, (MPa) 650 650 650 650 650 650
Fibre
pr (%) 0.25 0.5 0.75 1 1.25 1
Iy (mm) 30 30 30 30 30 30
d ¢ (mm) 0.3 0.3 0.3 0.3 0.3 0.3
o5 (MPa) | 2000 2000 2000 2000 2000 2000
7p (MPa) 6 5.88 5.68 6.16 6.1 5.85
o 0.086 | 0.086 | 0.086 | 0.086 | 0.086 | 0.086

Notes: * taken as 0.33, feps # see Figure 7.1 for stress-strain definitions



Table 7.10 — Material parameters used for modelling the FRC deep beams of Narayanan

and Darwish (1988).
Specimen | D8 D9 D10 D11 D12
Concrete
fep (MPa) 46.6 44.5 47.9 30.2 33.8
Jer* (MPa) 225 2.20 228 1.81 1.92
E, (GPa) 34.5 33.7 35 27.8 29.4
G fin (N/m) 85 80 90 50 60
lcp (mm) 25 25 25 25 25
Ecp 0.003 0.003 0.003 0.003 0.003
v 0.2 0.2 0.2 0.2 0.2
Q) 0.33 0.33 0.33 0.33 0.33
ar 18.8 18.1 19.7 13.9 15.7
a3 83.2 80.1 87.0 60.9 69.0
Tension Reinforcing Steel
E; (GPa) 200 200 200 200 200
£y 0.00275 0.00275 0.00275 0.00275 0.00275
£, 0.005 0.005 0.005 0.005 0.005
Ef 0.05 0.05 0.05 0.05 0.05
o, (MPa) 450 450 450 450 450
o, (MPa) 580 580 580 580 580
Fibre
pr (%) 1 1 0.25 0.5 0.75
I (mm) 0.3 0.3 0.3 0.3 0.3
d ¢ (mm) 30 30 30 30 30
o 5, (MPa) 2000 2000 2000 2000 2000
75 (MPa) 5.7 5.6 6 5.88 5.68
a 0.086 0.086 0.086 0.086 0.086

Notes: * taken as 0.33 Jep's

# see Figure 7.1 for stress-strain definitions
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Table 7.11 — Comparison of shear strengths calculated for the Narayanan and Darwish

deep beams compared to the test data.

Specimen Vi,exp Vu,FEM Tu,exp Tu,FEM Tu,exp
(MPa) (MPa) (MPa) (MPa) Tu,FEM

D2 350 376 10.14 10.90 1.07
D3 325 335 9.42 9.71 1.03
D4 361 335 10.46 9.71 0.93
D5 396 416 11.42 12.06 1.06
D6 393 428 10.99 12.41 1.13
D7 454 441 12.14 12.78 1.05
D8 404 401 11.45 11.62 1.02
D9 342 335 10.20 9.71 0.95
D10 344 316 9.74 9.16 0.94
D11 294 282 9.74 8.17 0.84
D12 333 304 10.00 8.81 0.88
Average 0.99

COV. 0.089

7.5.8 Summary

A constitutive law for FRC elements was developed in Chapter 6 and this material law
was incorporated into a FE element subroutine linked into the reinforced concrete
analysis program RECAP (Foster, 1992). A total of 45 fibre reinforced concrete beams
from five studies with strengths from 30 to 170 MPa were numerically modelled and the
results compared with the experimental data. The ultimate load results are compared in
Table 7.12 and it is seen that, overall, a good correlation was achieved with a FEM to
ultimate load ratio of 0.97 and coefficient of variation of 8.5 percent. The failure modes
and overall behaviour of the model results were similar to those reported for the test
beams. It is concluded that the FE model has a good accuracy with consistent and

reliable results being obtained.



Table 7.12 — Summary of ultimate load results.
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Investigator Designation Exp. Failure FEM Failure FEM/
Load (kN) Load (kN) Exp.
SB1 430 340 0.79
SB2 497 442 0.89
SB3 428 405 0.95
This Study SB4 337 304 0.90
SB5 440 384 0.87
SB6 330 324 0.98
SB7 397 394 0.99
Adeline and Beam 1 676 645 0.95
Behloul (1996) Beam 2 153 148 0.97
HSCsg015 (S) 299 278.2 0.93
HSCs600.705 (S) 252 236 0.94
HSC 5007075 (S) 262 377 1.06
HSC'six (S) 295 299 1.01
NSCnix (S) 189 191 1.01
HSCYsg0.15 (M)-1 289 262 0.91
HSCMs01s (M)-2 336 262 0.78
Noghabai HSCY 560070, M)-1 264 282 1.07
(2000) HSC"c0070.5 (M)-2 312 282 091
HSC" 54007075 (M)-1 339 338 1.00
Hsc‘“sﬁ(l,,o 075 (M)-2 292 338 1.16
HscIIImM)-l 367 343 0.93
HSC™ i (M)-2 327 343 1.05
HSC"6015 (L) 445 414 0.93
HSC"s¢007075 (L) 509 527 1.04
HSCVspi (L) 596 484 0.81
1 TLF-1 80 76 0.95
1 TLF-2 59 55 0.93
1 TLF-3 43 50 1.16
Swamy et al. 2 TLF-1 72 76 1.06
2 TLF-2 46 50 1.09
(1993)
2 TLF-3 43 41 0.95
3 TLF-1 68 66 0.97
3 TLF-2 42 39 0.93
3 TLF-3 29 28 0.97
D2 350 376 1.07
D3 325 335 1.03
D4 361 335 0.93
D5 396 416 1.05
Narayanan and D6 393 428 1.09
Darwish (1988) D7 454 441 0.97
DS 404 401 0.99
D9 342 335 0.98
D10 344 316 0.92
Dil 294 282 0.96
D12 333 304 0.91
Average 0.97

COV.

0.085




7-47

7.6 Parametric Studies

In Section 7.5, extensive experimental verification of the FE model was undertaken
with good and consistent results being obtained. In this section, parametric studies are
performed to further study the behaviour of FRC beams in shear. In these studies, shear
specimens with a cross-section as per the experimental programme presented in
Chapter 5 were used with the investigating variables being: (i) level of prestress, (ii)
fibre quantities, (iii) shear span-to-depth ratio, (iv) fibre types, (v) flange width to web

thickness ratio and (vi) web thickness.

The FE mesh used for the parametric study is shown in Figure 7.4. The FE elements
used were 4-node isoparametric concrete elements, 4-node steel plate elements and 2-
node bar elements for the prestressing and conventional steel reinforcement (prestrained
as appropriate). Perfect bond was assumed between the steel and the concrete. The
concrete, steel plate and bar elements are, generally, 50 mm square and the elements in
the tapered flange regions were 25 mm by 50 mm. One half of the specimen is modelled

accounting for symmetry.

7.6.1 Prestressing Level

The prestressed I-girder was modelled with the variable being the level of prestress. The

material parameters kept constant were the concrete strength ( Jep= 160 MPa),
Poisson’s ratio (v=0.15), modulus of elasticity (E,=45 GPa), matrix cracking
strength ( f;= 4.22 MPa), matrix fracture energy (Gp,, = 330 N/m), fibre volumetric
ratio (p s =2 %), fibre-matrix bond strength (7, =10 MPa), shear span-to-effective

depth ratio (a/d =3.33), top prestressing steel area (A4 =858 mm?) and bottom

p,top
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prestressing steel area (A, por = 1716 mm?). The fibres used are straight steel fibre

(shown in Table 5.1) with a fibre length of 13 mm by 0.2 mm in diameter. With a
prestressing force between 0 to 90 percent of the tensile strength (1750 MPa) of each

strand, the resultant average prestress on the cross-section is between 0 and 43 MPa.

Figure 7.31 shows the load versus midspan deflection curves of a web prestress of 0,
7.2, 14.3, 21.5, 28.6, 35.6 and 43 MPa (equivalent to 0, 15, 30, 45, 60, 75 and 90
percent of the tensile strength of the prestressing steel). The FE results show the
stiffness of the girder and the ultimate shear strength increases as the prestressing level
increases. At failure, all specimens show a critical diagonal shear crack in the web

regions, similar to that observed in Figures 7.10 and 7.11.

fcm = 160MPa ; Ep= 45GPa; v=0.15 125 oty
1400 ¢ 1, =4.22MPa; p;= 2% ; 7, = 10MPa f
1200 F Fibre Type 1; a/d = 3.33;0,,,¢, = variable o0
1000 | e .
E [ - - o o250 12@dia. 152
x 800 . A o e Avearge
- F , > Web Prestress
S 600} OMPa
S S A A A N 7MPa
. A& &£ 0y & L, e 14MPa
400 : -:---- 22MPa
: [ —— 28MPa
200 —o— 36MPa
[ —o— 43MPa
1 " J

i 1 i 1 N
20 25 30 35 40
Midspan Displacement (mm)

Figure 7.31 — Load versus midspan displacement of FR-RPC beam with varying

prestress.
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7.6.2 Fibre Quantity

In this section, the varying parameter is the quantity of Type I straight steel fibre as
shown in Table 5.1. The fibre quantities were varied from 0 to 5% by volume. The

material parameters that are kept constant are the concrete strength ( fcp= 160 MPa),
Poisson’s ratio (v =0.15), modulus of elasticity (E,=45 GPa), matrix cracking
strength ( f,;=4.22 MPa), matrix fracture energy (Gp,, = 330 N/m), average web
prestress (o ,.p = 21.5 MPa), fibre-matrix bond strength (7, = 10 MPa), shear span-to-
effective depth ratio (a/d = 3.33), top steel area ( 4 p,top = 858 mmz) and bottom steel
area (Ap por =1716 mm?). Figure 7.32 shows the load versus midspan deflection

curves for girders with fibre volumes of 0, 0.5, 1, 1.5, 2, 2.5, 3 and 5 percent. The
analyses show that ultimate strength increases as the fibre volumetric ratio increases.
f.m =160MPa ; E, = 45GPa; v=0.15

fot = 4.22MPa ; pg= variable ; 7 =10 MPa
Fibre Type 1 ; a/d = 3.33 ; o,yop = 21MPa

1800
1600

1400
__ 1200
E 1000 Fibre Volume
g 0%
8 800F o o O e\ Loed, e 0.5%
3 ............ 1%
600 em— 1.5%
-rmismen 2%
400 ——2.5%
Y —e—3%
200 —— 5%
o i A 1 L ]
0 5 10 15 20 25 30

Midspan Displacement (mm)

Figure 7.32 — Load versus midspan displacement of FR-RPC beams with varying fibre

volumetric ratios.
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7.6.3 Shear Span-to-Depth Ratio

In this section, the varying parameter is the shear span-to-effective depth ratio (a/d).
The material parameters that are kept constant are the concrete strength

(fep=160 MPa), Poisson’s ratio (v =0.15), modulus of elasticity (E,=45 GPa),

matrix cracking strength ( f,,= 4.22 MPa), matrix fracture energy (Gg,, = 330 N/m),

fibre volumetric ratio (pr = 2%), fibre-matrix bond strength (7, = 10 MPa), top steel

area (A4 = 858 mm?) and bottom steel area ( 4 p,bor = 1716 mm?).

p,top

Figure 7.33 shows the load versus midspan deflection curves of non-prestressed
160 MPa FR-RPC beams with varying shear span-to-effective depth ratios. The FE
analyses show as the shear span-to-effective depth (a/d ) increases the shear strength
of the FR girders becomes constant. For a/d < 3, the shear strength increases gradually

as the arching action on a deep section becomes dominant.

Figure 7.34 shows the load versus midspan deflection curves of 21.5 MPa prestressed
FR-RPC girders with varying a/d . Similar to Figure 7.33, the shear strength becomes
constant as the a/d > 3. This parametric study shows that the shear span-to-effective
ratio used in the shear beam tests undertaken in Chapter 5 (that is experimental
programme a/d =3.33) was sufficiently large so that the results were not significantly
influenced by arch action before the peak loads were obtained. As discussed in

Chapter 5, arching was observed in the post peak response due to second order effects.
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Figure 7.33 — Load versus midspan displacement of non-prestressed FR-RPC beam with
varying shears span to effective depth ratio.
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Figure 7.34 — Load versus midspan displacement of prestressed FR-RPC beam with

varying shears span to effective depth ratio.
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7.6.4 Fibre Types

In this section, the varying parameter was the fibre type. The material parameters keep

constant were the concrete strength ( fcp =160 MPa), Poisson’s ratio (v =0.15),
modulus of elasticity (E,= 45 GPa), matrix cracking strength ( /., = 4.22 MPa), matrix
fracture energy (Gp,, = 330 N/m), average web prestress (o, = 21.5 MPa), fibre
volumetric ratio ( p f= 2%), top steel area (4 ptop = 858 mmz), and bottom steel area

(Ap,por = 1716 mm?), and shear span-to-effective depth ratio (a/d =3.33).

Figures 7.33 and 7.34 show the load versus midspan displacement of beams with
varying fibre lengths. Straight steel fibres are analysed with a diameter of 0.2 mm and
an ultimate tensile strength of 1800 MPa. The bond strength is taken as 10 MPa.

Equation 6.14 calculates the critical fibre length as /. = 18 mm. Figure 7.35 shows that

for fibres with /; <I. the failure load decreases as the fibre length is decreased. In
contrast, Figure 7.36 shows for the case of fibre fracture (that is / £ >1c), the ultimate

failure load decreases as the fibre length is increased. This shows the optimum response

is obtained by using fibre lengths close to the critical fibre length.

Figure 7.37 shows the load versus midspan displacement of beams reinforced with end-
hooked fibres. The steel fibres used in the analyses had a diameter of 0.5 mm and an

ultimate tensile strength of 1000 MPa. The bond strength was taken as 7, = 15 MPa,

giving a critical length of 16.7 mm as per Eq. 6.14. Similar to that for the straight steel

fibres, Figure 7.37 shows the shear strength increases with increasing fibre length until
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the critical fibre length is reached. Increasing the length of the fibres beyond the critical

length reduces the shear capacity of the beams.

In Figure 7.38 the normalised failure load is plotted against the fibre length to critical
length ratio. If it is desired to obtain within a 10 percent range of the optimum value

then 0.85< lf/lc <1.3 for straight fibres and 0.83 < lf/lc <1.5 for end-hooked steel
fibres. To get within 20 percent of optimum 0.75</, / I, <1.8 for straight steel fibres

and 0.67 </ / l. <2 for end-hooked steel fibres.
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Figure 7.35 — Load versus midspan displacement of FR-RPC beam with varying
straight steel fibre length for / r<I.

1500 fqm =160MPa ; E, = 45GPa; v = 0.15; f; = 4.22MPa; Ig> g
[ Fibre Type |; 7, = 10MPa ; oy, = 1800MPa; pf = 2%
1250 _ dg=0.2mm ;le=var. ; a/ld = 3.33 ; oy ep = -21.5MPa
5= lerit, R
__1000 | Jptise N Fibre Length in mm
z L \ , -’.’.." ' \
< [ - ,- —18 ---=30
o 750 - s 2 P 2 R T R 20 e 40
)] L 0 ,:' ,-' R 25 —— 60
S [ A
500 [ A
250 _ :." ii ;
ollllr:llll'illlll{.llll‘::llll PR I T T ST T N U N N 0 AT NNV N U NN N A |

0 5 10 15 20 25 30 35 40 45 50
Midspan Displacement (mm)

Figure 7.36 — Load versus midspan displacement of FR-RPC beam with varying
straight steel fibre length for / r>le.
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Figure 7.37 — Load versus midspan displacement of FR-RPC beam with varying end-

hooked steel fibre length.
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7.7 Conclusions

The experimental shear beams presented in Chapter 5 and other fibre reinforced
concrete beams from the literature were analysed using finite element modelling with
the variable engagement constitutive model used for tensile fracture of fibre reinforced
concrete. A total of 45 beams were modelled and the FE results showed a good
correlation with the experimental data. The overall mean model to experimental
ultimate load ratio was 0.97 and coefficient of variation of 8.5 percent. Comparison of
the load versus midspan deflection, strains in the top and bottom flanges and the failure
modes shows that the FE model is capable of capturing the overall response of the

experimental beams.

