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ABSTRACT

The design of rigid pavements subjected to increasing heavy wheel loads and high
traffic volumes necessitates, over time, the design of thicker pavements. With the
advent of steel fibre reinforced concrete (SFRC), there exist the possibilities of
enhancing fatigue performance of rigid pavements by including fibres in concrete and
bridging cracks once they form. In the first part of this investigation, a material level of
study was undertaken to investigate the performance of three different types of SFRC.
Testing on round panels was undertaken to determine fatigue resistance; several varying
load levels were applied at constant amplitude. A series of matched direct uniaxial
tension and prism bending tests were also undertaken to provide comprehensive
material characterisation data. It was concluded that fibres improve the fatigue life of
concrete and a design model was developed. The model was validated against a large
pool of experimental data obtained through the course of this study and is shown to
correlate well with the test data. Also in this dissertation, the development of a
constitutive model is presented for SFRC for post-cracking fatigue damage during
cyclic loops. Comparing the results of the model with test data shows that the model is
capable of accurately predicting the overall cyclic fatigue loading response of SFRC.
The model is also able to capture the change in the COD, the stiffness changes with
increasing load cycles and the number of load cycles to failure. In the final part of this
study, a novel experimental program was developed to investigate the performance of
large scale plain and SFRC slabs tested under static and cyclic loading — the SFRC slabs
were 20% thinner than plain concrete slabs. The results show that the thinner SFRC
pavements can carry higher numbers of load repetitions compared to those of currently
constructed of plain concrete, with excellent serviceability performance in terms of

crack width propagation and deflection development.
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NOTATION
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As = cross sectional area of individual fibre
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Cy = a factor controlling the steepness of the matrix tensile softening
relationship
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d, = depth of neutral axis
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f! = static strength
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Chapter1 INTODUCTION

1.1. Introduction

This section provides a brief introduction about the research topic, followed by a list of
the main objectives to be achieved. Finally, a description of the organisation of the

thesis is presented.

1.2. General

Portland cement concrete is a widely utilised material in construction such as industrial
pavements, roadways, parking areas, airport runways and bridge projects (Krstulovic-
Opara et al., 1995; Sorelli et al., 2006). Tensile stresses are developed in concrete
pavements due to traffic loadings, moisture and temperature gradient. Traffic axel
loadings mainly lead to flexure and shear of concrete member; these loads are repetitive
for millions of cycles throughout the structure’s service life. This continuous flexing of
the concrete pavement results in the development of microcracks, which continue to
grow over time, due to repetitive loading, resulting in fatigue damage and failure

(Cachim, 1999; Saleh et al., 2012).

Fatigue damage is a concern because a material designed to withstand a safe load once
may fail when this same load is applied repeatedly. This cyclically applied load causes
cracks to initiate and propagate with time from the areas of highest stress concentrations
in the concrete layer of the pavement. The influence of these stresses can be manifested
through temperature gradients, moisture gradients, external loads, as well as a
combination of these, at any time during the service life of the pavement. The material
eventually fails when the crack grows to a sufficient width so that applied load causes a
stress that exceeds the ultimate strength of the material (Roesler, 1998; Titus-Glover et

al., 2005).



In the last decades, the utilisation of fibre reinforced concrete has been increasing. The
results of experimental tests indicate that the addition of fibres to concrete enhance the
following properties of plain concrete: tensile splitting, flexural strength, first cracking
strength, toughness, stiffness, durability, impact resistance, deflection, crack width,
resistance to shrinkage and creep, and fatigue properties (Johnston, 1985; Johnston and
Zemp, 1991; Banthia et al., 1995; Khaloo and Kim, 1997; Elsaigh and Kearsley, 2002;
Kwan et al.,, 2002). The improvement in the mechanical properties of steel fibre
reinforced concrete (SFRC) is attributed to the controlling of the cracking mechanism.
The concept of fatigue performance of concrete and fibre reinforcement has been
studied by several researchers, but there are still some unanswered questions about the
fatigue behaviour of fibre reinforced structures, as well as the influence of various

design parameters.

Several studies were carried out to evaluate the fatigue performance of SFRC at the
material level. In addition, numerous experimental testing has been undertaken for
SFRC slabs on ground under static loading. However, the failure of pavements occurs at
much lower stresses due to fatigue and the fatigue behaviour of SFRC pavements, at the
structural level, has not received much attention. The purpose of this research is to
investigate the fatigue behaviour of SFRC pavements and to test the hypothesis that
thinner SFRC pavements can carry the same load repetition of currently constructed
plain concrete pavements with minimum maintenance requirement in terms of
deflection and crack widths. Attention and consideration are given to the method of
applying the fatigue load in an attempt to simulate the crack patterns, due to load

sequence, and failure mode of pavements in practice.



1.3. Research Objectives

The expected outcomes of this research project are:

investigate the performance of SFRC pavements under simulated cyclic wheel
loading;

e compare the obtained results with those of plain concrete pavements;

e understand the mechanism of fatigue fracture failure of SFRC pavements;

e examine the fatigue serviceability performance of SFRC pavements;

e assess the post-peak fatigue performance of various fibre types; and

e test the hypothesis that thinner SFRC pavements can carry the same or higher
load repetition than that of plain concrete pavements constructed using

contemporary methods while maintaining a minimum maintenance requirement.

1.4. Scope of the Work and Thesis Organisation

This research considers the behaviour of thinner SFRC pavements under fatigue
loading. Experimental and numerical analysis programmes are developed to determine
the entire behaviour of the SFRC pavements including failure mechanisms and life
expectancy under fatigue. The results of this study can be used to evaluate the failure

cycle as well as deflection and crack widths of SFRC pavements.

This thesis consists of seven chapters and four appendices. Chapter 2 is a review of the
literature. It starts with a general background of different types of concrete pavements,
where their distress modes are briefly reviewed. The state of the art of the fatigue
performance of concrete generally is presented as well as the characterisation of fibre
reinforced concrete under cyclic loading. The literature review is then extended to
describe the major studies of slabs under static and cyclic loading; this is followed by a
comparison of cracks patterns between tested specimens and observed ones in practice.

The review is completed by a section illustrating various concrete fatigue models.



Following this, a discussion pertaining to the limitation of the literature review is

presented.

Chapter 3 describes the experimental program undertaken to investigate the material
characterisation of SFRC under monotonic and cyclic loading. The fatigue test results of

three series of round panel tests are also discussed in details in this chapter.

In Chapter 4, a simple and efficient inverse analysis procedure capable of converting the
results from notched and un-notched prism bending tests to uniaxial stress is developed
for strain softening SFRC. The model is validated against a large pool of experimental

data obtained through the course of this study.

In Chapter 5, a post-cracking fatigue model of round panel determinate supported
panels is developed. The model is capable of predicting the fatigue damage during
cyclic loops. The model is verified against available test data with a framework

developed for further calibration as new data becomes available.

Chapter 6 reports the fatigue behaviour of large scale plain and SFRC pavements. It
includes a discussion pertaining to the materials used and the testing regime adopted.
Major conclusions and future research recommendations drawn from this study are

highlighted in Chapter 7.

Appendices A to D contain raw and processed data collected from the laboratory testing

programmes over the course of this study.



Chapter 2 LITERATURE REVIEW

2.1. Rigid Pavements

The aim of this section is to provide a clear understanding and description of several
types of rigid pavements used in practice. This is extended to provide information
about the subgrade and subbase of pavement. Eventually distinct distress categories are

briefly presented.
2.1.1. Introduction

Road pavements are used to directly support the traffic induced stresses and transfer
them to the founding soils; or earthworks. A typical road pavement consists usually of
several layers. The upper layer of the roadway absorbs the tangential stresses induced
by the traffic while the base and subbase layers do the degradation of the vertical loads

(Cachim, 1999).

In practice, pavements have been mainly divided into flexible and rigid pavements
based on the way that they degrade stresses to the foundation layers. In flexible
pavements, high stresses are induced into the soil because the loads are degraded
through small area. On the other hand, in rigid pavements, usually made of concrete
slabs, the stresses induced on the founding soils are smaller because the pavement slab
stiffness is higher than that of the soil. Therefore, the performance of concrete
pavements is mainly, but not entirely, dependent on the performance of the concrete
slab. This means that developing comprehensive understanding of concrete behaviour is
important to correctly analyse and design concrete road pavements (Cachim, 1999). The
components of flexible and rigid road pavement structures are shown in Figures 2.1 and

2.2, respectively.
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Figure 2.1 — Components of flexible road pavement structures (Austroads, 2009).
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Figure 2.2 — Components of rigid road pavement structures (Austroads, 2009).

Concrete usually has a high initial cost compared to asphalt; however, it lasts longer and
generally has low associated maintenance costs. The choice of pavement type varies
with the function of the road, traffic loading, availability of materials, and environment.
The main reasons to adopt a concrete pavement are its high strength, good durability
performance and reduced maintenance requirements. Therefore, concrete pavements are
usually utilised for high traffic situations where maintenance works are expensive for
road users. Concrete pavements should have a lifetime ranging from 30 to 40 years of

low maintenance.

A significant feature of concrete is its brittle behaviour in tension; this is one of the
main drawbacks in the performance of concrete pavements. Therefore, some actions

need to be taken to overcome this drawback and to control the crack formation to ensure



its performance while maintaining low maintenance, particularly at joints. To this end,
reinforcement or/and addition of fibres may be used to increase serviceability (Cachim,

1999; Hoel and Short, 2006; Austroads, 2012).
2.1.2. Types of Rigid Pavements

Various types of concrete pavements are currently in use, depending on the required
function. The length of concrete pavement slabs can be short (3.6 m—6m), long
(7.5 m -9 m) or continuous. The pavement thickness is dependent on the foundation
type and traffic density but usually ranges from 20 cm to 30 cm. This section presents
the most conventionally concrete pavements used in practice such as jointed plain
concrete pavement (JPCP), jointed reinforced concrete pavement (JRCP), continuously
reinforced concrete pavement (CRCP) and roller compacted concrete pavements
(RCCP). In addition, some of the other less common concrete pavements are also

described (Cachim, 1999; Austroads, 2012; Delatte, 2014).

Jointed Plain Concrete Pavement (JPCP)

Jointed plain concrete pavement (JPCP) is usually the cheapest to build and the easiest
to construct. It consists of short plain (unreinforced) concrete slabs with transverse
contraction joints spaced between 3.6 m and 6.0 m. The joints are spaced closely
enough to avoid crack formation in the slab during the pavement’s lifetime. The spacing
of transverse joints is sometimes not uniform to avoid the resonance. Loads need to be
transferred across the joints and this is usually achieved by aggregate interlock and
dowels (Cachim, 1999; Austroads, 2012; Delatte, 2014). Dowel bars have mainly two
functions (Delatte, 2014); the first is to prevent differential vertical movement of
adjacent slabs (faulting), and the second is to allow horizontal movement, so that joints

can open and close without building up stress.

JPCP construction usually uses tie bars to connect between the traffic lanes and to avoid

longitudinal cracking. The ties are made of steel bars. Unlike the transverse joints where



movements of the edge slabs are allowed; however, in the longitudinal joints, the
movement between the two faces of the joint should be prevented and, accordingly,
good bonding between the bars and concrete must exist. Tie bars are used to separate
lanes for highway pavements while dowel bars are used in the direction of the traffic
movement (ACPA, 1999; Cachim, 1999; Delatte, 2014). JPCP is illustrated in

Figure 2.3.

During the construction of JPCP, concrete is continuously poured with a slipform paver.
The transverse joints are usually made later by saw cutting the concrete slab; this needs
to be performed before the appearance of the first shrinkage cracking which is usually
about 12 hours after placing the concrete. The joint grove depth is usually about 25% of

the slab thickness (Cachim, 1999; Austroads, 2012; Delatte, 2014).

Jointed Reinforced Concrete Pavement (JRCP)

Jointed reinforced concrete pavements (JRCPSs) are similar to JPCP, except the slabs are
longer and light reinforcement is added. This reinforcement is usually used only as
shrinkage and temperature steel. The reinforcement ratio in the longitudinal direction is
usually in the range of 0.1% to 0.25% of the cross sectional area. A lower volume of
steel is used in the transverse direction. The steel bars are placed at the neutral axis of
the slab (mid-depth); accordingly, the reinforcement has negligible influence on the
flexural performance of concrete, with its main function to control the cracks and keep
them together. Due to the addition of steel reinforcement, larger spacing between joints
is allowed. The spacing between concrete slabs typically ranges from 7.5 m to 9 m,
although slab lengths of up to 30 metres have been used in practice (ACPA, 1999;
Cachim, 1999; Delatte, 2014).

Even though the joints in JRCP slabs are spaced further apart than for JPCP slabs, the
cracks will still form within the same interval as JPCP. Thus, the main advantage of

JRCP over JPCP is fewer joints. However, this is generally outweighed by the cost of



steel and poor performance of the joints and the cracks as the joints are spaced further
apart, compared with JPCP (Cachim, 1999; Delatte, 2014). JRCP is presented in

Figure 2.4.
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Figure 2.3 — Jointed plain concrete pavement (Delatte, 2014).
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Figure 2.4 — Jointed reinforced concrete pavement (Delatte, 2014).

Continuously Reinforced Concrete Pavement (CRCP)

A continuously reinforced concrete pavement (CRCP) is usually used when heavy and a
high volume of traffic is expected and is characterised by the absence of transverse
joints over considerable lengths. Cracks are controlled by the addition of heavy
longitudinal steel reinforcement at ratios typically of 0.4% to 0.8% of the cross sectional
area. Lower percentage of reinforcement is provided in the transverse direction as it

only serves as temperature steel.

The reinforcing steel holds the cracks tightly together. Consequently, the cracks in
CRCP are closely spaced, approximately 0.6 m — 2 m apart (see Figure 2.5), and are of
small width (around 0.3 mm). CRCP is expected to have a lifetime of 40 years with
almost no maintenance. Building of CRCP is expensive; however, the maintenance cost
is minimal, provided that the slab is well constructed (Cachim, 1999; Rasmussen et al.,

2011; Delatte, 2014).

There are two execution methods to place the steel reinforcement in CRCP. The
reinforcement is placed in advance laying on supports and the concrete is placed

afterwards. Or, alternatively, the steel bars can be placed simultaneously with concrete

10



by the aid of trumpets. No transverse reinforcement is used in the latter case (Cachim,

1999; Rasmussen et al., 2011).
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Figure 2.5 — Continuously reinforced concrete pavement (Delatte, 2014).

Roller Compacted Concrete Pavement (RCCP)

Roller compacted concrete pavements (RCCPs) are characterised by their low water
content mix; consequently, the pavements shrink less and the cracks or joints are further
apart than those for JPCP. The dry mix concrete is compacted by a roller instead of the
traditional vibration. A two-step compaction is typically performed; a vibrated rolling

followed by rubber-tyre (Delatte, 2014).

Due to the construction process, the surface of RCCP is usually rough, which is not
ideal for high speed traffic. Therefore, a bituminous surface layer must be used if RCCP
is applied for high speed traffic. Whenever RCCP is used in strengthening works, these

pavements can be quickly open to traffic (Cachim, 1999).

RCCPs are economical to construct, do not require forms, dowel or tie bars and there is
no need for the labour for texturing and finishing. This means that construction costs are

lower than JPCP (Cachim, 1999; Delatte, 2014).
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Other Types of Concrete Pavements

There are various other types of concrete pavements available such as prestressed
concrete pavements, recycled concrete pavements and cellular rigid pavements. A brief

illustration of these pavements is presented.

Prestressed concrete pavements

Prestressed concrete pavements are generally expensive and, therefore, not often used in
road construction. The length of concrete slabs can reach 300 meters while the thickness
of the slab typically ranges from 120 mm to 200 mm. The major benefits of prestressed
concrete pavements are their reduced number of joints, reduced thickness and reduced
numbers and widths of cracks. The main disadvantages are their cost and the difficulties

in applying the prestress (Cachim, 1999; Tayabji et al., 2013; Delatte, 2014).

Recycled concrete pavements

As there is an increasing volume of demolition waste from the construction industry,
including concrete fragments, it is seen as necessary to utilise these wastes in a safe and
environmentally acceptable manner. Accordingly, herein in pavements seems as a
promising solution. Some experimental investigations have been undertaken on
studying recycled concrete pavements and the results seem encouraging (Cachim,

1999).

Cellular rigid pavements

Cellular rigid pavements are constructed by using waste plastic for forms to create cells.
This technique allows a reduction by about 25% of concrete, compared with
conventional concrete pavements. These pavements may typically be used for parking
areas, walks, revetments, slabs on ground and similar construction applications (Bright

and Mays, 1996).
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2.1.3. Subgrade and Subbase

For concrete pavement design, the support given to concrete slab by the subgrade and
the subbase, where used, are of significant importance. The quality of the support
provided to the pavement, the moisture susceptibility, and the frost susceptibility should

be considered in design (Austroads, 2012; Delatte, 2014).

The quality of support is generally characterized in terms of the Westergaard modulus
of subgrade reaction, k,,, in units of MPa/m or N/mm?®. This modulus represents the
spring constant of an imaginary spring or dense liquid foundation supporting the slab. It
is assumed that the subgrade reaction increases linearly with the deflection of the slab
(PCA, 1984; Delatte, 2014). California bearing ratio (CBR) is another parameter that
can be used to determine the quality of the subgrade. CBR is typically a measurement of
strength, a plate bearing test is used to compare the bearing capacity of a material with

that of a well-graded crushed stone (Austroads, 2012).

Following Austroads (2012) guidelines, the thickness of the concrete pavement is
determined based on the strength of the subgrade that is assessed in terms of CBR. All
materials within one metre depth below the subbase materials must be assessed to
determine the design subgrade CBR. The subgrade materials should be consisted of a
uniform volumetric stable material that would be constant for the entire projected life of
the pavement with a minimum CBR value of 5%. Table 2.1 shows typical presumptive
values of the subgrade design CBR. Table 2.2 shows the approximate relationship
between CBR and modulus of subgrade reaction (k,,) values of some typical soil type

(Knapton, 1999).
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Table 2.1 — Typical presumptive subgrade design CBR values (Austroads, 2012).

Description of subgrade

Typical CBR values (%)

. Unified Soil Excellent to good Fair to poor
Material e . X
Classification drainage drainage

Highly plastic clay CH 4 2-3
Silt ML 2
Silty-cla CL

ey 5-6 3-4
Sandy-clay CL
Sand SW, SP 10-18 10 - 18

Table 2.2 — Typical values of modulus of subgrade reaction, k,,, related to soil type

(Knapton, 1999).

Soil type CBR (%) | k,, value (N/mm°)
Humus soil or peat <2 Unacceptable
Recent embankment 2 0.01-0.02
Fine or slightly compacted sand 3 0.015-0.03
Well compacted sand 10-25 0.05-0.10
Very well compacted sand 25-50 0.10-0.15
Loam or clay (moist) 3-15 0.03 -0.06
Loam or clay (dry) 30-40 0.08-0.10
Clay with sand 30-40 0.08-0.10
Crushed stone with sand 25-50 0.10-0.15
Coarse crushed stone 80 — 100 0.20-0.25
Well compacted crushed stone | 80— 100 0.20-0.30

14



Subbase is generally defined as one or more layers of compacted materials that are
located between the subgrade and concrete pavement slab. Subbase is used for the

following reasons (AASHTO, 1993):

ensure uniform, permanent and stable support;

e increase the subgrade reaction modulus;

¢ reduce the damaging effects from the frost actions;

e stop the pumping of subgrade materials through the joints, cracks and edges of
the rigid pavement; and

e provide a platform for construction equipment.

Using the subbase only to increase the subgrade reaction modulus is not economical,

without consideration of the other reasons.

2.1.4. Distress Modes in Pavements

The main function of a pavement is to support the applied traffic loading and
environmental effects over its projected life. The applied wheel load typically tends to
spread through a slab resulting in significant tensile stresses at the bottom of the layer.
Flexible pavement deforms (bends and deflects) under applied loads and horizontal
tensile strains are developed (Figure 2.6(a)). In rigid pavement, a relatively uniform
distribution of strains on the subgrade is produced by the applied wheel load as shown

in Figure 2.6(b) (Austroads, 2009).

In concrete pavement structures, failure can occur due to cracking, joint deficiencies,
surface defects and/or miscellaneous distress (Miller and Bellinger, 2003). However,
faulting at transverse joints (in JPCP and JRCP) and fatigue cracking is the major
distress modes concerned in rigid pavement design (Kabir, 2015). The topic of faulting

of transverse joints is beyond the scope of this research.

In road pavements, repeated traffic loading can result in stresses that cause fatigue

damage. Cyclically applied load can cause cracks to initiate and propagate with time
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from the areas of highest stress concentration. The material eventually fails when the
crack grows to a sufficient width so that applied load causes a stress that exceeds the
ultimate strength of the material (Titus-Glover et al., 2005). The repeated occurrence of
traffic stresses can lead to structural cracks propagating through the concrete layer of
the pavement. The influence of these stresses can be manifested through temperature
gradients, moisture gradients, external loads, as well as a combination of these, at any
time during the service life of the pavement (Roesler, 1998). The fatigue loading can
result in micro-cracks that propagate in the concrete pavement resulting in transverse

cracks, longitudinal cracks and/or corner cracks as shown in Figure 2.7 (Kabir, 2015).

Transverse cracks occur perpendicular to traffic direction (Miller and Bellinger, 2003).
This crack type can propagate and lead to a shattered slab, causing slab replacement
(Delatte, 2014). The main reason to the occurrence of transverse cracks is the
combination of heavy traffic load repetitions and stresses due to drying shrinkage,

moisture and temperature gradients (Huang, 2004).

Longitudinal cracks are those parallel to the direction of the traffic (Miller and
Bellinger, 2003). These cracks occur due to combinations of heavy load repetitions, loss
of supports, wrapping and curling stresses and/or improper construction of longitudinal

joints (Delatte, 2014).

Corner cracks occur only in the corners of JPCP and JRCP (Miller and Bellinger, 2003).
The main reasons for corner breaks, as stated by Huang (2004), can be poor load
transfer through the joints, repetition of load with loss of support, thermal curling and
moisture warping stresses. Two criteria are required for a crack to be classified as a
corner break. The first one is that the crack should extend vertically through the
concrete pavement thickness. Secondly, the crack must intersect with both the
transverse and longitudinal joints/edge at less than 1.8 m from the corner of the

pavement (Huang, 1993).
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Figure 2.6 — Responses of (a) flexible and (b) rigid pavements types to load (Austroads,

2009).
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Figure 2.7 — Distresses that develop in the rigid pavement under traffic loading (Kabir,
2015).
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Cracks can either propagate from the bottom surface to the upper one or vice versus.
Typically for fatigue distress analyses, the stresses/strains of the bottom surface of the
concrete slab are considered for analysis purposes as it is predicted that the maximum
tensile stresses exist at the bottom layer due to the traffic loading near the mid-point of
the longitudinal edge of the pavement (Heath et al., 2003). It is assumed that the curling
stress due to negative thermal gradients is negligible at the mid-slab edge and that the
positive thermal gradients add to the stress caused by traffic loading (Jiang and Tayabiji,

1998).

Another case that should be considered is when moisture and temperature gradients are
high. In this case, the maximum tensile stresses exist at the upper surface and the cracks
accordingly are developed at the top surface of concrete and propagate to the bottom
surface with the traffic load being applied near the transverse joint along the

longitudinal edge of the slab (Heath et al., 2003; Hiller, 2007).

To evaluate the stresses induced into a structure, information about loads, structural
geometry, boundary conditions and material constitutive relationships are required. In
rigid pavements, stresses are mainly developed due to traffic, temperature and moisture
gradients. Such types of loading can be repeated thousands or millions of times during
the life of concrete pavement. Consequently fatigue is an important consideration in the
design of road pavements. Stresses induced due to temperature and moisture gradients
are beyond the scope of this research and; thus, only the fatigue induced by traffic

loading is discussed further.

18



2.2. Fatigue of Concrete

In this section, background knowledge about fatigue is provided. This is followed by a
brief description of the fatigue failure mechanism of concrete. After that, several factors
influence the fatigue performance of concrete as well as the effect of strain hardening

are discussed.
2.2.1. Background Knowledge

Concrete structures in Australia are mostly subjected to static loads. However, some
structures such as highway pavement and bridges projects might be subjected to
repetitive cyclic loading, which may give a rise to fatigue problems. Fatigue is a process
of progressive and localized structural damage due to internal structural changes in the
material. In concrete, these changes are mainly attributed to a progressive process of
micro-crack initiation and propagation, leading to macro-cracks that grow to a stage in
which failure occurs. These internal structural changes lead to changes in the
mechanical properties of the materials, where an increase in the permanent strain is
obtained as well as steady decrease in the stiffness of the structure and, eventually, can
lead to a fatigue failure. This means that fatigue failure does not occur due to applying a
large isolated load but by the repeated occurrence of loads that, individually, cannot
cause failure. Even if fatigue failure does not occur, fatigue loading can promote to
problems such as aggravating crack widths, deflection and reduced stiffness.
Consequently, the structure might be no longer able to carry the loads that it was

designed for (Holmen, 1982; Lee and Barr, 2004; Parvez and Foster, 2014).

Fatigue loading is mainly divided into two components; low cycle and high cycle
loadings. Low cycle loading involves applying high stress levels for a few load cycles;
i.e. from 1 to 10° cycles. While high cyclic loading is characterised by applying low
stress levels for large number of cycles, approximate range from 10° to 10°. Table 2.3

outlines the classification of fatigue loading as described by Hsu (1981).
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Table 2.3 — Classification of fatigue loading (Hsu, 1981).

Low cycle fatigue High cycle fatigue Super high cycle fatigue

1 10 | 10° | 10° 10* 10° 108 10" | 108 10°

i Highway and .
: Airport Lighway Mass rapid
Structures subject to railway bridges, . Sea
pavements and . transit
earthquakes . highway structures
bridges pavements structure

Fatigue strength is generally expressed as the maximum stress level of a cyclic load,
presented usually as a friction of the monotonic strength. Stress level, S, is generally

defined as:

O‘ .
S = —a’f;ffled (2.1)
where gg,p1ieq 1S the applied fatigue stress and f” is the static strength (compressive or

tensile).

Generally, fatigue models for concrete pavement design incorporate both the stress
induced in the concrete by the applied loading and the flexural strength of concrete, or
moment of rupture (MOR), evaluated from prism bending tests under a third point load

configuration, and expressed in terms of stress ratio (SR):

O-applied
SR = 2.2
MOR (2:2)

The term stress ratio in concrete pavement design is used to describe the critical bending
stress over the flexural strength of concrete, and is different from the stress ratio, R,

which is defined as:

S .
R = min (2.3)

where S, and S,,,;,, are the maximum and minimum stress levels, respectively.
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Several approaches have been used to assess the fatigue strength of structural members.
The most accepted and utilised method in engineering is the empirically derived Wholer
curve, also known as the S-N curve. The S-N curve is the relationship between the
fatigue strength, S, and the number of repeated loading cycles, N and is usually plotted
in a semi-log representation, with S usually plotted on the y-axis and N is plotted on the
x-axis. S-N curves are generally plotted for a given constant minimum stress level or a
constant stress ratio, R. As stated above, the stress level is obtained by non-
dimensionalising the applied fatigue stress by the static strength of an identical
specimen, as shown in Equation 2.1. Accordingly, this non-dimensionalised curve is
independent of the specimen shape, the concrete strength, curing conditions, the

moisture and the age conditions at loading (Hsu, 1981; Lee and Barr, 2004).

A series of Wholer curves for different stress ratios are demonstrated in Figure 2.8. As
can be noticed from the figure, a higher minimum stress (o,,i,) leads to higher fatigue
strength; this means that smaller fatigue life is obtained when a greater stress range is

applied (CEB, 1988).
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Figure 2.8 — S-N curves for concrete for different values of R (CEB, 1988).
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2.2.2. Mechanism of Fatigue in Plain Concrete

Concrete is non-homogenous material and has inherent flaws. For example, pores, air
voids, shrinkage cracks and lenses of bleed water under coarse aggregates. Fatigue
damage begins at the microscopic level and is associated with crack growth and,
ultimately, reduction in the stiffness of the materials (Zhang, 1998). Gao and Hsu
(1998) described the fatigue failure mechanism of concrete in three stages. Stage | is
termed as flaw initiation, where flaws are developed within the weak regions of
concrete. This stage typically occurs during the hardening process of fresh concrete
where flaws and microcracks are formed. Stage 1 is typically termed micro-cracking. In
this stage, the flaws gradually propagate to the critical size. This stage occurs at a
micro-meso level where the internal structural degeneration is characterised by the
evaluation of the micro-defects. At the final stage, Stage 111, continuous or macro-cracks
are formed as well as sufficient numbers of unstable cracks; which leads eventually to
failure. During this macro-level stage, the strength and the stiffness of the structure
decrease with increasing numbers of loading cycles. The development of these stages is

schematically illustrated in Figure 2.9.
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Figure 2.9 — Graphical presentation of deformation development during fatigue loading.
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As observed in Figure 2.9, each of the first and third stages makes up approximately
10% of the total fatigue life curve. The middle stage accounts approximately to the
remaining 80% of the curve (Cornelissen and Reinhardt, 1984). Hordijk and Reinhardt
(1993) found that the slope of the second stage is correlated to the fatigue life. This
indicates that fatigue failure criterion for concrete is based on ultimate strain or
deformation, as it appears that there is a strong relationship between the increase of
strain per cycle in the secondary branch of the cyclic creep curve and the number of

cycles to failure.

Similar crack patterns are observed under both static and fatigue loading. However,
unlike cracks that occur as a result of monotonically increasing statically applied loads,
fatigue crack growth can be divided into two stages, the deceleration and acceleration
stages. During the deceleration stage, the crack growth rate decreases as the crack is
growing, while during the acceleration stage, there is a steady increase in the rate of
crack growth to failure (Su and Hsu, 1988; Horii et al., 1992; Kim and Kim, 1996;
Kolluru et al., 2000). Hsu (1984) found that different loading cycle types result in
different mechanism changes within the concrete matrix. For high cycle loading (e.g.
traffic loadings), cracks are formed in a slow and gradual process. However, in low
cycle loadings, mortar cracks result in the formation of networks of continuous cracks.
Additionally, it was found that concrete fracture toughness under fatigue conditions is
higher than that under monotonic loading and crack length increases with increasing the
number of loading cycles (Perdikaris et al., 1986). Originally, it was believed that
concrete has an endurance or fatigue limit but Saito (1983) found that plain concrete
subjected to repeated uniaxial tensile stresses exhibit no fatigue limit under 2 x 10°
cycles. This indicates that there is no known stress level below which fatigue life of
concrete can be infinite. However, some researchers agree that the fatigue strength of
concrete in tension, compression and bending at 107 cycles is approximately equivalent
to 55% of the static strength of concrete (Van Ornum, 1903; Van Ornum, 1907; Crepps,
1923; Hatt, 1925; Williams, 1943; Kesler, 1953; Saito, 1983; Lee and Barr, 2004).
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2.2.3. Factors Influencing Fatigue Behaviour

The fatigue strength of concrete is influenced by several parameters. Some of these

parameters are:

e matrix composition;

loading frequency;

e amplitude cyclic loading;
e stress ratio;

e loading conditions;

e boundary conditions;

e stress level,

e number of cycles; .... etc.

However, the agreement on the influence of these parameters on the fatigue
performance of concrete is not yet confirmed in the literature. The influence of some of

these parameters is presented below.

Matrix Composition

The influence of mixture composition such as type of aggregates, water-cement ratio,
air entrainment, curing conditions, cement type and age at loading is not yet finalised in
the literature. However, it is indicated that fatigue performance of concrete is not
significantly influenced by these parameters provided the fatigue strength is presented
in terms of the ultimate static strength (Raithby and Galloway, 1974; Raithby, 1979;
Klcriber, 1982; RILEM, 1984).

Researchers found the specimen’s moisture content or curing conditions does not
influence the fatigue behaviour of concrete when adopting a stress ratio concept
(Raithby and Galloway, 1974). However, fatigue test results are generally characterised

by a large amount of scatter due to the heterogeneity of the material. This scatter of data
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is attributed to the uncertainty in determination of the reference static strength
(Cornelissen and Reinhardt, 1984). Accordingly, it is expected that the scatter of static
strength results in increasing the scatter of fatigue test results as fatigue stresses do not
become non-dimensionalised by the static strength of the same specimen; instead,

normalisation is by a second specimen of the same mix (Mallet, 1991).