Extensive parametric studies were performed to further understand the behaviour of
FRC beams in shear. In the parametric studies, shear specimens with a cross-section as
per the experimental beams reported in Chapter 5 were used with the investigating
variables being: (i) level of prestress, (ii) fibre quantities, (iii) shear span-to-depth ratios

and (iv) fibre type. The following conclusions are drawn:

i

e The shear strength and stiffness of the specimens increase as the level of

prestress increases.

e The shear strength increases as the quantity of fibres increases in the mix. The

failure mode is more ductile for specimen with higher quantity of fibres.

e The shear strength becomes constant as the shear span-to-effective depth ratio,

ald, >23.
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e Shear strength increases with increasing fibre length until the critical fibre
length is reached. With increasing the fibre length beyond the critical length, for,

a constant volume of fibres, the shear strength of the beam is reduced.
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CHAPTER 8 - PLASTICITY MODEL OF FRC BEAMS

In this section, the upper bound plasticity approach for calculating the strength of

reinforced concrete beams in shear is used to calculate the shear capacity (V) of the

experimental beams. Plasticity approaches came to the fore front of reinforced concrete
design with work published by Nielsen (1963, 1967). In the following years, extensive
research has been undertaken using plasticity approaches by many researchers on

various types of concrete structural elements such as beams, joints, slabs and so on.

In this section, two plasticity models are used to calculate the shear strength of the test
FR-RPC beams tested in this study. The first approach is based on the work of Zhang
(1994) which is used to calculate the shear strength of overly flexurally reinforced
rectangular beams without shear reinforcement. In the calculations that follows the
flange outstands of the I-girders are ignored for the purpose of assessing the shear
capacity. The second approach is more complicated and less user friendly and comes
from the work of Hoang (1997). In Hoang’s work the shear strength of non-shear
reinforced but longitudinally over reinforced simply supported T-beams under
concentrated loading were modelled. In this study, Hoang’s model for a T-beam is

modified to incorporate I-sections. A comparison of the two approaches is presented.

8.1 Plasticity Model for Rectangular Beams

Zhang developed a crack sliding model to determine the shear capacity of rectangular
concrete beams without shear reinforcement. A detailed description of this model may

be found in Zhang (1994) and Hoang (1997).
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The crack sliding model (CSM) is based on the upper bound theorem of plasticity, that
is concrete is treated as a Mohr-Coulomb material with a zero tension cut-off. A more
comprehensive description of the theory can be found in Johansen (1958), Sandbye
(1965) and Nielsen (1967). According to the crack sliding model, the cracking of
concrete introduces a potential yield-slip line which, due to a reduced sliding resistance,

forms the critical failure mechanism.

For both non-prestressed and prestressed simply supported beams with rectangular
cross-sections and loaded with two symmetrically located point loads, the ultimate load

of the section can be determined by

2
V=L flbh 1+(-’i] X 8.1)

where fc* is, the effective concrete strength, b and 4 are the width and depth of the

section, respectively, a is the shear span and x is the horizontal projection of the yield

line as shown in Figure 8.1.

To determine the starting position of the critical crack, the ultimate load (¥,,) is taken as
equal to the diagonal cracking load (7, ). For definition purpose, the diagonal cracking
load (V,, ) is defined as the load capacity of the beam when the diagonal crack is fully

developed with a uniform effective tension stress bridging the crack. For a simply
supported beam under point loading, the diagonal cracking load is determined by taking

the moment about the crack tip (marked A in Figure 8.1b) and is written as
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2 2 P d,.
Vcrzlﬁ*b h +x +Z e pl

2 a a

(8.2)

where b is the width of the section, d,; is the distance of the effective prestressing

force (P,) at the ith level from the top surface of the beam, ft* is the effective tensile

strength for a beam with a depth of A, a is the length of the shear span.

?Vcr e —
(b)

Figure 8.1 — Simply supported beam with critical diagonal crack (a) yield line and (b)

cracking load.
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The methodology to obtain the solution of x is presented in Figure 8.2 and is obtained

by equating V,, by Eq. 8.1 to V. by Eq. 8.2. Thus, the solution of x is the intersection

of Egs. 8.1 and 8.2, giving

2
2.2} 2N Pd..
fc* 1_,_{{) _x =ft*(x +h )+ Z PP for 0<x<a (8.3)
h ah abh

From the experimental data it is observed that at the peak load the crack widths for the

FR-RPC experimental girders tested in this study were in the range of 0.5 to 1.5 mm.
From the VEM (Chapter 6) the effective tensile strengths ( f,*) in this range for the

13 mm long by 0.2 mm fibres used were in the range of 70 to 90 percent of the peak
fibre contribution to the tensile strength (Figure 8.3). In the analyses that follow, the

effective tensile strength of the FR composite is

£ = U fof (8.4)

with the tensile effectiveness factor taken as v, = 0.8, where fr is the maximum stress

of the fibre component according to the VEM. The effective compressive strength

(fc*) is taken as

fc* =Ucfem (8.5)

In this study, the compression effectiveness factor is taken as v, =0.8. This

assumption is discussed later in Section 8.4 of this thesis.
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Figure 8.3 — Range of tensile stress across failure surface for SB1 to SB3.
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In the calculation of x the limits are 0<x<a. An analytical solution to Eq. 8.3 is not

easily obtained. Instead, a numerical method is used to find the critical value of x/A. In
this way the starting position of the critical diagonal crack for a given a/h is found and,

consequently, the ultimate load and the shear capacity can be determined from Eq. 8.1.

Finally, the ultimate shear strength is written as

_— (8.6)

8.2 Shear Capacity of T-Beams

Hoang claimed that if the plastic model as outlined in section 8.1 is used without
modification for T- beams, the model leads to an overestimation of the shear capacity.
The overestimation is especially high for cases with relatively high ratios of flange
thickness to beam depth (¢/#%), the ratio of the width of flange to width of web

(b f /b,,) and in cases where the concentrated loading is not distributed across the

entire flange. Similarly to that for rectangular sections, the derivation of the model to
account for T-sections was based on the assumptions that concrete is a modified
Coulomb material with a zero tension cut-off. The full derivation of the model applied

on T-beams is given in Hoang (1997).

Experimental observation shows that the general failure mechanics of the I-girders
tested in this study is similar to the failure mechanism of a T-beam without stirrups.
That is, the failure mechanism consists of a sliding failure along a crack in the web and
rotation in hinges in the top, compression, flange (see Figure 8.4). For T-beams Hoang

computed the shear force ¥, at failure as
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t
, 0.25& Bor —

v Agw fo |0.118 h @

' x
L - 1-F1-L
h a a' h) |

where (refer Figure 8.5) 4., =b,(h—1t) is the effective area of the web, ¢ is the

effective thickness of the compression flange, a' is the distance from the applied load to
the starting point of a yield line at the external compression fibre and the other terms are

as given above. The ratios & and S, are givenby & =v,, /v, and Bor = Ar or /Acw ,
respectively, where v, is the effectiveness factor for membrane action and is taken as
Vg = 2/ Sem - The term Ayr o =t b g is the effective area of the compressive flange
and b fr is the effective width of the flange and can be approximated as

! t
bfef=bw+h%{1-i'(1--h-)] < by (8.8)

a

By differentiating and minimizing Eq. 8.7 with respect to x/a', Hoang showed that the
value of x/a' rendering the minimum shear capacity is

X \’C22 +4C1 —C2

== (8.9)
a' 2C1

where the constants C; and C, are

2
Cy=2.119¢ ﬂefi[l—iJ—(l—i]
h\ h h)\ (8.10)

C, = 2(1 -iJ
h
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For any assumed value of a' the shear capacity may be found by inserting Eq. 8.9 into

Eq. 8.7. Any effective flange width b 5 used in the calculation must fulfill the
requirement given by Eq. 8.8. Since x/a' depends upon b fef » an iterative numerical

procedure is required.

A
e 1

I S N PR F

Figure 8.4 — Failure mechanics of simply supported T-beam (Hoang, 1997)
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Figure 8.5 — Failure mechanism of simply supported I-beam.
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The cracking load for an I-beam is found by taking moments about the upper tip of the

crack (see Figure 8.6) and it is written as

Ver '(a_a"*'x)_zpe,i dpi=M,, (8.11)

where M, is the moment at cracking about upper tip of the crack (marked as A in
Figure 8.6). For any shape of cross-section the cracking moment, M, can be

determined by

2
M,=f"A4.e (fJ +1 (8.12)
h

where f,* is the effective plastic tensile strength of the concrete, 4. is the area of the

cross section and e is the distance from the top face to the centre of gravity of the

concrete section.

Substituting Eq. 8.12 into Eq. 8.11, the cracking load after the formation of the diagonal
shear crack with an assumed uniform effective tensile strength bridging the cracking

plane is

2 2
el|l a X 1
ft*Ac_ (J (] +1 +—zpe,i dpi
R\ h a' h

- (8.13)

Vcr
a a'| x
h hi\d
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Figure 8.6 — Stress distribution along the critical diagonal crack for I beams.

Finally equating Eqs. 8.7 and 8.13, gives

[ t_ [Ac }e [a
. 025¢ B0t =
fe| 018 RV

* X
i E 1_1(1_1}
L a av h ]

which is solved iteratively for a'/h.

In solving for the shear capacity an initial estimate of b fof is selected. Equation 8.14 is

then solved with respect to a'/h. Hereafter x/a' is found by Eq. 8.9 and a' revised to

give a new estimate of b ¢ calculated by Eq. 8.8. The solution process continues until

convergence is attained. The shear capacity is then determined by Eq. 8.7 and the shear

strength by Eq. 8.6.
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8.3 Shear Strength Calculation on FR-RPC Prestressed Girders

The shear strengths calculated using the plasticity model described above for the FR-
RPC shear beams tested in this study are compared with the experimental data and the

results presented in Table 8.1. Details of the calculations are given in Appendix H.

Comparing the results of the plastic design model with the experimental data shows that
both the plastic models presented provide reasonable correlation with the ultimate shear
strengths with mean theoretical to experimental ratios of 0.89 and 0.85 and with

coefficients of variation of 10 percent and 8 precent, respectively.

Comparison of the location of the major diagonal crack for the model and the
experiment are given in Figures 8.7 and 8.8 for the rectangular beam model and I-beam
model, respectively. Table 8.1 indicates that both models are capable of capturing the
shear capacity of the FR-RPC prestressed girders tested in this study, however,
comparison of the crack location and crack angle (€) shows that the I-beam model
compares better than the rectangular section model for the failure mechanism. The
additional complexity of the I-beam model over that of the rectangular section model,

however, makes it less suitable as a general design tool.
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Table 8.1 — Comparison of experimental shear strength and plasticity models.

Rectangular Beam I-Beam
Model Model
SB| Sy | 17| £t | Ve | 0 | Viheo | 0 | L0820 | Vipsheo | 6 | Tastheo
No. | MPa | MPa | MPa| kN |deg. | kN |deg. Vi exp kKN | deg. Vu,exp
1 |65 (52129 | 430 | 37 332 18 0.77 338 30 0.79
2 1 65| 52| 128 | 497 | 34 445 24 0.90 430 43 0.86
3 165 |52 119 428 | 32 357 21 0.83 336 38 0.79
4 | 34 | 27 | 131 | 337 | 26 338 18 1.00 312 33 0.93
5154 43 (137 440 | 29 364 19 0.83 340 35 0.77
6 | 39 | 3.1 | 126 | 330 | 24 323 18 0.98 299 33 0.93
7 |58 | 47 | 135 400 | 21 370 19 0.92 345 35 0.86
Average 0.89 0.85
COv. 0.095 0.079

Notes: @ is the angle of the failure crack relative to the horizontal axis of the beam
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Figure 8.7 — Comparison of experimental crack location and plastic model prediction

for rectangular section



8-14

R T A
.__d.__4..~..-_1.._

AR b
|
l

L et - o .

Ry
705 — |

757

Figure 8.8 — Comparison of experimental crack location and plastic model prediction

for I-section.
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8.4 Comments on the Efficiency Factors v, andv,

While it appears from the results above that the model correlates well with the test data,

the values of v, and v, have been, somewhat, arbitrary selected, particularlyv,.. While

the values may be justified based on the high quantity of fibres in the mix, further
calibration and verification studies are required before any firm conclusions are drawn.
Given the limited test data available for shear beams with two percent, or greater, of
fibres by volume a healthy skepticism in the general application of the design model

should be maintained.

8.5 Conclusions

In this chapter, two upper bound plasticity approaches for calculating the shear strength
of reinforced concrete beams in shear are used to calculate the shear capacity of the
experimental beams. The first approach is based on the work of Zhang (1994) to
calculate the shear strength of a rectangular section and the second approach comes

from the work of Hoang (1997) to calculate the shear strength of an I-section beam.

In calculating the shear strength both the models provide reasonable correlation with the
ultimate measured shear strengths. For Zhang’s model, the mean model to experimental
shear capacity ratio is 0.89 and with a coefficient of variation of 0.095. On the other
hand, for Hoang’s model, the mean model to experimental shear capacity ratio is 0.85

with a coefficient of variation of 0.079.
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CHAPTER 9 —- CONCLUSIONS

9.1 Concluding Remarks

In Chapter 3, the results of mechanical strength tests for nineteen different RPC mix
designs using Australian materials are reported. The test variables were type and quantity of
fibres and the water/binder ratio. The reported mechanical strengths consisted of
compressive strength on cylinders and cubes, modulus of rupture, split-cylinder tensile
strength, double punch tensile strength, modulus of elasticity, Poisson’s ratio and
workability. From these tests, a highly workable RPC mix was developed with a
compressive cylinder strength of 160 MPa and with a split cylinder tensile strength and
flexural tensile strength of the order of 15 and 25 MPa, respectively (for two percent by

volume of fibres).

Tests on cylinders at stress rates from 20 MPa/min to 100 MPa/min showed no significant
variation in the measured compressive strength of RPC. Comparison of the cylinder
strength to cube strength showed that the cylinder compressive strength is approximately 88
percent of the cube compressive strength. In the indirect tensile strength tests the double
punch test gave consistently lower strengths and lower strength gain with increasing fibre
volumes than the split cylinder test and it is concluded that the double punch test is a more
reliable method for determining the tensile strength. Further work is, however, required to
establish the relationship between the direct tensile strength of RPC and the results obtained
from indirect tension tests. Specifically, a testing programme with well designed and

controlled tests on RPC in direct tension is needed in combination with indirect
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measurement from double punch, wedge splitting or other such indirect measures of tensile

strength.

In Chapter 4, the mechanical behaviour of six 150 MPa steel fibre reinforced RPC deep
panels dimensioned to simulate bursting in anchorage zones of thin webbed prestress
girders was reported. The deep panels were tested to investigate crack growth and stability
in RPC panels for increasing load. The test variables were the quantity and type of fibres
and boundary support conditions. The fibres used consisted of either 35 mm end-hooked
steel fibres or 13 mm straight steel fibres. The fibre content was varied from 1.0 percent to
3.7 percent, by volume. The support boundaries investigated were free translation with

fixed rotation and free translation with free rotation.

From the experimental study it was observed that the location of the bursting crack is
significantly influenced by the boundary conditions. For the specimens with free translation
and fixed rotation supports, the tearing crack formed at the junction of the flange and the
web. For the free translation with free rotation boundaries the tearing crack formed in the
web generally toward the centre of the specimen. The quantity of fibre and type of fibre
used in the concrete mix does not significantly affect the initial cracking load but has a
significant effect on the failure load and on crack stability and growth. The support
boundary restraints also have a significant effect on the failure load in that the failure load
is higher for panels with free translation and fixed rotation boundary condition than for

panels with both free translation and free rotation supports.
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In Chapter 5, the mechanical behaviour of seven 150 MPa-170 MPa steel FR-RPC
prestress I-section girders without stirrups were tested to study the capacity of fibre
reinforced RPC beams in shear. The test variables were the quantity and type of fibres and
amount of prestress. The steel fibres used in the tests consisted of either 13 mm straight
fibres and/or 30 mm end-hooked fibres. All the tested specimens had the same cross-section
and were subjected to mid-point loading over a shear span of 2 metres. The shear span to

effective depth ratio for the beams was 3.33.

From the experimental study it was concluded that the quantity of fibres and type of fibres
used in the concrete mix do not significantly affect the cracking load but have a significant
influence on the rate of crack propagation and on the failure loads. At the peak load, many
fine cracks had formed in the web, with the cracks well distributed through the shear spans.

For all tests, the failure loads were more than twice the cracking loads.