Loading Frequency

Many researchers have indicated that the loading rate has an effect on the monotonic
strength of concrete; accordingly, the frequency of cyclic loading has a large impact on
fatigue test results. Accelerated fatigue testing procedures tend to increase the true
fatigue resistance of the specimen and overestimate the fatigue life of the structure,
especially in case of structures that carry high stress ratios at low cycles (Mallet, 1991).
However, this influence is less prevalent when the maximum stress level is below 75%
of the monotonic stress. Studies have shown that the influence of loading frequency
within the range from 1 Hz to 15 Hz, is considered insignificant for a stress level below
75% (Kesler, 1953; Raithby and Galloway, 1974; Cornelissen, 1984). For stress levels
above 75%, however, it has been observed that the fatigue life increases with higher
loading frequency (McCall, 1958; Sparks and Menzies, 1973; Cornelissen and
Reinhardt, 1984).

Zhang et al. (1996) claimed that higher loading frequency results in longer fatigue life
due to less damage occurrence in concrete at high loading frequencies. However, testing
at high frequency can result in undesirable heating issues. It was suggested to limit the
frequency of cyclic loading for beams under fatigue bending tests to no more than 3 Hz

to avoid any heating influencing the results (Mallet, 1991).
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Amplitude Cyclic Loading

The loading patterns also influence the fatigue life of concrete. The fatigue behaviour of
concrete structures under constant amplitude loading regimes is different from that
under variable amplitude loading (RILEM, 1984). However, most studies on the fatigue
behaviour of concrete have been restricted to constant amplitude loading. Loading

frequency and stress ratio have substantial impact on the fatigue life of concrete.

Oh (1991) indicated that both the magnitude and the sequence at which the variable
amplitude loading is applied have a great influence on the fatigue performance of
concrete. Moreover, it was found that the fatigue resistance of concrete is reduced by

stress reversals (Cornelissen, 1984; Zhang et al., 1996).

Stress cycles can largely vary in magnitude, number and order. Consequently, it was
found that there is a need to account for the sequence of loading because, for instance,
applying high loads at early stages can reduce the fatigue resistance of concrete (Miner,
1945; CEB, 1988). To consider the effect of different load levels on the fatigue strength
of concrete, Palmgren-Miner’s (PM) hypothesis is generally applied. This hypothesis
assumes that failure is independent of load sequence and that the accumulation of
fatigue damage is linear and is equal to one at failure, at a particular stress level. The
accumulated fatigue damage (FD) for a number of cycles is presented mathematically as
the sum of the damage contributions from each individual cycle as shown in Equation

2.4 (Miner, 1945):
k
N;
FD = z g (2.4)

where N; is the number of cycles applied at a specific stress level i, Ny; is the number of
cycles to failure at the stress level i and k is the notation for the total number of stress

levels of fatigue loading. This relationship is called cumulative damage theory.
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A number of tests were conducted with multi-stage loading to investigate the validity of
PM hypothesis. However, this rule does not accurately describe the behaviour of
concrete material. The weakness of PM rule that it does not take into account the impact
of the order of applying various stress levels. Additionally, the damage accumulation is
assumed to be at the same rate of a given stress level and the past stress history is not
taken into account (Holmen, 1982). Some researchers claimed that PM rule is
conservative and safe to use in most cases (Cornelissen, 1984; Cornelissen and
Reinhardt, 1984). Others showed that the total cumulative damage has been found to be
greater than one; this means that PM hypothesis in not conservative and unsafe
(Holmen, 1982; Oh, 1991; Zhang et al., 1997). A study conducted by Grzybowski and
Meyer (1993) found that for a stress level beyond 75%, the fatigue damage increases
nonlinearly; indicating that PM rule is unsafe in most cases. To overcome this limitation
of the PM rule, Oh (1991) used a nonlinear cumulative damage theory to describe the
fatigue life of specimen with variable amplitude loads. This model describes the damage
occurring in the specimen by utilising the shape of the total strain versus the number of

cycle.

Holmen (1982) indicated that variable amplitude loading is more damaging than what is

predicted by PM rule; consequently, a modified PM rule was proposed:

—=w .
Np;

i=1

where w is a function of loading parameters.
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Stress Ratio

Many investigations have been carried out to examine the influence of stress range on
the fatigue performance of concrete (Murdock and Kesler, 1958; Aas-Jakobsen, 1970;
Awad, 1971; Tepfers, 1979; Tepfers and Kutti, 1979). Murdock and Kesler (1958) are
considered the first to formally report the influence of stress ratio on the fatigue
performance of concrete beams. Aas-Jakobsen (1970) examined the influence of the
minimum stress (o,,;,) On the fatigue strength of concrete. The result shows that the
relationship between S, and S,,;,, is linear for fatigue failure at N = 2 x 10° cycles;
this means that the relationship between S,,,,, and R is linear as well. A fatigue equation
was developed by Aas-Jakobsen (1970) to account for both minimum and maximum
stress levels applied to the specimen; this equation was further validated by Tepfers and

Kutti (1979) and Tepfers (1979):

S=1-B(1-R)logN (2.6)

where S is a material constant representing the slope of the S-N curve. This equation
was found to be valid for concrete in compressive or split tensile fatigue as well as for
flexural fatigue testing of concrete beams. The value of B was experimentally
determined to be 0.064 by Aas-Jakobsen (1970). Tepfers and Kutti (1979) suggested a
value of § =0.0684 to take into account for the variations of in-service pavements that
are not considered in laboratory testing type. These variations can include the stresses
due to environment, different rest periods in the field, variety of concrete properties

such as strength and thickness.

Domenichini and Marchionna (1981) were one of the first researchers to propose using
of the applied tensile stress ratio and stress range in the design of concrete pavements.
However, every fatigue cycle can have different maximum and minimum stress levels
due to the variation in temperature and moisture effects; accordingly, the implantation

of stress ratio into pavement fatigue design can be challenging (Roesler et al., 2005).
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Hsu (1981) mentioned that Equation 2.6 has two main drawbacks. Firstly when R
reaches unity, the repeated load becomes a sustained load. Sustained loads are time
dependent; accordingly, time should be included in the equation. Secondly, the
relationship does not take into account the rate of loading as a variable. To overcome
these weaknesses, a period term, T, was introduced into the fatigue Equation 2.6 and the

relationship becomes:

S =1-0.0662(1 - 0.556R)logN — 0.0294logT (2.7)

where T is the period of repetitive loads in seconds per cycle. This allows considering

the influence of low loading rate and high cycle fatigue testing.

Another model was developed by Stemland et al. (1990) to evaluate the relationship

between maximum and minimum stress levels for compression fatigue:

logN = (12 + 16S,n + 8SZ:,)(1 = Spax) (2.8)

Loading Waveform

Sinusoidal waveform has been used in most fatigue tests to load a specimen. Such type
of loading waveform reflects the conditions of structures subjected to wind or wave
loading. However, there are cases were sinusoidal waveform is neither representative
nor appropriate, such as the case of machine foundations. In such situations, other types
of wave profiles are suggested; for example, triangular or rectangular loading
waveforms. It has been found that rectangular wave profiles are more critical to the
fatigue performance of structures in comparison than the triangular wave types

(RILEM, 1984).

The study of Roesler et al. (2005) included various stress ratios and ranges for both a
single and tridem load pulse. The results show that stress pulse type, peak stress and

stress range have influence on the fatigue behaviour of concrete slabs.
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2.2.4. Strain Hardening Influence

The fatigue strength of concrete, at a given number of cycles, is generally expressed in
terms of the static strength. Cyclic loading can result in strain hardening; in turn, an
increase in the stiffness due to the compaction of the material. This means that the
material, as a result, becomes more homogenous and more brittle. Consequently, the
subsequent static strength of concrete, after which it has been subjected to cyclic
loading, is not representative to the quantity of damage that the specimen has undergone

(Ballatore and Bocca, 1997).

2.3. The Properties of Fibre Reinforced Concrete under
Fatigue Loading

In the last decades, the utilisation of fibre reinforced concrete has been significantly
increasing. Several types of fibres have been utilised in concrete research and practice,
but steel fibres seem to be the most popular. There are four main parameters that mainly
influence the properties of fibre reinforced concrete, which are type, content, aspect

ratio and the orientation within the concrete matrix.

The results of experimental tests indicate that the addition of fibres to concrete enhance
the following properties of plain concrete: tensile splitting, flexural strength, first
cracking strength, toughness, stiffness, durability, impact resistance, deflection, crack
width, resistance to shrinkage and creep, and fatigue properties (Johnston, 1985;
Johnston and Zemp, 1991; Banthia et al., 1995; Khaloo and Kim, 1997; Elsaigh and
Kearsley, 2002; Kwan et al., 2002; Schéafer et al., 2019). The improvement in the
mechanical properties of SFRC is attributed to the controlling of the cracking
mechanism. According to Bekaert (1999), steel fibres play two main mechanisms to

reduce the intensity of the stress in the vicinity of the crack; these mechanisms include:
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e higher loads are resisted at the crack tip due to the greater Young’s modulus of
steel fibre compared to surrounding concrete; and
e bridging of the crack and redistribution of the stress across the crack through the

steel fibres.

The ability of the steel fibres to control crack propagation is mainly dependent on the
fibre distribution as well as the bond between the concrete and fibres (Elsaigh, 2008;
Schéfer et al., 2019). The post-peak behaviour of fibre reinforced concrete is dependent
on the fibre distribution as well as the number of fibres present in the critical regions of
the crack (Komlo§ et al., 1995). The bond between the concrete and fibres is the
mechanism of stress transformation from the concrete matrix to the steel fibres. Several
factors are involved in determining the ability of steel fibres to develop sufficient stress

transformation, which are (Elsaigh, 2008):

o the steel fibre characteristics (surface texture, end shape and yield strength);
e the orientation of the steel fibre within the concrete; and

e the properties of the concrete itself.

The fatigue behaviour of concrete seems to be reasonably understood as shown in
Section 2.2. The utilisation of fibres to control the growth of cracks is steadily
increasing. Understanding the concept of fatigue performance of concrete and fibre

reinforcement is not very comprehensive in comparison to metals.

Various studies have been done on fibre reinforced concrete to obtain the fatigue
characteristics, which mostly consist of fatigue life predictions, fatigue creep rate
values, etc. Both empirical and analytical fatigue models are reported in literature. The
experimental models have the drawback that the testing methods vary significantly due
to the lack of standardized testing procedures for fatigue loading and so a comparison
may not be always appropriate. However, these models are more easily adoptable than

the numerical models due to their simplicity.
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The major differences in the testing configurations in the literature are in the type of
loading, test control parameters (load/displacement), specimen shape and size, loading
frequency, loading range, definition of endurance limit and the type of concrete itself
(i.e., high strength, normal strength, fibre type and dosage, etc.) (Batson et al., 1972;
Cornelissen and Reinhardt, 1984; Johnston and Zemp, 1991; Oh, 1991; Chang and
Chai, 1995; Wei et al., 1996; Pasakova and Meyer, 1997; Naaman and Hammoud,
1998; Singh and Kaushik, 2003; Singh et al., 2004; Germano and Plizzari, 2012;
Schafer et al., 2019). In spite of the differences, a few definite conclusions regarding the
performance of FRC with reference to plain concrete can be drawn and discussed

below.

As stated in Subsection 2.2.2, the mechanism of fatigue failure in concrete can be
divided into 3 stages. The first stage is the structural behaviour without any damage.
The second one is the damaged response up to maximum applied load. The last stage is
structural collapse (post-peak behaviour). By the addition of closely spaced and
randomly dispersed fibres, it is aimed to retard and inhibit the crack growth in the
second stage. Energy is dissipated in the region of the crack tip by the action of fibre
bridging and fibre poll-out in fibre reinforced concrete. This results in crack growth
control and increases the load carrying capacity of fibre reinforced concrete structures.
In addition, the fatigue performance of fibre reinforced concrete (FRC) is better with
longer or more slender fibres (i.e., with higher aspect ratio), though a definite
relationship with the shape of fibres could not be drawn. The improvement in fatigue
performance, especially in bending, is related to the fibre volume, with more
significance for low cycle loading (Batson et al., 1972; Chang and Chai, 1995; Wei et
al., 1996; Naaman and Hammoud, 1998; Zhang et al., 1999; Lee and Barr, 2004).

In general, it is expected that higher fibre content of a given fibre design results in better

fatigue resistance. With a larger fibre volume, there would be more fibres available to
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control the cracks as well as to increase ductility and energy adsorption capacity. Higher
level of loads can be transferred by having larger numbers of fibres resulting in delay in
the pull-out process and, consequently, improving the composite performance under
cyclic loading. However, from the literature, there are conflicting conclusions and it
seems that the addition of fibre has double sided influence on the fatigue
characterisation of concrete. Some studies showed that fibre can bridge the cracks and
slow down their propagation and accordingly improves the composite’s behaviour
under fatigue loading. Other studies indicate that the addition of fibres can result in
additional initial presence of flaws leading to a reduction in strength. Defining which of
these two effects would govern is determined by fibre size and content (Grzybowski and
Meyer, 1993). This highlights that there may be an optimum fibre dosage to obtain the

most benefit of fibres in enhancing fatigue behaviour.

Most of the investigations indicate that the addition of steel fibres has significantly
improved the bending fatigue characterisation of concrete (Johnston and Zemp, 1991,
Grzybowski and Meyer, 1993; Zhang and Stang, 1998; Schéfer et al., 2019). Paskova
and Meyer (1997) stated that the addition of fibres substantially increased the fatigue
performance of concrete considering all fibre volumes. However, Grzybowski and
Meyer (1993) reported that for fibre content above 25%, the fatigue life of fibre
reinforced concrete is reduced comparing with plain concrete. Furthermore, the results
of the tests performed by Cachim (1999) showed fibre addition result in marginal
benefits under flexural fatigue tests. For uniaxial compression, it was found that the
fatigue life increase with 30 mm fibres, while it decreases with 60 mm fibres. Cachim et
al. (2002) claimed that the addition of fibre resulted in additional flaws which
outweighed the benefits for some of the conducted tests. Zhang and Stang (1998) found
that 1% is the optimum fibre content and that a larger fibre volume result in negative

effects.
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A study by Chang and Chai (1995) found that increasing fibre content and aspect ratio
increase the amount of energy dissipated during crack propagation under fatigue
loading. This indicates that various variables such as fibre content, fibre geometry and
type play an important role in the extent of the fatigue resistance improvement.
Different fatigue behaviours are obtained by various combinations of these factors. The
addition of fibres has added a further dimension to the fatigue study of concrete and

increased the level of complexity of the analysis.

Studies have been conducted to examine if fibre reinforced concrete has a fatigue limit.
Hsu (1981) indicated that such a limit does not exist, while Li and Matsumoto (1998)
showed that a fatigue limit exists for fibre reinforced concrete. Ramakrishnan and
Lokvik (1992) claimed that fibre reinforced concrete has an endurance limit of 2 x 10°
loading cycles; Johnston and Zemp (1991) argued that experimental tests should be
conducted up to 2 x 10° loading cycles to confirm this hypothesis. Yin and Hsu (1995)
proposed that the presence of fibre is beneficial in fatigue only in low number of cycles
(<1000) and it does not provide any improvement for higher cycle regions. This is
explained by the differentiation between mortar and bond cracking as suggested by Hsu
(1984). Fibres can increase the fatigue resistance in the region of mortar cracking (low
cycle fatigue) but the action of fibres stops when bond cracking starts (high cycle
fatigue). This indicates that fibres are unable to increase the fatigue life of concrete.
Additionally, tests performed by Paskova and Meyer (1997) showed that more energy is
dissipated at lower stress levels compared to higher stress levels in fibre reinforced
concrete. The debate regarding fatigue life of fibre reinforced concrete remains

unresolved.
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2.4. Static Testing of SFRC Slabs on Ground

Several researchers have investigated the performance of steel fibre reinforced concrete
slabs on grade (Beckett, 1990; Falkner and Teutsch, 1993; Falkner et al., 1995; Bischoff
et al., 1996; Roesler and Barenberg, 1999a; Roesler and Barenberg, 1999b; Elsaigh,
2001; Bischoff et al., 2003; Kearsley and Elsaigh, 2003; Chen, 2004; Meda and Plizzari,
2004; Roesler et al., 2006; Sorelli et al., 2006; Alani et al., 2012; Alani et al., 2014;
@verli, 2014). These projects examined the behaviour of SFRC under static loading
applied at the centre, edge and/or corner. The behaviour of SFRC and plain concrete
slabs on grade were analysed and compared. Major finding of these studies that the
addition of steel fibre increases the load carrying capacity of concrete slabs on ground

significantly.

Various explanations have been suggested in the literature for the increase in the load
carrying capacity of SFRC slabs on ground. It has been proposed that the structural
ductility of statically indeterminate slab and the post-cracking strength of SFRC are the
main reasons for the increased bearing capacity; where partial stress redistribution
occurs due to the statically indeterminate nature. Additionally, the punching shear
resistance has a significant role in increasing the capacity of the slabs (Falkner and
Teutsch, 1993; Kearsley and Elsaigh, 2003). Some of the above cited studies are

presented and discussed.

In the study of Falkner et al. (1995), plain and SFRC slabs with dimension of
3mx3mx0.15m were tested under static loading at their centre. The slabs were
placed on top of 3.5 m x 3.5 m x 0.06 m subbase. The subbase was either constructed
out of cork or rubber, giving two different moduli of subgrade reaction values
k,, = 0.025 N/mm? and 0.005 N/mm?®, respectively. Two types of steel fibres were used,
mill cut (length of 32 mm) and end-hooked fibres (length of 60 mm and diameter of
0.8 mm). From the observations of this study, it was found that the deformation

characterisations of SFRC can be divided into three states:
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e State 1: the un-cracked state, where the behaviour of the slab is linear elastic.

e State 2: occurrence of the first radial crack at the centre of the slab, gradual
development until the main crack can be seen at the edge of the slab.

e State 3: the state of stress redistribution and the formation of plastic hinge lines

along the main cracks where eventually collapse occurs.

In the study of Falkner et al. (1995), the major difference in the behaviour between plain
and SFRC slabs is observed in State 3 where the significant effect is found on the SFRC
slab’s toughness after the formation of the main cracks. While the plain concrete slab
fails by punching, for the SFRC slab, the stresses are redistributed within the slab after
the formation of main cracks; this allows the slab to maintain its function due to the
formation of plastic hinges along the main transverse cracks. Eventually failure
occurred by punching or destruction of the subbase. This means that plain concrete
slabs fail at an early age, while the SFRC slabs last longer due to the redistribution of
the stresses. The typical load-displacement response of SFRC slab in presented in

Figure 2.10.
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Figure 2.10 — Typical load — displacement response of SFRC slab on ground (Falkner
and Teutsch, 1993).
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An experimental test was carried out by Beckett (1999) to examine the corner and edge
loadings of SFRC slabs using single and double loading plates. In this project, two slabs
were built together and then separated with a sawn joint. The slab had a dimension of
11 mx 3 m x 0.15 m before separation; while after separation the dimensions become
5.5m x 3 m x 0.15 m. End-hooked steel fibres were used. It was found that beside the
increased corner load capacity of SFRC slab by increasing the fibre content, the vertical
deformation was reduced with increasing fibre quantity. Additionally, it was observed
that increasing the plane dimension of the tested slabs from the typical tested dimension
of 3mx3mto 11 m x 3 m, it is possible to observe the negative partial circumference
yield lines in the upper surface of the slab. It was also found that the double loading
plates centred 300 mm apart did not have any significant effect on the cracking load,
when comparing with a single load plate. The results obtained from the study were not

compared with those of plain concrete slabs.

Kearsley and Elsaigh (2003) examined the effect of ductility on the load carrying
capacity of SFRC slabs on ground and compared the deformation behaviour of SFRC to
that of plain concrete slabs and the applicability of reducing the thickness of SFRC
slabs. The performance of plain concrete slabs of plan dimension 3 m x 3 m by 150 mm
thick was compared against SFRC slabs of the same plane dimension but with a reduced
thickness of 125 mm. The thickness of SFRC was 16.6% less than the plain concrete
one. A dosage of 15 kg/m® of end-hooked steel fibres of length 60 mm and tensile
strength of 1100 MPa were used. The subgrade modulus of reaction used in this project
was 0.25 N/mm®. The load was applied at the centre of the slab through a

100 mm x 100 mm plate.

The results of the Kearsley and Elsaigh (2003) test showed that the failure load for both
slabs (plain concrete and SFRC) was approximately equal. Accordingly, the thickness
of SFRC slabs can be reduced to carry the same load as those of plain concrete slabs.

The load carrying capacity of concrete can be nominalised by the content of steel fibres.
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Additionally, it was found that thinner SFRC results in higher deflections than for the
plain concrete ones. This means that the deflection of SFRC slabs needs to be limited to

acceptable values.

Chen (2004) tested four full scale concrete ground slabs of 2 m x 2 m x 0-12 m. The
specimens were loaded statically at their centre. The slabs were cast and tested on a
2.5mx25m x 0-06 m subbase constructed of a cork, giving a subgrade modulus of
reaction, k,,, between 0.044 N/mm?® and 0.055 N/mm?. Two types of steel fibres (end
hooked and mill cut) were used with fibre contents of 20 kg/m® and 30 kg/m®. It was
found that the load carrying capacity of slabs on ground increases remarkably with the
addition of steel fibres. In addition, the flexural toughness, which is an indicator of the
energy absorption capacity of SFRC specimens, can be used in assessing the effect on
the load-carrying capacity of SFRC ground slabs. The friction between the slab and
supporting layer results in a horizontal thrust, which increases the load-carrying

capacity of the ground slab.

In an effort to compare the structural response between plain and fibre reinforced
concrete (FRC) slabs, Roesler et al. (2006) tested large scale slabs with dimensions of
2.2m x 2.2 mby 127 mm thick under monotonic loading. The FRC slabs contained
0.32% and 0.48% volume of synthetic fibres with length of 40 mm, aspect ratio of 0.92
and average tensile strength of 600 MPa. The slabs were placed on top of 200 mm of
compacted, low plasticity clay contained inside a containment box of plan dimension
5.08 m x 2.44 m by 310 mm. The subgrade modulus of reaction was 0.103 N/mm?. The
load was applied through a steel plate at the centre of the slab and its edge. The results
show that synthetic fibres significantly changed the failure response of plain concrete
slabs and increased the collapse loading. For the centre loading configuration, the
flexural cracking load is increased by 32% and 25% for fibre volume of 0.48% and
0.32%, respectively. The flexural cracking load was increased by 28% with 0.48% of

synthetic fibres under the edge loading. However, the tensile cracking loads of both

38



plain concrete and FRC slabs were found to be the same (Roesler et al., 2004; Roesler et

al., 2006).

In a study reported by Meda and Plizzari (2004) and Sorelli et al. (2006) slabs on grade
were tested under static loading to examine the structural behaviour of SFRC slabs. To
reproduce a Winkler soil 64, steel supports were placed under the slab at centres of
375 mm in each direction. These supports are steel plates on a square base having a side
dimension of 100 mm. A layer of high-strength mortar, a few millimetres thick, was
placed on each spring to provide the contact between the spring and the bottom face of
the slab. The average spring stiffness was determined by compression tests performed
on each spring and the result was equal to 11 kN/mm. Considering the influence area of
each spring as 375 mm x 375 mm, the average subgrade constant k,, is 0.0785 N/mm?,
which is representative of a uniform graded sand soil according to ACI classification
(ACI, 1992). Moreover, the load was applied as a concentrated point load in the middle
of the slab. The results indicated that a relatively low content of steel fibres effectively
increase the load-carrying capacity of slabs on ground and makes the structural response

more ductile.

In the project of Alani et al. (2012) SFRC slabs of 6 m x 6 m by 150 mm thick were
cast and tested on soil subbase which gave an average of modulus of reaction, k,,, of
0.05 N/mm?. The test was conducted at different locations (centre, edges and corners)
under static loading. The obtained results were compared against those theoretical
values derived by using the design codes. Significant difference was found as the
calculations showed that the theoretical failure loads are substantially lower than the test

values.
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2.5. Cyclic Testing of Concrete Slabs

Limited research has been undertaken to examine the performance of full scale plain
concrete slabs under cyclic or fatigue loading (Falkner et al., 1997; Roesler, 1998;
Roesler and Barenberg, 1999a; Roesler and Barenberg, 1999b; Roesler et al., 2005; Suh
et al., 2005; Sivagamasundari and Kumaran, 2011). One pilot study was undertaken to

examine the cyclic performance of SFRC slabs on ground (Falkner et al., 1997).

Understanding the fatigue relationship between simply supported beams (SSB) and
fully supported slabs (FSS) would allow predicting the fatigue performance of rigid
pavements in the field based on the laboratory results of SSB. To determine the
differences in the fatigue resistance of slabs and beams, Roesler and Barenberg (1999b)
tested simply supported beams and fully supported slabs under static and cyclic loading.
To simulate a pavement slab and to maintain the same deflection profile along the slab
edges, the FSS was partially restrained through connecting the edges of the slab to an
external steel structure (dowels). Ideally, an infinite FSS needs to be tested; however,
Roesler and Barenberg (1999b) believed that a partially restrained finite slab performs
in a similar manner as infinite slab. Figure 2.11 illustrates the configuration of FSS.
Dimensions of 1.2 m x 1.2 m x 152 mm were chosen to simulate infinite conditions; the
decision was made based on the deflection and stress profile analyses of the slab using a

model developed by ILLI-SLAB software.

Roesler and Barenberg (1999b) found from theoretical stress analysis and field
observations that the edge of the slab is the most critical location for the development of
fatigue cracking in roadway pavements and, accordingly, an edge loaded slab
configuration was selected. The loading was applied by a steel plate located
symmetrically at the edge of the slab. The frequency of loading was 1 Hz or 2 Hz
including no rest periods. The cyclic loading for the slabs was chosen to provide a
bending stress with an approximate percentage of the average concrete modulus of

rupture obtained from SSB testing. The maximum cyclic load required to provide a
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certain stress in the slab was determined by analyses performed through ILLI-SLAB
software. The minimum load was 10% of the maximum applied load. The slab was
placed on top of soil containment box; the steel box served as the container for all the
foundation materials and was a self-contained reaction frame. The dimensions of the
steel box were 1.8 m x 1.8 m x 1.3 m size. Layers of crushed stone, sand and soil were
compacted into the box. Polyethylene sheet was placed between the slab and the
foundation materials to prevent moisture evaporation. Figure 2.12 presents the soil

containment structure and the loading frame system.

Two slabs were tested under static loading. The bending stresses at the flexural cracking
load were 6.33 MPa and 7.35 MPa for FSS; however, using SSB configuration stresses
of 4.99 MPa and 5.09 MPa were obtained. This implies that FSS had a greater cracking
resistance than SSB. Furthermore, a crack at the edge of the slab was observed before
reaching the full depth cracking load. This indicates that the concrete modulus of
rupture obtained from testing SSB is not corresponding to the concrete modulus of
rupture based on FSS testing. Roesler and Barenberg (1999b) claimed that the main

reasons for this discrepancy are:

e specimen size (beam versus slab);
e boundary conditions (fully supported versus simply supported); and

¢ |oad configuration (distributed load versus point load).

Before reaching the first cracking load, the slab deflection profile was smooth and
continuous. After first cracking, the slab behaved as two cantilever beams with loads on

their free ends.

Ten FSS were tested under cyclic loading. The failure of the slabs was determined by
the substantial increase in deflection from the previous cycle (30% to 100%). This jump
in the deflection of FSS was always in conjunction with observing visual cracks in the

loading edge. After the failure of each slab, beams 152 mm x 152 mm % 533 mm were
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extracted from the slab using a concrete chainsaw. These extracted beams were tested in
SSB configuration to determine the modulus of rupture. The obtained values were then

used in calculating the stress ratio instead of the cast SSB.
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Figure 2.11 — The dimensions and configuration of fully supported slab (Roesler and
Barenberg, 1999b).

A comparison between the fatigue curves of FSS and SSB is shown in Figure 2.13. As
can be seen from the figure, the fatigue capacity of the slab was approximately 30%
higher than that of SSB tests. This implies that the slab can sustain 30% higher stress
level than beams for the same load repetition to failure. The fatigue curve for FSS

(shown in Figure 2.13) was obtained based on the assumption that the concrete modulus
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of rupture of SSB is representative of the true strength of FSS, but this assumption is
flawed. The flexural strength of FSS, under static loading, is 30% higher than SSB. This
discrepancy is because FSS, unlike beams, has the ability for plastic deformation and
stress redistribution in more than one direction. Accordingly, the static strength of the
slab was used to obtain the corrected stress ratio of FSS and the fatigue curves are
presented in Figure 2.14. FSS and SSB seemed to have the same fatigue resistance after

correcting the stress level of the FSS.

Roesler and Barenberg (1999b) claimed that testing laboratory FSS under repeated
loading gives an extensive insight about the mechanism of slab fatigue failure where

data and visual observations about the crack pattern and slab failure mode are obtained.
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Figure 2.12 — The soil containment box and the loading frame system for fully
supported slab testing (Roesler and Barenberg, 1999b).
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Falkner et al. (1997) investigated the possibility of using steel fibres to improve the load
bearing capacity and maintenance of reduced thickness plain concrete pavements. An
experimental program was carried out to compare the deformation and the load bearing
capacity of plain and steel fibre reinforced concrete under cyclic loading. The slabs
contained 40 kg/mm? of end hooked steel fibres with a length of 50 mm, a diameter of
0.6 mm and minimum tensile strength of 1100 MPa. The size of the slab was 3m x 3 m
and the depth of the plain concrete slab was 270 mm (Fa-P1-1). The total depth of
SFRC slab was 220 mm with the thickness of SFRC layer being 170 mm (Fa-P1-2) or
160 mm (Fa-P1-3) — see Figure 2.15. The SFRC slab was covered with a layer (50 mm
or 60 mm) of plain concrete, as presented in Figure 2.15. The tested slab was supported
by an elastic subbase with dimensions of 3.5mx3.5m x0.06 m. The subbase
consisted of a 60 mm cork layer and a rubber sheet in the loading application area. The
dimensions of the rubber sheet were 1.25mx1.25mx0.06 m, as shown in
Figure 2.16. The subbase materials were compacted to k,, = 0.05 N/mm? as specified
for industrial pavements in iBMB tests. This value was roughly representative of

moderately compacted sand.

The deformation in the elastic subbase for the Falkner et al. (1997) test specimens is
presented in Figure 2.17. As can be seen from the figure, the compaction value of the
cork was dependent on its deformation while the value of the rubber remained
unchanged. The testing load was applied at the centre of the slab through a
150 mm x 150 mm steel plate. A variable applied loading was used in this experiment.
For the first 10,000 cycles, the maximum applied load was set to be 200 kKN during
dynamic loading while the minimum load was 20 kN. The maximum and minimum
loads were increased by 20 kN after reaching 10* cycles as can be seen from

Figures 2.18 to 2.20. The frequency of applied loading was 0.5 Hz.

The load versus number of cycles for specimens Fa-P1-1, Fa-P1-2 and Fa-P1-3 are

presented in Figures 2.18 to 2.20, respectively. For the plain concrete, the test stopped
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after 605,508 cycles with an ultimate load of 340 kN. For SFRC specimen (Fa-P1-2),
the maximum load was 460 kN for maximum load cycles of 1,215,767. The load
increased up to 360 kN for specimen Fa-P1-3 and stopped after 1.9 x 10° cycles. From
these results, it can be seen that although SFRC slabs were thinner than the plain
concrete ones, they sustained a considerably higher number of load repetitions showing
higher fatigue resistance. This is possibly due to the variable loading applied and such
type of loading had a higher influence on the crack formation in plain concrete slab
comparing with SFRC ones. This implies that the steel fibres in the thinner SFRC slabs
compensated for the reduced thickness of the slab. Moreover, it was found that the

addition of steel fibres in the slab increased the moment carrying capacity.
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Figure 2.15 — Cross section of the experimental slabs, dimensions in cm (Falkner et al.,
1997).
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Figure 2.20 — Cyclic loading test for specimen (Fa-P1-3) (Falkner et al., 1997).

In the study of Roesler et al. (2005), large scale concrete slabs were tested to evaluate
the effect of multiple wheel gears on the fatigue life of plain concrete slabs. The
concrete slabs were fully supported by 200 mm natural clay subgrade placed within a
laboratory test frame. The CBR value of the soil was 5 at 17% moisture content. Slabs
of plan dimension 2 m x 2 m and 150 mm thick were tested statically and cyclically at
their edge. The test plan included various stress ratios and ranges for both a single and
tridem load pulse (Figure 2.21). The single pulse was applied at a frequency of 2 Hz
with no unloading between pulses as can be seen from Figure 2.21, while the tridem
pulse was applied at 3 Hz frequency. For the tridem pulse, the unloaded stress was 10%

of the maximum load.

The results of Roesler et al. (2005) tests show that stress pulse type, peak stress and
stress range have influence on the fatigue behaviour of concrete slabs. For low cycle

fatigue, the applied peak stress controlled the allowable number of load repetition, while
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stress range effect was not significant. Both the peak stress and stress range had impact

on the number of load repetition in high cycle fatigue.
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Figure 2.21 — Example of single and tridem load pulses (R = 0.70) (Roesler et al.,
2005).

Suh et al. (2005) conducted an experimental study to examine the fatigue resistance of
both laboratory beams and in-field full scale plain concrete slabs. In addition, this
investigation evaluated the feasibility of superaccelerated pavement (SAP) testing
method for cyclic loading of full scale concrete pavement in real field scenario, through
utilising the stationary dynamic deflectomer (SDD). In this experimental program, Suh
et al. (2005) tested several beams and full scale concrete slabs. In the laboratory fatigue
testing procedure, beams of size 152 mm x 152 mm x 914 mm were tested under third
load pointing configuration. The stress ratio of cyclic loading was kept constant at a

value of 0.1. The loading frequency was 5 Hz with no rest period. Regarding the SAP
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testing, both static and fatigue tests were performed by applying a load at the centre of

the concrete slab. Figures 2.22 and 2.23 illustrate the set-up for SDD technique.

In the study of Suh et al. (2005), the rigid pavement system consisted of three layers; a
natural subgrade, an asphalt stabilized base and concrete slab. Tests were performed to
determine the properties of the natural subgrade before placing the asphalt base;
afterwards, a 100 mm thick asphalt stabilized base was built on the top of the subgrade
materials. Eventually, full scale slabs 3.66 m x 3.66 m by 150 mm thick were placed on
the asphalt stabilised base. The load applied was at a frequency of 20 Hz; the stress ratio

was 0.4.

The fatigue failure of filed concrete slabs was determined by the occurrence of the first
visible crack, which was usually accompanied by the abrupt changes in the
displacement. To examine the stress redistribution and crack propagation under fatigue
loading, the cyclic loading was applied until the occurrence of full depth cracking at the
edges of the concrete slab. Figure 2.24 is a conceptual diagram representing the slab
behaviour. For all concrete slabs, the first visible crack was observed near the loading
point at the top surface as presented in Figure 2.25. After applying significant number
of cycles, edge cracks were clearly observed at the bottom of the slab, which then
propagated to the top surface. This implies that concrete field slabs showed stress
redistribution during the crack propagation period. Moreover, both the laboratory beams
and concrete slabs had almost identical S-N relationships after applying equivalent

fatigue life concept (correction of the stress ratio discrepancy).
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Figure 2.25 — Plane view of failed slab after fatigue testing (Suh et al., 2005).
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2.6. Comparison of Crack Patterns

The deterioration of concrete pavements under traffic loading is a critical concept in
civil engineering research. Studies have been carried out to characterise the fatigue
performance of concrete slabs; however, most of these simulate fatigue loading by a
fixed load, not a running load. Consequently, the deterioration of the slabs can be
different due to different loading process. Based on several survey reports, Matsui et al.
(1986) demonstrated that the deterioration process in slabs under repeated loading first
involves the development of one-way cracks in the perpendicular direction to the traffic
flow, as displayed in Figure 2.26(a). Following, two-way cracking is formed in a grid
shape, as illustrated in Figure 2.26(b). These grid type patterns of cracks are further
developed by the repeated occurrence of traffic flow (Figure 2.26(c)). After that, the
cracks at the bottom of the slab are jointed with those on the top surface. The
continuous utilisation of the cracked slab results in repeated opening and closing of the
cracks due to the repetition of bending moments. As a result, the cracks grow up to form
slits, which can lead to partial sinking of the pavement surface, as shown in
Figure 2.26(d), which is the final stage of the deterioration process (Maeda et al., 1980a;
Maeda et al., 1980b; Maeda et al., 1981; Matsui et al., 1986).

Figures 2.27 and 2.28 display the cracking pattern of the bottom surface of a tested
specimen under concentrated point load and actual crack pattern of the slab in reality,
respectively. As can be seen from the figures, the crack pattern developed by the fatigue
loading during testing is not representative of the reality. The deterioration of the actual
concrete slabs cannot be accurately evaluated from such experimental studies, where the
testing procedure involves simulating traffic volume by a load at a fixed point on the

slab.
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Figure 2.26 — Deterioration process of slabs (Matsui et al., 1986).

Figure 2.28 — Cracking pattern of actual slab (Matsui et al., 1986).
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2.7. Concrete Fatigue Models

For concrete pavements, most of the design procedures are based on developing
sufficient slab’s thickness to resist fatigue cracking. Typically in concrete pavements,
the critical stresses are considered to be the flexural stresses at the bottom surface of the
slab under an edge loading condition (bottom-up cracking), given that some other
investigations indicated that critical bending stresses can be developed at the upper
surface of the slab under corner loading conditions (top-down cracking) as illustrated in
Section 2.1.4. The focus of this section is on the development of fatigue models
themselves and not extended to the development of concrete pavement design

procedures, in which they may be a part of.

In this discussion, a summary of the some common fatigue models is presented. A brief
background for the development of each model is described, indicating the limitations
and the assumption behind their development. The concrete pavement fatigue models
presented in this section are designed based on the information obtained from concrete
beam fatigue testing and field testing of concrete slabs. Also, some fatigue models of

fatigue laboratory testing of concrete slab and of SFRC are presented.
2.7.1. Fatigue Models of Concrete Beams

There are several fatigue models developed for plain concrete mainly based on the
results of concrete beams; for example, Portland Cement Association (PCA) Model and
Zero-Maintenance Design Fatigue Model. A brief description of some of these models

is provided.

The PCA fatigue model assumes that there is no endurance limit for stress ratio below
0.45; this means that the fatigue life of concrete is infinite if stress remains sufficiently
low. One of the weaknesses with the PCA fatigue model is that it assumes that the
fatigue behaviour of a simply supported beam is equivalent to a fully supported slab in

the field. Packard and Tayabji (1985) describes the PCA model as:
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For SR < 0.45 Ny = Unlimited (2.9a)

For 0.45 < SR < 0.55 N; = [ 42577 2.9
or Y. ' 7= |SR— 04325 (2.9b)
For SR = 0.55 logN; = 11.737 — 12.077SR (2.9¢)

where SR is stress ratio and given by Equation 2.2 and Ny is number of cycles to failure.

The design guide for jointed plain concrete highway pavements of the Illinios
Department of Transportation also uses the S-logN beam fatigue model based on the

zero-maintenance report by Darter (1977):

logNy = 17.61 — 17.61S (2.10)

This beam fatigue model provides the allowable number of load repetition with a 50%

failure probability.

Darter (1977) found that the highest tensile stresses occur within the pavement midway
between the transverse joints, along the longitudinal joints. These observations correlate
with the field studies performed by AASHO Road Test (HRB, 1962) where the critical
failure point was found mainly to be at the longitudinal edge. However, the results of
Bates Road Test (Older, 1924) and Michigan Road Test (Finney and Oehler, 1959)

found that the critical location is at the transverse joints for thin slabs (below 200 mm).
2.7.2. Fatigue Models of Field Concrete Slabs

The U.S. Corps of Engineering (COE) developed a fatigue model based on the data of
51 full scale field sections tested between 1943 and 1973 (Smith and Roesler, 2003).
The results of the COE fatigue tests are provided by Parker et al. (1979). The COE tests
only considered the influence of the applied traffic load in the stress calculation and did
not quantify the environmental stresses such as temperature curling and moisture

warping of slabs. The fatigue failure in the COE test was defined as the point where
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50% of the slab in the trafficked area had cracked. The strength of concrete used in the
development of fatigue models is defined as the modulus of rupture obtained from third
point loading tests. The COE stated that the edge and the corner loading conditions
produce the greater stresses in pavements (Smith and Roesler, 2003). The COE fatigue
models changed over time; consequently, there are several versions of the fatigue
models developed by COE. Only a few of them, which present the fatigue life versus

stress levels, are presented.

Darter (1988) developed a fatigue model as shown in Equation 2.11 using the airfield
pavement fatigue results of tests conducted by COE. A summary of these results can be
found in (Parker et al., 1979; Barker, 1981). This model was originally evaluated for

airport pavements but it seems that it shows good correlation in other applications.

logN; = 2.13SR™12 2.11
9NNy

A nonlinear fatigue model to predict the fatigue performance of in-situ concrete slabs
was developed by Thompson and Barenberg (1992) based on the COE test (Barker,
1981) and AASHO test data (HRB, 1962). In order to account for temperature curling in
the stress calculation, a weighted average annual temperature differential was
determined for each test section based on measure data. The following fatigue models

were developed (Equation 2.12):

for SR > 1.25 LogN; = —1.7136SR + 4.284 (2.12a)

for SR < 1.25 LogN; = 2.8127(SR)™12214 (2.12b)
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2.7.3. Comparison between Different Fatigue Models

As seen in the previous sections, a variety of fatigue models are available to use for
concrete pavement design, however, each of them provide different results. Figure 2.29
demonstrates the scatter in the results of the fatigue models obtained from beam tests
and actual field data. The beam based models are more conservative in low cycle
fatigue (less than 1000 cycles) but less conservative in high cycle fatigue. A large
scatter in the predicted fatigue life is obtained depending on the model’s selection. This
can be attributed to the differences in the way that each model was developed.
Accordingly, one fatigue model cannot simply be used in place of another in a given
design procedure. As can also be seen from the figure, the maximum stress ratio for
concrete beam developed models is 1.0, while for field slab developed model, it can

exceed 1.0, as per definition of stress ratio, SR, in Section 2.2.1.

2:5 —e— Zero-Maintenance Beam Fatigue Model (Darter, 1977)
—e—PCA Beam Fatigue Model (Packard and Tayabji, 1985)
5 . —a— COE Slab Test Data (Darter, 1988)

—*%— COE and AASHO Test Data (Thompson and Barenberg, 1992)

Stress ratio

0 T T T T T T T
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08

Number of cycles to failure

Figure 2.29 — Comparison of several existing concrete fatigue curves.
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2.7.4. Fatigue Models of Laboratory Concrete Slabs

Roesler (1998) investigated experimentally and under laboratory conditions the
influence of various support and boundary conditions on the fatigue performance of
concrete. Three types of specimens were tested: simply supported beams, fully
supported beams and fully supported slabs. The fully supported slab was tested at its

edge.

The results of simply and fully supported beams of Roesler (1998) were similar to those
presented by the Zero-Maintenance Design Fatigue Model. However, the results of the
fully supported slabs showed higher fatigue life compared to the predicted ones using
the beam fatigue models. Accordingly, in an attempt to account for the difference
between slab and beam fatigue results, Roesler (1998) replaced the ultimate flexural
strength of the slab with the modulus of rupture of a beam and a fatigue equation was
developed, based on the obtained results, to present 50% probability of fatigue failure
as:

32.57

1.2968
Ny = (2.13)

amax/
MORbeam

where 6,4, 1S maximum applied stress and MO R}, 1S moment of rupture of a beam.

Roesler (1998) found that a stress ratio (0,4 /MORpeqm) OF around 1.30 is required to
cause flexural cracking after one fatigue cycle. This means that the results of simply
supported beams underestimate the strength of concrete slab by 30%. Accordingly, to
accurately predict the fatigue life of concrete slab, the flexural strength of the slab
should be known. The strength of concrete slab is dependent on boundary conditions,

loading configuration, thickness and geometry of the slab.
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2.7.5. Fatigue Models of SFRC

The available guidelines and methods for designing rigid pavement are based on
conventional concrete and are not modified to consider fibre influence. There is a need
to examine the influence of steel fibre addition on the fatigue behaviour of concrete and

accordingly adjust the existing concrete fatigue models.

Several fatigue models, in terms of stress ratio-fatigue life (S-N curves), have been
reported for FRC (Chang and Chai, 1995; Wei et al., 1996; Pasakova and Meyer, 1997;
Cachim, 1999; Singh and Kaushik, 2003; Lee and Barr, 2004; Germano and Plizzari,
2012). The models indicated that the addition of fibres tends to shift the fatigue life
curves towards the right of those of plain concrete; consequently, the FRC indicates a
higher value of allowable load repetitions for the same stress level in comparison to
plain concrete. However, these models were evaluated from fatigue tests on uncracked

specimens.

A study on the fatigue performance of uncracked FRC specimen may be insufficient to
draw significant conclusions about the effect of cyclic loading on the toughness due to
the fact that the fibres mainly influence the response in the fracture process zone.
Therefore, a few studies were conducted on pre-cracked specimens (Naaman and
Hammoud, 1998; Plizzari et al., 2000; Germano and Plizzari, 2012). For pre-cracked
specimens, the fatigue performance corresponds to the crack initiation and propagation
stages and can be taken to be governed by the toughness of the FRC. These results are
more representative of the fatigue response of FRC, as considered in inelastic design. It
is noted that, even in comparison to the model for uncracked plain concrete, the FRC
specimens show high fatigue resistance. It is worth to mention that the study by Naaman
and Hammoud (1998) is on high early strength concrete with high dosages of fibres
(above 1%) resulting in a strain hardening type of response, which is not directly

comparable to the study being discussed here.

61



Based on the literature review and model comparisons, it is inferred that the
incorporation of fibres results in the enhancement of fatigue life of concrete by about
20-25% in the pre-cracked stage. After cracking, the plain concrete is not expected to
have any further life as failure will occur almost simultaneously with the first crack
appearance, whereas FRC can endure cyclic loading at least at low stress levels for an
appreciable number of cycles and this phenomenon can be related to the toughening due
to the fibres. However, a conclusive quantitative estimate of the relationship between

the fatigue life and toughness of FRC could not be obtained.

2.8. Concluding Remarks

This chapter provides a review about the main findings of research regarding the fatigue
performance of plain and steel fibre reinforced concrete and the approaches to
determine of the fatigue life of concrete pavements. Several limitations were found and

they are listed and described briefly below.

Heavy wheel loads and high traffic volumes over time have required the design of
thicker pavements. In rigid pavements, the thickness is frequently governed by the
applied traffic loads, rather than the stresses due to temperature and moisture gradients.
The structural design of rigid concrete pavements subjected to traffic loading is,
generally, based on results of loading tests, experimental experience and empirically or
semi-empirically approaches using the theoretical analyses. One of the main
assumptions in the analyses of rigid pavements is that a concrete slab behaves as a rigid-
elastic layer resting on top of an elastic subgrade and subjected to various loading and
boundary conditions. However, the fatigue fracture mechanism of concrete, generally,
and SFRC, specifically, is highly nonlinear and non-elastic, raising the influence of size
effect. Currently, the flexural strength is used to characterise the fatigue performance of
concrete pavements, it is recognised, however, that flexural strength of concrete is size

dependent.
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It is seen in the literature that the modulus of rupture obtained from prism tests is used
in concrete pavements design to obtain the fatigue life of the structure. However, the
static strength of fully supported slab can be higher than that obtained from simply
supported beams. Additionally, some of the existing fatigue models used in pavements
design are based on the fatigue performance of beams, where the fatigue resistance of a
rigid pavement is assumed to be similar to that for a concrete beam. This raises the
question on the adequately and the suitability of using the Wohler curve or the static
strength obtained from a small scale beam as an indicator of the structural fatigue

performance of full scale pavements under cyclic loading.

Studies on statically tested large scale SFRC slabs on ground have found that the load
carrying capacity of SFRC is significantly larger than that obtained for plain concrete
slabs. However, the existing design methods that are used to design SFRC slabs on
grade are the same as those used to design plain concrete slabs. The design procedure
for plain concrete slabs on ground or pavements is generally based on an elastic analysis
where un-cracked concrete section is assumed. However, this method tends to
underestimate the load carrying capacity of SFRC slabs on ground, as the utilisation of
these approaches in the design SFRC slabs does not take into account the post-cracking
contribution that SFRC can make for both the flexural strength and post-cracking
strength of SFRC slab. Accordingly, the improved strength properties due to the
addition of steel fibres are not appropriately considered. Moreover, the design methods
that have been adapted based on the established techniques used for slabs on grade is a
major drawback, since the failure of slabs on grade is predominantly caused by static
loading, whereas the failure of pavements, more often than not, occurs at much lower

stresses due to fatigue. This indicates that there is lack of studies specific to pavements.

As mentioned above, there has been significant research on SFRC under static loading
but very limited under cyclic loading and only one pilot study was found in the

literature where SFRC slabs on ground were tested under cyclic loading. In this study

63



the load was simulated by a fixed point under cyclic loading; this resulted in
deterioration process, crack pattern and failure mode that are unrepresentative of the
actual observed results in reality. Accordingly, there is a need to consider the influence
of load sequence to obtain a representative crack patterns and failure mode; afterwards,

the effect of steel fibres in controlling the cracks need to be simulated.

Plain concrete pavements are designed in a way that the tensile stress are limited in the
slab to such a level of fatigue cracking will not occur for the projected number of stress
repetitions. As a result, the number of cycles until the initial cracking is used to
determine the fatigue life of plain concrete pavements. However, in SFRC pavements,
cracks are going to occur but their propagation is controlled by the fibres and higher
loading capacity can be utilized in the post-cracking phase. Accordingly, the fatigue
failure mechanism of SFRC is completely different from those plain concrete ones. This
indicates that testing small scale specimens or statically testing SFRC slabs on grade, or
cyclically testing SFRC slabs on grade by a fixed point, does not provide information
about the fatigue life of indeterminate SFRC pavements, and definitely will not provide
details and insight into the crack patterns and the mechanism of fatigue fracture failure

of SFRC pavements.

The present study relates mainly to the thickness design of concrete slab in rigid
pavements. The hypothesis is that thinner SFRC pavement slabs can replace thicker
plain concrete slabs. The aim is to provide experimental results that demonstrate the
addition of fibres can result in reduction in the thickness of concrete pavements with
minimum maintenance requirement in terms of deflection and crack width. Attention
and consideration is to be given to the method of applying the fatigue load in an attempt

to more correctly simulate the crack patterns and failure mode of pavements in practice.
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Chapter3 MATERIAL CHARACTERISATION OF
STEEL FIBRE REINFORCED CONCRETE
UNDER STATIC AND FATIGUE LOADING

3.1. Introduction

In this chapter, the results of an experimental study on the characterisation of steel fibre
reinforced concrete under fatigue and static loading are presented. Tests were conducted
on eighteen dog-bones, thirty six prisms and twenty seven round panels. In Section 3.2,
the experimental program undertaken in this study is presented. The experimental
results and observations are presented in Sections 3.3 to 3.8 and conclusions presented

in Section 3.9.

3.2. Experimental Program
3.2.1. Fibres and Compressive Properties

An experimental program was conducted to investigate the post-cracking and fatigue
behaviour of steel fibre reinforced concrete round panels. A series of matched direct
uniaxial tension and prism bending tests were undertaken in conjunction with the round
panel tests (RPT) to provide comprehensive material characterisation data. A total
twenty seven round panels were cast and tested using three different SFRC mix designs.
The SFRC mixes were fabricated using three types of commercially available steel

fibres:

M Double End-Hooked (Series A) Dramix® 5D 65/60 BG fibres;
(i) End-Hooked (Series B) Dramix® 4D 65/35 BG fibres; and
(iii)  End-Hooked (Series C) Dramix® 4D 55/60 BG fibres.
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The fibres were manufactured by Bekaert and supplied to the project by BOSFA Pty
Ltd Australia. The specimens were cast and tested at the University of New South
Wales Heavy Structures Laboratory. The fibre dimensions and material properties are
provided in Table 3.1. The SFRC tests are categorised in three series, Series A, B and C.

The target fibre dosage used in this study was 30 kg/m®.

The seventy two specimens produced in this investigation were cast in three batches of
nine panels, together with twelve prisms and six dog-bone tension specimens. The
concrete mix design was obtained from a local ready mix supplier and it was nominally
identical for all three batches. The concrete was provided to the testing laboratory
without the fibres in the mix; the specified target concrete compressive strength was
40 MPa and the coarse aggregate used was basalt with a maximum particle size of
20 mm. The workability of the fresh SFRC was measured by means of a slump test and
was found to be 80 mm. For the pours that had specimens without fibres, these
specimens were cast first. The calculated weight of the fibres was then added, on-site,
and mixed in the agitator for a minimum of 10 minutes; when fully mixed, the SFRC

specimens were cast.

For Series A and B, the actual fibre content was determined by extracting three
cylinders (150 mm diameter by 300 mm high) at the start of the pour and a further three
cylinders at the end of the pour. For Series C, additional three cylinders were extracted
at the middle of the pour as this series was casted with the large scale slabs and larger
volume of concrete was ordered. The cylinders were emptied, the cement content
washed out and the fibres extracted using a magnet. The fibres were then dried and their
weight measured. The average fibre dosage and coefficient of variation (COV) are
given in Table 3.2. External vibration was used for all SFRC specimens. Photograph of

specimens after casting are shown in Figure 3.1.
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Table 3.1 — Properties of steel fibres.

Property A B C

Length, It [mm] 60 35 60
Diameter, df [mm] 0.9 0.55 1.05

Aspect ratio, Ii/d; 65 65 55
Tens"e[lf/tlrs:]gth’ Ot 2300 1850 1450
Strain at ultimate strength 6.0% 0.8% 0.8%

Minimum dosage [kg/m®] 15 15 18

Fibre Shape ~ N ~ = ~ N\

Handling and placing is a major drawback of the ASTM C1550 (2012) round panel test
due to the large size of the specimen and, consequently, high weight (91 kg). To
facilitate the handling process, 75 mm long lifting ferrules were attached to the steel
moulds using an elastic glue to ensure smooth demoulding. As the inclusion of these
ferrules can result in micro-cracks formation leading to a weak region within the
specimen, subsequently affecting the flexural performance of the material, the lifting
ferrules were placed in line with the pre-planned location of the supports during testing.
This ensured that the lifting ferrules were not placed within the expected region of crack
formation. Additionally, the lifting ferrules were located 100 mm away from the edge of

the support to avoid any potential of punching shear failure. This is shown in Figure 3.2.

The specimens were moist cured for a period of 28 days, after which they were cleaned,
dried and measured prior to testing. The specimens were tested at least 180 days after

casting to minimise any change in strength due to aging.
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Figure 3.2 — Round panel mould with lifting ferrules.
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Table 3.2 — Fibre content taken from cylinders during casting.

Start of pour Mid of pour End of Pour
Series | Cylinder | Cylinder | Cylinder | Cylinder | Cylinder | Cylinder | Cylinder | Cylinder | Cylinder Average CoV
1 2 3 1 2 3 1 2 3 kg/m®
(kgim®) | (kg/m’) | (kg/m’) | (kg/m) | (kg/m’) | (kg/m’) | (kg/m’) | (kg/m’) | (kg/m)
23.6 22.3 27.3 24.3 23.7 27.5
A - - - 24.8 0.09
(-4.8%) | (-10.1%) | (+10.2%) (-1.8%) | (-4.4%) | (+10.9%)
29.1 29.7 29.5 25.2 25.9 27.3
B - - - 27.8 0.07
(+4.8%) | (+6.7%) | (+6.1%) (-9.2%) | (-6.7%) | (-1.8%)
34.7 28.5 32.1 28.0 31.0 30.6 27.4 31.2 27.9
C 30.2 0.08
(+15.1%) | (-5.4%) | (+6.3%) | (-7.1%) | (+2.8%) | (+1.6%) | (-9.2%) | (+3.3%) | (-7.4%)
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The compression strength of the concrete used in this study was determined from
150 mm diameter by 300 mm high cylinders. The results are summarised in Table 3.3.
The mean compressive strength (f.m) was determined from two to five cylinders tested
under load control at a rate of 20 MPa per minute, as per AS1012.9 (1999). The

Young’s modulus of elasticity (E;) was obtained in accordance with AS1012.17 (1997).

Table 3.3 — Compressive properties of SFRC mixes.

fom [MPa]
Series - — Ec[GPa]
28 days At time of testing
A 44.6 (3) 56.0 (5) 31.8(2)
B 35.7 (3) 51.5(5) 28.0 (2)
C 48.6 (2) 55.7 (5) 30.3(2)

Note: ~ Number in () equals number of cylinders tested.

3.2.2. Uniaxial Tension Test Preparation and Procedure

The uniaxial tension tests were conducted on hour glass shaped “dog-bone” specimens
in accordance with AS3600 (2018). The sample geometry, being approximately 40%
narrower in the midsection than at its ends, permits for failure to occur within a
reasonably well defined region. Furthermore, no notches are required and therefore the
dominant crack does not pass through a pre-determined plane. Prior to casting, four
16 mm 8.8 grade threaded rods were placed 100 mm within each end of the formwork.
The level and alignment of the threaded rods were checked from the inside of the form

and then locked in place using a nut on either side of the wall of the formwork.
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The dogbone specimens were tested in a 1 MN capacity Instron servo-hydraulic
universal testing machine (UTM). The threaded rods protruding from the specimens
were bolted to end plates and connected to the UTM. One end was fixed while the other
was fitted with a universal joint to eliminate any residual tension that may develop
during the gripping process. To measure the crack opening displacement (COD),
displacement transducers (LVDTs and LSCTs) were attached to the North, South, East
and West faces of the specimen. The gauges were centred on the specimen and had a
gauge length of 230 mm (Figure 3.3). Loading was applied using displacement control,
initially at a rate of 0.12 mm/min until the formation of the dominate crack. After
cracking, the rate was increased to 0.2 mm/min with additional rate increases introduced
as the test progressed. Following the conclusion of testing of uniaxial specimens, the

number of fibres crossing the fracture plane was recorded.

Figure 3.3 — Uniaxial tension test showing displacement transducers.
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3.2.3. Prism Bending Test Preparation and Procedure

Bending tests can be performed on notched or un-notched prisms. The use of un-
notched specimens enables the crack to initiate at the weakest section of a member;
however, this becomes problematic when trying to measure the crack mouth opening
displacement (CMOD). On the other hand, the failure plane in a notched specimen is
not necessarily the weakest cross section of the member per unit cross-sectional area as
a large number of fibres could cross the section, and a large scatter of results has been
reported (Parmentier et al., 2008; di Prisco et al., 2009; Foster et al., 2013; Amin et al.,
2017). For un-notched specimens tested in a four-point arrangement, the first crack will
appear at the weakest cross-section between the two loading points. As the location of
the crack cannot be predicted, it is difficult to measure the CMOD and often results are

presented in terms of load versus mid-span deflection.

In this study and for each series, the prism bending tests were conducted on twelve
samples of 150 mm square in cross-section and 600 mm long. Three different prism
bending test procedures were followed: EN 14651 (2007), ASTM C1609 (2006) and
JCI-S-002 (2003).

Three to five specimens of each series were notched 25 mm at their mid-span using a
diamond blade saw and tested in a three point arrangement spanning 500 mm (as per
EN 14651, 2007) to measure the flexural tensile strength. The specimens were tested in
a closed loop test system by fixing a clip gauge to the underside of the prism at the
notch to measure and control the crack mouth opening displacement at the extreme
tensile fibre. Testing was conducted by increasing the CMOD at a rate of 0.05 mm/min
until the CMOD reached 0.10 mm; this rate was then increased to 0.20 mm/min until

the CMOD reached 5 mm, at which point testing was concluded.

The flexural toughness of the specimens was evaluated by testing four specimens of

each series according to ASTM C1609 (2006). The specimens were placed on two roller

72



supports over a span of 450 mm. The prism midspan deflection was measured by a pair
of linear potentiometers attached to a frame such that a net midspan deflection would be
measured, according to ASTM C1609 (2006). The prisms were loaded at a rate of
0.05 mm/min until the net deflection reached 0.50 mm; this rate was then increased to

0.20 mm/min. The test was terminated at a deflection of 5 mm.

The fracture energy was obtained from testing two to five notched specimens of each
series according to Japanese Concrete Institute Standard JCI-S-002 (2003). The 45 mm
length notch was formed by a 3 mm wide saw cut across the full width of the specimen.
The specimens were placed on two roller supports over the span of 450 mm. The
loading was controlled using CMOD at a rate of 0.075 mm/min. The test was

terminated at a CMOD of 5 mm.

For Series B and C, ASTM C1609 (2006) and EN 14651 (2007) tests, concrete strain
was measured as the applied deflection or CMOD increased to determine the location of
neutral axis. Each specimen was instrumented with five 60 mm electronic strain gauges
fixed through the depth of the prism, at the mid-span, as shown in Figures 3.4 and 3.5

for the notched and un-notched prism bending tests, respectively.
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Figure 3.4 — Location of strain gauges for notched prism bending test (dimensions in
mm).
F72 F72

¢_ — 5G5 &
20 ____ 5G4
30

S 5G3
30, 8G2
30
R SG1
30
D /3 /3 1/3 P

Figure 3.5 — Location of strain gauges for un-notched prism bending test (dimensions in
mm).
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3.2.4. Round Panel Test Preparation and Procedure

The determinate round panel specimens were produced with nominal diameter of
800 mm and nominal thickness of 75 mm and tested to ASTM C1550 (2012). Before
testing, the diameter of the panel was measured at three places and the thickness of the
panel was measured at six points around the edge. The average measured dimensions of
each specimen are given in Table 3.4. Table 3.4 shows that the mean coefficient of
variation in diameter and thickness of the panels is small. Full data are presented in

Appendix A.

The RPTs are designated using the notation U-VW-X-Y-Z, where ‘U’ is the series name
indicating the type of fibre used, ‘V’ is the specimen number of the series (i.e. same
specimen type under the same loading conditions), ‘W’ refers to static (S) or cyclic (C)
applied loading, <X’ indicates plain (P) or fibre reinforced (F) concrete, ‘Y’ represents
whether the specimen was pre-cracked (C) or uncracked (U) before the application of
the cyclic (fatigue) loading and ‘Z’ is the percentage of the maximum load level during
fatigue loading. For example, specimen A-1C-F-C-60 represents a pre-cracked SFRC
round panel specimen of Series A with 5D 65/60 steel fibres, cycled up to 60% of its

static capacity and is the first specimen of this test type.

The panels were supported on three symmetrically arranged pivot points giving a
loading radius, r, of 375 mm (Figure 3.6). Each specimen was instrumented with an
LSCT, placed underneath the loading point, to measure the central deflection. To
provide crack opening measurements, three Pl-gauges and three draw wire gauges were
placed at 120° angles and 150 mm and 300 mm, respectively, away from the edge of the
specimen (Figure 3.7). A 100 kN capacity load cell was placed between the loading

head and the actuator to measure applied load.

All round panel specimens were loaded at their centres by an Instron 500 kN capacity

actuator mounted on a stiff testing frame. The test machine was servo-controlled with

75



fully digital control and data acquisition. Depending on the test type, displacement-
control or load-control mode was used. In the static load test, the test was controlled via
ram displacement control, initially at a rate of 0.3 mm/min until the formation of the
three fracture lines and then increased to 3 mm/min. Testing concluded at a central

displacement of at least 45 mm.

Two types of fatigue test were performed, the first on an uncracked specimen and the
second on a pre-cracked specimen. The test program for the RPTs is outlined in Table
3.4. For the uncracked specimens, the load range for the fatigue tests was selected based
on the mean peak cracking load observed in the static tests. The load ranges are
presented as a percentage of mean static peak load. During the test, the load was applied
monotonically up to the lower load level of the range under deflection control at a rate
of 0.3 mm/min. The cyclic load was then applied using a sine waveform under load
control at frequency of 3 Hz until failure was imminent, or until predetermined cyclic
limit was reached. The point of imminent failure was marked by a large increase in the
measured central deflection. For all uncracked specimens, the cycle limit was 3 million
cycles. At the conclusion of the applied fatigue loading, a displacement controlled
monotonic load was applied until a central deflection of at least 45 mm was reached. If
the specimen reached the cycle limit without failure, the specimen was then loaded

statically to failure to determine its residual strength.