In Chapter 6, a simple deterministic model termed the Variable Engagement Model (VEM),
was developed to describe the behaviour of randomly orientated steel fibre reinforced
composites subject to uniaxial tension. The model was developed by integrating the
behaviour of single, randomly oriented, fibres over 3D space and is capable of describing

the peak and post-peak response of fibre-cement-based composites in tension.

In the verification studies of the VEM, the proposed model is compared against a wide
range of experimental data consisting of 29 uniaxial tension tests on fibre reinforced
concretes and mortars by 10 researchers. Overall the model showed a good correlation with

both the uniaxial tensile strength of the specimens and with the fracture energies. The load
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versus crack opening displacements are plotted and again good agreement is seen for the

model compared with the experimental data.

Finally, a model was proposed for the inclusion of bending effects on the weakening of
fibres in axial tension. Two methodologies were pursued, an elastic model and a plastic
model. The results of the investigation showed that the elastic approach can capture the
observed behaviour of fibres subject to combined tension and bending across a cracked
medium. Further research is required to confirm the general applicability of the proposed

fibre fracture-bending model.

In Chapter 7, the experimental shear beams reported in Chapter 5 together with other fibre
reinforced concrete beams from the literature were analysed through finite element
modelling with the variable engagement model, developed in Chapter 6, adopted for tensile
constitutive law for the fibre reinforced concrete. A total of 45 beams were modelled and
the FE results showed a good correlation with the experimental data. The overall mean
model to experimental ultimate load ratio was 0.97 with a coefficient of variation of 8.5
percent. Comparison of the load versus midspan deflection, strains in the top and bottom
flanges and the failure modes showed that the FE model is capable of capturing the overall

response of the experimental beams.

Parametric studies were performed to further understand the behaviour of FRC beams in
shear. In the parametric studies, shear specimens with a cross-section as per the
experimental test beams (reported in Chapter 5) were used with the investigating variables

being:
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() the amount of prestress;
(i)  the quantity of fibre;
(iii)  the shear span-to-depth ratios; and

(iv)  the fibre type.

From the parametric studies, it was.concluded that the shear strength of the specimens
increases as the level of prestress and fibre quantities are increased. Also, the failure mode
is more ductile for specimens having higher quantities of steel fibres. In terms of shear
span-to-depth ratios, the shear strength becomes a constant for shear span-to-effective depth
ratios of a/d 23. Shear strength increases with increasing fibre length until the critical
length fibre length is reached. The most efficient fibre length for shear strength is the
critical fibre length. Increasing the length of the fibres beyond the critical length, while

maintaining a constant volume of fibres, reduces the shear strength of a beam.

In Chapter 8, two upper bound plasticity approaches for calculating the shear strength of
reinforced concrete beams in shear were used to calculate the shear capacity of the
experimental beams. The first approach is based on the work of Zhang (1994) to calculate
the shear strength of a rectangular section and the second approach comes from the work of
Hoang (1997) to calculate the shear strength of a T-section beam and modified for
I-sections. The tensile strength of the fibre-matrix was based on the Variable Engagement
Model developed in this thesis. In calculating the shear strength, both the models provide
reasonable correlation with the experimental results. It was concluded that the more simpler
rectangular section model is the most appropriate for design practice. It was also recognised

that further work is needed to verify the model for general application to RPC beams.
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9.2 Further Studies

In Chapter 3, it was noted that the split cylinder test may not give a good indication of the
tensile strength of fibre reinforced RPC. Further investigation is needed to study the effect
of fibre crossing the cracking plane on controlling the splitting crack leading to a
compression failure below the loading strip. The validity of the results as a function of fibre

volume is also questioned and requires further study.

In Chapter 6, in the development of the Variable Engagement Model, the parameter o was
introduced to define the point at which a fibre becomes effectively engaged in the matrix.
That is, the point where the fibre carries load. The relationship for a obtained from
single-fibre pullout tests in a pre-cracked matrix and that for multiple fibres crossing a
cracking plane in a composite matrix requires further study. Investigations should focus on
the type and size of fibres and on the concrete matrix properties (that is, strength, aggregate
type and size, etc.). It was also taken that the bond-stress is constant over the length of the

fibre. This assumption needs further investigation for different fibre types.

Further studies can be undertaken on extension of the VEM to describe mode I and
mode III fracture. Sliding shear (mode II) may be a critical factor governing the strength of
fibre-reinforced beams, in general, and RPC beams, in particular, for the transfer of
longitudinal shear stresses in beams, or regions of beams, with high moment gradients;

particularly where such regions are pre-cracked or damaged in the longitudinal direction.
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APPENDIX A - RAW DATA FOR CONTROL SPECIMEN
STRENGTH TESTS

Table Al — Cylinder compressive strength of RPC on mixes 1 to 10 (in MPa).

Control Mix Design No.
Sample No. 1 2 3 4 ) 6 7 8 9 10

1 156 | 145 | 126 | 180 | 160 | 143 | 188 | 172 | 165 | 161
2 156 | 140 | 128 | 172 | 163 | 145 | 182 | 185 | 167 | 163
3 157 | 156 | 135 | 164 | 157 | 139 | 186 | 179 | 165 | 166
4 164 | 148 | 133 | 171 | 159 | 131 | 175 | 171 | 160 | 157
5 165 | 145 | 145 | 150 | 170 | 130 | 180 | 176 | 162 | 158
6 167 | 151 | 133 [ 169 | 150 | 142 [ 177 | 171 | 157 | 160
7 : - ] - 150 [ 133 [ - - ; )
8 ; - - - 140 | 136 | - ; ; )
9 ; - - - 154 [ 137 ] - ; - ;
10 ; - ; - 153 | - - ; _ _
11 ; - - - 156 | - - ; - )

Average 161 | 148 | 133 | 168 | 156 | 137 | 181 | 176 | 163 | 161

Std. Dev. 50 | 55 | 66 | 101 ] 78 | 53 50 | 56 | 3.7 | 33

Table A2 — Cylinder compressive strength of RPC on mixes 11 to 19 (in MPa).

Control Mix Design No.
Sample No. 11 12 13 14 15 16 17 18 19

1 137 180 186 164 167 155 149 178 169
2 141 185 180 156 162 156 159 169 176
3 138 183 187 160 162 143 159 166 167
4 149 186 173 149 161 160 162 178 168
S 155 192 165 154 160 151 150 177 167
6 140 185 170 150 136 165 161 170 169
7 151 - - 155 161 - - - -
8 151 - - 176 160 - - - -
9 144 - - 164 156 - - - -
10 144 - - 164 143 - - - -
11 142 - - 175 140 - - - -
12 142 - - 162 162 - - - -
13 147 - - 166 - - - - -
14 143 - - 150 - - - - -

Average 145 185 177 160 156 155 157 173 169

Std. Dev. 53 4.0 8.9 8.6 10.2 7.6 5.7 5.3 5.6
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Table A3 — Cube 70 mm compressive strength of RPC on mixes 1 to 10 (in MPa).

Control Mix Design No.

Sample No. | 1 2 3 4 5 6 7 8 9 | 10
1 - - - 194 | 192 | 167 | 214 | 180 | 180 | 177

2 - - - 200 | 189 | 177 | 219 | 178 | 176 | 184

3 - - - 193 | 177 | 164 | 209 | 175 | 175 | 183

4 - - - 196 | 178 | 167 | 205 186 | 176 | 179

5 - - - 182 | 170 | 178 | 213 189 | 178 | 186

6 - - - 199 | 176 | 164 | 228 | 180 | 184 | 174

7 - - - 179 | 189 | 163 | 216 - 165 | 175

8 - - - 192 | 178 | 159 | 207 - 169 | 172

9 - - - 196 | 185 - - - 178 | 174

10 - - - 202 | 168 - - - 176 | 176

11 - - - 205 | 181 - - - 175 | 178

12 - - - - 178 - - - 178 | 181
Average - - - 194 | 180 | 167 | 214 | 181 | 176 | 178
Std. Dev. - - - 7.9 7.5 6.8 7.3 50 | 49 | 44

Table A4 — Cube 70 mm compressive strength of RPC on mixes 11 to 19 (in MPa).

Control Mix Design No.
Sample No. 11 12 13 14 15 16 17 18 19

1 170 207 200 180 - - 167 192 169
2 175 213 197 187 - - 171 182 176
3 165 220 196 190 - - 162 189 167
4 167 214 213 175 - - 163 185 169
5 162 210 199 185 - - 167 194 189
6 171 217 206 189 - - 159 198 190
7 164 - - - - - 168 185 192
8 167 - - - - - 175 191 197
9 156 - - - - - 171 186 189
10 158 - - - - - 174 187 196
11 168 - - - - - 178 187 200
12 165 - - - - - 164 162 185

Average 166 214 202 184 - - 168 187 185

Std. Dev. 5.33 4.7 6.5 5.8 - - 5.7 8.9 11.7




Table AS — Split cylinder tensile strength of RPC on mixes 1 to 10 (in MPa).

A-3

Control Mix Design No.
Sample No. 1 2 3 4 5 6 7 8 9 10
1 8.0 8.3 74 | 184 | 188 | 194 | 26.9 | 22.0 | 188 | 214
2 6.7 7.5 6.8 | 199 | 19.1 | 17.0 | 22.6 | 28.6 | 22.7 | 20
3 8.9 6.7 7.7 | 224 | 18.6 | 19.7 | 23.6 | 20.6 | 17.3 | 21.9
4 - - - - 194 | 12.7 - - 19.1 | 20.7
5 - - - - 17.2 | 12.7 - - 17.2 | 20.8
6 - - - - 194 | 11.1 - - 20.1 | 20.5
7 - - - - 18.4 | 13.7 - - - -
8 - - - - 16.7 - - - - -
9 - - - - 16.9 - - - - -
Average 7.9 7.5 73 1202 | 183 | 152 | 244 | 23.7 | 19.2 | 20.9
Std. Dev. 1.1 0.8 0.5 2.0 1.1 3.5 2.3 43 | 20 | 0.7
Table A6 — Split cylinder tensile strength of RPC on mixes 11 to 19 (in MPa).
Control Mix Design No.
Sample No. 11 12 13 14 15 16 17 18 19
1 19.5 | 268 | 252 | 273 | 219 - 17.7 | 228 | 22.6
2 182 | 260 | 268 | 214 | 21.0 - 18.5 | 225 | 229
3 23.1 | 279 | 23.1 | 234 | 220 - 176 | 219 |- 24
4 16.6 - - 223 | 226 - 17.1 | 22.5 | 24.2
5 24.2 - - - 23.0 - 21 223 | 24.1
6 214 - - - 20.0 - 18.1 | 223 | 232
7 21.1 - - - - - - - -
8 22.0 - - - - - - - -
9 21.1 - - - - - - - -
10 21.9 - - - - - - - -
Average 209 | 269 | 25.0 | 236 | 218 - 183 | 224 | 23.5
Std. Dev. 2.4 1.0 1.9 2.6 1.1 - 1.4 0.3 0.7




Table A7 — Double punch tensile strength of RPC on mixes 1 to 10 (in MPa).

A-4

Control Mix Design No.
Sample No. 1 2 3 4 5 6 7 8 9 10
1 8.7 7.8 7.6 | 112 | 107 | 85 | 114 | 12.8 | 11.8 | 10.8
2 7.8 8.0 75 | 114 | 94 94 | 11.6 | 11.6 | 123 | 11.9
3 8.2 7.9 7.6 | 11.1 | 102 | 69 | 127 | 114 | 129 | 10.2
4 - - - - - 83 | 123 {112 | 112 | 114
5 - - - - - 8.0 - 134 | 12.1 | 11.5
6 - - - - - 9.5 - 102 | 11.2 | 11.2
7 - - - - - - - 11.8 - -
8 - - - - - - - 12.1 - -
9 - - - - - - - 11.8 - -
10 - - - - - - - 12.3 - -
11 - - - - - - - 11.4 - -
12 - - - - - - - 12.7 - -
Average 8.2 7.9 76 | 112 [ 101 | 84 | 120 | 11.9 | 119 | 11.2
Std. Dev. 0.5 0.1 0.1 0.2 0.7 1.0 0.6 0.8 0.7 | 0.6
Table A8 — Double punch tensile strength of RPC on mixes 11 to 19 (in MPa).
Control Mix Design No.
Sample No. 11 12 13 14 15 16 17 18 19
1 8.4 159 | 134 | 12,5 - - 10.8 | 13.9 12.5
2 10.7 | 16.1 13.5 12.4 - - 119 | 13.7 114
3 9.2 14.9 13.1 12.0 - - 11.7 | 13.3 12.7
4 9.0 154 | 13.3 11.5 - - 104 | 13.5 12.2
5 10.2 | 15.6 | 13.3 13.1 - - 10.6 | 13.7 11.8
6 11.6 | 15.8 12.7 | 11.6 - - 11.0 | 13.5 12.6
7 10.0 - - - - - - - -
8 10.6 - - - - - - - -
Average 10.0 | 15.6 13.2 | 12.2 - - 11.1 13.6 12.2
Std. Dev. 1.0 0.4 0.3 0.6 - - 0.6 0.2 0.5




APPENDIX B — RAW DATA FOR DEEP PANEL TESTS

Table B1- Panel 1: Raw data for DMs 1 to 5.

Panel 1 Strain (ue
Load (kN) | DM1 | DM2 | DM3 | DM4 | DMS
0 0 0 0 0 0
100 13 -6 -13 -13 0
200 44 -38 -13 -13 0
300 69 -19 -19 -19 -13
400 95 0 -69 -25 -6
600 164 32 -6 -38 -32
800 151 44 76 -32 -25
1000 151 57 158 -13 -38
1200 151 -13 265 44 -32
1400 120 -32 328 151 -25
1600 113 57 422 372 57
1800 101 101 756 649 151
2000 107 139 1103 914 265
2200 101 139 1814 1537 599
2400 107 107 3736 2444 1254

Table B2 — Panel 2: Raw data for DMs 1 to 5.

Panel 2 Strain (ue
Load (kN) { DM1 | DM2 | DM3 | DM4 | DMS5
0 0 0 0 0 0
100 38 0 -6 -6 -19
200 95 13 -25 -101 -82
300 151 57 6 -25 -50
400 76 195 50 -6 -38
600 76 321 88 25 -6
800 57 372 95 -50 0
1000 50 347 69 0 0
1200 0 0 0 0 0
1400 38 0 -6 -6 -19




Table B3 — Panel 3: Raw data for DMs 1 to 9.
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Panel 3 Strain (ue

Load (kN) | DM1 | DM2 | DM3 | DM4 | DMS | DM6 | DM7 | DM8 | DM9
0 0 0 0 0 0 0 0 0 0
100 13 -19 0 -6 25 0 25 -13 19
200 32 6 -13 -6 57 13 25 -6 38
300 82 6 0 -13 82 0 25 -6 63
400 76 32 -13 -6 101 25 -19 -19 95
500 195 32 -19 -32 120 57 25 -19 195
600 239 63 -13 -25 176 82 25 -13 233
700 290 126 13 -25 233 101 32 -19 315
800 334 176 32 -25 290 151 44 -6 359
900 523 296 82 -25 384 164 57 57 542
1000 617 340 76 -25 447 195 88 0 668
1100 819 498 151 -6 479 195 208 19 863
1200 1071 649 176 32 504 183 265 44 1090
1300 1594 1033 410 69 479 183 372 95 1638
1400 2022 1310 580 164 517 195 485 164 | 2079
1500 2804 1833 914 334 447 195 794 340 | 2904
1600 5891 4246 | 2709 | 1487 384 580 1802 | 1512 | 6067

Table B4 — Panel 3: Raw data for DMs 10 to 17.
Panel 3 Strain (ue)

Load (kN) | DM10 | DM11 | DM12 | DM13 | DM14 | DM15 | DM16 | DM17
100 -32 6 0 -6 -25 -19 -6 -25
200 -6 0 6 -32 -63 -63 -4 -32
300 0 0 0 -57 -95 -95 -76 -101
400 -13 6 0 -88 -145 -126 -95 -113
500 32 0 19 -145 -170 -158 -139 -164
600 50 0 6 -183 -208 -189 -170 -208
700 107 13 -25 -252 -258 -221 -183 -239
800 132 25 -6 -258 -271 -252 -227 -271
900 252 63 -19 -302 -334 =271 -239 -309
1000 334 107 13 -353 -353 -334 -296 -347
1100 466 170 32 -397 -403 -353 -321 -403
1200 599 284 50 -447 -447 -397 -372 -441
1300 951 517 158 -523 -498 -428 -403 -504
1400 1216 680 233 -586 -542 -460 -441 -561
1500 1745 1052 422 -649 -592 -485 -466 -599
1600 4152 2514 1392 -775 -611 -523 -498 -725




Table B5 — Panel 4: Raw data for DMs 1 to 9.