For the pre-cracked specimens, three stages of loading were planned with the aim of
monitoring the crack growth development in the concrete subjected to cyclic loads. In
the first stage, a static load was applied until, at a rate of 0.3 mm/min, a crack width of
0.5 mm was reached; the specimen was then unloaded to the chosen value of preset
lower limit of the following cyclic stage. This first initial quasi-static load was planned
in order to form a microcracked zone placed at the crack’s tip to better assess the fatigue
behaviour of SFRC in flexure (Slowik et al., 1996; Plizzari et al., 2000; Germano et al.,

2016). In the second stage, fatigue testing was carried out. The cyclic load was applied
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using a sine waveform under load control at a frequency of 3 Hz. The load ranges for
the fatigue tests of the pre-cracked specimens were selected as a percentage of the peak
load (Pmax), Which was measured for each specimen in the initial monotonic stage. Since
the scope of this research work is to investigate the fatigue behaviour of SFRC, two
different load levels were planned for Series A and B and three load levels for Series C.
It is worth mentioning that the choice of referring the fatigue load levels to the actual
peak load (Pmax, measured during the initial monotonic loading of each specimen),
instead of the average cracking load obtained from all the monotonic tests previously
carried out, is to reduce the experimental scatter of fatigue results, which is related, to a
great extent, to variations in the ultimate loads of similar specimens. In the final stage,
as the envelope curve is being approached, the specimen is no longer able to sustain the
upper limit value and a sudden rapid increase in both the central deflection and crack
opening displacement occurs from one cycle to the subsequent one. At this stage, the
cyclic loading is stopped and a monotonic increase in deflection at rate of 3 mm/min is
imposed until a central deflection of at least 45 mm is reached. If testing reached the 3
million cycles without failure, the specimen was then loaded statically to failure —
expect for the specimens cycled with a maximum load level of 50%. In specimens
loaded to 50% maximum load, cyclic loading continued up to 10 million cycles or

failure, whichever occurred first.

Prior to testing, the specimens were lightly painted white to facilitate the crack detection

process.
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Table 3.4 — Test program of round panel specimens and their dimensions.

Diameter | Thickness
Specimen 1D Test type | Pre-cracked | Max load
[mm] [mm]

A-1S-P 799 77.0 Static - -

A-1S-F 799 7.7 Static - -

A-2S-F 798 76.9 Static - -
A-1C-F-U-60 798 78.4 Fatigue No 60%
A-1C-F-U-70 799 77.5 Fatigue No 70%
A-1C-F-C-60 798 75.0 Fatigue Yes 60%
A-2C-F-C-60 799 76.1 Fatigue Yes 60%
A-1C-F-C-40 798 79.3 Fatigue Yes 40%
A-2C-F-C-40 799 76.7 Fatigue Yes 40%

B-1S-F 799 77 Static - -

B-2S-F 799 78.4 Static - -
B-1C-F-U-70 799 82.3 Fatigue No 70%
B-2C-F-U-70 799 79.2 Fatigue No 70%
B-1C-F-C-60 799 80.9 Fatigue Yes 60%
B-2C-F-C-60 799 80.7 Fatigue Yes 60%
B-3C-F-C-60 799 76.9 Fatigue Yes 60%
B-1C-F-C-40 798 76.0 Fatigue Yes 40%
B-2C-F-C-40 799 77.6 Fatigue Yes 40%

C-1S-F 800 78.4 Static - -

C-2S5-F 800 77.3 Static - -
C-1C-F-U-70 799 79.4 Fatigue No 70%
C-2C-F-U-70 799 80.7 Fatigue No 70%
C-1C-F-C-60 799 79.5 Fatigue Yes 60%
C-2C-F-C-60 799 75.4 Fatigue Yes 60%
C-1C-F-C-50 799 81.0 Fatigue Yes 50%
C-2C-F-C-50 800 80.2 Fatigue Yes 50%
C-1C-F-C-40 800 77.6 Fatigue Yes 40%

Mean 799 78.3
Ccov 0.07% 2.39%
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Figure 3.7 — Instrumentation details of test set-up (bottom side).
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3.3. Uniaxial Tension Test Results

In this section, the results and test observations of the uniaxial tension test specimens
are reported. For each series, six dog-bone specimens were cast and tested. The raw
experimental results for the uniaxial tests are presented in Figure 3.8. The points plotted
on the axes of the figures are the tensile strengths of the matrix (f.;), with the average for
each series given in Table 3.5. In Table 3.5, E; refers to the tensile secant modulus of the
concrete, & is the cracking strain of the matrix and fos and f; 5 are the average stresses at
a CODs of 0.5mm and 1.5mm, respectively. To determine the crack opening
displacement, the average of the four transducers is taken. All cracking occurred within
the gauged length (see Appendix B). The tensile stresses presented in the analysis are in
terms of equivalent tensile stress, which is the resultant of the applied tensile load
divided by the cross sectional area at the most narrow cross-section. It is worthy of note
that the response of SFRC structural elements is typically concerned with the behaviour
of members with small crack widths (i.e. w < 2 mm); the response at significantly large
crack widths (w > 2 mm) is mainly of academic interest. The full test data are given in

Appendix B.

Table 3.5 — Summary of raw uniaxial tension test results.

fet fos fis = & (x10™)

Series Fibre Type
[MPa] [MPa] [MPa] [GPa] | [mm/mm]

A 5D 65/60 BG 2.98 1.45 1.08 29.8 1.22
B 4D 65/35 BG 2.31 0.91 0.89 23.4 1.23
C 4D 55/60 BG 3.77 - 1.16 31.2 1.33
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Figure 3.8 — Uniaxial tension test results: (a) Series A; (b) Series B; (c) Series C.

Initially upon loading, the specimens behaved approximately linear elastically and it
was assumed that the deformation was uniformly distributed over the gauged length.
Close to the peak stress, the overall response became softer due to micro-cracking (see
Appendix B). The fracture processes of all specimens consisted of three main stages.
The first stage involved the formation of a meso-crack of less than 0.05 mm width. This
defined the end of the linear elastic range of the tensile stress-strain response, and
corresponded to a significant reduction in stiffness. Once initiated, the dominant crack
propagated along the weakest cross section along a surface (see Figure 3.9). At this
stage, the peak stress had been achieved. This was shortly followed by a sharp reduction
in load, coinciding with a significant opening of the crack, as the elastic strain energy
stored in the specimen and testing rig was recovered. No displacement data is available

between the peak load and that corresponding to the stabilised crack.
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Soon after cracking had stabilised, it was clear that the concrete provided no direct
contribution to the tensile strength of the dog-bone specimens and that the strength was
due to the fibres alone. That is, no tensile stresses were transmitted through the concrete
matrix. At this stage, the tensile strength of the specimen is derived through the bond
and development of interfacial shear stresses between the fibres and surrounding
concrete matrix. The long tail of the curves reflects the progressively smooth residual

capacity of the specimens.

The fracture plane of the specimens was relatively flat, even when low fibre dosages
were used. There was no evidence of local damage to the concrete surrounding the

fibres (Appendix B).

Figure 3.9 — Formation of dominant crack.

Following the conclusion of testing of uniaxial tension specimens, the number of fibres
crossing the fracture plane was recorded. The average number of fibres crossing the
failure plane, Nsexp, for each series are presented in Table 3.6. Full data can be found in

Appendix B.
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For fibres randomly orientated in three dimensions, Aveston and Kelly (1973) showed
that the number of fibres crossing a plane of unit area is or /2A;, where px is the
volumetric ratio of fibres and At is the cross sectional area of an individual fibre. The
expression of Aveston and Kelly (1973) for the total number of fibres crossing a certain

failure plane may be expressed as:

pfAc

N =—— 3.1
f,theory 2k3D,bAf ( )

where Nf theory IS the number of fibres crossing the failure plane, A. is the cross
sectional area of the failure crack and kszp, is a three-dimensional fibre orientation
factor; to correct for the “wall effect”, and is included based on the observations of Ng

et al. (2012) and Foster et al. (2013).

In Series A and C, where fibres have a length of 60 mm, the wall effect can be
pronounced, as can be seen from Figure 3.10. The number of fibres crossing the failure
plane of the dog-bones is presented alongside the theoretical number of fibres calculated

from the Equation 3.1, with A_ taken at the most narrow cross section of the specimen.

Considering the actual fibre volume for each series, it can be seen that the theoretical
number of fibres crossing the failure crack (N neory) is cOnsistently greater than the
actual number of fibres crossing the failure crack (Nsexp). The explanation for this is that
failure occurred on the weakest plane of the dogbone, this would imply that the number
of fibres at the crack is statistically lower than the prescribed mean value. For the
specimens tested in this study, the mean value and the coefficient of variation are 0.81
and 0.11, respectively. This is consistent with previous research (Htut, 2010; Foster et
al., 2013) and observed in Amin et al. (2017). Number of fibres crossing the failure

crack versus the tensile stress at COD = 1.5 mm is presented in Figure 3.11.
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Figure 3.10 — Fibres distribution along a failure plane of uniaxial tension test.
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Figure 3.11 — Residual tensile stress vs number of fibres crossing failure plane of
uniaxial tension tests: (a) Series A; (b) Series B; (c) Series C.
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Table 3.6 — Number of fibres crossing failure plane of uniaxial tension test.

Series | Ntexp | Nitneory | Niexp/Niiheory | fet [MPa] | 1.5 [MPa]
A 44 51 0.87 2.98 1.08
B 99 139 0.71 2.31 0.89
C 38 44 0.86 3.77 1.16
Mean 0.81
Ccov 0.11

In this study, all end hooked fibres had pulled out of the matrix; no fibres were observed
to have fractured. Furthermore, it was noticed that not all the end hooked fibres had
straightened. This was particularly true for fibres near the edge of the fracture plane (see
Figure 3.10) and for those fibres that were near parallel to the fracture surface
(Figure 3.12). The ends of the majority of the double hooked fibres (Series A) had not
straightened. This is due to the increased mechanical bond of the fibre coupled with

their high tensile strength (2300 MPa).

Figure 3.12 — Un-straightened fibres near parallel to the fracture surface.
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A comparison between Series A, B and C is presented in Figure 3.13. As can be seen,
for a crack opening displacement ranging from zero to 2 mm, the three series show
approximately the same toughness. However, after a crack width of 4 mm
approximately being reached, Series B showed a higher performance. It is worth to
mention that the response of SFRC structural elements is typically concerned with the
behaviour of members with small COD (w < 2 mm); however, the response at larger

COD (w > 2 mm) is reported for the academic interest mainly.

4
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Figure 3.13 — Comparison between Series A, B and C dog-bone test results.

To determine the tensile strength of concrete using uniaxial tension test and to
investigate the progression of cracking within each specimen, it is important to consider
the readings obtained from each transducer and transfer them to equivalent readings at
the corners of the specimen. The centre to centre distance between the North (w,) and
South (w;) transducers is 210 mm, and the centre to centre distance between East (w,)
and West (w3) transducers is 310 mm. The readings obtained from the transducers were
adjusted to determine the elongation at the edge of the specimen. A linear variation of
crack widths between the North and South, and the East and West transducers over the
centre to centre distance between the transducers is assumed. The readings of each
individual transducer at the cracking strength of each specimen are presented in

Table 3.7, along with the calculated in and out plane rotations. The readings of the
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transducers can be linearly interpolated to determine the elongation at the four corners

of the specimen.

From a mathematical analysis, three non-collinear points are needed to determine a
unique fracture plane in geometry. However, four transducer readings are available.
This means that the system is overdetermined and there is no unique solution. To
overcome this, four cases are considered, each of them with three transducer readings.
These four cases are then averaged to determine the average elongation at each corner.

The extension at each corner can be determined:

Wwer = 0.75(w, + wg) — 0.25(wy + wy) (3.2a)
Wwep = 0.75(w, +wy) — 0.25(wy + ws) (3.2b)
wez = 0.75(wy +wy) — 0.25(w, + wy) (3.20)
Weq = 0.75(w; + wg) — 0.25(w, + wy) (3.2d)

Figure 3.14 shows the location of the four transducer readings in addition to the
calculated measurements at the four corners of the specimen. Table 3.8 presents the
cracking strain at the corners of each specimen, along with the cracking strain
corresponding to the location of each transducer. The cracking strain is obtained from
diving the transducer reading by the gauges length. The tensile strength is evaluated by
multiplying the strain at each location by the elastic Young’s modulus as shown in
Table 3.9 and Figures 3.15 to 3.17. As observed in Tables 3.8 and 3.9, the maximum
tensile strength occurs at one corner of each specimen, as expected. This is the true
tensile strength of the material, as concrete is considered a brittle material. Also, it can
be seen from the figures that the maximum tensile strength across the cracking plane for

each specimen approximately equals to the theoretically expected mean tensile strength.
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Equation 3.2 can also be used to determine the progression of the fracture line within
the specimen at different crack widths. Table 3.10 presents the variation in crack
opening displacement across the cracking plane at an average COD = 1.5 mm for each
specimen. As can be seen from the table, some cracks widen while in other instances
they close. This is strongly related to the variation in the number of fibres crossing the
cracking plane at different edges (see Figure 3.10). This implies that greater force
passes through the specimen at the locations with more fibres, and at these locations the
cracks are expected to be narrower. This means that the post-peak strength is not
uniformly distributed across the cracking plane of the specimen. This also leads to in

and out of plane rotations.

W3 Wy

W1
Weq Wes

Figure 3.14 — Cross section displaying the location of the strain values.
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Figure 3.15 — Variation in tensile strength of Series A.
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Figure 3.16 — Variation in tensile strength of Series B.
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Figure 3.17 — Variation in tensile strength of Series C.
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Table 3.7 — LSCT/LVDT readings from uniaxial tension tests at the peak load.

Specimen ID | wy [mm] | wy, [mm] | w3z [mm] | w, [mm] | out of plane rotation (mrad) in plane rotation (mrad)
A-1 0.033 0.024 0.011 0.048 -0.043 0.122
A-2 0.018 0.030 0.022 0.027 0.057 0.017
A-3 0.033 0.018 0.016 0.032 -0.071 0.052
A-4 0.024 0.030 0.011 0.048 0.029 0.121
A-5 0.015 0.039 0.011 0.043 0.114 0.104
A-6 0.024 0.045 0.016 0.054 0.100 0.121
B-1 0.030 0.027 0.043 0.016 -0.014 -0.087
B-2 0.036 0.009 0.005 0.059 -0.129 0.173
B-3 0.015 0.048 0.027 0.038 0.157 0.035
B-4 0.027 0.033 0.000 0.054 0.029 0.173
B-5 0.039 0.012 0.011 0.038 -0.129 0.086
B-6 0.036 0.015 0.043 0.016 -0.100 -0.087
C-1 0.019 0.040 0.040 0.018 0.023 -0.017
C-2 0.014 0.050 0.026 0.038 0.040 0.009
C-3 0.026 0.034 0.032 0.029 0.009 -0.002
C-14 0.038 0.028 0.029 0.041 -0.011 0.009
C-5 0.018 0.040 0.022 0.037 0.024 0.011
C-6 0.024 0.032 0.040 0.018 0.008 -0.016

91




Table 3.8 — Variation in cracking strain across the cracking plane at the peak load for each specimen.

Specimen ID | &, x1073 | g, x 1073 | g3 x 1073 | g, x 1073 | £, X1073 | £, x1073 | £,3%x1073 | g,4x1073
A-1 0.135 0.112 0.094 0.163 0.080 0.149 0.172 0.103
A-2 0.089 0.120 0.100 0.110 0.115 0.125 0.094 0.084
A-3 0.130 0.091 0.090 0.120 0.073 0.104 0.143 0.112
A-4 0.110 0.125 0.094 0.163 0.097 0.165 0.149 0.081
A-5 0.086 0.148 0.086 0.153 0.116 0.183 0.121 0.054
A-6 0.123 0.177 0.117 0.187 0.143 0.213 0.159 0.089
B-1 0.128 0.120 0.154 0.103 0.147 0.097 0.105 0.155
B-2 0.133 0.063 0.092 0.189 0.035 0.132 0.203 0.106
B-3 0.093 0.181 0.131 0.150 0.173 0.192 0.105 0.085
B-4 0.122 0.138 0.067 0.167 0.081 0.182 0.166 0.066
B-5 0.146 0.076 0.080 0.130 0.048 0.098 0.168 0.118
B-6 0.139 0.083 0.154 0.103 0.117 0.067 0.122 0.172
C-1 0.101 0.155 0.146 0.104 0.175 0.133 0.078 0.121
C-2 0.093 0.187 0.127 0.151 0.174 0.198 0.105 0.081
C-3 0.120 0.140 0.134 0.128 0.144 0.137 0.117 0.123
C-4 0.157 0.130 0.140 0.162 0.122 0.145 0.172 0.150
C-5 0.099 0.156 0.115 0.143 0.143 0.170 0.114 0.086
C-6 0.112 0.132 0.147 0.106 0.154 0.114 0.094 0.135
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Table 3.9 — Variation in tensile strength across the cracking plane for each specimen.

Specimen ID | fer1 [MPa] | fer2 [MPa] | fers [MPa] | fera [MP] [ ferer IMPa] | ferca [MPa] | ferc3 [IMPR] | ferca IMPR] | fetmax
A-1 4.31 3.57 2.98 5.19 2.54 4.75 5.48 3.28 5.48
A-2 2.82 3.81 3.19 3.49 3.67 3.98 2.99 2.68 3.98
A-3 4.15 291 2.85 3.82 2.33 3.30 4.54 3.57 4.54
A-4 3.49 3.98 3.00 5.17 3.07 5.24 4.75 2.58 5.24
A-5 2.74 4.72 2.74 4.86 3.69 5.82 3.84 1.71 5.82
A-6 3.91 5.63 3.71 5.94 4.55 6.77 5.05 2.82 6.77
B-1 3.58 3.36 4.30 2.89 4.13 2.72 2.94 4.35 4.35
B-2 3.73 1.75 2.56 5.29 0.98 3.71 5.68 2.96 5.68
B-3 2.61 5.06 3.66 4.21 4.83 5.38 2.94 2.39 5.38
B-4 3.43 3.87 1.87 4.67 2.28 5.09 4.64 1.83 5.09
B-5 4.09 2.12 2.24 3.65 1.34 2.75 4.71 3.30 4.71
B-6 3.88 2.33 4.30 2.90 3.28 1.87 3.43 4.83 4.83
C-1 3.05 4.70 4.44 3.16 5.30 4.02 2.38 3.65 5.30
C-2 2.83 5.65 3.86 4.58 5.28 6.00 3.18 2.46 6.00
C-3 3.62 4.23 4.07 3.88 4.35 4.16 3.55 3.74 4.35
C-4 4.76 3.94 4.24 4.92 3.71 4.39 5.22 453 5.22
C-5 3.00 4.72 3.50 4.33 4.33 5.16 3.44 2.61 5.16
C-6 3.39 3.99 4.46 3.22 4.68 3.44 2.85 4.09 4.68
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Table 3.10 — Variation in crack opening displacement across the cracking plane at an average COD = 1.5 mm for each specimen.

Specimen ID | wy [mm] | w, [mm] | w3 [mm] | wy [mm] | w, [MM] | we, [MM] | wez [MM] | wey [MmM]
A-1 1.62 1.33 1.28 1.76 1.11 1.59 1.88 1.40
A-2 1.35 1.61 1.15 1.89 1.26 2.00 1.75 1.00
A-3 2.30 0.67 1.15 1.86 0.33 1.04 2.67 1.96
A-4 1.58 1.40 1.22 1.80 1.12 1.70 1.87 1.30
A-5 1.42 1.53 1.28 1.77 1.31 1.80 1.69 1.20
A-6 1.81 1.15 1.86 1.18 1.51 0.84 1.49 2.16
B-1 1.74 1.23 1.43 1.61 1.16 1.33 1.84 1.67
B-2 1.83 1.11 1.34 1.74 0.94 1.34 2.07 1.67
B-3 1.20 1.77 1.38 1.66 1.65 1.92 1.35 1.08
B-4 1.26 1.71 1.35 1.67 1.56 1.89 1.44 1.11
B-5 1.57 1.40 1.35 1.67 1.25 1.58 1.75 1.42
B-6 1.47 1.49 1.62 1.42 1.61 1.41 1.39 1.59
C-1 0.86 2.13 2.40 0.60 3.03 1.23 -0.04 1.76
C-2 0.78 2.22 1.32 1.69 2.03 2.40 0.97 0.60
C-3 2.17 0.83 1.92 1.07 1.25 0.40 1.74 2.59
C-14 2.40 0.61 1.12 1.86 0.24 0.98 2.76 2.02
C-5 1.10 191 1.72 1.27 2.13 1.68 0.87 1.32
C-6 2.35 0.64 1.99 1.03 1.13 0.17 1.87 2.83
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3.4. Bending Test Results
3.4.1. EN 14651 Prism Bending Test Results

Flexural tensile tests were undertaken according to EN 14651 (2007) with a three-point
bending set-up on three to five notched prisms. The specimens were 600 mm long,
150 mm deep and 150 mm wide; the span was 500 mm and the notch depth was 25 mm.
The resulting stresses fC{_L and fg;, i =1, 4, are described in Figure 3.18 (EN 14651,
2007). Load — CMOD results and the parameters obtained from the notched prism
bending tests are presented in Figure 3.19 and are summarised in Table 3.11. The
response of the three-point notched bending test can be described by three distinct
phases: (i) an elastic phase up to cracking; (ii) a flexural hardening response up to the

post-cracking peak load; and (iii) a reduction of load with increasing CMOD.

In general the prism specimens exhibited some degree of scatter and variability, as is
expected from this type of test (Parmentier et al., 2008; di Prisco et al., 2009; Foster et
al., 2013; Amin et al., 2017). Two cracking forms characterised the failure modes of the
prisms. The first was one in which failure occurred over a single localised dominant
crack that propagated directly from the notch toward the loading point. In this case no

secondary cracks developed from the primary crack (see Figure 3.20 and Appendix C).

The second cracking form was one where multiple cracks occurred and significant
branching from the primary crack occurred, or sometimes the nucleation of new cracks
(Figure 3.21). This type of cracking was observed in the mix with 5D 65/60 BG steel
fibre. In this case, most specimens displayed residual flexural tensile stresses much

higher than that required for elastic cracking.

A comparison between Series A, B and C is presented in Figure 3.22. As can be seen,
Series A and C have higher flexural toughness than Series B. This is because hardening

behaviour was noted with some prisms of Series A and C.
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Figure 3.18 — Definition of key points on the applied force versus crack mouth opening
displacement (CMOD) curve for flexural testing of prisms (EN 14651,
2007).
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Figure 3.19 — EN 14651 prism bending test results: (a) Series A; (b) Series B, (c) Series
C.
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(a) Series B

(b) Series C

Figure 3.20 — Single dominant cracking in EN 14651 prism bending test.

Figure 3.21 — Multiple cracking in EN 14651 prism bending test — Series A.
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Figure 3.22 — Comparison between Series A, B and C EN 14651 prism bending test
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Table 3.11 — Summary of EN 14651 prism bending test results.

! ‘L fry fro frs fra

Series Fibre Type
[MPa] [MPa] [MPa] [MPa] [MPa]

A 5D 65/60 BG 5.45 3.43 5.30 5.96 6.29
B 4D 65/35 BG 4.10 3.15 3.98 4.42 4.33
C 4D 55/60 BG 5.65 3.84 4.99 5.50 5.60

3.4.2. ASTM C1609 Prism Bending Test Results

Flexural toughness tests were carried out according to ASTM C1609 (2006) with a four-
point bending set-up on four un-notched prisms. The prisms were 600 mm long,
150 mm deep and 150 mm wide; the span was 450 mm. The resulting forces are defined
in Figure 3.23 and converted to stresses, assuming linear elastic behaviour
(ASTM C1609, 2006). The experimental results for the tests are presented in
Figure 3.24 and are summarised in Table 3.12. From Figure 3.24, it can be seen that the
load versus midspan deflection relationship is approximately linear up to first structural
cracking, typically followed by a sudden drop in load. After this point, the specimen
may behave in two different ways. In the first case, the prism gains some strength prior
to steadily dropping load again. In the second case, the load drops continuously without
any hardening. Important points of the load-deflection relationship are: (i) first-crack
load; (ii) post-cracking peak load; and (iii) a reduction of load with increasing
deflection. If a specimen does not exhibit deflection hardening after the initial load
drop, the load corresponding to the first point after cracking is considered to be the post-
cracking peak load. These important loads are listed in Table 3.12. It can be seen from
Table 3.12 that both Series A and B exhibited a deflection hardening after the initial

load drop, while Series C showed a minor hardening.
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Some degree of scatter and variability can be seen from prism testing. Two cracking
methods characterised the failure modes of the prisms. The first was one in which
failure occurred over a single localised dominant crack that initiated from the weakest
plane under the loading point. However, this was sometimes associated with the
propagation of small cracks at the top section of the prisms (see Figure 3.25). The
second was one where multiple cracks had formed and significant branching from the
primary crack occurred, or sometimes the nucleation of new cracks (see Figure 3.26).
This type of cracking was observed in the mix with 5D 65/60 BG steel fibre. The full
test data and the location of flexural cracks when the test was stopped can be found in

Appendix C.

A comparison between Series A, B and C is presented in Figure 3.27. As can be seen,
Series A and B have a similar flexural toughness, while Series C shows lower
toughness. However, the toughness of the three mixes within a smaller deflection range

(6 < 1.5) is approximately the same.
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8 O 1/600 Net Deflection /150

Figure 3.23 — Definitions of key points on the applied force versus deflection curve for
flexural toughness testing of prisms (ASTM C1609, 2006).
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Figure 3.24 — ASTM C1609 prism bending test results: (a) Series A; (b) Series B, (c)

Series C.
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Figure 3.25 — Single dominant cracking in ASTM C1609 prism bending test.

Figure 3.26 — Multiple cracking in ASTM C1609 prism bending test.

] — Series A
{ — Series B
1 —Series C

Load [kN]

2 3
Deflection [mm]

Figure 3.27 — Comparison between Series A, B and C ASTM C1609 prism test results.
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Table 3.12 — Summary of ASTM C1609 prism bending test results.

_ _ Pp o P1 o P20 | Piso fp fy foo fis0 Ts0 Riso
Series | Fibre Type
[kN] | [mm] | [kN] | [mm] | [kN] | [kN] | [MPa] | [MPa] | [MPa] | [MPa] | [J] %
A 5D 65/60 BG 47.0 2.65 39.0 0.37 30.3 41.6 5.8 49 3.8 5.2 105.9 0.09
B 4D 65/35 BG 46.0 3.08 41.9 0.45 34.8 37.4 5.6 5.2 4.3 4.6 107.7 0.09
C 4D 55/60 BG 43.4 0.55 43.1 0.27 35.1 16.7 55 55 4.4 2.1 83.3 0.06
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3.4.3. JCI-S-002 Prism Bending Test Results

In addition to the other methods, the fracture energy of SFRC was obtained from
notched three point bending test according to the Japan Concrete Institute Standard JCI-
S-002 (2003). The prisms were 600 mm long, 150 mm high and 150 mm wide; the span
was 450 mm and the notch depth was 45 mm. Load — CMOD results obtained from the
notched prism bending tests are presented in Figure 3.28. The response of the three-
point notched bending test can be described by three distinct phases: (i) an elastic phase
up to cracking; (ii) a flexural hardening response up to the post-cracking peak load; and

(iii) a reduction of load with increasing CMOD.

In general the prism specimens exhibited some degree of scatter and variability. Mainly
a single crack characterised the failure mode of the prisms, in which failure occurred
over a localised dominant crack that propagated directly from the notch toward the
loading point and no major no secondary cracks developed from the primary crack (see

Appendix C).

A comparison between Series A, B and C is presented in Figure 3.29. As can be seen,
the three series show approximately consistent results with slightly better performance

for Series A.
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Figure 3.28 — JCI-S-002 prism bending test results: (a) Series A; (b) Series B, (c) Series
C.
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Figure 3.29 — Comparison between Series A, B and C JCI-S-002 prism test results.

3.4.4. Strain Development

To examine the change in the neutral axis depth as the deflection or CMOD increases,
concrete strain gauges were placed across the depth of the prisms at the mid-section, as
described in Section 3.2.3, for both notched and un-notched prism bending specimens of
Series B and C. Presented in Figures 3.30 and 3.31 the results for the load-strain curve
for one of the notched and un-notched prism bending tests, respectively. Full data can
be seen in the Appendix C. As can be seen from the figures, three main behaviours are
observed. For strain gauges placed near the bottom fibres of the prism — beneath hy), /2
or D /2 for notched and un-notched prisms, respectively, i.e. SG1 and SG2, the concrete
strain remains in the tensile side and only positive strain is observed, as expected, until a
cracking concrete strain of 150 um/mm to 250 um/mm is reached signalling that the

concrete matrix has cracked.

For the two strain gauges fixed on the top fibres — above h, /2 or D /2 for notched and
un-notched prisms, respectively, i.e. SG4 and SG5, the negative strain indicates that the
concrete is uncracked at the top fibres. As the test continues, the absolute value of the
concrete strain in top fibres decreases until it reaches zero. This indicated the location of
the neutral axis at that specific deflection or CMOD. After that, the strain value

becomes positive until failure of the gauge.
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For strain gauge (SG3), which is located almost at the mid-section of the prism —
specifically for notched prisms, at the initial stage of the test, it has very minor
compressive strain. Soon after, a zero value is reached as expected. Following that,

similar to SG4 and SG5, tensile strain is noticed until the failure of the strain gauge.

As only three strain gauges are located on the compressive side of the prisms,
accordingly, only three exact values indicating the location of the neutral axis can be

obtained as presented in Tables 3.13 to 3.16 and in Figures 3.32 and 3.33.

The average crack opening displacement between the root of the notch and the crack tip,
presented in Tables 3.13, 3.14 and Figure 3.34, is obtained from the geometry as shown
in Figure 3.35 for notched prisms:

_ CMOD _ (hg, — dy)
“T2 T-dy

w (3.3)

To determine the location of the neutral axis during the test, interpolation between the
compressive and tensile strains was performed assuming that Euler-Bernoulli beam
theory is valid where plane section before bending remains plane after bending. As a
result, the strain distribution is linear and the value of zero strain can be obtained by
interpolation. All the interpolated values were obtained with regression coefficient
higher that 97%. Plotted in Figures 3.36 to 3.38, the interpolated neutral axis value

along with the exact obtained value demonstrated in Tables 3.13 to 3.16.
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Figure 3.30 — Load-strain curve for EN 14651 notched prism bending test, specimen B-
1.

Load [KN]
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Figure 3.31 — Load-strain curve for ASTM C1609 un-notched prism bending test,
specimen B-3.
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Table 3.13 — Progression of neutral axis depth during Series B notched prism bending

test.

dn =60 mm dn, =30 mm dn =10 mm
Spefli)me” Load [CMOD| COD | Load |cMOD| coD | Load |cMOD| cop
[kN] | [mm] | [mm] | [kN] | [mm] | [mm] | [kN] | [mm] | [mm]
B-1 137 | 003 | 001 | 134 | 017 | 007 | 167 | 170 | 0.70
B3 | 121 | 003 | 001 | 85 | 017 | 007 | 7.1 | 087 | 036
B4 | 103 | 001 | 001 | 131 | 009 | 004 | 127 | 067 | 0.28
B-5 20 | 000 | 000 | 131 | 008 | 003 | 129 | 091 | 0.38
Mean | 95 | 002 | 001 | 120 | 013 | 005 | 124 | 1.03 | 043
cov | 055 | 078 | 078 | 020 | 037 | 037 | 032 | 044 | 0.44

Table 3.14 — Progression of neutral axis depth during Series C notched prism bending

test.

dn =60 mm dn =30 mm dn, =10 mm

Spefé)me” Load | CMOD | COD | Load | CMOD | COD | Load | CMOD | COD
[KNT | [mm] | [mm] | [KN] | [mm] | [mm]| [kN] | [mm] | [mm]

C-1 18.7 0.05 0.02 | 164 0.17 0.07 | 15.3 0.86 0.36
C-2 24 0.00 0.00 | 16.7 0.20 0.10 | 24.2 2.23 0.96
C-3 14.7 0.03 0.01 | 13.2 0.17 0.07 | 8.0 0.59 0.24
Mean 11.9 0.03 0.01 | 155 0.18 0.08 | 15.8 1.23 0.52
cov 0.71 0.86 0.86 | 0.13 0.09 0.22 | 051 0.72 0.74
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Table 3.15 — Progression of neutral axis depth during Series B un-notched prism
bending test.

n =60 mm n=30 mm n=10 mm

Specimen

D Load | Deflection | Load | Deflection | Load | Deflection

[kN] | [mm] [kN] [mm] [kN] [mm]

B-2 44.5 0.53 36.1 0.68 31.1 2.79

B-3 44.8 0.49 40.1 0.85 45.7 2.36

B-4 35.6 0.44 29.1 0.52 30.7 1.10

Mean 41.7 0.49 35.1 0.68 35.8 2.08

Cov 0.13 0.09 0.16 0.24 0.24 0.42

Table 3.16 — Progression of neutral axis depth during Series C un-notched prism
bending test.

d, =60 mm d, =30 mm d, =10 mm

Specimen

D Load | Deflection | Load | Deflection | Load | Deflection

[kN] | [mm] | [kN] | [mm] [[kN]| [mm]

C-1 40.0 0.22 35.5 0.34 41.4 1.11

C-2 351 0.19 24.9 0.26 23.4 0.72

C-3 40.5 0.28 36.0 0.43 40.3 1.58

C-4 50.4 0.39 40.6 0.87 28.5 1.64

Mean 41.5 0.27 34.3 0.47 33.4 1.26

Cov 0.16 0.32 0.19 0.58 0.27 0.34
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Figure 3.32 — Change in neutral axis depth during Series B testing: (a) EN 14651
notched prism bending test; (b) ASTM C1609 un-notched prism bending

test.
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Figure 3.33 — Change in neutral axis depth during Series C testing: (a) EN 14651
notched prism bending test; (b) ASTM C1609 un-notched prism bending
test.
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Figure 3.34 — Neutral axis depth versus the COD during EN 14651 notched prism
bending test: (a) Series B; (b) Series C.