Panel 4 Strain (u€)
Load (kN) | DM1 | DM2 | DM3 | DM4 | DMS | DM6 | DM7 | DM8 | DM9
0 0 0 0 0 0 0 0 0 0
100 50 19 6 6 44 25 19 19 38
200 101 69 38 25 88 57 50 32 88
300 158 95 50 38 145 82 63 50 120
400 170 132 88 57 271 139 76 69 164
500 183 284 145 82 340 189 113 95 378
600 221 548 246 132 567 284 176 113 586
700 378 693 372 195 743 365 176 132 819
800 504 1254 | 693 365 844 416 202 139 1418
900 643 1915 | 1128 636 964 473 214 139 | 2142
Table B6 — Panel 4: Raw data for DMs 10 to 17.
Panel 4 Strain (uc)
Load (kN) | DM10 | DM11 | DM12 | DM13 | DM14 | DM15 | DM16 | DM17
0 0 0 0 0 0 0 0 0
100 32 19 13 -63 -50 -32 -50 -63
200 63 44 13 -101 -126 -95 -126 -126
300 88 63 38 -126 -158 -176 -189 -158
400 120 88 63 -158 -221 -258 -277 -189
200 252 132 76 -189 -284 -334 -328 -239
600 403 227 120 -221 -334 -391 -391 -309
700 580 353 189 -252 -384 -473 -466 -347
800 1033 643 359 -309 441 -517 -523 -410
900 1632 1071 630 -378 -504 -567 -586 473




Table B7 — Panel 5: Raw data for DMs 1 to 9.

B-4

Panel § Strain (p€)
Load kN) | DM1 | DM2 | DM3 | DM4 | DMS | DM6* | DM7 | DM8* | DM9*
0 0 0 0 0 0 0 - -
100 38 50 19 0 0 13 - -
200 63 82 19 -19 63 13 - -
300 126 113 25 44 107 13 - -
400 208 195 38 32 126 13 - -
500 284 284 32 32 145 32 - -
600 473 347 38 25 189 44 - -
700 882 586 170 82 221 76 - -
800 1512 995 378 145 221 88 - -
900 2709 | 1373 586 221 221 95 - -
1000 3182 | 2161 1040 441 189 107 - -
* Note: no data — targets located out of gauge range.
Table B8— Panel 5: Raw data for DMs 10 to 17.
Panel 5 Strain (uc)
Load (kN) | DM10 | DM11 | DM12 | DM13 | DM14 | DM15 | DM16 | DM17
0 0 0 0 0 0 0 0 0
100 32 32 63 -44 -63 -32 -32 -13
200 13 19 76 -82 -50 -95 -57 -44
300 25 25 76 -126 -95 -158 -113 -76
400 76 0 63 -164 -126 -189 -158 -107
500 76 -63 -32 -214 -202 -252 -252 -139
600 170 32 -63 -227 -239 -334 -347 -189
700 422 126 76 -252 -302 -378 -410 -233
800 800 334 189 - -378 -441 -473 -296
900 1147 536 252 - -441 -473 -504 -328
1000 1934 1008 410 - -473 -536 -517 -359




Table B9 — Panel 6: Raw data for DM1s to 9.

Panel 6 Strain (ug)
Load (kN) | DM1 | DM2 | DM3 | DM4 | DM5 | DM6 | DM7 | DM8 | DM9
0 0 0 0 0 0 0 0 0 0
100 50 19 19 13 76 32 19 -25 2
200 82 19 0 -38 113 50 25 -25 12
300 132 25 -6 -107 126 57 6 -25 16
400 145 38 -13 -221 164 50 13 -38 20
500 315 113 32 -208 195 95 19 -32 120
600 428 164 50 -202 195 151 25 -44 220
700 851 334 63 -139 221 202 38 -25 500
800 1140 | 536 164 -57 252 315 107 0 900
900 1575 851 302 0 271 441 189 32 1400
1000 2142 | 1166 | 491 38 277 473 422 113 | 2000
1100 2873 | 1739 | 863 183 265 460 750 284 | 2890
1200 3749 | 2381 | 1254 | 422 252 504 1128 | 491 4000
1300 5424 | 3629 | 2129 [ 592 403 725 1934 | 1008 | 5000
1400 7025 | 4857 | 2451 | 1222 | 410 1323 | 2577 | 1323 | 6700
1500 9261 | 7264 | 4775 | 2608 536 | 2489 | 3994 | 2318 | 8566
Table B10 — Panel 6: Raw data for DMs 10 to 17.
Panel 6 Strain (ue)
Load (kN) | DM10 | DM11 | DM12 | DM13 | DM14 | DM15 | DM16 | DM17
0 0 0 0 0 0 0 0 0
100 0 -13 -6 -4 -13 -25 -44 -32
200 13 -25 -13 -88 -32 -44 -76 -107
300 6 -25 -13 -126 -95 -69 -139 -189
400 6 -38 -25 -139 -126 -139 -170 -221
500 82 0 -32 -170 -139 -221 -202 -252
600 183 13 -32 -176 -189 -233 -233 -252
700 353 63 -6 -214 -233 -328 -277 -284
800 529 113 6 -239 -284 -347 -296 -315
900 800 252 38 -258 -296 -391 -328 -347
1000 1178 485 82 -277 -315 -441 -359 -378
1100 1720 832 284 -328 -378 -441 -422 -441
1200 2344 1336 523 -391 -441 -504 -485 -504
1300 3541 2029 1065 -580 -473 -504 -517 -693
1400 4801 3257 1707 -706 -504 -536 -580 -788
1500 6313 5242 2936 -737 -567 -567 -611 -851




C-1

APPENDIX C - RAW DATA FOR CONTROL SPECIMEN
STRENGTH TESTS FOR SHEAR BEAMS

Table C1 — Cylinder compressive strength ( f,,, ) of specimens SB1 to 7 (in MPa).

Control Shear Beam No.
Specimens No. 1 2 3 4 5 6 7

1 165 161 140 169 178 149 169

2 167 163 144 168 169 159 176

3 165 166 140 154 166 159 167

4 160 157 150 177 178 162 168

5 162 158 166 156 177 150 167

6 157 160 146 165 170 161 169

7* 151 155 158 161 162 161 165
Average 161 160 149 164 171 157 169
Std. Dev. 5.57 3.74 9.72 7.99 6.37 5.44 3.50
COV. 0.035 0.023 0.065 0.049 0.037 0.035 0.021

Specimens Sizes : 200 mm high and 100 mm by diameter
Loading Rate : 20 MPa/min for control specimens 1 to 6.
Circumferential Rate : 30 pm/min for specimen 7

Notes: * modulus of elasticity test

Table C2 — Cube compressive strength ( £, ) of specimens SB1 to 7 (in MPa).

Control Shear Beam No.
Specimens No. 1 2 3 4 5 6 7
1 180 177 170 192 192 167 169
2 176 184 175 189 182 171 176
3 175 183 165 177 189 162 167
4 176 179 167 178 185 163 169
5 178 186 162 170 194 167 189
6 184 174 171 176 198 159 190
7 165 175 164 189 185 168 192
8 169 172 167 178 191 175 197
9 178 174 156 185 186 171 189
10 176 176 158 168 187 174 196
Average 176 178 166 180 187 168 185
Std. Dev. 4.90 4.43 5.33 7.46 8.90 5.74 11.7
COV. 0.028 | 0.025 | 0.032 | 0.042 | 0.048 | 0.034 | 0.063
Specimens Sizes : 70 mm cube Loading Rate : 20 MPa/min




Table C3 — Double punch tensile strength ( f, ) of specimens SB1 to 7 (in MPa).
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Control Shear Beam No.
Specimens No. 1 2 3 4 5 6 7
1 11.8 10.8 10.2 10.2 13.9 10.8 12.5
2 12.3 11.9 10.2 11 13.7 11.9 114
3 12.9 10.2 94 9.8 13.3 11.7 12.7
4 11.2 114 11.1 10.2 13.5 10.4 12.2
5 12.1 11.5 11.6 10.6 13.7 10.6 11.8
6 11.2 11.2 11.2 10.2 13.5 11.0 12.6
Average 11.9 11.2 10.6 10.3 13.6 11.1 12.2
Std. Dev. 0.63 0.60 0.82 0.41 0.21 0.62 0.51
COV. 0.053 | 0.053 | 0.077 | 0.040 | 0.015 | 0.056 | 0.042
Specimens Sizes : 200 mm high and 100 mm by diameter
Loading Rate : 1.0 MPa/min
Table C4 — Split tensile strength ( f, sp ) of specimens SB1 to 7 (in MPa).
Control Shear Beam No.
Specimens No. 1 2 3 4 5 6 7
1 18.8 214 242 19.4 22.8 17.7 22.6
2 22.7 20 21.4 17.2 22.5 18.5 229
3 17.3 21.9 21.1 19.4 21.9 17.6 24
4 19.1 20.7 22.0 18.4 225 17.1 242
5 17.2 20.8 21.1 16.7 223 21 24.1
6 20.1 20.5 21.9 16.9 223 18.1 232
Average 19.2 20.9 21.9 18.0 224 18.3 23.5
Std. Dev. 2.04 0.67 1.17 1.24 0.30 1.40 0.70
COV. 0.011 | 0.032 | 0.053 | 0.069 | 0.014 | 0.076 | 0.030

Specimens Sizes : 200 mm high and 100 mm by diameter cylinder
Loading Rate : 1.0 MPa/min




C-3

Table C5 — Three point flexural strength ( f) and fracture energy (G s) of specimens SB1

to 7 (in MPa and N/mm, respectively).

Shear Jef G r.cMoD Gt mid Gr.cmop
Beam No. (MPa) (N/mm) (N/mm) G 1 mid
1 29.75 27.73 27.64 1.00
2a 2742 27.06 26.11 1.04
2b 25.31 23.19 22.20 1.04
3 23.24 21.43 20.49 1.05
4a 15.44 15.70 15.53 1.01
4b 14.19 13.03 12.72 1.02
5 26.25 15.60 15.25 1.02
6a 24.88 12.62 12.19 1.04
6b 25.52 12.10 12.45 0.97
7a 25.78 19.77 19.84 1.00
7b 21.77 17.30 17.25 1.00
Average 1.02
COV. 0.023
Specimens Sizes : 100 mm by 100 mm and 500 mm long prism
Notched Depth : 25 mm
CMOD Control Rate : 500 pe/min
Specimen 2, 4 and 6 have two prisms and they denoted as specimen a and b.




APPENDIX D -DEMEC STRAINS FOR SHEAR BEAM STREGTH
TESTS

Table D1 — SB1: Raw data on Demec strains (zero pre-strain).

SB1 Strain (ue)

Load (kN) 0 100 200 300 400 500 650 850
DM 1 0 -6 0 -6 -6 13 13 25
DM 2 0 -19 -50 0 25 44 -19 63
DM3 0 -82 -145 -63 -32 -19 -25 699
DM 4 0 -57 -69 -88 -101 -151 -139 384
DMS 0 -25 -82 -107 -202 -126 -158 158
DM 6 0 -32 -38 -107 -145 -202 -208 0
DM 7 0 -88 -25 -57 44 -63 -63 -95
DM 8 0 -50 -120 -158 -246 -315 -378 -397
DM 9 0 -95 -170 -221 -284 -365 -460 -491

DM 10 0 -63 -151 -195 -233 -321 -403 -435
DM 11 0 -69 -101 -145 -195 -239 -227 -246
DM 12 0 -32 -76 -120 -151 -164 -195 -183
DM 13 0 -32 -50 -95 -132 -189 -151 -132
DM 14 0 -32 -63 -76 -69 -95 -63 -63
DM 15 0 -25 -38 -25 -32 -38 -25 -6
DM 16 0 -6 -6 -13 -19 -32 -25 -13
DM 17 0 38 50 88 378 649 1071 2961
DM 18 0 13 13 88 309 491 592 781
DM 19 0 32 113 189 328 580 1071 1499
DM 20 0 44 95 126 378 630 1071 1940
DM 21 0 120 158 365 762 1090 1556 2356
DM 22 0 0 321 813 1317 1833 2734 4416
DM 23 0 95 302 536 895 1166 1777 2678
DM 24 0 88 202 491 863 1260 1852 2848
DM 25 0 82 176 428 794 1191 1783 2665
DM 26 0 82 151 504 876 1241 1808 2640
DM 27 0 693 756 1002 1355 1638 2237 2552
DM 28 0 82 139 258 680 1046 1594 2747
DM 29 0 6 95 158 252 617 1121 2583
DM 30 0 13 76 113 151 265 731 1600
DM 31 0 57 63 107 107 139 359 832




Table D1 — Continued.

D-2

SB 1 Strain (ue)

Load (kN) 0 100 200 300 400 500 650 850
DM 32 0 50 50 57 82 113 189 460
DM 33 0 -25 19 32 -19 -25 -63 -158
DM 34 0 -76 -107 -113 -265 -296 -378 -693
DM 35 0 88 95 107 737 989 1191 11460
DM 36 0 76 113 145 712 964 536 10805
DM 37 0 -38 -50 -82 -145 -208 -347 1972
DM 38 0 -25 -19 -63 -82 -132 -221 -838
DM 39 0 -13 -6 6 -19 -57 -164 -384
DM 40 0 0 25 258 655 1065 2010 3459
DM 41 0 0 6 -13 258 473 743 1134
DM 42 0 -6 -32 44 277 611 1040 4958
DM 43 0 -365 -410 -397 -428 -391 -397 -7175
DM 44 0 -38 -13 -38 -44 -63 -113 -466
DM 45 0 -19 -6 -19 -38 -69 -113 -132
DM 46 0 25 -13 -13 -19 -69 -158 -334
DM 47 0 25 6 13 6 -13 88 50
DM 48 0 -44 13 25 13 19 6 -32
DM 49 0 353 403 416 365 347 315 662
DM 50 0 32 -57 57 473 901 1670 1764
DM 51 0 6 25 25 195 542 794 8228
DM 52 0 0 0 19 -50 -25 -32 139
DM S3 0 6 38 69 151 195 132 120
DM 54 0 32 44 44 50 82 82 284
DM 55 0 32 44 44 50 82 82 284
DM 56 0 57 252 901 1556 2350 3906 5903
DM 57 0 63 107 246 460 674 977 1304
DM 58 0 63 107 265 680 907 1336 1556
DM 59 0 57 139 265 504 838 1512 8285
DM 60 0 120 164 277 630 800 1556 | 16393
DM 61 0 120 145 145 183 315 498 15385
DM 62 0 25 25 50 88 139 466 781
DM 63 0 19 25 57 38 57 227 353
DM 64 0 113 151 164 183 176 176 189
DM 65 0 -88 -38 -63 63 76 95 76
DM 66 0 -32 -19 -25 -32 -44 -82 -95




Table D1 — Continued.

D-3

SB1 Strain (ue)

Load (kN) 0 100 200 300 400 500 650 850
DM 67 0 -6 13 25 76 202 265 328
DM 68 0 6 -6 -6 0 -13 -151 -25
DM 69 0 88 120 202 851 1468 2678 2835
DM 70 0 82 113 139 120 189 347 57
DM 71 0 95 101 239 1695 2999 6224 | 19549
DM 72 0 25 19 25 50 113 554 13910
DM 73 0 44 113 176 334 788 2205 12726
DM 74 0 0 13 19 6 38 -13 -113
DM 75 0 63 95 504 819 1210 1355 1859
DM 76 0 0 13 19 25 13 0 -19
DM 77 0 19 57 82 158 221 378 284
DM 78 0 -32 -38 -101 -176 -290 -479 -195
DM 79 0 -25 176 958 2022 2923 5487 6187
DM 80 0 13 0 88 214 340 655 1588
DM 81 0 -132 -25 353 958 1569 3112 5664
DM 82 0 69 32 95 132 208 164 321
DM 83 0 -32 -38 -38 -32 -50 57 139
DM 84 0 19 50 195 510 876 1292 1355
DM 85 0 -32 -95 -113 -132 -164 -113 -25
DM 86 0 95 139 410 1065 2155 4265 14975
DM 87 0 -57 -183 -101 -32 120 756 9576
DM 88 0 44 120 271 958 1896 3912 4983
DM 89 0 -25 -69 -120 -195 -139 189 5563
DM 90 0 38 107 145 290 347 1972 2709
DM 91 0 -50 -88 -126 -158 -145 170 863
DM 92 0 69 113 164 233 548 1556 3037
DM 93 0 -44 -120 -126 -183 -239 -151 258
DM 94 0 82 95 151 202 315 819 1796
DM 95 0 -57 -126 -151 -221 -252 -347 -391
DM 96 0 50 0 63 113 158 353 662
DM 97 0 -63 6 25 -6 6 6 -6
DM 98 0 44 -19 13 13 13 57 95
DM 99 0 -44 -113 -164 -164 -221 -195 -195




Table D2 — SB2: Raw data on Demec strains (including prestrain).

SB2 Strain (ueg)

Load (kN) 0 300 450 600 750 900
DM 1 -162 -231 -194 -212 -212 -181
DM 2 -146 -222 -241 -222 -234 -222
DM3 -142 -243 -268 -300 -325 -312
DM 4 -142 -262 -312 -325 -350 -388
DMS -142 -306 -388 -400 -451 482
DM 6 -142 -344 -419 -495 -533 -608
DM 7 -143 -376 -445 -553 -660 -679
DM 8 -142 -337 -444 -520 -615 -646
DM Y9 -142 -400 -489 -564 -633 -646

DM 10 -143 -420 -483 -628 -679 -754
DM 11 -142 -255 -331 -426 -470 -552
DM 12 -142 -287 -337 -381 -407 -463
DM 13 -142 -287 -337 -350 -337 -381
DM 14 -142 -218 -255 -262 -268 -255
DM 15 -146 -178 -209 -203 -171 -165
DM 16 -162 -162 -162 -162 -149 -137
DM 17 -492 -429 -410 -391 -353 -316
DM 18 -469 -406 -374 -324 -274 -204
DM 19 -465 -396 -333 -263 -181 115

DM 20 -464 -319 -269 -168 147 689

DM 21 -465 -282 -219 -55 587 1236
DM 22 -465 -244 -181 291 890 1583
DM 23 -465 -194 8 606 1381 2087
DM 24 -465 -55 215 682 1375 2030
DM 25 -465 -163 146 782 1463 2168
DM 26 -465 -200 159 839 1444 2194
DM 27 -465 -257 -181 524 1299 2087
DM 28 -465 -263 -188 26 795 1652
DM 29 -465 -333 -270 -188 26 518

DM 30 -465 -301 -263 -194 -49 266

DM 31 -468 -386 -355 -310 -235 -147
DM 32 -492 -505 -492 -460 -435 -379
DM 33 -147 168 181 200 181 168




Table D2 — Continued.

D-5

SB 2 Strain (ue)

Load (kN) 0 300 450 600 750 900
DM 34 -220 -214 -220 -233 -252 -283
DM 35 -240 -347 -353 -385 -429 151
DM 36 -242 -248 -267 -305 -368 -412
DM 37 -241 -285 -310 -329 -443 -537
DM 38 -240 -284 -316 -145 472 1272
DM 39 -241 -506 -512 -474 -525 2500
DM 40 -240 -221 -215 18 485 611
DM 41 -240 -240 -240 -82 516 1058
DM 42 -240 -316 -328 -215 -139 144
DM 43 -240 -240 -265 -227 -215 -7
DM 44 -242 -248 -280 -305 -299 -274
DM 45 -241 -342 -348 -361 -184 43
DM 46 -240 -297 -303 -335 -391 -467
DM 47 -241 -209 -228 -216 -285 -336
DM 48 -148 41 47 54 54 41
DM 49 -183 -126 -88 -57 -57 -114
DM 50 -317 -273 -254 -254 -216 -134
DM 51 -361 -317 -292 -229 -153 -90
DM 52 -369 -300 -287 -249 -67 311
DM 53 -368 -292 -261 -72 407 1144
DM 54 -368 -204 -166 -97 149 401
DM 55 -368 -299 -223 111 533 848
DM 56 -368 -229 91 262 798 1333
DM 57 -368 -198 -59 344 785 1270
DM 58 -368 -242 -15 564 1491 2247
DM 59 -368 -198 -185 445 1818 2858
DM 60 -368 -261 -217 -129 -40 79
DM 61 -368 -255 -223 -286 -204 199
DM 62 -369 -287 -262 -243 -268 -199
DM 63 -361 -336 -317 -304 23 231
DM 64 -317 -235 -222 -191 -216 -128
DM 65 -183 -70 -44 -7 12 -7
DM 66 13 108 108 89 63 95




Table D2 — Continued.

SB2 Strain (ue)

Load (kN) 0 300 450 600 750 900
DM 67 -75 20 57 108 120 127
DM 68 -81 -144 -257 -220 -276 -358
DM 69 -71 87 162 231 339 603
DM 70 -60 -142 -136 -173 -224 -230
DM71 -51 -51 -51 -51 -51 503
DM 72 -45 -77 -140 -89 -51 150
DM 173 -43 127 190 423 1198 2792
DM 74 -42 -86 -130 -67 166 670
DM 75 -42 97 160 714 2604 6107
DM 76 -42 -80 -124 2 746 2239
DM 77 -42 116 179 796 2799 6479
DM 78 -42 -155 -218 -212 -149 267
DM 79 -42 90 166 456 1054 2113
DM 80 -42 -99 -137 -137 -92 -105
DM 81 -42 2 65 317 947 1231
DM 82 41 -66 -85 -3 72 85
DM 83 41 -79 -117 -73 -66 9
DM 84 -42 65 141 720 1533 2276
DM 85 -42 -99 -174 -181 -269 -332
DM 86 -42 122 103 651 1098 1665
DM 87 -42 -92 -155 -263 -401 452
DM 88 -42 153 204 254 393 676
DM 89 42 -105 -149 -200 -225 27
DM 90 -42 134 179 223 525 1634
DM 91 -42 -80 -130 -155 -105 -23
DM 92 -43 127 178 272 1123 2383
DM 93 -45 -70 -95 -133 188 635
DM 94 -51 88 170 239 1234 2431
DM 95 -60 -110 -148 -205 -224 -173
DM 96 -71 131 181 257 357 654
DM 97 -81 -138 -201 -251 -264 -339
DM 98 -75 335 366 398 435 429
DM 99 13 32 32 0 0 0




Table D3 — SB3: Raw data on Demec strains (including prestrain).

D-7

SB3 Strain (ue)

Load (kN) 0 200 300 400 500 600 700 800
DM1 -81 -87 -94 -100 -100 -94 -94 -100
DM 2 -73 -117 -105 -117 -105 -98 -130 -142
DM 3 -71 -166 -172 -216 -222 -216 -235 -247
DM 4 -71 -247 -247 -273 -317 -336 -348 -367
DM S5 -71 -279 -298 -310 -329 -373 -430 -487
DM 6 -71 -203 -260 -355 -418 -506 -581 -644
DM 7 -72 -217 -324 -387 -456 -538 -601 -620
DM S8 -71 -235 -310 -367 -411 -462 -512 -569
DM 9 -71 -260 -323 -386 -449 -518 -562 -619

DM 10 -72 -198 -280 -299 -343 -444 -482 -526
DM 11 -71 -229 -279 -329 -386 -443 -481 -512
DM 12 -71 -241 -247 -273 -310 -317 -329 -373
DM 13 -71 -96 -109 -121 -140 -166 -184 -191
DM 14 -71 -84 -96 -128 -109 -84 -109 -134
DM 15 -73 -92 -98 -117 -92 -86 -86 -111
DM 16 -81 -81 -81 -81 -81 -81 -75 -94
DM 17 -246 -214 -196 -177 -164 -126 -88 -38
DM 18 -234 -202 -184 -171 -95 -58 45 56
DM 19 -232 -163 -125 -106 -37 70 360 493
DM 20 -232 -119 -68 -37 178 518 871 1091
DM 21 -232 -156 -68 26 430 757 1198 1387
DM 22 -232 -119 -56 278 738 1167 1576 1708
DM 23 -232 11 256 685 1126 1567 1989 2153
DM 24 -232 -18 234 694 1211 1652 2118 2471
DM 25 -232 -37 335 801 1293 1734 2156 2534
DM 26 -232 -49 524 1034 1557 2055 2565 2975
DM 27 -232 -112 215 663 1135 1652 2131 2439
DM 28 -232 -128 -15 389 817 1195 1661 1995
DM 29 -232 -172 -103 86 458 899 1296 1674
DM 30 -232 -188 -150 -43 247 663 1072 1595
DM 31 -234 -209 -184 -133 -108 100 365 1039
DM 32 -246 -246 -246 -227 -196 -151 -25 321
DM 33 -74 109 172 140 -17 140 109 77




Table D3 — Continued.

D-8

SB 3 Strain (u€)

Load (kN) 0 200 300 400 500 600 700 800
DM 34 -110 -154 -160 -167 -192 -179 -192 -255
DM 35 -120 -152 -158 -170 -152 -76 19 258
DM 36 -121 -153 -153 -153 -171 -197 -102 68
DM 37 -120 -180 -180 -161 -92 60 123 192
DM 38 -120 -183 -139 -101 25 245 403 529
DM 39 -120 -139 -76 101 296 523 699 875
DM 40 -120 -227 107 397 794 1310 1764 2621
DM 41 -120 1118 1181 1338 1458 1609 1899 2378
DM 42 -120 -1515 | -1515 | -1471 | -1421 | -1440 | -1471 -835
DM 43 -120 -192 -192 -224 -281 -199 -142 -507
DM 4 -121 -156 -168 -61 52 52 -36 -452
DM 45 -120 -145 -158 -215 -246 -372 -341 -448
DM 46 -120 -120 -120 -120 -120 -120 -120 -120
DM 47 -120 -51 -32 -25 0 19 31 132
DM 48 -74 -49 -17 -24 8 52 58 430
DM 49 -92 -79 -60 -60 -48 15 141 292
DM 50 -158 -114 -95 -63 31 157 441 535
DM 51 -180 -123 -104 -85 104 330 626 904
DM 52 -184 -102 -71 68 307 604 793 1423
DM 53 -184 -96 -26 226 528 824 1139 1580
DM 54 -184 5 68 396 824 1114 1410 1826
DM 55 -184 -99 140 569 941 1344 1678 1810
DM 56 -184 50 378 712 1121 1550 2016 2747
DM 57 -184 -159 383 717 1234 1738 2368 3218
DM 58 -184 -178 -140 201 359 718 1153 970
DM 59 -184 -184 -184 -184 118 433 937 4321
DM 60 -184 -171 -152 -184 -108 100 112 150
DM 61 -184 -165 -146 18 -26 -14 -64 =77
DM 62 -184 -203 -178 -216 =77 18 87 49
DM 63 -180 -22 -123 -136 -148 -136 -148 -142
DM 64 -158 -114 -95 -63 31 157 441 315
DM 65 -92 -193 -205 -224 -300 -313 -344 -268
DM 66 6 -29 -98 -148 -186 -186 -211 -262




Table D3 — Continued.

D-9

SB3 Strain (pg)

Load (kN) 0 200 300 400 500 600 700 800
DM 67 -37 10 73 117 231 483 911 1428
DM 68 -40 -90 -122 -153 -210 -229 -248 -311
DM 69 -35 41 148 192 368 576 1124 1710
DM 70 -30 -99 -106 -131 -143 -137 -137 -150
DM 71 -25 54 98 148 369 753 1377 1849
DM 72 -23 -118 -118 -118 -105 -86 -55 -181
DM 73 -21 74 86 212 515 1019 1592 2279
DM 74 -21 -141 -116 -147 -147 -141 -153 -298
DM 75 -21 27 -21 -21 -21 231 722 1239
DM 76 -21 -141 -97 -134 -116 -179 -235 -557
DM 77 -21 -2 -2 86 326 458 622 1126
DM 78 -21 11 395 590 653 830 855 1050
DM 79 -21 -93 -125 -100 -49 -56 -37 285
DM 80 -21 521 565 578 546 641 767 1056
DM 81 -21 -109 -141 -134 -153 -78 36 552
DM 82 -21 -2 546 1157 1919 3047 3715 4250
DM 83 -21 -213 -295 -320 -371 -345 -320 96
DM 84 -21 11 55 496 836 1523 2373 7319
DM 85 -21 -138 -182 -156 -87 -43 -37 89
DM 86 -21 14 70 291 933 1822 3113 11858
DM 87 -21 -112 -119 -169 -182 -131 -68 -245
DM 88 =21 61 137 225 395 1019 1485 1346
DM 89 -21 -97 -141 -172 -185 -179 -172 -172
DM 90 -21 33 96 499 940 1337 1790 1696
DM 91 -21 -134 -147 -197 -116 -27 61 42
DM 92 -21 70 96 114 505 820 1072 927
DM 93 -23 -124 -155 -187 =212 -206 -218 -256
DM 94 -25 -19 -12 -6 57 76 139 227
DM 95 -30 -106 -106 -118 -125 -93 -93 -62
DM 96 -35 37 50 69 126 163 208 371
DM 97 -40 -65 -103 -128 -147 -179 -191 -273
DM 98 -37 42 35 117 218 325 502 716
DM 99 6 0 -19 -38 -44 -63 -70 -89




Table D4 — SB4: Raw data on Demec strains (including prestrain).

D-10

SB 4 Strain (ue
Load (kN) 0 200 300 400 500 600 650
DM1 -81 119 219 319 419 519 569
DM 2 -73 -29 -48 -48 -60 -60 -73
DM3 -71 -96 -115 -128 -103 -109 -147
DM 4 -71 -134 -159 -184 -172 -178 -197
DMS5 -71 -147 -184 -222 -229 -254 -279
DM 6 -71 -191 -247 -310 -329 -373 -380
DM 7 -72 -198 -280 -374 -425 -482 -500
DM 8 -71 -285 -361 -474 -537 -644 -695
DMY9 -71 -203 -361 -462 -525 -575 -651
DM 10 -72 -204 -387 -500 -551 -639 -683
DM 11 -71 -247 -342 -430 -481 -569 -632
DM 12 -71 -197 -260 -317 -367 -418 -449
DM 13 -71 -172 -229 -266 -298 -329 -342
DM 14 -71 -153 -172 -197 -210 -229 -241
DM 15 -73 -105 -117 -130 -123 -199 -218
DM 16 -81 -113 -125 -119 -81 -81 -94
DM 17 -246 -246 -271 -240 -214 214 -202
DM 18 -234 -215 -215 -190 -127 24 94
DM 19 -232 -163 -137 -87 20 310 430
DM 20 -232 -194 -175 -112 222 612 738
DM 21 -232 -150 -112 39 417 763 808
DM 22 -232 -112 -43 316 776 1091 1217
DM 23 -232 -182 26 486 902 1305 1488
DM 24 -232 -81 285 738 1148 1620 1746
DM 25 -232 -87 348 820 1261 1753 2068
DM 26 -232 -68 385 858 1381 1822 2137
DM 27 -232 -93 222 675 1167 1576 1860
DM 28 -232 -119 83 562 984 1406 1708
DM 29 -232 -131 -68 379 782 1148 1412
DM 30 -232 -144 -106 234 612 1041 1293
DM 31 -234 -177 -139 -39 251 585 787
DM 32 -246 -183 -151 -101 25 233 321
DM 33 -74 -49 -42 -11 14 84 191




Table D4 — Continued.