Figure 3.35 — Cracked section in SFRC prism in bending.
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Figure 3.36 — The development of neutral axis depth during Series B testing: (a) EN
14651 notched prism bending test; (b) ASTM C1609 un-notched prism
bending test.
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Figure 3.37 — The development of neutral axis depth during Series C testing: (a) EN
14651 notched prism bending test; (b) ASTM C1609 un-notched prism
bending test.
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Figure 3.38 — The development of neutral axis depth versus the COD during notched
prism bending test: (a) Series B; (b) Series C.
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3.5. Specimen to Specimen Variability

Of interest to researchers is the variability of the experimentally obtained parameters
that are then used in design. Figures 3.39 and 3.40 present the coefficient of variation
for different values of COD or deflection, respectively, for each series with at least four
tested specimens. The coefficient of variation of tensile stress or load, for different

values of COD, CMOD or deflection is displayed in Figures 3.41 to 3.43, respectively.

It can be seen that the different tests offer varying degrees of variation. The cracking
strain of the matrix obtained from the uniaxial tension test shows low variation (see
Figure 3.39). Correlations can be made between the number of fibres crossing the
cracking plane and the residual tensile strength provided by the fibres. The degree of the
scatter as represented by the coefficient of variation, (COV), may be related to the
probability of fibre dispersion. For the direct tension test, the mean of the coefficients of
variation taken at COD = 1.5 mm was 0.09. A greater variability can be seen with the
un-notched prism bending test, specifically, in the initial stage of the deflection curve.

The mean of the coefficient of variation taken at a deflection of 3.0 mm (6%,) was 0.14.

The coefficient of variation of tensile stress in uniaxial tension test results is 0.50 and
0.14 for Series A and B, respectively, taken at a COD of 0.5 mm (see Figure 3.41).
However, the COV is 0.25, 0.20 and 0.31 at COD equals to 1.5 mm for Series A, B and
C, respectively. This indicates that the utilisation of long and strong fibres, such as 5D
fibres, results in higher scatter in the tensile strength during crack stabilisation stage.
However, soon after cracking had stabilised, the variation is reduced. For the prism
bending test, again, greater variability in noted for Series A compared with Series B and
C. For notched prisms, the coefficient of variation of load taken at CMOD equals
to 3.5 mm (CMOD,) was 0.34, 0.27 and 0.27 for Series A, B and C, respectively; while,
the coefficients were 0.31, 0.10 and 0.09 for Series A, B and C, respectively, taken at a

deflection of 3.0 mm (6%%,).
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Figure 3.39 — Uniaxial tension test results coefficient of variation: (a) Series A; (b)
Series B; (c) Series C.
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Figure 3.40 — Un-notched prism bending test results coefficient of variation: (a) Series
A; (b) Series B; (c) Series C.
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Figure 3.41 — Coefficient of variation of tensile stress for different values of COD: (a)
Series A; (b) Series B; (c) Series C.
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Figure 3.42 — Coefficient of variation of applied load for different values of CMOD: (a)
Series A, (b) Series B; (c) Series C.
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Figure 3.43 — Coefficient of variation of applied load for different values of deflection:
(a) Series A; (b) Series B; (c) Series C.
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3.6. Round Panel Static Test Results

Flexural toughness tests were carried out according to ASTM C1550 (2012) on round
panels supported on three symmetrically arranged supports and subjected to a central
point load. During the test, the crack width and central deflection of the specimens
were measured and recorded. The raw experimental results for the static tests are
presented in Figures 3.44 to 3.46 and are summarised in Table 3.17. The residual tensile
strength of round panel test specimens has been expressed in Joules, represented by the
area under the load versus central displacement curve up to 40 mm central deflection.
The peak load, P’, of a specimen was corrected for actual specimen dimensions as well
as the calculated energy absorption, ’, as per ASTM C1550 (2012). The corrected
peak load, P, and corrected energy absorption, W, are shown in Table 3.17. Plotted too

in Figures 3.44 to 3.46 is the mean response associated with each test.

As can be seen from the results, the curve is approximately linear before the crack
formation. Three dominant radial cracks formed in most specimens and this coincides
with a reduction in capacity of the panels. After cracking, it was clear that the concrete
provided little direct contribution to the flexural strength of the round panel specimens
and that the strength was primarily due to the fibres. The long tail of the curves reflects
the progressively smooth residual capacity of the specimens. With the exception of
specimen C-2S-F, the specimens failed by the formation of three fracture lines. Panel C-

2S-F failed with a single fracture line (Appendix A).

In some circumstances, such as in Series A with 5D steel fibres and Series C with 4D
60 mm fibres, secondary crack(s) propagated out of a primary crack as the deflection
increased (see Figure 3.47). Interestingly, the primary crack width did not propagate
further due to fibre engagement but the width of the secondary crack developed with

increased deflection to contribute to the failure of the specimen.
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A comparison between plain concrete as well as Series A, B and C is presented in
Figure 3.48. It is be observed that the effect of fibres on peak load is negligible;
however, the load after cracking initially dropped below that of the peak residual
strength for the SFRC panels; the load increased later as the fibres became engaged.

Notice that all the SFRC specimens had a softening post-cracking behaviour in flexure.

Interestingly, all three series had similar toughness up to a deflection of around 7 mm —
equivalent to a surface crack width of about 3 mm. Following that, a noticeable
difference is observed; this is mainly due to the number of fibres crossing the failure
surface. For the same target fibre content of 30 kg/m® and as demonstrated in
Table 3.18, it is clear that Series B had the highest number of fibres crossing the failure
surface resulting in larger flexural toughness, while Series C had the lowest number of
fibres. It is evident that Series A with 7,498 fibres per cubic metre of concrete,
corresponding to a dosage of 30 kg/m® of fibres, had a higher performance than Series C
with 5,551 fibres; this is likely due to the increased mechanical bond of the double
hooked fibre coupled with their high tensile strength (2300 MPa). The crack distribution

and failure mode of the statically tested specimens are shown in Appendix A.

Table 3.17 — Summary of ASTM C1550 round panel static tests.

P’ P w’ w

Series Fibre Type
[kN] [kN] [J] [J]
A 5D 65/60 BG 29.7 28.0 498 477
B 4D 65/35 BG 28.3 26.2 533 503
C 4D 55/60 BG 32.7 30.4 344 325
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Figure 3.44 — Results of static load test for Series A: (a) load versus deflection; (b) load
versus crack width.
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Figure 3.45 — Results of static load test for Series B: (a) load versus deflection; (b) load
versus crack width.
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Figure 3.46 — Results of static load test for Series C: (a) load versus deflection; (b) load
versus crack width.
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First crack — un-developed

Second crack — developed

Figure 3.47 — Multiple cracking in round panel test — Specimen A-2S-F.
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Table 3.18 — Number of fibres per 1.0 m® of concrete in a dosage of 30 kg/m?®.

Series Fibre Type | Length [mm] | Diameter [mm] | No. of fibres
A 5D 65/60 BG 60 0.9 7,498
B 4D 65/35 BG 35 0.55 34,157
C 4D 55/60 BG 60 1.05 5,551
40 Series A 40 Series A
Series B Series B
_ 30 Series C — 30 Series C
’Zi Plain conerete i Note: Gauges removed
E 20 E 20 / : g
= 10 \ - 10
0o +—+—r—r—TrTrrTTrTT =T 0

20 30

Deflection [mm]

0 5 10
Crack width [mm]

15 20 25

Figure 3.48 — Comparison between plain concrete and Series A, B and C round panel
test results.

The mean flexural tensile strength coefficient is evaluated based on the results of the

static round panel tests of this study. From fracture line analysis, assuming that the

angles between fracture lines are 120° and considering small rotations (8); and hence

displacements, the resisting moment per unit length is Tran (2003):

p T

m=——
3v3R

(3.4)

where r is the radius from the centre of the panel to the supports, R is the radius of the

panel and P is the applied central load. For the tests of this study r =375 mm and

R =400 mm.
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From a sectional stress block, we write:

m=025ztk.f! (3.5)

where z is the internal lever arm, t is the thickness of the panel, f, is the characteristic
compressive strength and k is the mean flexural tensile strength coefficient shown in
Table 3.19 for each series. AS3600 (2018) suggests that the mean flexural tensile

strength for Australian concretes is 1.4 times its characteristic strength; thus:

fletrm = 14X 0.6,/f! = 0.84,/f (3.6)

The results show that the measured flexural tensile strengths are within expectations.

Table 3.19 — Mean flexural tensile strength coefficient.

Series | Plain Concrete A B C

f'ctfm 088,77 | 0807 | 0.77/f; | 0.83/F/

k 0.88 0.80 0.77 0.83
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3.7. Round Panel Fatigue Test Results
3.7.1. Fatigue Lives and Failure Modes

The fatigue lives and modes of failure for the twenty tested round panels are presented
in Table 3.20. Six specimens of Series A were tested and seven of Series B and C under
cyclic (fatigue) loading. In total, six specimens were uncracked prior to fatigue testing

while fourteen of them were pre-cracked with a surface crack width of 0.5 mm.

All pre-cracked specimens with a maximum load level of 40% did not fail after 3
million cycles and were then loaded statically to failure. Cyclic testing continued with
one pre-cracked round panel, C-1C-F-C-50, from Series C with a maximum load level
of 50% up to 10 million cycles without the occurrence of failure. On the other hand,
round panel C-1C-F-C-60 from Series C, as well but tested with a maximum load level
of 60%, failed during loop tuning and before one load cycle was completed.
Consequently, fatigue live of pre-cracked specimens can differ significantly for a small
change in load level; for example, from a 50% to a 60% load level. The reason for the
high fatigue life of C-1C-F-C-50 is discussed in details in Section 3.7.2. In addition,
significant scatter is noticed between specimens tested repetitively under the same
circumstances. Noticeable scatter is recorded for the fatigue life of uncracked specimens

as well.
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Table 3.20 — Fatigue lives and modes of failure for tested specimens.

Specimen ID II\(/)IZ()JI( ch(r:i_e 4 | No. of cycles Failure mode
A-1C-F-U-60 | 60% No > 3 Million | Loaded monotonically up to failure
A-1C-F-U-70 | 70% No > 3 Million | Loaded monotonically up to failure
A-1C-F-C-60 | 60% Yes 98,386 One fracture line
A-2C-F-C-60 | 60% Yes 96,743 Three fracture lines
A-1C-F-C-40 | 40% Yes > 3 Million | Loaded monotonically up to failure
A-2C-F-C-40 | 40% Yes > 3 Million | Loaded monotonically up to failure
B-1C-F-U-70 | 70% No 646,246 Three fracture lines
B-2C-F-U-70 | 70% No 399,743 Three fracture lines
B-1C-F-C-60 | 60% Yes 388,975 Three fracture lines
B-2C-F-C-60 | 60% Yes 460 One fracture line
B-3C-F-C-60 | 60% Yes 12,431 Three fracture lines
B-1C-F-C-40 | 40% Yes > 3 Million | Loaded monotonically up to failure
B-2C-F-C-40 | 40% Yes > 3 Million | Loaded monotonically up to failure
C-1C-F-U-70 | 70% No 243,158 Three fracture lines
C-2C-F-U-70 | 70% No 1,375,127 Three fracture lines
C-1C-F-C-60 | 60% Yes Nill Failed during loop tuning
C-2C-F-C-60 | 60% Yes 5,868 Three fracture lines
C-1C-F-C-50 | 50% Yes > 10 Million | Loaded monotonically up to failure
C-2C-F-C-50 | 50% Yes 1,617,982 Three fracture lines
C-1C-F-C-40 | 40% Yes > 3.5 Million | Loaded monotonically up to failure
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3.7.2. Individual Round Panel Fatigue Test Results

Specimen A-1C-F-U-60

Specimen A-1C-F-U-60 was uncracked and cycled between 15% (4.5 kN) and 60%
(17.9kN) of the determined average static cracking load. The central deflection of the
round panel at both maximum and minimum loads is shown Figure 3.49. The load-
deflection curves during fatigue loading are presented in Figure 3.50. A deflection of
0.06 mm and 0.18 mm was measured at minimum and maximum loads, respectively, at
the first cycle; the specimen then experienced a slow steady increase in deflection
through the test. After 3 million cycles, the minimum and maximum deflections of the
round panel A-1C-F-U-60 were 0.15 mm and 0.30 mm, respectively. At about two
million cycles, a slight reduction in deflection was observed. This is determined to be
due to thermal change and its influence on the supporting system from which the LSCT
was secured. Temperature effect became noticeable due to the small central deflection
and long-time testing. No flexural cracks were observed after the completion of 3

million cycles.

The specimen did not fail after 3 million cycles of testing. The specimen was then tested
under static loading to determine its residual strength. The load-displacement response
of failed specimen and crack width development during the static test are shown in
Figure 3.51. The crack pattern at the conclusion of the static test is shown in
Figure 3.52. The failure mode is represented by the development of a single fracture

line.

At the start of the static test, three cracks developed, as shown in Figure 3.51(b). After
that and due to fibres engagement, secondary cracks propagated out of the primary
cracks (cracks 1 and 3) as the displacement increased and multiple cracking were

observed (see Figures 3.51(b) and 3.52). This explains the fluctuation at the beginning
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of load-displacement curve (Figure 3.51(a)). The secondary branch of crack 3 and crack

2 developed further to form the fracture line.

The result of the static test of the panel after 3 million load cycles is shown in
Figure 3.51. Also shown is the average for the static tests of specimens A-S-F
(Figure 3.51). It is observed that the residual strength of specimen A-1C-F-U-60 after
3 million cycles loading between 15% and 60% of the static capacity did not result in
any significantly observable damage. The long tail of the curve reflects the
progressively smooth residual capacity of the specimen. Figures 3.51(b) and 3.52 show
that the failure cracks passed through the gauged region of crack 2 but not of cracks 1
and 3 (noting that the crack gauges were located for the expected three crack failure

mechanism).
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Figure 3.49 — Central deflection versus number of cycles for round panel A-1C-F-U-60.
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Figure 3.50 — Load-deflection curves of round panel A-1C-F-U-60 during cyclic

loading.
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Figure 3.51 — Static test result for round panel A-1C-F-U-60 after 3 million load cycles:
(a) load versus deflection; (b) load versus crack width.
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Figure 3.52 — Fracture line of A-1C-F-U-60.
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Specimen A-1C-F-U-70

Specimen A-1C-F-U-70 was uncracked and cycled between 15% (4.6 kN) and 70%
(20.9 kN) of the average static cracking load. Figure 3.53 demonstrates the central
deflection of the round panel at both maximum and minimum loads and Figure 3.54
presents the load-displacement response recorded during the cyclic loading. At the first
load cycle, specimen A-1C-F-U-70 had maximum and minimum deflections of
0.26 mm and 0.10 mm, respectively. This was followed by almost constant deflection
for the first 10,000 cycles as shown in Figures 3.53 and 3.54. After this, a steady
increase in deflection was observed up to 0.53 mm at 3 million cycles at the maximum
load and 0.30 mm at the minimum load. No failure occurred until the completion of 3

million cycles and no flexural cracks were visibly observed.

A static test was then performed to determine the residual strength. Figure 3.55 presents
the load-displacement response of the failed specimen and crack width development
during the static test. The crack pattern at the conclusion of the static test is shown in
Figure 3.56. The failure mode is represented by the development of a single fracture

line.

Also plotted in Figure 3.55 are the average results obtained from the static tests
(Figure 3.44). It is seen only little damage is observed from the 3 million cycles loads of
70% of the cracking capacity. Similarly to specimen A-1C-F-U-60, at the start of the
static test, three cracks were developed. However, as the applied deflection increased,
secondary cracks were developed (see Figure 3.56). The secondary branch of crack 1
and crack 2 continued to increase in their width to form the fracture line, as shown in
Figures 3.55(b) and 3.56 (note that the failure line did not pass through the gauge zone
for crack 3). Local damage to the concrete surrounding the fibres can be noticed in

Figure 3.56.
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Figure 3.53 — Central deflection versus number of cycles for round panel A-1C-F-U-70.
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Figure 3.54 — Load-deflection curves of round panel A-1C-F-U-70 during cyclic
loading.
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Figure 3.55 — Static test result for round panel A-1C-F-U-70 after 3 million load cycles:
(@) load versus deflection; (b) load versus crack width.
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Figure 3.56 — Fracture line of A-1C-F-U-70.
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Specimens A-1C-F-C-60 and A-2C-F-C-60

Specimens A-1C-F-C-60 and A-2C-F-C-60 were loaded monotonically until a crack
width of 0.5 mm was developed, after which cyclic loading between 15% and 60% of
their own static capacity (from 4.9 kN to 18.3 kN and 4.7 kN to 17.7 kN for specimens
A-1C-F-C-60 and A-2C-F-C-60, respectively) was applied at 3 Hz to determine the
residual fatigue resistance. The fatigue lives for the pre-cracked test panels were 98,386
and 96,743 cycles for specimens A-1C-F-C-60 and A-2C-F-C-60, respectively. Figures
3.57 and 3.58 show the deflection and average crack width of the round panels at their
maximum and minimum loads. The load versus deflection and average crack width
taken at different loading cycles are shown in Figures 3.59 and 3.60 for panels A-1C-F-
C-60 and A-2C-F-C-60, respectively.

For specimen A-1C-F-C-60, the deflection was initially 1.48 mm at the maximum load.
The deflection increased at a steady rate to 3.93 mm at about 90,000 cycles. Similarly,
the deflection at minimum load began at 1.07 mm and increased to 3.01 mm at about
90,000 cycles. After 90,000 cycles, the deflection increased dramatically signalling the

impending failure.

At the first load cycle, specimen A-2C-F-C-60 had minimum and maximum deflections
of 0.86 mm and 1.22 mm, respectively. Similar to specimen A-1C-F-C-60, the
deflection increased steadily for the first 85,000 cycles to reach 2.74 mm and 3.53 mm
minimum and maximum deflections, respectively. This was followed by a substantial

increase in central deflection resulting in failure.

For the crack width, specimen A-1C-F-C-60 had a maximum crack width of 0.50 mm at
the first cycle and 0.46 mm minimum crack width. Following the deflection
performance, a steady increase in crack width was observed for the first 90,000 cycles
with 1.43 mm and 1.76 mm minimum and maximum crack widths, respectively. After

that, a sudden increase in crack enlarging was observed.
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The maximum and minimum average crack widths for specimen A-2C-F-C-60 at the
first cycle were 0.34 mm and 0.30 mm, respectively. Consistent with the increase in
deflection, the average crack width increased steadily throughout the test until a rapid

increase was observed from 85,000 load cycles onwards, signally imminent failure.

The sudden rapid increase of central deflection and average crack width enlarging from
one cycle to the subsequent one indicated the impending failure, meaning that the
specimen was no longer capable to sustain the maximum load level and the envelope
curve was almost approached. At this stage, the fatigue testing was stopped and
monotonic loading was applied. The load-displacement response of failed specimens
and crack width development of the static tests are presented in Figures 3.61 and 3.62

for specimens A-1C-F-C-60 and A-2C-F-C-60, respectively.

The crack distribution and failure mode of the specimens A-1C-F-C-60 and A-2C-F-C-
60 at the conclusion of the static test is shown in Figures 3.63 and 3.64. The failure
mode is represented by the development of a single (curved) fracture line for A-1C-F-C-
60 (see Figures 3.61(b) and 3.63). Figures 3.61(b) and 3.63 show that the failure crack
passed through the gauged region of crack 2 but not of cracks 1 and 3 (noting that the
crack gauges were located for the expected three crack failure mechanism). On the other
hand, specimen A-2C-F-C-60 failed by the development of three fracture lines (see
Figures 3.62(b) and 3.64). For both specimens, some secondary cracks propagated out
of primary cracks as the number of cycles increased, and multiple cracking was

observed.
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Figure 3.57 — Specimen A-1C-F-C-60: (a) load versus deflection; (b) load versus crack
width.
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Figure 3.58 — Specimen A-2C-F-C-60: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.59 — Load versus (a) deflection and (b) crack width at various cycle intervals
for specimen A-1C-F-C-60.
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Figure 3.60 — Load versus (a) deflection and (b) average crack width at various cycle
intervals for specimen A-2C-F-C-60.
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Figure 3.61 — Static test result for round panel A-1C-F-C-60.
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Figure 3.62 — Static test result for round panel A-2C-F-C-60.
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Figure 3.63 — Fracture line of A-1C-F-C-60.
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Figure 3.64 — Fracture lines of A-2C-F-C-60.
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Specimens A-1C-F-C-40 and A-2C-F-C-40

Specimens A-1C-F-C-40 and A-2C-F-C-40 were loaded monotonically until a crack
width of 0.5 mm was developed. After that, cyclic loading was applied at 3 Hz between
15% and 40% of their static capacity (loads from 5.3 kN to 13.7 kN and 4.5 kN to
11.8 kN for panels A-1C-F-C-40 and A-2C-F-C-40, respectively) to determine the post-
cracking fatigue performance. The deflection and average crack width of the round
panels A-1C-F-C-40 and A-2C-F-C-40 at both maximum and minimum loads are
presented in Figures 3.65 and 3.66, respectively. Figures 3.67 and 3.68 show the load

versus deflection and average crack width taken at different loading cycles.

At the first cycle, the minimum and maximum deflections were 0.79 mm and 0.97 mm,
respectively, for specimen A-1C-F-C-40. This was followed by almost constant
deflection for the first 1,000,000 cycles. After this, a steady increase in deflection was
observed up to 0.83 mm and 1.04 mm at the minimum and maximum loads at the

completion of 3 million cycles.

For specimen A-2C-F-C-40, the minimum and maximum deflections were 0.79 mm and
0.97 mm, at the first cycle, respectively. Similarly to specimen A-1C-F-C-40, constant
deflection was observed for the first 1,000,000 cycles. This was followed by a steady
increase in deflection to reach 0.91 mm and 1.12 mm, at 3 million cycles, at the

minimum and maximum loads, respectively.

For the crack width, specimen A-1C-F-C-40 had a minimum and maximum average
crack width of 0.26 mm and 0.30 mm at the first cycle. After this, a steady increase in
average crack width development was observed up to 0.30 mm and 0.34 mm at the
minimum and maximum loads at 10,000 cycles. Then, no further increase in average

crack width was observed until the completion at 3 million cycles.

The maximum and minimum average crack widths for specimen A-2C-F-C-40 at the

first cycle were 0.36 mm and 0.34 mm, respectively. No further development in average
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crack width was observed until 250,000 cycles. This was followed by a noticeable
increase in average crack width at 800,000 cycles to reach 0.38 mm and 0.43 mm at
minimum and maximum loads, respectively. Then, no further increase in average crack

width was observed after 3 million cycles of testing.

Neither specimen A-1C-F-C-40 nor A-2C-F-C-40 failed after 3 million cycles of
testing. The specimens were then tested under static loading to determine their residual
strength. The load-displacement response of the failed specimens and crack width
development of the static test are shown in Figures 3.69 and 3.70 (note that the failure
line did not pass through the gauge zone for crack 3 for both specimens). The crack
pattern at the conclusion of the static test is shown in Figures 3.71 and 3.72. In each
case the failure mode is represented by the development of three fracture lines.
Interestingly in specimen A-1C-F-C-40, the load induced within the engaged fibres
exceeded the previously attained peak matrix load observed (see Figure 3.69) and
multiple cracking was observed (see Figure 3.71). Furthermore, local damage to the
concrete surrounding the fibres can be noticed in Figure 3.71. This explains the
fluctuation at the beginning of load-displacement curve in Figure 3.69(a) resulting in
softening followed by hardening behaviour as more critical load paths are defined

through the cracking process.
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Figure 3.65 — Specimen A-1C-F-C-40: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.66 — Specimen A-2C-F-C-40: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.68 — Load versus (a) deflection and (b) average crack width at various cycle
intervals for specimen A-2C-F-C-40.
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Figure 3.69 — Static test result for round panel A-1C-F-C-40.
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Figure 3.71 — Fracture lines of A-1C-F-C-40.
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Figure 3.72 — Fracture lines of A-2C-F-C-40.
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Specimens B-1C-F-U-70 and B-2C-F-U-70

Specimens B-1C-F-U-70 and B-2C-F-U-70 were uncracked and cycled between 15%
(4.3 kN) and 70% (19.9 kN) of the average static cracking load at 3 Hz. The fatigue
lives for the uncracked test panels were 646,246 and 399,743 cycles for specimens B-
1C-F-U-70 and B-2C-F-U-70, respectively. The central deflection and average crack
width development of the round panels at both maximum and minimum loads are
shown Figures 3.73 and 3.74. Load versus deflection and average crack width taken at

different loading cycles are displayed in Figures 3.75 and 3.76.

The central deflection of specimen B-1C-F-U-70 was 0.13mm and 0.25 mm at
minimum and maximum loads, respectively, and then increased steadily for the first
230,000 cycles to reach 0.16 mm and 0.31 mm at minimum and maximum loads,
respectively. An accelerated increase in deflection was subsequently observed
indicating a reduction in the flexural strength of the specimen possibly due to the
formation of cracks. The minimum and maximum deflections at 646,100 cycles were
0.39 mm and 0.67 mm, respectively. After that and within 146 cycles, the deflection
increased dramatically to reach 5.59 mm and 6.79 mm at the minimum and maximum

loads, respectively, signalling the impending failure.

At the first cycles, round panel B-2C-F-U-70 had a minimum and maximum deflection
of 0.07 mm and 0.22 mm, respectively. This was followed by a very slow steady
increase in deflection for the first 238,000 cycles to reach 0.16 mm and 0.34 mm at the
minimum and maximum loads, respectively. After that, and in a similar manner to
specimen B-1C-F-U-70, the rate of deflection increase accelerated to reach 0.46 mm
and 0.75 mm at 398,900 cycles possibly due to cracking. The last recorded minimum
and maximum deflections were 6.57 mm and 7.37 mm at 399,743 cycles, just prior to

failure.
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For specimen B-1C-F-U-70, flexural cracks were not recorded by the instrumentations
for the first 230,000 cycles. After that, and consistent with the observed increase in
deflection, three flexural cracks had appeared. The average crack width was 0.01 mm
and 0.02 mm at the minimum and maximum loads, respectively, as demonstrated in
Figures 3.73 and 3.75. Cracks grew in length up until 646,100 cycles with the measured
average crack width been 0.18 mm at the maximum load level. At 646,246 cycles, the
crack had grown and on average widened to 2.58 mm and 3.06 mm at the minimum and

maximum loads, respectively.

As can be seen from Figures 3.74 and 3.76, no flexural cracks were noted in specimen
B-2C-F-U-70 for the first 238,000 cycles, and then three radial cracks were formed. The
cracks grew slowly and steadily up to 398,900 cycles to reach an average crack width of
0.12mm and 0.18 mm at the minimum and maximum loads, respectively. After
398,900 cycles, the average crack growth was rapid. The measured average crack
widths, at 399,743 cycles, at the minimum and maximum loads were 2.69 mm and

2.95 mm, respectively.

The sudden rapid increase of central deflection and average crack width enlarging from
one cycle to the subsequent one indicated the impending failure, meaning that the
specimen was no longer capable to sustain the maximum load level and the envelope
curve was almost approached. At this stage, the fatigue testing was stopped and
monotonic loading was applied. Figures 3.77 and 3.78 demonstrate the load-
displacement response of failed specimens and crack width development during the

static test for specimens B-1C-F-U-70 and B-2C-F-U-70, respectively.

The crack distribution and failure mode of the specimens B-1C-F-U-70 and B-2C-F-C-
70 at the conclusion of the static test are shown in Figures 3.79 and 3.80. The failure
mode is represented by the development of three fracture lines for both panels. No

major secondary cracks were observed.
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Figure 3.73 — Specimen B-1C-F-U-70: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.74 — Specimen B-2C-F-U-70: (a) load versus deflection; (b) load versus
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Figure 3.79 — Fracture lines of B-1C-F-U-70.
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Figure 3.80 — Fracture lines of B-2C-F-U-70.
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Specimens B-1C-F-C-60, B-2C-F-C-60 and B-3C-F-C-60

Specimens B-1C-F-C-60, B-2C-F-C-60 and B-3C-F-C-60 were loaded monotonically
until a crack width of 0.5 mm was developed, after which cyclic loading between 15%
and 60% (from 4.1 kKN to 17.7 kN, 4.3 kN to 17.5 kKN and 4.2 kN and 17.3 kN for panels
B-1C-F-C-60, B-2C-F-C-60 and B-3C-F-C-60, respectively) of their own static capacity
was applied at 3 Hz to determine the residual fatigue resistance. The fatigue lives for the
pre-cracked test panels were 388,975, 460 and 12,431 cycles for specimens B-1C-F-C-
60, B-2C-F-C-60 and B-3C-F-C-60, respectively. Figures 3.81 to 3.83 show the
deflection and average crack width development of the round panels at both maximum
and minimum loads. Figures 3.84 to 3.86 display the load versus deflection and average

crack width taken at various loading cycles.

For specimen B-1C-F-C-60, the deflection was 1.46 mm at the maximum load. The
deflection increased at a steady rate to 4.2 mm at about 350,000 cycles. Similarly, the
deflection at minimum load began at 1.13 mm and increased to 3.68 mm at about
350,000 cycles. After 350,000 cycles, the deflection increased dramatically signalling

the impending failure.

At the first load cycle, specimen B-2C-F-C-60 had minimum and maximum deflections
of 0.87 mm and 1.09 mm, respectively. After that, the deflection increased steadily for
the first 300 cycles to reach 1.52 mm and 1.85 mm minimum and maximum deflections,
respectively. This was followed by a rapid increase in central deflection resulting in

failure.

The central deflection of specimen B-3C-F-C-60 was 0.88 mm and 1.23 mm at
minimum and maximum loads, respectively, and then increased at an accelerated rate
for the first 11,000 cycles to reach 4.42 mm and 5.19 mm at minimum and maximum
loads, respectively. A rapid deflection increase was then followed indicating the

impending failure.
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For the crack width development, specimen B-1C-F-C-60 had a maximum average
crack width of 0.56 mm at the first cycle and 0.46 mm minimum average crack width.
Following the deflection performance, a steady increase in average crack width was
observed for the first 350,000 cycles with 1.69 mm and 1.86 mm minimum and
maximum average crack widths, respectively. After that, a sudden increase in average

crack width was observed.

The maximum and minimum crack widths for specimen B-2C-F-C-60 at the first cycle
were 0.48 mm and 0.41 mm, respectively. Consistent with the observed increase in
deflection, the crack width grew and widened steadily throughout the test. A rapid

increase was observed from 300 load cycles onwards, signally imminent failure.

For specimen B-3C-F-C-60, the initial average crack width was 0.32 mm and 0.41 mm
at the minimum and maximum loads, respectively, as demonstrated in Figure 3.83(b).
Cracks grew in length up until 11,000 cycles with the measured average crack width
been 2.17 mm at the maximum load level. A significant increase in average crack width

was observed prior to failure.

After the completion of fatigue testing, monotonic loading was applied. The load-
displacement response of failed specimen and crack width development during the static
test are presented in Figures 3.87 and 3.88 for specimens B-2C-F-C-60 and B-3C-F-C-
60, respectively. Due to an instrument error, the tail of the curve of specimen B-1C-F-

C-60 was not captured.

The crack distribution and failure mode of the specimens B-1C-F-C-60, B-2C-F-C-60
and B-3C-F-C-60 at the conclusion of the static test are shown in Figures 3.89 to 3.91,
respectively. The failure mode is represented by the development of three fracture lines
for round panels B-1C-F-C-60 and B-3C-F-C-60, while only one fracture line was
developed for specimen B-2C-F-C-60 in addition to the development of some secondary

cracks (see Figures 3.87(b) and 3.90). Figures 3.87(b) and 3.90 show that the failure
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crack passed through the gauged region of crack 1 but not of cracks 2 and 3 for panel B-
2C-F-C-60 (noting that the crack gauges were located for the expected three crack

failure mechanism).
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Figure 3.81 — Specimen B-1C-F-C-60: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.82 — Specimen B-2C-F-C-60: (a) load versus deflection; (b) load versus crack
width.