D-11

SB 4 Strain (ue

Load (kN) 0 200 300 400 500 600 650
DM 34 -110 -123 -116 -135 -142 -198 -22
DM 35 -120 -139 -158 -177 -183 -215 -76
DM 36 -121 -146 -159 -171 -102 -184 -20
DM 37 -120 -152 -158 -164 -139 -51 327
DM 38 -120 -177 -177 -189 -586 359 768
DM 39 -120 -32 69 491 731 1090 1707
DM 40 -120 -152 -95 -82 233 542 699
DM 41 -120 -139 0 447 932 1342 2060
DM 42 -120 -152 -57 44 164 447 516
DM 43 -120 -133 -139 -13 453 983 5172
DM 4 -121 -171 -190 -159 -234 -285 30
DM 45 -120 -145 -170 -189 -227 -385 -448
DM 46 -120 -158 -133 -177 -215 -252 -284
DM 47 -120 -233 -252 -170 -126 -290 -347
DM 48 -74 -150 -137 -213 -150 -175 -213
DM 49 -92 -35 4 -4 9 -4 -29
DM 50 -158 -145 -101 -95 -82 -139 -177
DM S1 -180 -142 -130 -130 15 91 9
DM 52 -184 -134 -121 -134 -96 219 496
DM 53 -184 -134 -89 -8 415 534 1618
DM 54 -184 -134 -108 257 748 1152 1486
DM 55 -184 -108 81 484 786 1240 1794
DM 56 -184 -121 151 529 1046 1480 1713
DM 57 -184 -89 125 377 742 1013 1353
DM 58 -184 -184 -184 19 214 731 1077
DM 59 -184 -134 55 421 862 1038 1315
DM 60 -184 -121 -33 238 333 459 534
DM 61 -184 -140 -127 270 912 1013 1435
DM 62 -184 -134 -127 43 270 1278 5461
DM 63 -180 -161 -142 -41 148 116 179
DM 64 -158 -126 37 -13 -26 12 157
DM 65 -92 -92 -92 -48 -10 -29 -54
DM 66 6 -13 -13 -63 -32 -32 -63




Table D4 — Continued.

D-12

SB4 Strain (ue)

Load (kN) 0 200 300 400 500 600 650
DM 67 -37 -12 13 51 102 133 473
DM 68 -40 -59 -97 -141 -185 -185 =216
DM 69 -35 66 116 167 280 456 1124
DM 70 -30 -106 -156 -181 -194 -232 -288
DM 71 -25 76 126 189 693 1657 3434
DM 72 -23 -73 -111 -136 9 462 733
DM 73 -21 67 124 143 641 2165 4421
DM 74 -21 -65 -103 -147 -90 420 571
DM 75 -21 86 130 332 1107 3079 6273
DM 76 -21 -59 -90 -103 -122 578 1012
DM 77 -21 61 74 678 1913 3822 7035
DM 78 -21 -109 -122 -109 124 382 767
DM 79 -21 55 250 993 1699 3003 5082
DM 80 -21 -116 -128 -147 -172 -160 23
DM 81 -21 -2 111 288 729 1138 1422
DM 82 -21 -53 -21 -27 99 67 -27
DM 83 -21 -46 -53 11 80 118 168
DM 84 -21 -59 250 779 1523 2197 2449
DM 85 -21 -65 -65 29 187 332 407
DM 86 -21 250 445 1541 3192 3406 3967
DM 87 -21 -71 -84 55 263 540 918
DM 88 -21 42 231 1560 3828 7325 8522
DM 89 -21 -78 -90 250 1289 3072 13543
DM 90 -21 61 105 1371 3809 7690 9372
DM 91 -21 -71 -65 55 452 2027 10248
DM 92 -21 92 130 767 1869 442] 5693
DM 93 -23 -55 -99 -55 97 210 160
DM 94 -25 70 126 334 807 1374 2728
DM 95 -30 -62 -87 -118 -131 -68 -55
DM 96 -35 -22 66 230 293 513 2044
DM 97 -40 -103 -153 -153 -147 -198 -229
DM 98 -37 -18 1 20 121 58 1689
DM 99 6 -32 6 50 31 50 25




Table D5 — SB5: Raw data on Demec strains (including prestrain).

D-13

SBS Strain (ue)

Load (kN) 0 200 300 450 600 800 860
DM1 -81 -169 -138 -176 -188 -150 -144
DM 2 -73 -243 -205 -281 -306 -294 -212
DM 3 -71 -166 -191 -260 -279 -317 -241
DM 4 -71 -166 -203 -292 -323 -355 -292
DM S -71 -254 -317 -380 -455 -518 -443
DM 6 -71 -178 -266 -348 -430 -556 -537
DM 7 -72 -261 -400 -526 -608 -778 -765
DM S8 -71 -197 -310 -455 -493 -600 -481
DM Y9 -71 -222 -336 -449 474 -544 -367

DM 10 -72 -148 -242 -305 -400 -557 -494
DM 11 -71 -153 -310 -348 -424 -506 -525
DM 12 -71 -147 -247 -273 -336 -392 -361
DM 13 -71 -121 -184 -197 -247 -285 -247
DM 14 -71 -178 -178 -229 -229 -229 -178
DM 15 -73 -111 -123 -98 -130 -123 -35
DM 16 -81 -100 -113 -81 -81 -68 -49
DM 17 -246 -284 -233 -214 -183 -63 -7
DM 18 -234 -171 -121 -95 -39 182 472
DM 19 -232 -156 -106 -56 127 713 1324
DM 20 -232 -137 -62 -18 455 1154 1942
DM 21 -232 -119 -87 304 820 1614 2370
DM 22 -232 -68 20 493 1041 1847 2194
DM 23 -232 -137 -11 461 1028 1816 2194
DM 24 -232 -81 89 644 1337 2181 2313
DM 25 -232 -100 127 694 1324 2175 2345
DM 26 -232 -125 39 511 1148 1967 2086
DM 27 -232 -106 -18 392 997 1847 1942
DM 28 -232 -106 20 146 587 1280 1469
DM 29 -232 -137 -74 26 436 1186 1299
DM 30 -232 -150 -87 -74 184 700 858
DM 31 -234 -171 -127 -95 -45 283 396
DM 32 -246 -208 -158 -126 -95 38 69
DM 33 -74 -74 -36 -36 -42 -49 -87




Table D5 — Continued.

D-14

SB5 Strain (ue)

Load (kN) 0 200 300 450 600 800 860
DM 34 -110 -123 -142 -123 -179 -179 -293
DM 35 -120 -183 -170 -202 -227 -284 422
DM 36 -121 -165 -159 -197 -197 -197 -197
DM 37 -120 -133 -139 -183 -227 -196 -485
DM 38 -120 -183 -189 -202 -177 -57 -372
DM 39 -120 -196 =227 -120 6 441 1096
DM 40 -120 -183 -202 -95 94 409 967
DM 41 -120 -170 -183 6 308 686 838
DM 42 -120 -196 -183 -107 0 258 308
DM 43 -120 -164 -177 -126 94 271 353
DM 44 -121 -153 -159 -146 -33 169 156
DM 45 -120 -145 -139 -158 -76 19 50
DM 46 -120 -139 -120 -145 -183 -88 69
DM 47 -120 -120 -107 -95 -76 -13 -32
DM 48 -74 -61 -42 -49 -42 -68 -55
DM 49 -92 -92 -92 -92 -92 -92 92
DM 50 -158 95 63 189 176 214 277
DM 51 -180 -85 9 15 15 91 299
DM 52 -184 -134 -83 -71 30 408 1196
DM 53 -184 -121 -96 -89 100 415 982
DM 54 -184 -108 -52 251 811 1675 6343
DM 55 -184 -115 -64 163 616 1196 1372
DM 56 -184 -96 25 504 894 1543 1669
DM §7 -184 -115 5 402 1051 1725 1882
DM 58 -184 -115 -14 397 825 1386 1417
DM 59 -184 -134 =77 163 509 1171 1234
DM 60 -184 -140 -96 188 553 1007 1070
DM 61 -184 -152 -102 -52 352 717 742
DM 62 -184 -146 -115 -83 24 377 465
DM 63 -180 -155 -130 -104 53 437 507
DM 64 -158 -145 -95 -95 -63 220 315
DM 65 -92 -54 -29 -16 34 21 40
DM 66 6 -183 -208 -322 -391 -656 -435




Table D5 — Continued.

D-15

SBS Strain (ue)

Load (kN) 0 200 300 450 600 800 860
DM 67 -37 13 58 76 95 139 139
DM 68 -40 -248 -248 -355 -481 -607 -563
DM 69 -35 66 167 223 255 444 501
DM 70 -30 -112 -194 -276 -377 -660 -1088
DM 71 -25 133 290 347 403 895 1159
DM 72 -23 -237 -451 -527 -596 -836 -458
DM 73 -21 86 124 181 496 1913 1787
DM 74 -21 -134 -179 -248 -286 105 231
DM 75 21 42 105 137 533 2266 2052
DM 76 -21 -103 -185 -242 -273 36 -8
DM 77 -21 42 86 407 1573 5403 15263
DM 78 -21 -134 -172 -229 -34 80 5441
DM 79 -21 17 29 319 1617 3476 7123
DM 80 =21 -153 216 -279 -311 -216 571
DM 81 -21 -21 23 395 987 2159 3917
DM 82 -21 -160 -204 -254 -267 -317 -286
DM 83 -21 -116 -134 -191 -15 48 124
DM 84 -21 -8 -8 130 313 697 779
DM 85 -21 -128 -179 -242 -305 -399 -368
DM 86 -21 11 74 168 533 1478 1806
DM 87 -21 -134 -197 -216 -242 -273 -210
DM 88 -21 42 99 344 1100 2449 2852
DM 89 -21 -103 -147 -197 -286 -216 97
DM 90 -21 42 92 155 830 2398 2638
DM 91 -21 -97 -141 -191 -210 80 174
DM 92 -21 4 105 200 735 2486 2783
DM 93 -23 -111 -143 -193 -168 153 261
DM 94 -25 25 88 151 473 1771 2130
DM 95 -30 -112 -150 -213 -238 -282 -162
DM 96 -35 60 97 154 261 822 998
DM 97 -40 -128 -179 -279 -292 -355 -305
DM 98 -37 7 26 45 83 83 114
DM 99 6 -51 -57 -82 -82 -76 -38




Table D6 — SB6: Raw data on Demec strains (including prestrain).
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SB 6 Strain (u€)
Load (kN) 0 200 300 450 600
DM 1 -81 -106 -169 -138 -106
DM 2 -73 -130 224 -161 -149
DM 3 71 -115 -172 -159 -184
DM 4 71 -159 298 235 273
DM 5 71 222 292 -348 -386
DM 6 71 273 -367 -462 -525
DM 7 72 293 -406 519 -608
DM 8 71 247 -304 418 544
DM 9 71 241 -336 -405 -512
DM 10 72 -280 -387 488 -589
DM 11 71 -247 -386 474 -575
DM 12 71 -191 273 -348 418
DM 13 -71 -159 -210 235 254
DM 14 71 172 -235 210 216
DM 15 -73 -117 -136 -105 -105
DM 16 -81 -94 -94 -75 -62
DM 17 246 -183 -196 -133 25
DM 18 234 -196 202 -121 150
DM 19 232 -182 -182 228 889
DM 20 232 133 165 820 1438
DM 21 232 -100 133 845 1450
DM 22 232 -68 480 1141 1834
DM 23 232 77 713 1450 2143
DM 24 232 272 789 1551 2307
DM 25 232 133 556 1816 2383
DM 26 232 -37 795 1614 2389
DM 27 232 -87 442 1154 1853
DM 28 232 93 203 959 1683
DM 29 232 -93 52 663 1343
DM 30 232 -156 -144 757 1261
DM 31 -234 228 215 95 163
DM 32 -246 -183 -164 -120 25
DM 33 -74 -87 99 24 -200




Table D6 — Continued.
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SB 6 Strain (ue)

Load (kN) 0 200 300 450 600
DM 34 -110 -148 -179 -192 -261
DM 35 -120 -70 -95 -133 -259
DM 36 -121 -178 -197 -121 -121
DM 37 -120 -158 -158 -126 19
DM 38 -120 -196 -189 107 724
DM 39 -120 -152 -95 107 31
DM 40 -120 -101 208 661 1323
DM 41 -120 -126 101 605 920
DM 42 -120 -189 -44 12 579
DM 43 -120 -177 -164 -38 -196
DM 44 -121 -140 -247 -140 =272
DM 45 -120 -126 -183 126 353
DM 46 -120 -158 -183 -76 283
DM 47 -120 -158 -164 -240 -347
DM 48 -74 -74 -74 -87 -124
DM 49 -92 -29 -10 53 15
DM 50 -158 -76 -70 -51 -57
DM §1 -180 -180 -161 -193 173
DM 52 -184 -184 -178 629 1574
DM 53 -184 -178 -190 -1 698
DM 54 -184 -115 93 364 975
DM 55 -184 -45 289 887 1643
DM 56 -184 31 649 1405 2167
DM 57 -184 -165 37 396 522
DM 58 -184 107 661 1083 1669
DM 59 -184 -121 377 1183 1876
DM 60 -184 -102 181 622 1158
DM 61 -184 -152 -152 207 585
DM 62 -184 -146 -121 131 194
DM 63 -180 -193 -180 9 204
DM 64 -158 -126 -120 -70 478
DM 65 -92 -29 -10 15 3
DM 66 6 12 31 69 88




Table D6 — Continued.
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SB 6 Strain (ug)

Load (kN) 0 200 300 450 600
DM 67 -37 297 322 366 417
DM 68 -40 -216 -292 -387 -418
DM 69 -35 60 53 179 286
DM 70 -30 -131 -143 -156 -181
DM 71 -25 101 151 303 1348
DM 72 -23 -67 -111 -124 191
DM 73 -21 111 155 1604 4742
DM 74 -21 -97 -116 105 1302
DM 75 -21 124 149 1397 4087
DM 76 -21 -84 -116 29 659
DM 77 -21 105 370 1516 3236
DM 78 -21 -78 -90 23 130
DM 79 =21 80 483 1478 2783
DM 80 -21 -90 -134 -153 -71
DM 81 -21 250 659 4282 5668
DM 82 -21 -122 -53 -90 -153
DM 83 221 -40 -53 -103 -147
DM 84 =21 105 407 1025 1478
DM 85 -21 -90 -172 -286 -305
DM 86 -21 42 470 1378 2946
DM 87 -21 -40 -71 -153 -185
DM 88 -21 17 263 1019 2184
DM 89 =21 -8 -34 -84 -160
DM 90 -21 92 181 716 1466
DM 91 -21 -40 -71 -210 -298
DM 92 -21 29 92 1113 2348
DM 93 -23 -92 -118 -61 229
DM 94 -25 25 88 889 2766
DM 95 -30 -68 -99 -99 178
DM 96 -35 41 97 299 1483
DM 97 -40 -72 -103 -109 -172
DM 98 -37 32 64 121 127
DM 99 6 31 31 44 75




Table D7 — SB7: Raw data on Demec strains (including prestrain).
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SB 7 Strain (u€)
Load (kN) 0 200 400 500 600 700 790
DM1 -81 -87 -100 -94 -94 -81 -94
DM 2 -73 -111 -136 -136 -149 -155 -161
DM3 -71 -128 -172 -184 -216 -210 -222
DM 4 -7 -134 -191 -216 -235 -247 -273
DMS -71 -134 -216 -254 -310 -329 -355
DM 6 -71 -159 -304 -342 -399 -462 -506
DM 7 -72 -217 -381 -456 -532 -576 -633
DM 8 -71 -184 -400 -500 -550 -600 -602
DMY9 -71 -153 -350 -460 -512 -570 -580
DM 10 -72 -167 -324 -400 -463 -519 -557
DM11 -71 -128 -241 -298 -373 -424 -468
DM 12 -71 -121 -184 -229 -254 -285 -317
DM 13 -71 -121 -166 -178 -203 -191 -210
DM 14 -71 -96 -115 -121 -140 -134 -166
DM 15 -73 -98 -117 -123 -111 -86 -35
DM 16 -81 -68 -68 -62 -56 -24 7
DM 17 -246 -227 -214 -177 -164 -88 19
DM 18 -234 -184 -146 -108 -64 144 365
DM 19 -232 -169 -106 -43 146 398 650
DM 20 -232 -144 -49 140 543 852 1198
DM 21 -232 -125 45 455 770 1148 1463
DM 22 -232 -131 864 1230 1658 2042 2389
DM 23 -232 -56 965 1343 1797 2212 2616
DM 24 -232 -49 556 990 1425 1853 2257
DM 25 -232 -49 612 990 1400 1847 2294
DM 26 -232 -62 442 833 1261 1727 2143
DM 27 -232 -93 404 745 1141 1526 2005
DM 28 -232 20 493 808 1173 1570 2036
DM 29 -232 -150 398 467 795 1154 1753
DM 30 -232 -150 -5 367 688 997 1696
DM 31 -234 -202 -139 -13 314 648 869
DM 32 -246 -227 -139 -7 107 296 1279
DM 33 -74 -36 -36 -24 -24 -24 -36




Table D7 — Continued.
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SB7 Strain (ue)

Load (kN) 0 200 400 500 600 700 790
DM 34 -110 -104 -110 -135 -142 -167 -198
DM 35 -120 -145 -164 -158 -177 -126 -32
DM 36 -121 -146 -153 -140 -89 -96 -96
DM 37 -120 -202 -208 -208 -19 220 327
DM 38 -120 -133 -139 -88 -19 31 252
DM 39 -120 -152 -95 151 302 573 819
DM 40 -120 -158 25 138 327 441 523
DM 41 -120 -158 19 233 472 850 1178
DM 42 -120 -95 12 258 586 989 1518
DM 43 -120 -139 -114 -32 151 252 82
DM 44 -121 -159 -127 -108 -115 -108 -436
DM 45 -120 -152 -139 -107 -44 88 3011
DM 46 -120 -139 -145 -133 -164 -164 -920
DM 47 -120 -145 -164 -177 -233 -246 -555
DM 48 -74 -87 -80 -93 -87 -93 -232
DM 49 -92 3 40 59 53 72 91
DM 50 -158 -133 -114 -95 -120 -89 31
DM 51 -180 -130 -161 -123 -35 217 343
DM 52 -184 =77 -45 -33 112 364 667
DM 53 -184 -165 -102 -33 282 471 692
DM 54 -184 -146 -39 295 534 925 1114
DM 55 -184 -89 226 604 919 1177 1410
DM 56 -184 -115 283 586 888 1127 1373
DM 57 -184 -121 459 837 1234 1656 2097
DM 58 -184 -127 252 504 838 1197 1228
DM 59 -184 -102 282 736 1202 1530 1756
DM 60 -184 -96 100 352 711 1221 1914
DM 61 -184 -146 11 213 566 931 673
DM 62 -184 -152 -152 -108 -52 -140 -562
DM 63 -180 -111 3 66 299 444 4803
DM 64 -158 -158 -133 -95 -63 157 -568
DM 65 -92 -60 -29 -23 -23 -10 -180
DM 66 6 -120 -202 -328 -246 -347 -410




Table D7 — Continued.
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SB 7 Strain (u€)

Load (kN) 0 200 400 500 600 700 790
DM 67 -37 7 39 39 51 58 76
DM 68 -40 -179 =317 -374 -424 -468 -531
DM 69 -35 72 135 167 217 324 627
DM 70 -30 -137 -238 -301 -383 -402 -402
DM 71 -25 57 114 240 511 1103 1865
DM 72 -23 -80 -187 -218 -237 -231 -130
DM 73 -21 36 105 206 678 1617 2783
DM 74 -21 -97 -179 -229 -191 86 477
DM 75 -21 17 80 187 1031 2216 3665
DM 76 -21 -122 -191 -229 -248 -153 250
DM 77 -21 36 130 540 1075 2083 3312
DM 78 -21 -128 -210 -223 -210 -46 124
DM 79 -21 23 218 773 1283 2127 2801
DM 80 =21 -122 -254 -267 -260 -235 -298
DM 81 -21 -2 118 275 477 666 792
DM 82 -21 -172 -147 -109 -84 -34 11
DM 83 -21 -122 -153 -109 -65 17 86
DM 84 -21 -59 92 269 578 930 1378
DM 85 =21 -109 -223 -242 -273 -298 -248
DM 86 -21 11 370 981 1957 3028 5328
DM 87 -21 -109 -235 -279 -210 17 830
DM 88 -21 -2 225 767 1838 3331 6424
DM 89 -21 -141 -317 -323 -122 244 1535
DM 90 -21 4 168 634 1611 2745 4698
DM 91 -21 -153 -305 -361 -330 -330 596
DM 92 =21 17 67 294 949 1604 6619
DM 93 -23 -124 -275 -338 -237 27 7367
DM 94 -25 -6 158 479 1166 2123 11013
DM 95 -30 -200 -358 -484 -559 -490 -685
DM 96 -35 -67 -67 47 198 658 469
DM 97 -40 -223 -424 -525 -613 -720 -758
DM 98 -37 -132 -182 -232 -245 -270 -132
DM 99 6 -152 -309 -378 -441 -511 -485




APPENDIX E -LVDT DATA FOR SHEAR BEAM TESTS

In this appendix, the raw experimental data of LVDTs 1 to 7 used in the experimental

program are presented. The layout and numbering of the LVDTs are given in Figure E1.

G

LVDT 3 LVDT 6 LVDT 4
550 250 550
x -— e
D o P A
550
LVDT 2 /:vm 1 —/ E?<— LVDT 7 LVDT 5

Figure E1 — Layout and numbering of LVDTs.
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Figure E9 — SB2: load Versus LVDTs 2 and 5.
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Figure E10 — SB3: load Versus LVDT 7.
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Figure E11 — SB3: load Versus LVDTs 1 and 6.
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Figure E19 — SB5: load Versus LVDTs 1 and 6.
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Figure E21- SB5: load Versus LVDTs 2 and 5.
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Figure E23 — SB6: load Versus LVDTs 1 and 6.
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Figure E25 — SB6: load Versus LVDTs 2 and 5.
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APPENDIX F — MATERIAL DATA FOR SPECIMENS USED IN
VEM VERIFICATION

Table F1 — Comparison of VEM with straight steel FRC (Lim et al., 1987b).

| Lim et al. (1987)

Fibre Properties - Steel

Type Steel Steel Steel Steel
Configuration S S S S
I, mm 30 30 30 50
dy, mm 0.565 0.565 0.565 0.565
E; GPa 210 210 210 210
oz, MPa 345 345 345 345
£, LUE 1640 1640 1640 1640
Matrix Properties

Type NSC NSC NSC NSC
E,, GPa 21.9 21.9 21.9 21.9
fer, MPa 2.19 2.19 2.19 2.19
Ecty NE 100 100 100 100
w/b ratio 0.5 0.5 0.5 0.5
s/c ratio 0 0 0 0
fem, MPa - - - -
Composite and Testing Properties

Specimen Section, mm 70x100 70x100 70x100 70x100
Extension Rate, mm/min 0.25 0.25 0.25 0.25
Gauge length, mm 200 200 200 200
fem, MPa - - - -
2 % 0.5 1.0 1.5 1.0
EXp. ferc. MPa 2.46 2.55 2.33 2.42
Exp. Gr, N/mm - - - -
7, MPa 2.75 3.05 2.71 1.73
Ky 1 1 1 1
/., mm 35 32 36 56
Failure mode P P P P
a 0.15 0.15 0.15 0.15
de/ a 3.77 3.77 3.77 3.77
Theo. fo;, MPa 2.19 2.19 2.19 2.19
Theo. Gr, N/mm - - - -
fore VEM / fo, . Exp. 0.90 0.86 0.94 0.97
Gr VEM / Gr Exp. - - - -

S straight fibre EH end-hooked fibre

NSC  normal strength concrete # determined from Table 2

P pull through of fibres only PF pull though and fracture of fibres

* mean of split cylinder tests T taken as 0.8 of the cube strength



Table F2 — Comparison of VEM with end-hooked steel FRC (Lim et al., 1987b).
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Lim et al. (1987b)

Fibre Properties - Steel

Type Steel Steel Steel Steel
Configuration EH EH EH EH
Iy, mm 30 30 30 50
dy, mm 0.5 0.5 0.5 0.5
E; GPa 200 200 200 200
| 05, MPa 1130 1130 1130 1130
Efiy UE 5650 5650 5650 5650
Matrix Properties
Type NSC NSC NSC NSC
E,, GPa 25.3 25.3 25.3 25.3
fer, MPa 2.66 2.66 2.66 2.66
Ect, PE 105 105 105 105
w/b ratio 0.5 0.5 0.5 0.5
s/c ratio 0 0 0 0
fem, MPa - - - -
Composite and Testing Properties
Specimen Section, mm 70x100 70x100 70x100 70x100
Extension Rate, mm/min 0.25 0.25 0.25 0.25
Gauge length, mm 200 200 200 200
femy, MPa - - - -
pr, Yo 0.5 1.0 1.5 1.0
Exp. f.... MPa 2.78 3.04 3.03 2.84
Exp. Gr, N/'mm - - - -
7, MPa 6.87 6.72 7.10 5.85
K, 1 1 1 1
., mm 41 42 40 48
Failure mode P P P PF
a 0.15 0.15 0.15 0.15
dr/ a 3.33 3.33 3.33 333
Theo. f.,., MPa 2.66 2.66 2.66 2.66
Theo. Gr, N/mm - - - -
ferc VEM / £, . Exp. 0.96 0.95 0.88 0.94
Gr VEM / Gr Exp. - - - -
S straight fibre EH end-hooked fibre
NSC  normal strength concrete NSM  normal strength mortar
HSC  high strength concrete # determined from Table 2
P pull through of fibres only PF pull though and fracture of fibres
1 assumed value 1 net dimension after notched
* mean of split cylinder tests 1 taken as 0.8 of the cube strength
b determined from ¢ 33 NI
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Table F3 — Comparison of VEM with steel FRC (Petersson, 1980, Barragan et al., 2003
and Li et al., 1998).

Petersson Barragan Li et al.
(1980) et al. (2003) (1998)
Fibre Properties - Steel
Type Steel Steel Steel Steel-Dramix Steel
Configuration S S S EH EH
l, mm 30 30 30 60 30
dy, mm 0.3 0.3 0.3 0.75 0.5
E; GPa - - - - 200
| o5 MPa 1000" | 1000" | 1000" 1000 1000
Efus PE - N Z - N
Matrix Properties
Type NSM NSM NSM NSC NSC
E,, GPa - - - - -
£, MPa 3 3 3 212} 4.2
Eot, PE - - - - -
w/b ratio 0.6 0.6 0.6 0.57 0.4
s/c ratio 0 0 0 0 0.1
fem, MPa - - - 41.1 52
Composite and Testing Properties
Specimen Section, mm 20x30'" | 20x30"" | 20x30"" | dia. 120" 100x20
Extension Rate, mm/min 0.02-2.0 | 0.02-2.0 | 0.02-2.0 0.005-0.5 0.004
Gauge length, mm - - - 25 120
| foms MPa - - - - -
pr % 0.25 0.5 1.0 0.45 6
Exp. fer.. MPa 3.0 3.0 3.0 2.6 -
Exp. Gr, N/'mm (partial) 1.69 4.10 7.10 1.84 9.04
w @ Exp Gr, mm 7 7 7 2 1
%, MPa 3.0° 3.0° 3.0° 53% 10.5*
Ky 1 1 1 1 1
I, mm 41 42 40 71 23.8
Failure mode P P P P PF
a 0.08 0.08 0.08 0.2 0.133
dr/ a 3.75 3.75 3.75 3.75 3.75
Theo. fo., MPa 3.0 3.0 3.0 2.12 -
Theo. Gr N/mm (partial) 1.55 3.05 6.06 1.64 8.90
Jere VEM / fo,  Exp. 1.0 1.0 1.0 0.82 -
Gr VEM / Gr Exp. 0.92 0.74 0.85 0.89 0.99
S straight fibre EH end-hooked fibre
NSC  nommal strength concrete # determined from Table 2
P pull through of fibres only PF pull though and fracture of fibres
t assumed value 1 net dimension after notched
* mean of split cylinder tests be determined from ¢33 (7,




Table F4 — Comparison of VEM with steel FRC (Groth, 2000).

| Groth (2000)
Fibre Properties - Steel
Type Steel Steel Steel Steel
Configuration S S S S
I, mm 20 20 20 20
dy, mm 0.13 0.13 0.13 0.13
E; GPa 200 200 200 200
Os MPa 1000 1000 1000 1000
&, UE - - - -
Matrix Properties
Type NSM-OPC | NSM-S50 | NSM-Q50 | NSM-EMC500
E,, GPa - - - -
fu, MPa 2.224 2.32} 1.80° 2.40*
&, UE - - - -
w/b ratio 0.5 0.5 0.5 0.5
s/c ratio 0 0 0 0.05
| fom, MPa 45.3 49.4' 28.8 52!
Composite and Testing Properties
Specimen Section, mm dia. 90 dia. 90 dia. 90 dia. 90
Extension Rate, mm/min - - - -
Gauge length, mm - - - -
fom, MPa 44.1 - - -
o5, Yo 0.7 0.7 0.7 0.7
Exp. f..., MPa 3.3 4.2 3.7 3.3
Exp. Gr, N/mm (partial) 1.82 1.61 1.39 1.78
w @ Exp G, mm ’ 1.5 1.5 1.5 1.5
7, MPa 2207 232" 1.8" 24"
Ky 1 1 1 1
I, mm 29 28 36 27
Failure mode P P P P
a 0.04 0.04 0.04 0.04
dr/ a 1 1 1 1
Theo. fo,, MPa 2.96 3.58 3.49 2.80
Theo. Gr, N/mm (partial) 1.51 1.57 1.24 1.64
fere VEM / £, . Exp. 0.90 0.85 0.94 0.85
Gr VEM / Gr Exp. 0.83 0.96 0.89 0.92
S straight fibre EH end-hooked fibre
NSC  normal strength concrete NSM  normal strength mortar
HSC  high strength concrete # determined from Table 2
P pull through of fibres only PF pull though and fracture of fibres
T assumed value it net dimension after notched
* mean of split cylinder tests 1 taken as 0.8 of the cube strength
i determined from ¢ 33 Tem
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Table F5 — Comparison of VEM with high-strength and high-modulus polyethylene
FRC (Wang et al., 1990a, b).

1 Wang et al. (1990a,b)
Fibre Properties - Steel
Type Spectra 900 Spectra 900 Spectra 900
Configuration S S S
I, mm 12.7 12.7 6.35
dy, mm 0.038 0.038 0.038
E; GPa 120 120 120
| o5, MPa 2600 2600 2600
&, UE 3500 3500 3500
Matrix Properties
Type NSM NSM HSC
E,, GPa - - -
fo, MPa 1.8 1.8 4.2
Ect; ME - - -
w/b ratio 0.5 0.5 0.22
s/c ratio 0 0 0.133
| fem, MPa - - -
Composite and Testing Properties
Specimen Section, mm 50.8x50.8"" | 50.8x50.8" | 50.8x50.8"
Extension Rate, mm/min 0.3-1.5 0.3-1.5 0.3-1.5
Gauge length, mm 12.7 12.7 12.7
| fom, MPa - - -
P % 1 2 0.6
EXp. fe,. MPa , 2.39 2.70 421
Exp. Gr, N/mm (full curve) 5.98 5.62 0.85
7, MPa 1.02 1.02 1.5
K4 - 0.8 -
I, mm 48 48 33
Failure mode P P P
a 0.10 0.10 0.10
di/ a 0.76 0.76 0.76
Theo. f.,., MPa 1.85 2.53 4.2
Theo. Gr, N/'mm (full curve) 3.22 6.48 0.79
forc VEM /£, . Exp. 0.77 0.94 1.0
Gr VEM / Gr Exp 0.54 1.15 0.93
S straight fibre EH end-hooked fibre
NSC  normal strength concrete NSM  normal strength mortar
HSC  high strength concrete # determined from Table 2
P pull through of fibres only PF pull though and fracture of fibres
1 assumed value iai net dimension after notched

* mean of split cylinder tests 1 taken as 0.8 of the cube strength
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Table F5 — Comparison of VEM with high-strength and high-modulus polyethylene
FRC (Wang et al., 1990a, b).