157



10
ES —e— Maximum
é6 —e— Minimum
c
2
54
5
o2
0
1 100 10000 1000000
No. of Cycles

(@)

(62N>

—&— Maximum

‘e
E4 N
< —&— Minimum
oS3
2
X 2
Q
S
O

0

1 100 10000 1000000
No. of Cycles

(b)

Figure 3.83 — Specimen B-3C-F-C-60: (a) load versus deflection; (b) load versus

average crack width.

N
o

_15

< ——1

510 —5—10,000

8 —— 150,000

- 5 —e—270,000
—%— 350,000

—— 388,975

0 3 6 9 12 15
Deflection [mm]

(@)

N
o

——1
_15 —&—10,000
< —— 150,000
g 10 —o—270,000
S —— 350,000

(6}

—388,975

0 1 2 3 4 5 6 7
crack width [mm]

(b)

Figure 3.84 — Load versus (a) deflection and (b) average crack width at various cycle
intervals for specimen B-1C-F-C-60.
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Figure 3.85 — Load versus (a) deflection and (b) crack width at various cycle intervals
for specimen B-2C-F-C-60.
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Figure 3.86 — Load versus (a) deflection and (b) average crack width at various cycle
intervals for specimen B-3C-F-C-60.
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Figure 3.89 — Fracture lines of B-1C-F-C-60.
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Figure 3.90 — Fracture line of B-2C-F-C-60.
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Figure 3.91 — Fracture lines of B-3C-F-C-60.
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Specimens B-1C-F-C-40 and B-2C-F-C-40

Specimens B-1C-F-C-40 and B-2C-F-C-40 were loaded monotonically until a crack
width of 0.5 mm was developed. Cyclic loading was then applied at a frequency of 3 Hz
between 15% and 40% (from to 3.9 kN to 10.5 kN and from 4.2 kN to 11.3 kN for
panels B-1C-F-C-40 and B-2C-F-C-40, respectively) of their own static capacity to
determine the post-peak fatigue performance. The deflection and average crack width
development of the round panels B-1C-F-C-40 and B-2C-F-C-40 at both maximum and
minimum loads are presented in Figures 3.92 and 3.93, respectively. Load versus
deflection and average crack width taken at different loading cycles are presented in

Figures 3.94 and 3.95.

Round panel B-1C-F-C-40 experienced a deflection of 0.99 mm and 1.16 mm at the
minimum and maximum loads at the first cycle then the specimen experienced a very
slow steady increase of deflection through the test. At 3 million cycles, the minimum
and maximum deflections of the round panel B-1C-F-C-40 were 1.08 mm and 1.29 mm.

No failure occurred after 3 million cycles of testing specimen B-1C-F-C-40.

At the first load cycle, specimen B-2C-F-C-40 had a minimum and maximum deflection
of 0.96 mm and 1.13 mm, respectively. This was followed by almost constant deflection
for approximately the first 600,000 cycles. After this, a steady increase in deflection was
observed up to 1.31 mm at the maximum load and 1.10 mm at the minimum load at, 3
million cycles. Specimen B-2C-F-C-40 did not fail after the completion of 3 million

cycles of testing.

For the crack width, specimen B-1C-F-C-40 had a minimum and maximum average
crack width of 0.30 mm and 0.34 mm, at the first cycle, respectively. After this, a steady
increase in average crack width development was observed up to 0.39 mm and 0.44 mm

at the minimum and maximum loads at 3 million cycles.
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The minimum and maximum average crack widths for specimen B-2C-F-C-40 at the
first cycle were 0.34 mm and 0.39 mm, respectively. No further development in average
crack width was observed until 100,000 cycles. This was followed by a sharp increase
in average crack width at 500,000 cycles to reach 0.41 mm and 0.47 mm at minimum
and maximum loads, respectively. At 3 million cycles of testing, the cracks negligibly
reduced in width to reach 0.40 and 0.46 at the minimum and maximum loads,

respectively.

Both specimens, B-1C-F-C-40 and B-2C-F-C-40, did not fail after 3 million cycles of
testing. Each specimen was then tested under static loading to determine its residual
strength. The load-displacement response of failed specimen and crack width
development of the static test are shown in Figures 3.96 and 3.97. The crack pattern at
the conclusion of the static test is shown in Figures 3.98 and 3.99. The failure mode is
represented by the development of three fracture lines for both panels. For specimen B-
2C-F-C-40, some secondary cracks propagated out of primary cracks as the applied

deflection increased.
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Figure 3.92 — Specimen B-1C-F-C-40: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.93 — Specimen B-2C-F-C-40: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.94 — Load versus (a) deflection and (b) average crack width at various cycle
intervals for specimen B-1C-F-C-40.
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Figure 3.95 — Load versus (a) deflection and (b) average crack width at various cycle
intervals for specimen B-2C-F-C-40.
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Figure 3.98 — Fracture lines of B-1C-F-C-40.
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Figure 3.99 — Fracture lines of B-2C-F-C-40.
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Specimens C-1C-F-U-70 and C-2C-F-U-70

Specimens C-1C-F-U-70 and C-2C-F-U-70 were uncracked and cycled between 15%
(4.6 kN) and 70% (22.7 kN) of the average static cracking load at 3 Hz. The fatigue
lives for the uncracked test panels were 243,158 and 1,375,127 cycles for specimens C-
1C-F-U-70 and C-2C-F-U-70, respectively. The central deflection and average crack
width development of the round panels at both maximum and minimum loads are
shown Figures 3.100 and 3.101. Load versus deflection and average crack width taken

at different loading cycles are presented in Figures 3.102 and 3.103.

At the first cycles, round panel C-1C-F-U-70 had a minimum and maximum deflection
of 0.11 mm and 0.26 mm, respectively. This was followed by a slow steady increase in
deflection for the first 150,000 cycles to reach 0.20 mm and 0.40 mm at the minimum
and maximum loads, respectively. After that, the rate of deflection increase accelerated
to reach 0.33 mm and 0.61 mm at 243,100 cycles, possibly due to cracking. The last
recorded minimum and maximum deflections were 2.26 mm and 2.97 mm, respectively,

at 243,158 cycles, just prior to failure.

The central deflection of specimen C-2C-F-U-70 was initially 0.06 mm and 0.20 mm at
minimum and maximum loads, respectively, and then increased steadily for the first
715,000 cycles to reach 0.20 mm and 0.39 mm at minimum and maximum loads,
respectively. In a similar manner to specimen C-1C-F-U-70, an accelerated rate of
deflection increase was subsequently observed indicating a reduction in the flexural
strength of the specimen due to the formation of cracks. The minimum and maximum
deflections at 1,375,000 cycles were 0.46 mm and 0.67 mm, respectively. After that and
within 127 cycles, the central deflection increased dramatically to reach 2.31 mm and
3.05 mm during minimum and maximum loads, respectively, signalling the impending

failure.
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For specimen C-1C-F-U-70, no flexural cracks were recorded by the instrumentations
for the first 75,000 cycles. After that, one flexural crack formed as shown in
Figure 3.104, while the other two cracks appeared at 150,000 cycles. This deviation in
crack formation reduced the flexural rigidity of the panel resulting in earlier failure
comparing with specimen C-2C-F-U-70. At 75,000 cycles, the crack width was 0.03
mm and 0.06 mm at the minimum and maximum loads, respectively, as demonstrated in
Figures 3.100 and 3.102. Cracks grew in length up until 243,100 cycles with the
measured average crack width been 0.24 mm and 0.17 mm at the maximum and
minimum load level, respectively. At 243,158 cycles, the average crack width have
grown and widened to 1.20 mm and 1.49 mm at the minimum and maximum loads,

respectively.

As can be seen from Figures 3.101 and 3.103, no flexural cracks were observed in
specimen C-2C-F-U-70 for the first 715,000 cycles. After that, and consistent with the
increase in deflection observed, three radial cracks were formed. The cracks grew
slowly and steadily up to 1,375,000 cycles to reach an average crack width of 0.14 mm
and 0.21 mm at the minimum and maximum loads, respectively. After 1,375,000 cycles,
the average crack growth was rapid. The measured average crack width at 1,375,127

cycles at the minimum and maximum loads was 1.02 mm and 1.27 mm, respectively.

The fatigue life of the round panels due to the contribution of concrete component
(before cracking) is 75,000 and 715,000 cycles for C-1C-F-U-70 and C-2C-F-U-70,
respectively. After cracking, the post-peak fatigue life of round panels C-1C-F-U-70
and C-2C-F-U-70 were 168,158 and 660,127 cycles, respectively. This indicates that the
expected scatter due to uneven fibre distribution is with the range of expected scatter for
concrete. The degree of scatter is attributed to the material variability of concrete tensile
strength and fibre distribution. The difference of fatigue performance of both concrete

and fibre components are accumulated, and this should be considered in design codes.
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The sudden rapid increase of deflection and average crack width enlarging from one
cycle to the subsequent one indicated the impending failure, meaning that the specimen
was no longer capable to sustain the maximum load level and the envelope curve was
approached. At this stage, the fatigue testing was stopped and monotonic loading was
applied. Figures 3.105 and 3.106 demonstrate the residual load-displacement response
of the failed specimens and crack width development after the completion of the cyclic
load stage for specimens C-1C-F-U-70 and C-2C-F-U-70, respectively, with the static

results of the non-cyclically loaded specimens.

The crack distribution and failure mode of the specimens C-1C-F-U-70 and C-2C-F-U-
70 at the conclusion of the static test is shown in Figures 3.107 and 3.108, respectively.
The failure mode is represented by the development of three fracture lines for round
panel C-1C-F-U-70 and no major secondary cracks were observed. For specimen C-2C-
F-U-70, it is observed from Figures 3.106(b) and 3.108 that cracks 1 and 3 were wider
than crack 2. However, due to the small difference in crack width, it was concluded that

the failure mode for this panel was by the development of three fracture lines as well.
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Figure 3.100 — Specimen C-1C-F-U-70: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.101 — Specimen C-2C-F-U-70: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.102 — Load versus (a) deflection and (b) average crack width at various cycle
intervals for specimen C-1C-F-U-70.
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Figure 3.107 — Fracture lines of C-1C-F-U-70.
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Figure 3.108 — Fracture lines of C-2C-F-U-70
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Specimens C-1C-F-C-60 and C-2C-F-C-60

Specimens C-1C-F-C-60 and C-2C-F-C-60 were loaded monotonically until a crack
width of 0.5 mm was developed, after which cyclic loading between 15% and 60%
(from 4.1 kN to 17.5kN for panel C-2C-F-C-60) of their own static capacity was
applied at 3 Hz to determine the residual fatigue resistance. The fatigue life for the pre-
cracked tested panel C-2C-F-C-60 was 5,868, while specimen C-1C-F-C-60 failed
during loop tuning. This indicates that the specimen had negligible flexural capacity to
withstand even a few cycles. Figure 3.109 shows the deflection and the average crack
width development of the round panel C-2C-F-C-60 at both the maximum and
minimum loads. Figure 3.110 shows load versus displacement and average crack width

at various cycle intervals for specimen C-2C-F-C-60.

The central deflection of specimen C-2C-F-C-60 was 1.35 mm and 1.92 mm at
minimum and maximum loads, respectively, and then increased at a steady rate for the
first 4,000 cycles to reach 2.92 mm and 3.70 mm at minimum and maximum loads,

respectively. A rapid deflection increase then followed indicating the impending failure.

The maximum and minimum average crack widths for specimen C-2C-F-C-60 at the
first cycle were 0.68 mm and 0.51 mm, respectively. Following the deflection
performance, a steady increase in average crack width was observed for the first 4,000
cycles with 1.13 mm and 1.41 mm minimum and maximum average crack widths,

respectively. After that, a sudden increase in average crack enlarging was observed.

The sudden rapid increase of central deflection and average crack width enlarging from
one cycle to the subsequent one indicated the impending failure, meaning that the
specimen was no longer capable of sustaining the upper load level as the envelope curve
was approached. The specimen failed very quickly and could not be saved to conduct a

monotonic test.

178



The crack distribution and failure mode of the specimens C-1C-F-C-60 and C-2C-F-C-
60 at the conclusion of the test is shown in Figures 3.111 and 3.112, respectively. The
failure mode is represented by the development of three fracture lines for both round

panels. No major secondary cracks were observed.

8 37
~ E‘ ]
= . ;
E‘G —&— Maximum %2 4 —e— Maximum
.g 4 —&— Minimum -*§ 1 —&— Minimum
= = |
2 <11
‘S 2 % ¢
o 3}

0 0

1 10 100 1000 10000 1 10 100 1000 10000
No. of Cycles No. of Cycles
(a) (b)

Figure 3.109 — Specimen C-2C-F-C-60: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.110 — Load versus (a) deflection and (b) average crack width at various cycle
intervals for specimen C-2C-F-C-60.
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Figure 3.111 — Fracture lines of C-1C-F-C-60.
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Figure 3.112 — Fracture lines of C-2C-F-C-60.
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Specimen C-1C-F-C-40

Specimen C-1C-F-C-40 was loaded monotonically until a crack width of 0.5 mm was
developed. Cyclic loading was then applied at a frequency of 3 Hz between 15%
(4.4 kN) and 40% (11.3 kN) of its static capacity to determine the post-cracking fatigue
performance. The central deflection and the average crack width development of the
round panel at the maximum and minimum loads are presented in Figure 3.113. Load
versus deflection and average crack width at various load cycles are displayed in

Figure 3.114.

At the first cycle, the minimum and maximum deflections were 0.73 mm and 0.93 mm,
respectively. This was followed by almost constant deflection for the first 100,000
cycles. After this, a steady increase in deflection was observed up to 0.93 mm and
1.17 mm at the minimum and maximum loads, respectively, at the completion of 3

million cycles.

For the average crack width development, specimen C-1C-F-C-40 had a minimum and
maximum average crack width of 0.24 mm and 0.29 mm, respectively, at the first cycle.
A negligible increase in average crack width was observed up to 100,000 cycles, after
which a steady increase in the average crack width was observed, up to 0.31 mm and

0.38 mm at the minimum and maximum loads at 3 million cycles, respectively.

The specimen did not fail after 3 million cycles of testing. The specimen was then tested
under static loading to determine its residual strength. The load-displacement response
of failed specimen and crack width development of the static test are shown in
Figure 3.115. The crack pattern at the conclusion of the static test is shown in
Figure 3.116. The failure mode is represented by the development of three fracture
lines; note that the failure line did not pass through the gauge zone for crack 2, as shown

in Figure 3.115(b).
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Figure 3.116 — Fracture lines of C-1C-F-C-40.
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Specimens C-1C-F-C-50 and C-2C-F-C-50

Specimens C-1C-F-C-50 and C-2C-F-C-50 were loaded monotonically until a crack
width of 0.5 mm was developed, after which cyclic loading between 15% and 50%
(from 5.4 kN to 17.0 kN and from 4.8 kN to 15.7 kN for specimens C-1C-F-C-50 and
C-2C-F-C-50, respectively) of their own static capacity was applied at 3 Hz to
determine the residual fatigue resistance. A maximum load level of 50% was selected
for these last two specimens due to the fact that pre-cracked specimens loaded with
maximum load level of 60% had a very short life (< 6,000 cycles); the pre-cracked
round panel with a maximum load level of 40% did not fail after three million cycles.
Accordingly, it was expected that fatigue life of pre-cracked specimens, with a
maximum load level of 50% would be somewhere between one and three million
cycles. Specimen C-1C-F-C-50 did not fail after 10 million cycles; while the fatigue life
for panel C-2C-F-C-50 was 1,617,982 cycles. Figures 3.117 and 3.118 show the
deflection and the average crack width development of the round panels C-1C-F-C-50
and C-2C-F-C-50, respectively, at both maximum and minimum loads. Load versus
deflection and average crack width at various load cycles are displayed in Figures 3.119

and 3.120, respectively.

At the first load cycle, specimen C-1C-F-C-50 had a minimum and maximum deflection
of 0.77 mm and 1.03 mm, respectively. This was followed by almost constant deflection
for the first 200,000 cycles, approximately. After this, a steady increase in deflection
was observed up to 1.80 mm at the maximum load and 1.38 mm at the minimum load at
10 million cycles. Specimen C-1C-F-C-50 did not fail after the completion of 10 million

cycles.

The central deflection of specimen C-2C-F-C-50 was 1.00 mm and 1.21 mm at
minimum and maximum loads, respectively, this was followed by almost a constant
deflection for the first 100,000 cycles, approximately. After that, the deflection

increased steadily to reach 1.99 mm and 2.47 at minimum and maximum loads,
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respectively, at 1,250,000 cycles (see Figure 3.120(a)). The deflection then increased at
an accelerated rate to reach 4.01 mm and 4.63 mm at minimum and maximum loads,
respectively, at 1,613,000 cycles. Within approximately another 5,000 cycles, the
deflection increased dramatically to reach 6.37 mm and 6.90 mm during minimum and

maximum loads, respectively, signalling the impending failure.

The minimum and maximum average crack widths for specimen C-1C-F-C-50 at the
first cycle were 0.28 mm and 0.35 mm, respectively. No further development in average
crack width was observed until 200,000 cycles. Consistent with the observed increase in
deflection, the average crack width grew and widened steadily throughout the test to
reach 0.56 mm and 0.68 mm at the minimum and maximum loads, respectively, at 10

million cycles (Figures 3.117(b) and 3.119(b)).

For specimen C-2C-F-C-50, the minimum and maximum average crack widths at the
first cycle were 0.36 mm and 0.41 mm, respectively. After this, negligible increase in
average crack width was observed up to 100,000 cycles. A steady increase in average
crack width was then observed up to 0.77 mm and 0.92 mm at the minimum and
maximum loads at 1,250,000 cycles. After that, and as shown in Figures 3.118(b) and
3.120(b), the rate on enlarging of average crack width accelerated to reach minimum
and maximum average crack widths of 1.66 mm and 1.86 mm, respectively, at
1,613,000 cycles. This was followed by a rapid increase in average crack width to reach
2.70 mm and 2.88 mm at minimum and maximum loads, respectively, at 1,617,982,

cycles signally imminent failure.

As outlined above round panel C-1C-F-C-50 did not fail after 10 million cycles of
testing. The specimen was then tested under static loading to determine its residual
strength. The load-displacement response of failed specimen and crack width
development during the static test are shown in Figure 3.121. It is observed from
Figure 3.121 that although the maximum applied load of 17.0 kN represented 60% of

that of the static test, it had a significantly higher post-peak strength in the range of zero
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to 6 mm of displacement. This explains the higher cyclic capacity, and the post-cracking
peak strength is an important parameter for design. For panel C-2C-F-C-50, static load
was applied at the conclusion of cycle 1,617,982. The load-displacement response of
failed specimen and crack width development of the static test are presented in
Figure 3.122 for specimen C-2C-F-C-50. Figure 3.122(b) shows that the failure cracks

passed through the gauged region of crack 1 and 3 but not of 2.

The crack distribution and failure mode of the specimens C-1C-F-C-50 and C-2C-F-C-
50 at the conclusion of the static test is shown in Figures 3.123 and 3.124, respectively.
The failure mode is represented by the development of three fracture lines for both

round panels with no major secondary cracks observed.
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Figure 3.117 — Specimen C-1C-F-C-50: (a) load versus deflection; (b) load versus
average crack width.
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Figure 3.123 — Fracture lines of C-1C-F-C-50.
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Figure 3.124 — Fracture lines of C-2C-F-C-50.
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3.8. Envelope Curves

All un-failed specimens during fatigue loading were loaded monotonically to determine
their residual strength. The load-displacement envelopes, of both failed and un-failed
specimens, of the static test are shown in Figures 3.125 to 3.127 for Series A, B and C,
respectively. The results are consistent for all series with higher scatter seen for Series
A compared with Series B and C. This means that the post-fatigue static tests match the
monotonic curves with a good agreement. As a result, it is concluded that the static
load — displacement backbone curve is not influenced (i.e. not weakened) by the cyclic

loading.
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Figure 3.125 — Summary of the static envelope of Series A.
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3.9. Summary and Concluding Remarks

A total of 27 round panels were cast and tested using three different SFRC mix designs
to investigate the post-cracking and fatigue behaviour of steel fibre reinforced concrete,
together with a series of matched direct uniaxial tension and prism bending tests were
also undertaken to provide comprehensive material characterisation data. Two types of
fatigue test were performed, the first on an uncracked specimen and the second on a pre-
cracked specimen. The round panels were tested with different load levels.
Experimental results show that the post-fatigue static test results match the monotonic
curves with a good agreement. It is concluded that fibres improve the fatigue life of
concrete and result in higher energy dissipation for all the load levels and fibre types

considered in this study.

The predominately flexural failures in Series B and C were characterised by the
formation of three radial cracks dividing the specimen into pie-shaped segments. Based
on fracture line analysis, these flexural cracks correspond to the critical lines. However,
the failure modes for Series A were inconsistent, where a varying number of cracks
were produced. It is evident that the performance of the material is dependent on the
fibre dispersion, particularly for the case of cyclic loading. In many cases a theoretically
lower fracture energy line governed, assuming uniform fibre distribution. In addition,
there is a tendency for a crack to propagate around the fibres as opposed to passing
through them. This occasionally resulted in the propagation of secondary cracks
emanating from primary cracks as the displacement or number of cycles increased, and
multiple cracking was observed. This resulted in fluctuations in the beginning of load-

displacement curve of some specimens.

In a specimen of 75 mm thick containing 60 mm long steel fibres, fibres can have a
tendency to orientate in the direction of the plan of the specimen resulting in a 2D bias

in the distribution. This reflects the limitations of this round panel test when long fibres
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are used and a 3D orientation correction factor is required when considering thick

applications.

Although multiple cracking was often observed, the ends of the majority of double
hooked fibres had not straightened at the completion of testing. This is attributed to the
increased mechanical bond of the 5D steel fibres coupled with their high tensile strength
(2300 MPa). In addition, localised crushing of the concrete was observed around the
fibres. The implication of this is that the increased anchorage of the fibre within the
matrix induces high interfacial shear stresses between the fibres and the concrete matrix,

especially where 20 mm aggregates are used.
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Chapter4 STRESS — COD MODEL FOR SFRC

4.1. Model for SFRC Material — Prism Bending

One of the difficulties in the development of reliable design models for SFRC structures
is in establishing the characteristic tensile properties of the composite. The most
important property when considering the design of a structural member manufactured

with SFRC is its post cracking, or residual, tensile strength.

Before cracking, the representative behaviour of SFRC is generally represented by the
tensile stress-strain response. After cracking, the behaviour is expressed in terms of the
nominal stress versus crack opening displacement (o — w) relationship (Figure 4.1). This
relationship for SFRC can be directly obtained from a uniaxial tensile test. However,

tensile testing is complex to perform and expensive.

Indirect methods have been proposed over the last three decades as an alternative to
conducting uniaxial tensile testing to obtain the o— w relationship of SFRC, with three
or four point prism bending tests typically adopted. One such method is the inverse
analysis procedure and this approach has been investigated by a number of researchers
(Uchida et al., 1995; Kooiman, 2000; de Oliveira e Sousa et al., 2002; di Prisco et al.,
2009; Prisco et al., 2013; Amin et al., 2015; Foster et al., 2018).

For prism bending tests on strain softening materials, a single crack should occur to
definitively characterise the flexural tensile behaviour of either notched or un-notched
specimens, while applying load. Together with applied load either CMOD or mid-span
deflection is recorded. From the results a tensile o—w curve is then inferred by means
of an inverse analysis (Roelfstra and Wittmann, 1986; Uchida et al., 1995; Kitsutaka,
1997; Planas et al., 1999; de Oliveira e Sousa et al., 2002; Lofgren, 2005; di Prisco et
al., 2009; Prisco et al., 2013; Amin et al., 2015; Foster et al., 2018). These inverse

analysis procedures determine a theoretical softening curve that may be compared to
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direct tension test data. Researchers have postulated multi-linear and exponential
softening curves and determined their parameters by optimum fitting of load-deflection

curves measured from stable tests of notched and un-notched specimens.

In this chapter, an enhanced model is developed for determining the o— w relationship
for SFRC. The model is developed from Amin et al. (2015) and Foster et al. (2018) and
enhanced by determining more accurately the depth to the neutral axis from the extreme
compressive fibre. In this approach, the strength of a fibre reinforced composite (FRC),
a(w), for a given crack opening displacement, COD, is obtained by a summation of its
individual components (Figure 4.1); that is, the overall response of FRC is due to the
combination strength of the unreinforced matrix, o.(w), and the strength contribution of
each individual fibre crossing the failure plane, or(w) = X.I' ; or;(w) where n is the

number of fibre crossing the fracture surface. That is:

o(w) =o.(w) + Of (w) (4.1

In the development of this model, the following assumptions are made (Ng et al. 2012):

1. for fibres centred at more than one-half a fibre length away from a boundary, the
geometric centres of the fibres are uniformly dispersed in space and all fibres
have an equal probability of being oriented in any direction;

2. fibres centred at less than one-half a fibre length from a boundary are influenced
by wall effects;

3. fibres that pulled out do so from the side of the crack with the shorter embedded
length while the longer side of the fibre remains rigidly embedded in the matrix;

4. displacements due to elastic strains taking place within the fibres are small in
comparison to the displacements arising from movement occurring between the
fibres and the matrix; and

5. the energy expended by bending of fibres compared to that of pull-out of the

fibres is small and can be neglected.
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Figure 4.1 — Stress versus crack COD(w) for SFRC (Htut and Foster, 2010).

4.1.1. Matrix Component

For unreinforced concrete, the tension softening stress can be taken as (Voo and Foster,
2004; Lee and Foster, 2007; Lee and Foster, 2008, Voo and Foster, 2009; Htut and

Foster, 2010):

o.(w) = lecte_czw (4.2)

where f,; is the tensile strength of the concrete without fibre reinforcement and c¢; and
c, are coefficients. The coefficient c; accounts for the beneficial effect of the fibres on
the peak matrix strength while ¢, is a factor that controls the steepness of the
descending branch and is influenced by the volume of fibres, the cementitious matrix
composition, as well as the strength of the unreinforced matrix. For Mode | fracture,
Voo and Foster (2003, 2004, 2009), Htut (2010), Htut and Foster (2010) and Lee et al.
(2011) adopted c; as unity. In contrast, ¢, is taken as 1 + 72p for Mode Il fracture

(Lee and Foster, 2007; Lee and Foster, 2008; Htut, 2010; Htut and Foster, 2010).

The ¢, coefficient is dependent on the fibre volume concentration in the composite. Ng

et al. (2012) proposed that:
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c; = 30/(1+ 100pf) .... for mortar and concrete with d; < 10 mm (4. 3a)
c; = 20/(1+ 100pf) .... for concrete with d; > 10 mm (4.3b)

where d, is the maximum size of the aggregate particles.

4.1.2. Fibre Component

Figures 4.2 and 4.3 illustrate the cross-section for a notched and un-notched SFRC
prisms cracked in bending, respectively, where D is the total depth of the prism, hg, is
the depth minus the notch depth, d,, is the depth from the extreme compressive fibre to
the neutral axis and b is the width of the prism. On the compressive side, the neutral
axis rises in the section as the crack opens. On initial cracking, the stress block is linear
and becomes increasingly more non-linear as the crack mouth opening displacement
(CMOD) or deflection increases. The lever arm, z, is insensitive to the shape of the
compressive stress block; however, it is sufficiently accurate to assume the stress block

to be linear throughout the analysis.

For a small length on the tensile side of the neutral axis, the concrete is uncracked and
carries tension. At greater distances from the neutral axis, the concrete is cracked and
the steel fibres carry a tensile stress, f,,, which corresponds to a direct tensile stress for a

crack opening, w, at the level in the section under consideration.

D h.vp ) fW
l S (W)\/
(877 ~notch
(a) Section (b) Sectional (c) Simplified
Stresses Model

Figure 4.2 — Model for inverse analysis of o— w curve from notched prism bending
tests (Amin et al., 2015).
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Figure 4.3 — Model for inverse analysis of o—w curve from un-notched prism bending
tests.

For notched prisms, Amin et al. (2015) denoted the stress on the o—w curve for the
average crack opening displacement between the root of the notch and the crack tip as

f.,, and may be calculated from:

kFa

where k is a function of d,,/hs,,, F is the externally applied force and a is the shear span

Sp
(see Figure 4.4). The value k is determined from:

3
k=B 08s+ BIp (4:5)

where § = 1 — d,/hs, and a is a factor. Amin et al. (2015) suggested taking a = 0.2.

For un-notched prisms, Foster et al. (2018) denoted the stress on the o— w curve for the
average crack opening displacement between the base of the prism and the crack tip as,

fw, and is calculated as:

_ Fa
fw = b[D — d,][D + 0.2d,,]

(4.6)

To determine the crack opening displacement corresponding to the calculated value of,

fw, the following assumptions are made:

Q) rigid body rotations of the two prism halves centred about the crack tip; and
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(i) failure of the prism occurs along a single dominant crack — as is the case for

strain softening materials.

The COD(w) for the proposed o—w curve relationship is obtained from the measured
crack mouth opening displacement as demonstrated in Equation 4.7 and shown in
Figure 4.5. For notched prisms:

. CMOD y (hsp — dn)
2 (D —d,)

(4.7)

For un-notched prisms, the method of Vandewalle and Dupont (2003) is used to convert

the vertical displacement, measured at mid-span, to the CMODs, then to w as shown

below:
_Cmop 25 L8
w = 2 = T( —dy) (4.8)
— o
FZL : ~§F2 FZL : JFZ
3-point bending 4-point bending

Figure 4.4 — Forces applied to three-point and four-point bending prism specimens.
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Figure 4.5 — Cracked section in SFRC prism in bending.

In the prism tests, it is important to recognize that at the early stages of the test after the
matrix has cracked, the matrix component is significant when interpreting the resulting
moment versus COD response. At later stages of the test, the neutral axis rises higher up
the cross section and the influence of the matrix component is less significant and the
stress carried by the fibres may be obtained from Equation (4.1) taking of (w) = f,, for
the COD(w) given by Equation (4.7) or (4.8). This response is depicted in Figure 4.6,
with a transition zone taken between the cracking point, CODy, and a point CODt
where the influence of the uncracked concrete on the moment-COD response may be

considered as insignificant.

e fransition

M -
A \ [~ fibres component
4 dominates

1
1
.’\[c;'- - 1
1 1
1 1
: uncracked :
N matrix :
| controls "

: : i
1 1

CODy CODt

Figure 4.6 — Simplified approach for the transition in the moment-COD response of the
prism test being influenced by the uncracked concrete component to the
stress block to the point where the uncracked concrete component is non-
significant (Amin et al., 2015).
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Voo and Foster (2004) and Foster et al. (2006) observed that the take-up, or
engagement, of fibres is delayed from the initial point of cracking, with the length of the
delay dependent on the angle of a fibre with respect to the cracking plane and with the
complete response determined by integrating the individual fibre responses over a given
area. The result of this is a progressive take up of the fibres component from the initial
point of cracking to a peak, as shown in Figure 4.1. To develop the first part of the

curve, the fibres component can be taken as:

ar(w) = W) fw (4.9)

where f,, is obtained from Equations (4.4) or (4.6) and &(w) is a transition function.

Amin et al. (2015) proposed an elliptical transition function for the transition:

(wr — w)?
s ={ P T o WS (4.10)

1 , w = wyp

where w; (see Figure 4.1) is the point on the o—w curve where the fibres have
achieved their maximum effectiveness. It is noted that this transition influences only the
initial part of the response after cracking and is not overly significant in the
development of a design approach for the determination of the residual direct tensile

strength from prism bending tests.
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4.1.3. Fibre-Boundary Influence Factor

Before comparing the results from the inverse analysis of the bending tests, both the
uniaxial and prism bending test data need to be compensated for the boundary (wall)
effect. In terms of three dimensions, the presence of a boundary restricts a fibre from
being freely orientated and limits the fibre angle. This is referred to as the boundary
effect and is portrayed in Figure 4.7 (Romualdi and Mandel, 1964; Aveston and Kelly,
1973; Stroeven, 2009; Lee et al., 2011; Ng et al., 2012).

. 1' boundary
d (edge)

=fcrack

Figure 4.7 — The effect of a boundary on the fibre inclination angle (Voo and Foster,
2009).