| Wang et al. (1990a,b)
Fibre Properties - Steel
Type Spectra 900 Spectra 900 Spectra 900
Configuration S S S
I, mm 12.7 12.7 6.35
dy, mm 0.038 0.038 0.038
E; GPa 120 120 120
| o5, MPa 2600 2600 2600
&y LE 3500 3500 3500
Matrix Properties
Type NSM NSM HSC
E,, GPa - - -
fo, MPa 1.8 1.8 42
Ect, HE - - -
w/b ratio 0.5 0.5 0.22
s/c ratio 0 0 0.133
fem, MPa - - -
Composite and Testing Properties
Specimen Section, mm 50.8x50.8"1 [ 50.8x50.8" 50.8x50.8"1
Extension Rate, mm/min 0.3-1.5 0.3-1.5 0.3-1.5
Gauge length, mm 12.7 12.7 12.7
| foms MPa - - -
or % 1 2 0.6
Exp. fer» MPa , 2.39 2.70 4.21
Exp. Gr, N/mm (full curve) 5.98 5.62 0.85
7, MPa 1.02 1.02 1.5
K - 0.8 -
l., mm 48 48 33
Failure mode P P P
a 0.10 0.10 0.10
dr/ a 0.76 0.76 0.76
Theo. f..., MPa 1.85 2.53 4.2
Theo. Gr, N/'mm (full curve) 3.22 6.48 0.79
fere VEM / £, - EXp. 0.77 0.94 1.0
Gr VEM / Gr Exp 0.54 1.15 0.93
S straight fibre EH end-hooked fibre
NSC  normal strength concrete NSM  normal strength mortar
HSC  high strength concrete # determined from Table 2
P pull through of fibres only PF pull though and fracture of fibres
t assumed value +F net dimension after notched
* mean of split cylinder tests 1 taken as 0.8 of the cube strength
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Table F6 - Comparison of VEM with aramid FRC (Wang et al., 1990a, b).

| Wang et al. (1990a,b)

Fibre Properties - Steel

Type Kevlar 49 Technora Technora Technora
Configuration S S S S
Iy, mm 6.35 6.35 6.35 6.35
dy, mm 0.012 0.012 0.012 0.012
E; GPa 69.8 59.9 59.9 59.9
or, MPa 3310 3940 3940 3940
&y, UE 2500 4400 4400 4400
Matrix Properties

Type NSM NSM NSM NSM
E,, GPa - - - -
£, MPa 1.8° 1.8° 1.8~ 1.8°
Eat PE - - - -
w/b ratio 0.5 0.5 0.5 0.5
s/c ratio 0 0 0 0
fem, MPa - - - -
Composite and Testing Properties

Specimen Section, mm 50.8x50.8' | 50.8x50.8"" | 50.8x50.8"" | 50.8x50.8"
Extension Rate, mm/min 0.3-1.5 0.3-1.5 0.3-1.5 0.3-1.5
Gauge length, mm 12.7 12.7 12.7 12.7
femy MPa - - - -
os % 2 1 2 3
Exp. fo.c, MPa 3.96 3.31 3.11 3.65
Exp. Gr, N/mm (full curve) 1.31 1.42 1.28 1.87
7, MPa 45 4.5 4.5 4.5
Ky 1 1 0.5 0.33
I, mm 4.4 5.3 5.3 5.3
Failure mode PF PF PF PF
a 0.02 0.02 0.02 0.02
B 20 20 20 20
de/ a 0.6 0.6 0.6 0.6
Theo. fer, MPa 3.33 3.36 3.36 3.36
Theo. G, N/mm (full curve) 1.27 1.49 1.49 1.49
fere VEM / £, - EXp. 0.84 1.02 1.08 0.92
Gr VEM / Gr Exp. 0.97 1.05 1.16 0.80
S straight fibre EH end-hooked fibre

NSC  normal strength concrete NSM  normal strength mortar

HSC  high strength concrete # determined from Table 2

P pull through of fibres only PF pull though and fracture of fibres

T assumed value 1 net dimension after notched

* mean of split cylinder tests t taken as 0.8 of the cube strength

b determined from ¢ 33 STem
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Table F7 — Comparison of VEM with FR-RPC (Behloul, 1996 and Denarié et al., 2003).

Noghabai, 2000 Behloul, Denarié et al.,
1996 2003

Fibre Properties — Steel

Type Steel Steel Steel Steel
Configuration SS SS SS SS
I, mm 6 6 12 13
dy, mm 0.15 0.15 0.2 0.15
E; GPa ’ 200 200 200 200
o5 MPa 2600 2600 2000 -
&, 1IE - Z Z Z
Matrix Properties

Type HSC HSC RPC RPC
E,, GPa 36 27.2 - -

fer, MPa 4.15 3.77 10

&, UE - - - -
w/b ratio 0.33 0.29 0.18 0.14
s/c ratio 1.5 1.5 1.1 -

Sfem, MPa 114 99 - -
Composite and Testing Properties

Specimen Section, mm dia. 55" | dia. 55" | 50 x 50'" 160 x 501"
Extension Rate, mm/min - - - -
Gauge length, mm 30 30 - 100

' fom, MPa 129 109 200 171
pr % 1 1 2.6 2
Exp. fer.. MPa 4,57 4,32 11 7.4
Exp. Gr, N/mm (full curve) 1.53 0.83 17.4 16.0
%, MPa 5.0 4.5 10 101
Ky - - - -
l., mm 39 43 20 -
Failure mode P P P P
a 0.043 0.043 0.057 0.043
de/ a 35 35 3.5 35
Theo. f..., MPa 4.15 3.77 10 7.25
Theo. Gr, N/mm (full curve) 1.17 1.06 15.1 18.0
fooc VEM / £, Exp. 0.91 0.87 0.91 0.98
Gr VEM / Gr Exp 0.77 1.27 0.87 1.13
S straight fibre EH end-hooked fibre

NSC  normal strength concrete NSM  normal strength mortar

HSC  high strength concrete # determined from Table 2

P pull through of fibres only PF pull though and fracture of fibres

i assumed value 1 net dimension after notched

* mean of split cylinder tests 1 taken as 0.8 of the cube strength




Table F8 - Comparison of VEM with Kevlar 49 FRC (Maale;j et al., 1995)

Maalej et al.
(1995)
Fibre Properties - Steel
Type Kevlar 49
Configuration S
I, mm 12.7
ds, mm 0.012
E; GPa 69.8
o5, MPa 3310
&, UE 2500
Matrix Properties
Type NSM
E,, GPa 13
fu, MPa 4.0"
Ecty ME -
w/b ratio 0.25
s/c ratio 0.1
| fem, MP2 -
Composite and Testing Properties
Specimen Section, mm 50x13'
Extension Rate, mm/min -
Gauge length, mm 10
fems MPa -
s % 2.0
Exp. fer., MPa 4.2
Exp. Gr, N/mm (full curve) 1.70
75, MPa 4.5
Ky -
l., mm 44
Failure mode PF
a 0.02
B 20
dr/ a 0.60
Theo. f,, MPa 427
Theo. Gr, N/'mm (full curve) 1.26
Jere VEM / £, . Exp. 1.02
Gr VEM / Gr Exp. 0.74
S straight fibre EH end-hooked fibre
NSC  normal strength concrete NSM  normal strength mortar
HSC  high strength concrete # determined from Table 2
P pull through of fibres only PF pull though and fracture of fibres
¥ assumed value 7+ net dimension after notched
* mean of split cylinder tests T taken as 0.8 of the cube strength
¥ determined from ¢ 33 STem



APPENDIX G - AXJIAL STRENGTH OF DUCTILE FIBRES IN
COMBINED BENDING AND TENSION

In one limit of behaviour we may take ductile fibres as being formed from a rigid-
plastic material. For such a material the strain and stress distribution through the depth

of the fibre, dj, for a fibre in combined tension and bending are as shown in Figure G1.

Complicit with the assumption of rigid-plastic behaviour, for bending to occur in the
fibre a tensile strain must exist (else the fibre is under a constant compressive stress
with the centroid of the stress block aligned with the centroidal axis of the fibre). The

case of fibre fracture with the condition of zero strain in the extreme tension fibre gives

Axial Bending Resultant
strain strain strain
(a)
Obu Ofu
T
=] - Nau

1 ﬁ—PC - M

Bending Resultant

stress stress

(b)

Figure G1 — Stress and strain diagram of ductile fibre in combined bending and tension.
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Eau t €bu = € fu (G1)
Eau — €y = 0 (G2)

Substituting of Eq. G2 into Eq. G1 and converting to stress we find that

Oau=0f for e, <eg/[2 (G3)
For the case of €3, > &, / 2, the average axial stress on the gross cross section is

Oau =", (G4)

where N, is the limiting axial force that can be applied to the fibre at the point of

fracture and A4 £ is the cross sectional area of the fibre (47 =7 d % / 4).

Integrating the stress blocks over the depth of the fibre (refer Figure G1b) the tension

and compression forces are found, that is

df/2
T= Iaﬁt dA
_do

[d /)2
=20-,ﬁ4. (

2
d
Tf) —y2 dy
_do

_ y > d2 df/2 (GS)
=20p % [Tf] —y2 +?fsin_1[2—yj




_.do
C= Iaf“ dA
—df/2
[ _a 2
0 d
f 2
=2 L -y?a
Ofu® I ( ) J Yo
~dg )2
_ - -d, (G6)
d d
=20'qu Ly— f —y2 + fsm—l %
2\ 2 ds
L ~dy /2
d? ds\ d?
=g s R °r ..dg 2f sin™! 2d,
2 4 ds

where d,, is the distance of the neutral axis from the plastic centroidal axis of the fibre

and is given by

d, =d7f[gi—lj (@)

€bu

By equilibrium of forces on the section, the axial force is

2 2
d d
Nya=T-C = op |24, (Tf) —dg +7fsin_l[%] (G8)

and the average axial stress

2 2

d d
o g ® 2d, i —dg +-L sin~ 2dy
2 2 dy

Gua -

2
rrdf /4
(G9)

=7ﬂ.P21-GY+nm4Qﬂ

V4

where §=2d0/df.
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APPENDIX H - DETAILS OF PLASTIC MODEL CALCULATIONS

Table H1 — Shear strength calculations using plastic model on I-section.

SB1 SB2 SB3 SB4 SBS SB6 SB7
Sectional Properties
Ag (mm®) 1716 | 1716 | 1716 | 1716 1716 1716 1716
Ay (mm?) 858 858 858 858 858 858 858
Pw (%) 572 | 572 572 | 5.72 5.72 5.72 5.72
o p (MPa) 1750 | 1750 | 1750 | 1750 1750 1750 1750
d (mm) 600 600 600 600 600 600 600
h (mm) 650 650 650 650 650 650 650
by, (mm) 50 50 50 50 50 50 50
a (mm) 2000 | 2000 | 2000 | 2000 2000 2000 2000
ald 3.3 3.3 3.3 3.3 3.3 3.3 3.3
alh 3.1 3.1 3.1 3.1 3.1 3.1 3.1
Sem 161 160 149 164 171 157 169
pr (%) 2.5 2.5 2.5 1.3 2.5 2.5 2.5
af 65 65 65 65 65/ 60 60 65/ 60
d s (mm) 0.20 0.20 0.20 020 | 020/05 | 05 | 020/05
I (mm) 13 13 13 13 13/30 30 13/30
o s (MPa)-Typel | 1800 | 1800 | 1800 | 1800 1800 - 1800
o ¢ (MPa)- Type II - - - - 1200 1200 1200
B (kN) 0.00 450 225 225 225 225 225
Py (kN) 0.00 900 450 450 450 450 450
d; (mm) 50 50 50 50 50 50 50
d, (mm) 600 600 600 600 600 600 600
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Table H1 — Continued.

Calculation — Plastic theo

R 080 | 080 | 080 | 0.80 0.80 0.80 0.80
£.7 (MPa) 129 128 119 131 137 126 135
v 080 | 080 | 080 | 0.80 0.80 0.80 0.80

Sy (MPa) 650 | 650 | 650 | 3.40 5.39 3.91 5.81
£ (MPa) 520 | 520 | 520 | 272 431 3.13 4.65
t (mm) 114 114 114 114 114 114 114
t/h 018 | 018 | 018 | 0.18 0.18 0.18 0.18

by (mm) 400 400 400 400 400 400 400
bfr (mm)-guess | 400 400 400 400 400 400 400
a' (mm) 1894 | 1184 | 1418 | 1670 1594 1675 1552
A, (mm’) 94375 | 94375 | 94375 | 94375 | 94375 | 94375 | 94375
Ay (mm?) 45600 | 45600 | 45600 | 45600 | 45600 | 45600 | 45600
Acf of (mm®) 45600 | 45600 | 45600 | 45600 | 45600 | 45600 | 45600
Ay, (mm®) 26800 | 26800 | 26800 | 26800 | 26800 | 26800 | 26800
Ber 1.7 1.7 1.7 1.7 1.7 1.7 1.7

e (mm) 277 277 277 277 277 277 277
elh 043 | 043 | 043 | 043 0.43 0.43 0.43
Uy 016 | 0.16 | 016 | 0.16 0.15 0.16 0.15

¢ 020 | 020 | 020 | 020 0.19 0.20 0.19

B 1.65 1.65 1.65 1.65 1.65 1.65 1.65

A 007 | 007 | 007 | 007 0.07 0.07 0.07

x/a' 059 | 059 | 059 | 0.59 0.59 0.59 0.59
a'lh 2.91 182 | 218 | 257 2.45 2.58 2.39
brr (mm)-Eq.14 | 1020 | 657 777 905 866 908 | 845
x (mm) 1121 700 838 988 943 990 919
Xy, (mm) 924 578 691 815 778 817 757
X ¢ (mm) 970 607 727 855 816 858 795
x<a' TRUE | TRUE | TRUE | TRUE | TRUE | TRUE | TRUE
a'<a TRUE | TRUE | TRUE | TRUE | TRUE | TRUE | TRUE

Vi theo (N) 338 430 336 312 340 299 345
Ver theo (kN) 338 430 336 312 340 299 345
Ty,theo (MPa) 1039 | 1323 | 10.34 | 9.60 10.45 9.19 10.62
Vi,exp (KN) 430 497 428 337 440 320 400
Ty,exp (MPa) 13.23 | 1529 | 13.17 | 10.35 13.54 9.85 12.31
Theo/Exp 079 | 08 | 079 | 0.93 0.77 0.93 0.86
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Table H2 — Shear strength calculations using plastic model on rectangular section.

SB1 SB2 | SB3 SB4 SB5 SB6 SB7
Sectional Properties
Ag, (mm®) 1716 | 1716 | 1716 | 1716 1716 1716 1716
A, (mm?) 858 858 858 858 858 858 858
Py (%) 572 | 572 | 572 | 572 5.72 5.72 5.72
op (MPa) 1750 | 1750 | 1750 | 1750 1750 1750 1750
d (mm) 600 600 600 600 600 600 600
h (mm) 650 650 650 650 650 1650 650
b,, (mm) 50 50 50 50 50 50 50
a (mm) 2000 | 2000 | 2000 | 2000 2000 2000 2000
ald 33 33 33 33 33 3.3 3.3
alh 3.1 3.1 3.1 3.1 3.1 3.1 3.1
fom (MPa) 161 160 149 164 171 157 169
pf (%) 2.5 2.5 2.5 1.3 2.5 2.5 2.5
afr 65 65 65 65 65 65 65
d ¢ (mm) 020 | 020 | 020 | 020 | 020/05 | 05 |020/05
l¢ (mm) 13 13 13 13 13/30 30 13/30
oy (MPa)-Typel | 1800 | 1800 | 1800 | 1800 1800 - 1800
o r (MPa)-Type Il - - - - 1200 1200 1200
B (kN) 0.00 450 225 225 225 225 225
Py (kN) 0.00 900 450 450 450 450 450
dy (mm) 50 50 50 50 50 50 50
dy (mm) 600 600 600 600 600 600 600
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Table H2 — Continued.

Calculation — Plastic theory

Ve 0.80 | 080 | 080 | 0.80 0.80 0.80 0.80
1.5 (MPa) 129 128 119 131 137 126 135
v, 080 | 080 | 0.80 | 0.80 0.80 0.80 0.80
Jiy (MPa) 650 | 650 | 650 | 3.40 5.39 3.91 5.81
£ (MPa) 520 | 520 | 520 | 272 4.31 3.13 4.65

x (mm) — guess 2000 1449 1704 2000 1930 2000 1876

x<a TRUE | TRUE | TRUE | TRUE | TRUE | TRUE | TRUE
Vi, theo (KN) 332 445 357 338 364 323 370
Ver theo (KN) 287 445 357 291 364 314 370

Ty theo (MPa) 1020 | 13.70 | 1098 | 10.39 11.21 9.95 11.38

Vi,exp (kN) 430 497 428 337 440 320 400

Ty exp (MPa) 1323 | 15.29 | 13.17 | 1035 13.54 9.85 12.31

Theo/Exp 0.77 0.90 0.83 1.00 0.83 0.98 0.92
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