An orientation factor, ksp,, may be applied to the uniaxial tension test results to
remove this influence, thus converting the results to that of an equivalent 3D fibre
distribution free of boundary factors. For an element approximately square in section
and tested in tension, as is the case in this study, the boundary influence found in Lee et

al. (2011) can be approximated as:

k3D,b = 05 1.0 (4‘ 11)

< <
0.94 + 0.6 /b
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Limits on the orientation that fibres may take when located near a specimen’s boundary
influences the test's performance, and this is the case whether testing in direct tension or
indirect tension and applying inverse analysis. Fibres located within a distance of one-
half of their length from the boundary have a restricted orientation. However, design
models largely assume a 3D random orientation for fibres; whereas, in the immediate
vicinity of a planar boundary, or wall, fibres are orientated in two-dimensions (2D). An
orientation factor, k,, is to be applied to the prism test results to remove this influence,
converting the results to that of an equivalent 3D fibre distribution free of boundary

influence.

For the notched prism tests, the wall effect is largely mitigated by the influence of the
notch at the bottom and by the compressive region at the top; in this case only the side
walls provide significant influence and the wall effect can be approximated as a 2D
problem (Figure 4.8). For the case of notched prism tests, provided that I/b < 1, the
boundary influence factor may be adapted from the 2D approximation of Ng et al.

(2012) as:

T
ky=s———<10 4.12
7 31+060/b" (4.12)

For the case of prism bending tests conducted to ASTM C1609 (2006), the boundary at
the extreme tensile fibre influences not just the force but also the internal moment, due
to its effect on the moment lever arm (Figure 4.9). For I;/b <1 and b =D, the

boundary factor is thus determined by Foster et al. (2018) as:

ky 1.0 (4.13)

T
=<
31+ 1.10/b "
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4.1.4. Notch Effect

It is well understood that the presence of dominant notch influences the behaviour of
prism bending result (Foster et al., 2013). In this context a notch coefficient (k,,) is
introduced that is determined through testing (Foster et al., 2013). The coefficient k,
accounts for the influence of the notch on defining the crack path and the resulting
influence on the measured tensile strength, as described in Foster et al. (2013). For the
case of un-notched specimens, the critical crack will find a path of least resistance and
failure occurs at sections where fibre distributions are at their lowest and, thus, the
equivalent fibre dosage at the failure section is less than the average fibre dosage for the
specimen. Whereas for notched specimens, the location of the failure plane is
predefined by the location of the notch. In this case the fibre volume fraction at the
failure section will, on average, equal the supplied fibre dosage for the specimen. Foster
et al. (2013) suggested k,, = 1.0 for un-notched prism tests (e.g., ASTM C1609 2006),
whereas; to convert the results of notched prism tests to that of un-notched uniaxial

tensile tests, Htut (2010) and Foster et al. (2013) found k,, = 0.82.
4.1.5. Influence of Casting Bias

It is well accepted that the orientation of steel fibres is influenced by the direction of
flow of fresh concrete within the specimens (Barnett et al., 2010). Previous research
showed that distribution and orientation of the steel fibres in SFRC can have a
considerable effect on its mechanical properties (Ferrara and Meda, 2006; Kim et al.,
2008; Pansuk et al., 2008). These effects must be addressed for structural applications
where variation of fibre distribution in large sections may result in considerable
variability in mechanical properties within the section (AFGC, 2002). Specimen size
indirectly affects the orientation of fibres since they are forced to align along moulded
surfaces (Dupont and Vandewalle, 2005). Consequently, the coefficient k. represents
the horizontal bias in the orientation of fibres due to casting of small scale specimens

(prisms). Foster et al. (2018) recommended taking the casting factor k. = 0.8, assuming
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a light degree of fibre alignment with the longitudinal axis of the specimens during

vibration.
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Figure 4.8 — Determination of boundary influence factor for notched prism bending tests
(Foster et al., 2018).
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Figure 4.9 — Determination of boundary influence factor for prism bending tests without
notches (Foster et al., 2018).
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4.1.6. Neutral Axis Location

Figures 4.10 to 4.13 show the propagation of the neutral axis for both notched and un-
notched prisms. As can be seen from the figures, the neutral axis depth starts with a
value equal to one half of the cross section depth; 0.5h,, for notched prism bending
tests and 0.5D for un-notched prism bending tests. This is followed with a gradual
decrease until a plateau, of 0.07hg, for notched prism bending tests and 0.07D for un-
notched prism bending tests, is reached. These values represent the asymptotes of the

curves.

DataFit software (Oakdale Engineering) was used to develop equation for the
development of the neutral axis from test measurements with emphasis on the following

conditions:

For notched prisms (Figures 4.10 and 4.11):

d, = 0.5hs,when CMOD = 0 and (4.14a)
dn = 0.07hs,as CMOD — (4.14b)
accordingly;
—-aCMOD
d, = 0.5hg, X eCMOD+f (4.15)

For un-notched prisms (Figures 4.12 and 4.13):

d, = 0.5D when § < §; and (4.16a)
d, = 0.07Dasé — oo (4.16Db)
accordingly;
05D <
d, = —a(6-8,) (4.17)
0.5D xe 6-F d =6
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where a and S are coefficients. The coefficient a accounts towards the asymptote value
of the curve and it contributes towards the neutral axis depth at failure, while g is a
factor that controls the steepness of the descending branch and is influenced by the
volume of fibres, the cementitious matrix composition, as well as the strength of the
unreinforced matrix. The asymptote factor may be taken as a = 2.2, assuming a neutral
axis depth of 7% of the depth of the notched or un-notched specimen, i.e. 0.07hg, for
notched prism bending tests and 0.07D for un-notched prism bending tests. The factor
B can be taken as 0.25 and 0.1 for EN 14651 (2007) and ASTM C1609 (2006) prism

bending tests, respectively.
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Figure 4.10 — The development of neutral axis depth for Series B notched prism
bending test.
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Figure 4.11 — The development of neutral axis depth for Series C notched prism
bending test.
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Figure 4.12 — The development of neutral axis depth for Series B un-notched prism
bending test.
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Figure 4.13 — The development of neutral axis depth for Series C un-notched prism
bending test.

4.2. Model Validation
4.2.1. Introduction

The model presented in this study is compared with the specimens tested and presented

in Chapter 3 and the outcomes are discussed in the following sub-sections.
4.2.2. Inverse Analysis for EN 14651 Prism Bending Tests

The application of the inverse analysis technique for a notched softening SFRC prism in
bending described by Equations (4.1), (4.7) and (4.15) is illustrated in Figure 4.14 for
wy =0.3 mm to the experiments described in Chapter 3. It can be seen that, when
compensated for the wall effect and the horizontal bias in the orientation of fibres due to
casting, the proposed model fits reasonably within the data obtained from the uniaxial
tension tests for Series B and C. For Series A; however, the suggested model slightly
overestimates the tensile strength. This is due to the fact that the failure mode of the

majority of the notched prisms of Series A (and some of Series C) was characterised
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with the formation of multiple cracks; where significant branching from the primary
crack occurred, or sometimes the nucleation of new cracks (see Figure 3.21 and
Appendix C). Accordingly, most specimens displayed residual flexural tensile stresses

higher than that of the cracking.

In addition to the effect of the development of multiple cracks, described above, and as
can be seen from Table 3.11 and Figure 3.19(a), the load resisted by the specimens at
CMOD = 3.5 mm (CMOD,) was greater than that required for elastic cracking, and that
load occurred at a CMOD of about 1.5 mm (see Table 3.11 and Figure 3.19(a)). This
implies that the behaviour of the material, through prism bending tests, is transitioning
between strain softening to strain hardening and it is outside the bounds of the model
developed in Section 4.1, where a primary assumption of the model is violated. On the
other hand, the material behaviour, through uniaxial tension tests, reflects strain
softening material. This raises the question about the accuracy of the prism bending
tests in reflecting the actual behaviour of the material under these conditions. Indeed,
the transition from strain softening to strain hardening behaviour depends on many
factors such as specimen geometry, fibre geometry, and distribution in the matrix, and is
not always a representation of the mechanical properties of the fibre—matrix composite.
Without consideration of this transition, inverse analysis from a prism bending test may
significantly overestimate the tensile stress for a given crack opening displacement,

should multiple cracking occur, as observed in this study.

To overcome this, a correction limit has been raised in this model, the residual stress, at
a crack opening displacement beyond 0.5 mm (w > 0.5), must be smaller or equal to
that at COD = 0.5 mm (f,.5) and the post-cracking (or residual) tensile is limited to the
tensile strength of the matrix without fibres (f.;). Figure 4.15 presents the proposed
model with the correction limit and compared with the results of uniaxial tension test. It
can clearly be seen from the figure that the proposed model fits reasonably within the
data obtained from the uniaxial tension tests. The full analysed data are given in

Appendix D.
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Figure 4.14 — Comparison of predicted uniaxial o— w curves obtained from inverse
analysis of notched prism bending tests with uniaxial tension test data:
(a) Series A; (b) Series B; (c) Series C.
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Figure 4.15 — Comparison of predicted uniaxial o— w curves obtained from inverse
analysis of notched prism bending tests with uniaxial tension test data:
(@) Series A; (b) Series B; (c) Series C.
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4.2.3. Inverse Analysis for ASTM C1609 Prism Bending Tests

The inverse analysis for un-notched SFRC prisms tested in bending is performed by
Equations (4.1), (4.8) and (4.17) and illustrated in Figure 4.16 for w; = 0.3 mm to the
experiments described in Chapter 3. The proposed model fits reasonably within the data
obtained from the uniaxial tension for Series C. However, it can be seen that the
proposed model overestimates the data obtained from the uniaxial tension tests even
when compensated for the wall effect and the horizontal bias in the orientation of fibres
due to casting for Series A and B. This is due to the fact that the majority of the prisms
of Series A and B had residual flexural tensile stresses higher than that of the cracking.
In addition to that, and as can be seen from Figure 3.24 and Table 3.12, the load resisted
by the specimens at a deflection of 3.0 mm (65,) was greater than that required for
elastic cracking, and that the peak load occurred at deflection of about 0.75 mm (82,,).
This means that some of specimens of Series A and B showed deflection hardening
behaviour. However for Series C, the residual strength at deflection of 3.0 mm was well
below that of elastic cracking and the post-cracking strength of deflection of 0.75 mm
indicating deflection softening material behaviour and this is consistent with the

uniaxial tension results obtained for Series C.

Similarly to the notched prism bending tests, more attention is needed to investigate the
difference in material behaviour obtained from different test procedures for the same
material; while some tests indicated hardening behaviour, others showed softening.
Again a correction limit has been raised in this model, the residual stress, at a crack
opening displacement beyond 0.5 mm (w > 0.5), must be smaller or equal to that at
COD = 0.5 mm (f; 5) and the post-cracking (or residual) tensile is limited to the tensile
strength of the matrix without fibres (f,;). Figure 4.17 presents the proposed model with
the correction limit and compared with the results of uniaxial tensile test. It can clearly
be seen from the figure that the proposed model fits reasonably within the data obtained

from the uniaxial tension tests. The full analysed data are given in Appendix D.
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Figure 4.16 — Comparison of predicted uniaxial o— w curves obtained from inverse
analysis of un-notched prism bending tests with uniaxial tension test data:
(@) Series A; (b) Series B; (c) Series C.
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Figure 4.17— Comparison of predicted uniaxial o— w curves obtained from inverse
analysis of un-notched prism bending tests with uniaxial tension test data:
(a) Series A; (b) Series B; (c) Series C.
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4.2.4. Comparison between EN 14651 and ASTM C1609 Inverse
Analysis Models

Noting the limited number of bending and/or direct tension tests (three to six specimens
for each case), the full model reasonably captures the post-cracking behaviour of the
specimens reported in the this study. It is observed that the model works well in the case

of both notched and un-notched prisms, as can be seen from Figure 4.18.

Significantly higher scatter is observed with the inverse analysis of un-notched prism
bending test as can be seen in Tables 4.1 to 4.4, the results are summarised at
w =0.5mm and w = 1.5 mm for both tests conducted in this study. For the EN 14651
prism bending test, at w =0.5 mm the mean predicted to test ratio is 1.15 with a
COV=0.16 and at w=15mm the mean predicted to test ratio is 1.02 with a
COV =0.02. For ASTM C1609 prism bending test, at w = 0.5 mm the mean predicted
to test ratio is 1.00 with a COV =0.45 and at w = 1.5 mm the mean predicted to test
ratio is 1.23 with a COV = 0.51. This is because the central deflection is being measured
during ASTM C1609 prism bending test; however, the crack appears at the weakest
cross-section between the two loading points, which is not necessarily the mid-span of
the prism. In addition to that, with ASTM C1609 prism bending test set-up, it is
possible for multiple cracks to develop in this region. This can explain the higher scatter

with the inverse analysis of un-notched prism bending test.
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Figure 4.18 — Comparison of predicted uniaxial o— w curves obtained from inverse
analysis of notched and un-notched prism bending tests with uniaxial
tension test data: (a) Series A; (b) Series B; (c) Series C.
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Table 4.1 — Comparison of residual tensile strength at a COD of 0.5 mm from inverse

analysis of notched prisms.

Table 4.2 — Comparison of residual tensile strength at a COD of 1.5 mm from inverse

analysis of notched prisms.

o(w)atw=05mm
Series Experimental | Proposed model
A B A/B
Series A 1.45 1.13 1.28
Series B 0.91 0.89 1.02
Series C - 1.10 -
Mean 1.15
cov 0.16

ow)atw=15mm

Series Experimental | Proposed model
N N A/B
Series A 1.08 1.07 1.01
Series B 0.89 0.88 1.01
Series C 1.16 1.10 1.05
Mean 1.02
cov 0.02




analysis of un-notched prisms.

Table 4.3 — Comparison of residual tensile strength at a COD of 0.5 mm from inverse

ow)atw=05mm

Series Experimental | Proposed model
A/B
-A- -B-
Series A 1.45 1.10 1.32
Series B 0.91 1.33 0.68
Series C - 1.23 -
Mean 1.00
cov 0.45

analysis of un-notched prisms.

Table 4.4 — Comparison of residual tensile strength at a COD of 1.5 mm from inverse

ow)atw=15mm

Series Experimental | Proposed model

A/B
-A- -B-

Series A 1.08 1.04 1.04
Series B 0.89 1.22 0.73
Series C 1.16 0.60 1.93
Mean 1.23
Ccov 0.51
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4.3. Simplified Model for Design

The stress — COD model for a SFRC material was developed in Section 4.1 from prism
bending tests for the inclusion of the neutral axis location and validated in Section 4.2.
From the model, it is evident that the location of neutral axis is sufficiently high in the
cross-section after the occurrence of sufficient cracking; accordingly, uncracked
concrete has negligible contribution to the bending moment capacity in comparison to

that provided by fibres.

For the determination of a simple model for design, the flexural strength corresponding
to CMODs of 1.5 mm and 3.5 mm are adopted (Amin et al., 2015; Foster, 2017; Foster
et al., 2018) for the conversion of prism bending test data to o—w. These points are
corresponding to CMOD, and CMOD, according to EN 14651 (2007) and shown in
Figure 3.18. The point CMOD:; is sufficiently distant from initial cracking, such that the
uncracked concrete has little to negligible contribution to the section capacity of the
prism. The selection of sufficiently separated points provides reasonable coverage to
model the most significant region of the o—w curve for both strength and

serviceability.

The basis of the simplified model of Amin et al. (2015) and Foster et al. (2018) is

adapted in this study for conversion of prism bending test data to o—w, and is:

fw = 0.4fps + 1.2(fra — fr2)§(W) (4.18)
~w D-dy) 1
s(w) —Em—z (4.19)

where fr, and fz, are stresses obtained from the prism bending test that correspond to
crack mouth opening displacements (CMODs) of 1.5 mm and 3.5 mm (see Figure 3.18),
respectively, w is the uniaxial tensile crack width, D is the depth of the prism (see

Figures 4.2 and 4.3), d,, is the neutral axis depth, h, is the depth measured from the
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extreme compressive fibre to the notch root, and f,, is post-cracking residual tensile

strength determined from inverse analysis.

For the test configuration of EN 14651 (2007), an equation is evaluated for the
development of the neutral axis through notched prism bending test, as previously

discussed in sub-section 4.1.6, and shown below (Figures 4.19 and 4.20):
—aw
d, = 0.5hg, X eV +B (4.20)
where a and S are coefficients. The coefficient a determines towards the asymptote
value of the curve and it contributes towards the neutral axis depth at failure, while g is
a factor that controls the steepness of the descending branch. The asymptote factor may

be taken as a = 2.2. The factor 8 can be taken as 0.1.

For tests conducted according to the ASTM C1609 (2006), the method of Vandewalle
and Dupont (2003) was used to convert the vertical displacement, measured at mid-

span, to the CMODs needed to determine fz, and fz4. In this method:
46
CMOD = — (D —d,) (4.21)

where L is the loading span, § is the mid-span deflection, and d,, is the neutral axis
depth. For the determination of the neutral axis depth, Equation (4.17) is used. Equation
(4.21) is only applicable to post-cracking stage and, accordingly, the elastic component

should be subtracted from the total deflection.

Equations (4.18) and (4.19) do not include other influencing factors, such as the wall
effect, casting bias and the existence of the notch. The effect of these factors are
extracted and considered separately. Consequently, the post-cracking strength with

compensation for various influencing effects is:

or (W) = kpkeknfi (4.22)
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For a strain softening concrete, with failure controlled by fracture processes, for which
the model in this study is derived for, the post-cracking (or residual) tensile strength at a
given crack opening displacement, beyond COD = 0.5, is limited to the tensile strength
of the matrix without fibres (f,;) and should not exceed the residual strength of (f;5).
This ensures that the inverse analysis from prism bending tests is not overestimating the
tensile stress at a given COD, specifically over multiple cracking occurs (see
Figure 3.21) and a transition from strain softening to strain hardening behaviour is

observed.

The simplified model is compared to the direct tension test data of this study and
presented in Figures 4.21 and 4.22 for notched and un-notched prism bending tests,
respectively, for the domain w € [0, 2.0] mm. It is seen that the proposed simplified
model reasonably predicts the residual tensile strength of the SFRC, except for Series B
with un-notched prism bending tests. The full analysed data are given in Appendix D. A
comparison between notched and un-notched simplified models is presented in
Figure 4.23. It is observed that the simplified inverse analysis design procedure for
notched prisms is predicting results closer to the measured direct tensile test data than

that of the un-notched tests. This requires further investigation.
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Figure 4.19 — Neutral axis depth versus COD for Series B notched prism bending test.
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Figure 4.20 — Neutral axis depth versus COD for Series C notched prism bending test.
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Figure 4.23 — Comparison of predicted uniaxial o— w curves obtained from the
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bending tests with uniaxial tension test data: (a) Series A; (b) Series B;
(c) Series C.
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4.4. Summary and Concluding Remarks

Reliable methods to acquire the residual behaviour of SFRC are needed to have
confidence in the design of SFRC in structural applications. This study presents an
approach to establish the post-cracking or residual tensile strength of SFRC. The post-
cracking behaviour of SFRC can be obtained directly from uniaxial tension tests, or

indirectly following an inverse analysis of notched or un-notched prisms in bending.

Following an experimental investigation of three SFRC mixes that displayed softening
behaviour in uniaxial tension testing, an inverse analysis procedure was derived to find
the o— w relationship for SFRC from both notched and un-notched prism bending tests.
The model considers the influence of fibres on the moment carried by the specimen, as
well as the location of neutral axis at a specified CMOD or deflection, depending on the

test type.

The model was validated against experimental data obtained from direct tension tests
for the three SFRC mixes carried out in this study, the model predicted the results
within reasonable bounds and, generally, within the scatter range of the collected data.
The model does not apply to the situation where a prism test is in transition from strain
softening to strain hardening behaviour, leading to multiple cracking. This may occur
due to specimen geometry, fiber geometry, and distribution in the matrix. To capture
such cases, limits are applied to the model such that: (i) the residual stress at a crack
opening displacement greater than 0.5 mm (w > 0.5) must be smaller or equal to that at
COD =0.5mm (f,5); and (ii) the post-cracking (or residual) tensile is limited to the

tensile strength of the matrix without fibres (f;).
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Chapter5 DAMAGE MODEL FOR FATIGUE IN SFRC
ELEMENTS

5.1. Introduction

The experimental results presented in Chapter 3 are analysed and discussed in details in
this chapter. The influence of the variety of different failure modes of round panels is
discussed in Section 5.2. A relationship between crack opening displacement and
central deflection for different failure modes is presented in Section 5.3 and validated
against the experimental results. The effectiveness of SFRC on fatigue behaviour is
investigated in terms of cyclic creep curves and Wohler diagrams in Sections 5.4 and
5.5. A constitutive model is developed for SFRC for post-cracking fatigue damage
during cyclic loops. The model is verified against available test data in Section 5.6.

Finally, concluding remarks are presented in Section 5.7.

5.2. Failure Planes in the Round Panel Test

Theoretically, the cracks of the round determinate supported panel specimens should
form midway between the supports where the applied moment is the greatest
(Figure 5.1(a)). However, in testing significant deviation was noticed. This deviation
from theory is due to the variation of concrete matrix strength within the specimen and
the sensitivity of the fracture processes to this variation. After cracking, the material’s
performance is mainly controlled by the fibre component. However, uneven fibre
distribution along the failure planes can lead to a theoretically higher energy in the
fracture line pattern to develop (Figure 5.1(b)). Accordingly and in order to undertake
fracture and post-cracking analysis, it is important to consider a series of fracture line

analyses of possible failure modes in round determinate supported panels.
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There are mainly three possible fracture line patterns of failure in the round panel test.
The first pattern is the pattern of diametric single crack running through the centre of
the round panel specimen. The second failure mode is a single fracture line located off-
centre. The last pattern, noticed in this project, is the formation of three radial cracks
lines as presented in Figure 5.1(a). Tran (2003) reported the fan yield line pattern;
however, this failure can only occur in ductile elements and was not observed in this
project, nor in the literature (Bernard, 2000; Tran, 2003; Tran et al., 2005; Bernard and
Xu, 2008; Moss, 2008; Barnett et al., 2010; Minelli and Plizzari, 2010; Chao et al.,
2011; de Montaignac et al., 2012; Amin et al., 2017). The various failure modes
observed in this study are recorded in Table 5.1. Plotted in Figure 5.2 is a frequency
distribution of y for all panel specimens which failed by the formation of three fracture

lines.

There are several limitations in determining the fundamental material laws based on the
study of round panel tests. These can occur due to the following assumptions (Amin et

al., 2017):

=

rigid plastic o—w model to describe the post-cracking response of SFRC;
estimated depth of neutral axis;

random alignment of fibres;

> LN

ignoring the tensile membrane actions that occur due to friction imposed
supporting arrangements;
5. the 120° theoretical arrangement of fracture lines; and

6. the location of the crack junction being at the centre of the panel.

In this study the last two assumptions are discussed, the remaining assumptions were
well discussed by Amin et al. (2017) and it was concluded that these assumptions lead

to small errors only.
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Deviation of fracture lines from theory (y,,y, and y5; in Figure 5.1(a)) and the
development of one fracture line instead of three, influences the internal work
calculations and, as the internal work is a minimum on the 120° theoretical pattern, the
error leads to a non-conservative solution. Bernard and Xu (2008) and Amin et al.
(2017) concluded deviation of fracture lines from theory leads to small errors only. In
this study, the variation of angles for the panels tested in this study is shown in
Figure 5.2 and presented in Table 5.1, together with the resulting sum of the internal
work (3 W;) relative to theory. An accurate calculation for the work (internal and
external) based on the experimentally observed fracture lines, is demonstrated in
Figure 5.3, where the angles a; (i =1 ... 6) are dependent on the location of the origin

(0" and the deviation of the fracture lines from their theoretical values.

In the fracture line analyses undertaken herein, the value of a are determined from the
equations outlined by Tran (2003) assuming that (0") coincides with (0). The results
show an average error of just 2.1%, with a maximum error of 5.7% for the failure mode
of three fracture lines. This reinforces the conclusions of Amin et al. (2017) as well as
Bernard and Xu (2008) that the variations of the crack angles from theory do not
significantly influence the derived results. However, whenever one fracture line is
developed, the error is significantly higher up to 56.8%. As such this non-conservative

error is not small and must be addressed.

Errors can also be introduced in the external work calculation due to the location of the
crack junction being away from the centre of the panel for the failure mode of three
fracture lines. The locations of the crack junction (O’ in Figure 5.1(a)) for the panels
tested in this study are presented in Table 5.1. The external work is Wy = P k §, where
k equals the length of a line drawn normal to the nearest axis of rotation (Figure 5.3)
divided by r =375mm. However, in this study, whenever one fracture line is
developed, it was passing through the centroid of the panel and, accordingly, the error in

external work calculation ends up being zero. The average error in the external work
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assumption is 3.6%, with a maximum of 11.0%. When the errors in the internal work
are combined with those of the external work, noting that the errors are multiplicative,
the average error in the determined moment for the panels tested is +7.4% and the

maximum is +20.1%.

From a fracture line analysis and the work evaluated from Tran (2003), the required
applied load can be evaluated for the main two failure modes observed in this research:
one and three fracture lines. For the pattern of one fracture line (Figure 5.1(b)), the

external and internal energies can be expressed as (Tran, 2003):

Wy = P§ (5.1)
and,

W, = (2(/R? — y2)om (5.2)

where R is the radius of the panel, 8 is the rotation at the fracture line, m is the moment
of resistance per unit length of fracture line, and y is the distance from the centre to the

crack line. The total rotation at the fracture line is:

9=e’+0"=5[rfy] (5.3)

where r is the distance from the centre to the support (Figure 5.1), and the failure load

for this pattern is:

B Rz_yz

Given that R = 400 and r = 375. Minimum value when y = 0:

Pone fracture line = 6.4m (5. 5)
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For the mode of failure of three fracture lines, it was presented by Tran (2003) that the
minimum load value P occurs for the symmetric case in which all included angles
between fracture lines equal 120°, i.e. all midpoint angles, y, equal zero (Figure 5.1(a));

thus:

R
Pthree fracture lines = 3\/§m? = 5.54m (5.6)

The magnitude of this estimate of P is 13% lower than the value given in Equation (5.5)
for the diametral mode of failure, so the three crack symmetric mode of failure will
theoretically govern behaviour because it is the lower bound on the fracture line
analysis, assuming uniform fibre distribution. However, it can be seen from Appendix B
that the coefficient of variations in the post-cracking tensile strength of Series A, B and
C were 22%, 16% and 26%, respectively. By simply comparing the difference in load
magnitude required to form a diametral mode of failure and the coefficient of variation
in post-cracking tensile strength, it can be concluded that the variation in fibre
distribution, or the scatter in post-cracking tensile strength, can flip the theoretical
statement that the three crack symmetric mode of failure will govern behaviour. Instead
only a variation of 13% in residual strength is needed to lead to the occurrence of one
fractural line failure mode which results in lower magnitude in failure load P. This is
due to the fact that the fibre component mainly controls the material’s performance after
cracking, and uneven fibre distribution along the failure planes led to a theoretically
higher energy in the fracture line pattern to develop but lower magnitude in load in
practice. The probability that a failure mode of a single fracture line governs, as

opposed to a three fracture line mode, is 10.7%, based on a normal distribution.
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Figure 5.1 — Theoretical failure mechanism of round panel tests (a) fracture lines pattern I (Amin et al., 2017); (b) fracture line pattern II.
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Table 5.1 — Cracking angles, cracking centre and comparison of calculated internal and external work relative to theory by fracture line analysis.

parel 1D frac';'lj’r-eo;‘ines Cracking angles Coords. of crack junction . l; w, . PE W, Over;l/:)]error
Y1 [deg] | y2[deg] | ys[deg] [ x[mm] y [mm] Ltheory Etheory

A-1S-P 3 -16 -15 -19 -13.4 -2.2 1.044 0.992 5.1%

A-1S-F 3 12 14 -8 23.6 0 1.018 0.9461 10.8%

A-2S-F 3 -5 0 17 0 0 0.995 1.000 4.6%
A-1C-F-U-60 1 - - - - - 1.433 1.000 0%
A-1C-F-U-70 1 - - - - - 1.476 1.000 2.2%
A-1C-F-C-60 1 - - - - - 1.568 1.000 7.9%
A-2C-F-C-60 3 -9 0 -13 -3 -12 1.013 0.975 4.8%
A-1C-F-C-40 3 18 0 24 37.6 10 1.052 0.949 13.9%
A-2C-F-C-40 3 -21.6 0 -26 0 0 1.057 1.000 9.5%

B-1S-F 3 -21 -1 -11 -28 -23 1.031 0.971 9.1%

B-2S-F 3 -15 4 -12 0 0 1.020 1.000 5.2%
B-1C-F-U-70 3 -8 9 0 0 0 1.008 1.000 3.3%
B-2C-F-U-70 3 -11 6 0 14.8 -3.1 1.009 0.921 11.1%
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panel 1D frac':‘fr-eofines Cracking angles Coords. of crack junction . uz/: w, . uz/: Wy Overﬁi ]error
yi[deg] | v2[deg] | ys[deg] | x[mm] y [mm] I theory Fitheory

B-1C-F-C-60 3 -1 0 9 22 10 1.004 0.963 5.1%
B-2C-F-C-60 1 - - - - - 1.433 1.000 0%
B-3C-F-C-60 3 11 -3 -5 135 -19 1.008 0.949 8.1%
B-1C-F-C-40 3 0 13 -13 4.6 -13.3 1.015 0.934 11.4%
B-2C-F-C-40 3 12 -10 0 0 0 1.011 1.000 3.6%

C-1S-F 3 -10 9 -4 -3.8 -10.8 1.011 0.978 6.4%

C-2S-F 1 - - - - - 1.488 1.000 3.0%
C-1C-F-U-70 3 -15 20 -9 -30.4 -16.3 1.042 0.941 20.1%
C-2C-F-U-70 3 0 -19 -14 20 0 1.028 0.980 6.9%
C-1C-F-C-60 3 5 -17 0 17.7 20.5 1.015 0.890 15.0%
C-2C-F-C-60 3 -19 -18 0 -24.4 3.9 1.037 0.930 13.3%
C-1C-F-C-50 3 21 0 -7 28 12 1.018 0.941 14.7%
C-2C-F-C-50 3 0 12 0 26.9 20.6 1.007 0.950 7.1%
C-1C-F-C-40 3 10 22 -4 0 0 1.027 1.000 6.1%
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Figure 5.3 — Deviation of fracture lines from theory (Amin et al., 2017).
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5.3. Relationship between Crack Opening Displacement and
Central Deflection

The rotation of the fracture line has been previously evaluated by Tran (2003) for the
three different failure modes mentioned previously. The COD(w) for the round panels
can be obtained from the rotation of the yield line and by using the geometrical

sectional block for each failure mode.

For the diametral pattern of fracture line, the COD(w) is defined as:

W = tan (1756) (t—d,) = (1756) (t—d,) (5.7)

For the off-centre pattern of fracture line, the expression is:

1.56
w = tan (
y

1.56
2 )(t —d) = (m) (t - dy) (5.8)
For the three fracture lines pattern, assuming equal angles between fracture lines, the
crack opening displacement is:

V3

W=;

§(t—dyp) (5.9)

where w is the crack opening displacement; § is the central deflection; r is the radius
from the centre of the panel to the support (see Figure 5.1); t is the thickness of the
panel; d,, is the depth to the neutral axis and y is the distance from the centre to the

crack line.

For the determination of the depth of the neutral axis, d,,, as is required to evaluate
Equations (5.7) to (5.9), Amin et al. (2015) and Amin and Foster (2016) showed that the
location of d,, had little influence on the w/CMOD ratio. For this reason, the depth of

the compressive stress block is fixed and taken as d,, = 0.1¢.
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A comparison between theoretically and experimentally measured COD of Series A to
C is presented in Figures 5.4 to 5.6, respectively. The results are consistent for all series
with minimal difference. This means that Equations (5.7) to (5.9) provide good

estimation of crack opening displacement during static and cyclic loading.

5.4. Cyclic Creep Curves

In fatigue tests, deflection increase at the maximum load level is generally plotted
versus the number of cycles for concrete in compression (Holmen, 1979); this curve is
known as cyclic creep curve. However, for concrete in tension, it was plotted in terms of
crack opening displacement because the deformations tend to localise in cracks
(Cornelissen and Reinhardt, 1984; Hordijk, 1991). These curves, when obtained from
uncracked specimens, typically consist of three stages. First, a rapid increase of
deformation (crack opening) up to about 10% of total life caused by the extension of
pre-existing microcracks until a stable situation is reached (1). Next, a uniform increase
from 10% to 90% governed by stable crack extension and creep (2). Finally, a rapid
increase due to unstable crack propagation until failure is observed (3) (Holmen, 1979;
Cornelissen and Reinhardt, 1984; Hordijk, 1991). Figures 5.7 and 5.8 present both the
central deflection and average crack width at the maximum load level as a function of
the number of cycles (N), respectively. It is clear from the figures that both central

deflection and average crack width follow the same pattern.

All uncracked specimens from Series A did not fail or crack before 3 million cycle limit
was reached; as a result, the round panels were loaded statically to failure. The static
test results of round panels A-1C-F-U-60 and A-1C-F-U-70 showed that fatigue loading
did not affect the ultimate load capacity or the toughness for these panels. The

uncracked specimens from Series B and C failed during fatigue loading.

All failed uncracked panels followed the same pattern; a very slow steady increase in

deflection up to fatigue cracking. After cracking, the rate of deflection and average

240



crack width increase accelerated. Following that, and within few cycles, the central
deflection and average crack width increased dramatically, signalling the impending
failure as cyclic load versus displacement curve approaching the corresponding
envelope curve. This is generally well approximated by the quasi-static curves from
monotonic tests (Hordijk, 1991; Plizzari et al., 1997; Zhang and Stang, 1998; Plizzari et
al., 2000; Germano et al., 2016).

All pre-cracked specimens with maximum load level of 60% plus specimen C-2C-F-C-
50 demonstrated similar fatigue behaviour, where central deflection and average crack
width increased at a steady rate up to around 80% - 90% of the specimen’s fatigue life.
After that, a dramatic increase in central deflection and average crack width was noted,
indicating impending failure. On the other hand, the pre-cracked panels with maximum
load level of 40% showed steady increase in deflection and average crack width up to 3
million cycles. Round panel C-1C-F-C-50 experienced almost constant deflection and
average crack width for the first 200,000 cycles approximately. After this, a steady
increase in deflection and average crack width was observed up 10 million cycles

without fatigue failure.

For pre-cracked specimens, only the last two stages of a typical cyclic creep curve
(stages 2 and 3 of uncracked specimens) can be observed, since the initial monotonic
loading stage already provokes the formation of a fracture process zone. The cyclic
creep curves for pre-cracked concrete are characterized by a linear branch followed by a
rapid increase of deflection and average crack width until failure. One can observe that
the number of cycles to failure is related to the slope of the linear branch; in fact, Nf
decreases when the slope of the secondary branch becomes larger (Cornelissen and
Reinhardt 1984). It is evident from Figures 5.7 and 5.8 that the addition of fibres
resulted in a slower crack growth and this is enforcing the influence of fibres in

improving the fatigue behaviour of concrete in all series investigated in this study.
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5.5. Wohler Curve

The results of fatigue tests can be summarized by plotting load level versus the number
of cycles to failure (Nf); thus adopting the S-N (or Wohler) curves to predict the fatigue
performance of materials. For the tests performed in this research (three series), the
fatigue lives for pre-cracked round panel, Ny, are shown in Figure 5.9. The load levels
for the corresponding fatigue live are presented as a percentage of the peak load (Pmax),
experimentally measured for each specimen in the initial monotonic stage. Plotting S-N
curves requires fatigue tests to be conducted at different load levels. In this study only
two load levels for pre-cracked specimens, expect Series C, were considered.
Accordingly, no S-N line equations are produced. In any case, the contribution of SFRC
to fatigue resistance is evident as it guarantees a higher number of cycles to failure after
concrete cracking. Also, it is clear that Figure 5.9 does not establish that a clear
threshold of fatigue exists for SFRC; however, it is indicated that in excess of 3 million
cycles is possible provided that load level, as percentage of concrete peak load capacity,
does not exceed 40%. This disagrees with the statement by Germano et al. (2016) that
the addition of fibres seems to be not effective in improving the fatigue behaviour of
concrete when performing cyclic test under a 15% - 65% load level. Instead, SFRC
seems to be effective for load levels within high cycle fatigue range, which generally
involve large number of cycles at lower load levels. SFRC’s effectiveness tends to

maximise with fatigue load levels of not more than 50% of concrete capacity.

The fatigue life in Figure 5.9 shows significant scatter and is varying by more than two
orders of magnitude for a given load level; it has been broadly stated that fatigue data
always have wide range of scatter. However, this can also be attributed to the variation
in post-cracking residual strength. From Figures 3.125 to 3.127, it is noticed that the
residual post-cracking strength in range of zero to 6 mm of displacement varies
remarkably, where fibre contribution has the maximum impact on fatigue life.

Accordingly, and since the scope of this research work is to investigate the fatigue
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behaviour of SFRC, it is worth mentioning that the choice of referring the fatigue load
levels to the actual post-cracking peak load, instead of the concrete maximum load
obtained from the static tests, can lead to reduce the large experimental scatter of fatigue
results. This scatter can be related to a great extent to the dispersion of relating post-
cracking strength (where fibre component governs the performance) to that of
uncracked strength (where concrete component governs the performance). Accordingly,
fatigue lives in Figure 5.10 are plotted versus load levels evaluated as a percentage of
the post-cracking peak load. For the round panels that did not fail under cyclic loading,
the post-cracking peak load of the specimen itself was used to evaluate the load level,
while for failed panels the average post-cracking peak load of non-cyclically loaded
specimens was used; this can explain the scatter of the data. It is also evident from
Figure 5.10 that a fatigue life exceeding 3 million cycles is expected for a load level of
60% of post-cracking peak load. Consequently, it is clear that fatigue damage
accumulated between steel fibres and concrete increases with higher load levels. Also
shown in Figure 5.10 is an expression for load level versus failure number of cycles as

shown below:

S = —0.087 log(Ny) + 1.21 (5.10)

The model predicts the number of cycles after cracking of the concrete as presented in
Table 5.2, where the fatigue limit equals the number of cycles to crack the concrete plus
the number of post-cracking cycles. Equation (5.10) provides a reasonable
approximation of the experimental results for the few specimens that were tested; more

tests are needed to provide better evaluation of Equation (5.10).
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Table 5.2 — Experimental and model results of the number of cycles to failure.

Pre-cracked panels, No. of cycles

Specimen ID

Nfgxp Ny modet
A-1C-F-C-60 98,386 47,908
A-2C-F-C-60 96,743 97,198
A-1C-F-C-40 > 3 Million 1.6 x 10°
A-2C-F-C-40 > 3 Million 20.6 x 10°
B-1C-F-C-60 388,975 6,594
B-2C-F-C-60 460 8,466
B-3C-F-C-60 12,431 11,014
B-1C-F-C-40 > 3 Million 113 x 10°
B-2C-F-C-40 > 3 Million 473 x 10°
C-1C-F-C-60 Nill -
C-2C-F-C-60 5,868 175,935
C-1C-F-C-50 > 10 Million 62.9 x 10°
C-2C-F-C-50 1,617,982 1.3 x 10°
C-1C-F-C-40 > 3.5 Million 22.1 x 10°
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5.6. Constitutive Model for Post-Cracking Fatigue Damage

The load versus deflection and crack opening displacement are reported in Figures 5.11
to 5.17. The crack opening displacement in the figures is evaluated from Equations (5.7)
to (5.9), with the elastic component of deflection subtracted. Linear approximation was
adopted for the unload/reload path. It is clear that the rate of crack opening increment
per cycle strongly affects the fatigue life. In other words, the higher is the crack opening
rate, the faster the envelope curve is reached. One can observe that by increasing the
load level, the crack increment per cycle increases significantly, as the higher is the
upper load, the higher the fatigue demand and the relative damage induced (Sparks,
1982; Germano et al., 2016). In addition, plain concrete has a negligible crack opening
rate; consequently, the addition of fibres guarantees a higher number of cycles to reach
the envelope curve. Also, it is clear from the figures that as soon as the COD at the
upper load during fatigue testing approaches the COD corresponding to the post-
cracking peak load, the rate of COD increase accelerates; indicating that fibres are no
longer capable of controlling the crack propagation and signalling the impending
failure. This means that the extended fatigue resistance by the contribution of fibres is

limited to the post-cracking peak load and its corresponding COD.

The unloading/reloading stiffness of the panel during the cyclic loading may be
normalised by the modulus of the specimen to facilitate comparison and development of
a material model. There are mainly two options, either normalising the
unloading/reloading stiffness with the uncracked modulus or by the cracked modulus of
the panel. The results of round panel B-2C-F-C-60 were neglected in this analysis since

it had only a short fatigue life.

In previous studies of the literature, the performance of SFRC is mainly related to the
uncracked concrete. The reduction of secant modulus ratio to the initial modulus of
uncracked round panel over the related numbers of cycles to failure is shown in

Figure 5.18, together with the evaluation of secant modulus for each series separately. It
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is clear from the figure, that the cracked modulus of the specimen is about 40% of the
uncracked ones. However, it is of high importance to relate the modulus of cracking
cycles during fatigue loading to that of initial cracking stiffness, since the aim of this
study is to shed new light on the post-cracking fatigue performance of SFRC where
fibres mainly influence of the fatigue response in the fracture process zone and concrete
has negligible impact. Accordingly, the modulus of cracked load cycles were

normalised by the initial cracked stiffness.

The selection of initial cracked stiffness should be taken after crack stabilisation. This is
due to the fact that the fatigue tests were conducted on pre-cracked specimens where
cracks had already been initiated; this is followed by a stage of crack stabilisation.
Consequently and for the purpose of determining the number of cycles required for
crack stabilisation, the evaluation of secant modulus ratio to the modulus of the 1%, 10™,
100™ and 1000™ cracking cycle over the numbers of cycles to failure is presented in
Figures 5.19 to 5.22, respectively, together with the evaluation of secant modulus for
each series separately. The development of crack opening minus the 1%, 10", 100" and
1000™ cycle COD during cyclic loading is shown in Figures 5.23 to 5.26, respectively,

along with the COD development for each series.

Different fibre types result in different post-cracking stiffness and crack opening
displacement. For the purpose of comparison of different fibre types the modulus of
cyclic loading were normalised with the initial cracking modulus which should
eliminate or at least reduce any differences due to the utilisation of different fibres. For
crack opening displacement, it can be seen from Figures 5.23 to 5.26 that the COD
within the range of zero to 0.5 mm, approximately (up to post-cracking peak load), are
actually contributing to the fatigue life of the SFRC. After that, and for the three series,
fatigue failure occurs. It was discussed in Chapter 3, that with a range of COD from

zero to about 2.0 mm, the post-cracking toughness is almost equivalent for the three
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types of fibres used in this study. Consequently, it is acceptable to compare the

development of crack opening displacement of these three series together.

It is clear from the figures that the curves become more coincident as the number of
cycles selected as a reference increases. This is also more evident from the coefficient
of variation of both the modulus ratio and the initial COD minus the crack opening of
different number of cycles shown in Figures 5.27 and 5.28. However, for more a
consequential comparison, the modulus ratio and COD development over the related
number of cycles along with the corresponding coefficient of variation is plotted in
Figure 5.29. It is observed that the coefficient of variation has the lowest percentage
with 100 cycles of initial cyclic loading. Accordingly, the modulus ratio of E/Ey100

and the COD development (w — wy o) Were selected for the proposed model.

From the cyclic loading tests, presented in Figures 5.11 to 5.17, the load — COD(w)
relationships have a tension-softening-like curve. It is noticeable that the residual
COD(w) remained after the unloading stage, and the unloading/reloading stiffness
tended to decrease as the COD(w) at the unloading plateau increased. From Figure 5.21,
it is observed that the modulus ratio in pre-cracked SFRC in flexure and under cyclic
loading follows three distinct stages, similar to concrete in compression; a rapid
stiffness reduction from 0 to about 10 percent of the post-cracking fatigue life (Stage 1),
a uniform reduction from 10 percent to approximately 90 percent of the post-cracking
fatigue life (Stage Il) followed by a rapid increase to failure (Stage IlI). A similar
approach is noticed for the crack opening displacement development shown
Figure 5.25. Consequently, a model is proposed to represent these stages and is shown

in in Figure 5.30.
Based on a regression analysis of the test data, the following relationship is proposed:

Stage I:

N
EN = ENlOO Ae Nf (5 11)
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N
Wiax = Wigo + @ ln(,BN—f +1) (5.12)

Stage II:
N
EN = ENlOO Ce Nf (5- 13)
N
Winax = Wigo +ve "/ (5.14)
Stage III:
_eN
EN = ENlOO Ee Nf (5- 15)
e
Winax = Wigo + €€ '/ (5.16)

The proposed model in Equations (5.11) to (5.16) uses the modulus and COD of one
hundred cycles as its basis. The model is defined by twelve empirical parameters; where
Wpax 1S the crack opening displacement at upper limit of applied cyclic load, w, is the
crack opening displacement COD(w) at the 100" cycles, Ey is the unloading modulus at
cycle N, Ey1o0 is the unloading modulus at the 100™ cycle (Figure 5.30), Ny is the
number of cycles to failure and the constants A to F and a to € are parameters that
depend on the material properties and the load levels to fit experimental data. The

parameters for the best fit are given in Table 5.3.

One of the main remaining concepts to establish the number of cycles to fatigue failure,
through defining the failure cycle Ny from the static load — COD(w) relationship, is to
initiate when the w;,,,, at cycle Ny equals the ultimate w obtained from the static test at
the target load level; a bilinear curve can be adopted to describe the static load —
COD(w) curve as shown in Figure 5.30. Alternatively, failure cycle Ny can be

calculated from Equation (5.10).
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As can be seen from Figures 5.31 and 5.32, Equations (5.11) to (5.16) provide a
reasonable approximation of the experimental results, given that only few specimens

were tested. However, more tests will better approximate the values of parameters A to

F and a to e for different concrete mixtures.
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Figure 5.11 — Fatigue performance of round panel A-1C-F-C-60 (a) load versus
deflection, (b) load versus COD.
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Figure 5.13 — Fatigue performance of round panel B-1C-F-C-60 (a) load versus
deflection, (b) load versus COD.
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Figure 5.16 — Fatigue performance of round panel C-2C-F-C-60 (a) load versus
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Figure 5.18 — Evaluation of secant modulus ratio to the initial modulus of uncracked round panel over the related numbers of cycles to failure.
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Figure 5.19 — Evaluation of secant modulus ratio to the 1* cracking cycle modulus over the related numbers of cycles to failure.
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—e—A-1C-F-C-60
—=—A-2C-F-C-60

. . . 0.0 0.2 0.4 0.6 0.8 1.0
N/N N/N

(@) (b)

60% loading

—¥%~C-2C-F-C-60 50% loading
——C-2C-F-C-50

—e—B-1C-F-C-60
0.2 ——B-3C-F-C-60 0.2

0.0 n L] L] L] L] n L] L] L] L] n L] L] L] L] L] L] L] L] L] L] L] L] L] L] 1 0.0 n L] L] L] L] n L] L] L] L] n L] L] L] L] L] L] L] L] L] L] L] L] L] L] 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
N/N N/N;

(©) (d)
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Figure 5.22 — Evaluation of secant modulus ratio to the 1000" cracking cycle modulus over the related numbers of cycles to failure.
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Figure 5.23 — Development of COD minus the 1% cycle COD during cyclic loading.
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Figure 5.25 — Development of COD minus the 100" cycle COD during cyclic loading.
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Figure 5.26 — Development of COD minus the 1000™ cycle COD during cyclic loading.
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Figure 5.30 — Cyclic hysteresis model for SFRC round panel subjected to fatigue
loading.

Table 5.3 — Constants for load — COD(w) relationship

Constant | Value | Constant| Value
A 1.0 a 0.4
B 2.1 B 3.0
C 0.85 y 0.09
D 0.44 () 1.8
E 4.5 & 0.00008
F 2.3 € 9.6
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5.7. Concluding Remarks

In this chapter, the deviation of failure planes in round panel tests was discussed and
related to the variation in post-cracking material properties. It was concluded that a
variation of 13% in residual strength is needed to lead to one fractural line failure mode
which results in lower magnitude in failure load. Based on a normal distribution, the
probability that a single fracture line governs, as opposed to a three fracture line mode,

is 10.7%.

Fibres control the crack opening range and the crack opening increment per cycle; the
combination of these two parameters governs the fatigue life of SFRC and results in
greater fatigue resistance. The effectiveness of steel fibres is greater for high cycle
fatigue range and tends to maximise with fatigue load level lower than 50% of the
specimen capacity. The envelope curves obtained from cyclic tests match well with the
curves obtained from the static tests for round panels. The cyclic creep curves for pre-
cracked concrete are characterized by a linear branch followed by a rapid increase of
deformation and crack growth until failure. The number of cycles to failure is related to
the slope of the linear branch. The experimental test results indicated that steel fibres
control the crack propagation and increase the fatigue resistance of SFRC up to the

post-cracking peak load and its corresponding COD.

A constitutive model is developed for SFRC for post-cracking fatigue damage during
cyclic loops. The model is verified against the test data collected in this study with a
framework developed for further calibration as new data becomes available. Comparing
the results of the model with test data shows that the model is capable of accurately
predicting the overall cyclic fatigue loading response of SFRC. The model is also able
to capture the change in the COD, the stiffness development with increasing load
cycles, and the number of load cycles to failure. The need for more tests on pre-cracked

concrete subjected to high cycle fatigue loading is identified.
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Chapter6 PERFORMANCE OF PLAIN AND STEEL
FIBRE REINFORCED CONCRETE
PAVEMENTS UNDER  STATIC AND
FATIGUE LOADING

6.1. Introduction

The use of steel fibre reinforced concrete for infrastructure applications is becoming
more popular with the introduction of new high performance materials. SFRC is
introduced to enhance the overall performance of structures, such as composite bridge
decks, beams, bearing walls, road pavements, etc. Concrete is the most used
construction material possessing many desirable properties like high compressive
strength and durability. At the same time, concrete has some disadvantages. Plain
concrete has low tensile strength, low ductility and does not offer much resistance
against cracking. The development of micro cracks limits its tensile strength at initially,
these cracks do not harm too much, but on propagation the magnitude of loss and
severity of damage will be more. Concrete with its brittle nature and low tensile strength
is more susceptible to fracture. These problems can be overcome by reinforcing

concrete with fibres.

Structural fibres can extend the service life of thin concrete pavements and overlays.
These fibres improve the post-crack performance of concrete (Rollins, 1986; Roesler et
al., 2003; ACI, 2009; Mulheron et al., 2015) by keeping cracks tight, which helps to
reduce the propagation of fatigue cracks. These fibres increase the joint load transfer
(Barman, 2014) and decrease the slab deflection at joints or cracks (Barman and
Hansen, 2018), which eventually can decrease joint faulting or other joint deteriorations.
The higher performance of SFRC provides evidence about the qualitative benefit of
structural fibres (Barman and Hansen, 2018); however, those evidences do not provide a

comprehensive quantification of the benefits.
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Use of fibre reinforced concrete for pavements, though widely established, lacks
comprehensive standardization with respect to both design as well as implementation.
Most widely used design methods have adopted the established techniques used for
slab-on-grade, mostly due to lack of studies specific to pavements. This is a major
drawback since the failure of slabs-on-grade is predominantly caused by static loading
whereas the failure of pavements, more often than not, occurs at much lower stresses
due to fatigue. In this context, a comprehensive experimental methodology is proposed
to test the hypothesis that thinner SFRC pavements can carry the same or even higher
number of load repetition of those of currently constructed plain concrete ones, with

minimum maintenance requirements.

6.2. Experimental Program

The experimental program consists of eight fully supported pavements of which three
are plain concrete control specimens and five are SFRC. The main testing parameters
are steel fibre content, specimen thickness and load levels. Four (out of eight) slabs
were tested under constant amplitude cyclic loading and four specimens were tested
under static loading. Two different load levels were used to study the effect of cyclic
loading on the fatigue performance of the SFRC slabs. All the specimens were
uncracked prior to fatigue testing, but slab B-CF-C was pre-cracked before the cyclic
loading was applied. End-hooked steel fibres 4D 55/60 were used in SFRC slabs. The
results of the tests are presented and evaluated with particular emphasis on the effects of

steel fibres on the fatigue life of the pavements by controlling the propagation of cracks.
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6.2.1. Variables and Specimen Dimensions

The specimens were designated using the notation U-VW-X, where ‘U’ is the series

name indicating the loading span as (A), having a loading span of 1.0 metres, and (B)

with a loading span of 2.3 metres; ‘V’ refers to static (S) or cyclic (C) applied loading;

‘W’ indicates plain (P) or fibre reinforced (F) concrete; and ‘X’ represents whether the

specimen was pre-cracked (C) or uncracked (U) before the application of the cyclic

(fatigue) loading. For example, specimen B-CF-C represents a pre-cracked SFRC slab

specimen of Series B with 2.3 metres loading span, and cyclic loading is applied.

The specimen dimensions and testing arrangements are shown in Figure 6.1. The

pavements were 1.0 metres wide, 3.0 metres long and had an overall depth of 250 mm

for the plain concrete slabs and 200 mm for the SFRC ones. The test program for the

slabs is outlined in Table 6.1.

Table 6.1 — Test program for pavements.

Specimen | Loading span, S| Test | Slab’s thickness, h | Pre- Fibre | Max
ID [mm] type [mm] cracked | content | load
A-SP-U 1000 Static 250 No 0 -
A-SF-U 1000 Static 200 No |30kg/m®| -
A-CP-U 1000 Fatigue 250 No 0 70%
A-CF-U 1000 Fatigue 200 No |30kg/m®| 70%
B-SP-U 2300 Static 250 No 0 -
B-SF-U 2300 Static 200 No |30kg/m®| -
B-CF-U 2300 Fatigue 200 No |30kg/m®| 70%
B-CF-C 2300 Fatigue 200 Yes | 30 kg/m® | 50%
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Figure 6.1 — Experimental arrangement and specimen dimensions: (a) 3D configuration
of the test set-up; (b) section view of test specimen.
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6.2.2. Construction of Slabs and Materials Properties

Both the SFRC and plain concrete slabs were constructed of plywood. Before casting of
the specimens, the forms were cleaned and greased to allow smooth stripping. The slabs
were cast along with sets of companion specimens to determine the material properties

(see Figure 6.2).

For the plain concrete slabs, the concrete was provided to the testing laboratory by a
local ready-mix concrete supplier. The specified target concrete compressive strength
was 40 MPa and the coarse aggregate used was basalt with a maximum particle size of
20 mm. The workability of the fresh concrete was measured by means of a slump test

and was found to be 95 mm.

The SFRC slabs were cast in two batches; three slabs were cast with Series C of the
round panel specimens; while slabs B-SF-U and B-CF-C were casted separately. For
slabs B-SF-U and B-CF-C, the concrete without the addition of fibres was ordered from
a local concrete supplier, the calculated weight of the fibres was then added, on site, and
mixed in the agitator for a minimum of 10 minutes; when fully mixed, the SFRC slabs
and companion specimens were cast. The steel fibres used for the SFRC slabs tested in
this study were the end-hooked Dramix® 4D 55/60 BG fibre. The fibres were 1.05 mm
in diameter and 60 mm long. The fibres had an ultimate tensile strength of 1450 MPa.

The target fibre dosage used in this study was 30 kg/m®.

After casting, the specimens were covered under wet hessian and plastic sheeting. The
specimens were moist cured for a period of 28 days, after which they were cleaned,
dried and measured prior to testing. The specimens were tested at least 180 days after

casting to minimise any change in strength due to aging.

For the plain concrete slabs, tests for compressive strength (f.,,), modulus of elasticity
(E.), indirect tensile strength by the Brazil test (f;,) and modulus of rupture (f,;) were

performed in accordance with Australian Standards AS 1012.9 (1999), AS 1012.17
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(1997), AS 1012.10 (2000), and AS 1012.11 (2000), respectively. The results of the

material control tests are summarized in Table 6.2.

The characterisation performance of the SFRC slabs cast with Series C can be found in
Chapter 3. The measured short term mechanical properties of the SFRC specimens B-
SF-U and B-CF-C are presented in Figures 6.3 to 6.5 and summarised in Table 6.3. The
fracture properties of the SFRC were determined directly by obtaining the tensile
strength of the concrete matrix, f.., and the average residual tensile strength, f; s (taken
at a crack width of 1.5 mm), from five uniaxial ‘dogbone’ specimens (Figure 6.3) tested
to the procedure outlined in AS3600 (2018). The tensile properties were also
determined indirectly from the residual flexural strength through ten notched and un-
notched prisms tested to EN 14651 (2007) and ASTM C1609 (2006), respectively, as
presented in Figures 6.4 and 6.5. The mean compressive strength, f..,, and Young’s
modulus, E,, at the day of slab testing were determined by testing two to seven 150 mm

diameter by 300 mm high cylinders and shown in Table 6.2.

Figure 6.2 — Pavement specimens after casting.
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Table 6.2 — Material properties of control specimens.

fcm [MPa] Ec [Gpa] fsp [MPa] fcf [MP&]
Batch type
28 Days - At time of testing ~
Plain concrete 43.9 (2) 51.3 (7) 33.0(2) 4.4 (3) 5.9 (6)
SFRC —batch 1 | 48.6 (2) 62.0 (4) 30.3(2) - -
SFRC —batch 2 | 48.5 (3) 57.8 (6) 34.5(2) - -

Note: ~ Number in () equals number of cylinders or prisms tested.

Table 6.3 — Short term mechanical properties of SFRC.

AS3600 (2018)
uniaxial tension test

EN 14651 (2007)
prism bending test

ASTM C1609 (2006)
prism bending test

fet fis fri | fre | frz | fra fr f1 féoo | fiso
[MPa] [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa]
3.63 1.31 3.15 | 356 | 3.02 | 1.99 4.6 45 3.0 25

6.2.3. Subgrade Preparation

A series of materials were considered to simulate the subgrade beneath the pavement,

such as real soil, foam, cork and springs. The main purpose of this test is to compare the

performance of plain concrete slabs with those of thinner SFRC specimens. This means

that, excluding the specimen thickness and fibre content, the remaining variables should

remain constant. One of the most important reasons, to neglect selecting soil to simulate

the subgrade, is the fact that the properties of soil change with temperature and

humidity. This change to soil properties can result in inappropriate comparison between

the performance of plain and SFRC specimens. The other option was the selection of

foam or cork similarly to some tests found in the literature (Falkner et al., 1995; Elsaigh
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and Kearsley, 2002; Chen, 2004; @verli, 2014). However, after extensive investigation,
it was concluded that the foam layer needs to be changed prior to each test and it is not
possible to ensure that all foam layers will have exactly the same thickness and
stiffness. Also, it was found that springs were the most economic selection when
considering the cost between foam and the springs. As a result, heavy duty springs were

selected to simulate the subgrade underneath the specimens.

To reproduce a Winkler soil, a total of 75 heavy duty springs were specifically
manufactured for the purpose of this research. The springs were placed under the slab at
centres of 200 mm apart in both directions. The average spring stiffness was specified to
be 3.2 kKN/mm. By considering the influence area of each spring (200 mm x 200 mm),
the average Winkler constant, k,,, is equal to 0.08 N/mm? which corresponds to a

uniform graded sand soil (see Table 2.2).

A base steel plate was designed with 300 threaded holes, 4 threaded holes per a spring,
to hold the springs in location by threaded bars, as shown in Figure 6.6. Each spring was
placed in its location. A Masonite layer was placed on top of each spring followed by a
square steel plate of dimension 195 mm x 195 mm. This is followed by another strip of
Masonite on top of five springs in North-South direction as shown in Figure 6.7.
Providing a strip of Masonite in the North-South direction allows averaging the height

of the springs in the direction of specimen’s width.

One of the main issues, associated with installation of springs, is the fact that each
spring had a slightly different height, as shown in Figure 6.8. The layout of the springs
was arranged to match the slope of the laboratory floor to provide a uniform support to
the specimen. The Masonite strips, in the North-South direction, allow averaging the
height of the springs in the North-South direction and eliminate the effect of any gaps

between the supporting system and the specimen. With the exception of specimen A-
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SF-U', a layer of high-strength mortar with a few millimetres thickness was placed on
each Masonite strip to ensure the contact with the bottom face of the slab so that
nothing moves around during testing, specifically when cyclic loading was applied. In
addition to that, the mortar layer levelled out as the self-weight of the slab is applied to
ensure eliminating any remaining gaps in West-East direction between the supports and

the slab. Figure 6.9 presents the mortar layers immediately prior to slab set-up.
6.2.4. Test Instrumentation

The instrumentation set-up involved electrical gauging and monitoring equipment.
Loads, displacements and concrete surface strains were measured. A computerised data-
logging system was used to obtain these measurements through a Hottinger Baldwin
Messtechnik (HBM) system. In addition to these measurements, the development and
propagation of cracks were also monitored and traced throughout the test of SFRC
specimens. For the SFRC slabs, excluding A-SF-U and A-CF-U, five Pl-gauges were
used to provide crack opening measurements. Three Pl-gauges were placed at depths of
20 mm, 100 mm and 180 mm across the thickness of the slab in addition to two PI-
gauges located at the surface of the specimen. To ensure that the crack is passing
through the gauges, the gauges were placed during testing and as soon as a crack is
formed, the testing was paused at the load which the crack formed at. Then the crack
width was measured with an optical microscope, to determine the initial crack width
measurements, at the locations of the Pl-gauges to be installed. Testing was then
resumed. For specimen A-CF-U, no gauges were used to monitor the crack width
development during testing. However, the cracks widths were measured with an optical
microscope at the end of fatigue testing at upper load level. The crack widths were
measured at depths of 20 mm, 60 mm, 100 mm, 120 mm and 180 mm. No gauges were

placed to monitor the crack width development for specimen A-SF-U.

! Specimen A-SF-U was the first specimen tested. On reflection of the results a high strength mortar layer
was added to the following tests to provide a more uniform support condition to the test slab and better
distribute the support reactions.
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The front surface of the SFRC slabs was painted to facilitate the crack detection process
during testing. During different intervals of fatigue testing, crack development was

marked using a felt tip pen.

The slabs were instrumented with 18 LVDTs and LSCTs to measure the vertical
deflection along the length and the width of the slab during monotonic and cyclic
loadings. The transducers were placed in two rows; nine along the centreline of the slab
as shown in Figure 6.10 and the remaining nine gauges were located 400 mm away

from the centreline.

Extensive strain measurements of the concrete surface were recorded throughout the
test. Each slab was instrumented with fifteen to twenty electrical resistance strain
gauges attached to the concrete surface, before testing the specimen. The strain gauges
were placed at different heights across the depth of the slab (see Figures 6.11 and 6.12).
For specimens A-SP-U and A-SF-U, the strain gauges were placed as shown in

Figure 6.13.

All specimens were tested with two loading points. In all tests, a 500 kN load cell was
placed between the hydraulic jack and the spreader beam and at the mid-span of the
specimen to measure the applied load. The load cell was linked to the HBM data

acquisition system.
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Figure 6.9 — Wet mortar layers on top of Masonite strips, immediately prior to placing
slab.

6.2.5. Test Set-up and Testing Procedure

All pavement specimens were fully supported by 75 springs and tested in an Instron
500 kN capacity actuator supported by a stiff testing frame (Figure 6.14). Each of the
slab specimens was loaded under two loading points. The load from the hydraulic
actuator was transferred to the pavement loading points by a steel spreader beam
(Figure 6.1(b)). One end of the spreader beam was pinned supported and the other end
had a roller support. To avoid crushing at the loading points, the load was applied

through 200 mm by 1000 mm by 16 mm thick steel plates.

The test machine was servo-controlled with fully digital control and data acquisition.
Depending on the test type, a displacement-control mode or load-control mode was
used. To determine the ultimate capacity of plain concrete pavements, one slab was
tested statically from each series. In the static load test and to pre-crack slab B-CF-C,
the test was controlled via ram displacement control at a rate of 0.12 mm/min until

failure or crack formation, respectively.
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During the fatigue tests, the load was applied monotonically up to the minimum load of
the load range under deflection control at a rate of 0.12 mm/min. The cyclic load was
then applied using a sine waveform under load control at frequencies of 1.25 Hz, 1.5 Hz
or 2.5Hz. The maximum frequency was limited by the maximum applied load and
actuator capacity. Testing was undertaken continuously 24 hours a day (including
weekends) until failure was imminent, or until predetermined cyclic limit was reached,
whichever occurred first. The point of imminent failure was marked by a large increase
in the measured central deflection. For all specimens other than B-CF-C, the cycle limit

was 3 million cycles. For specimen B-CF-C, it was 5 million cycles.

The load range for fatigue tests was selected based on the cracking load recorded during
the static test of plain concrete specimens. Two load ranges were selected as 17 to 70
percent and 17 to 50 percent of the static cracking load. However, for slab B-CF-U and
after the completion of 2.0 million cycles of fatigue loading with the specified range
shown in Table 6.1, the load range was increased by a factor of two for a further of one

million loading cycles.

At the conclusion of the applied fatigue loading, for specimen A-CF-U, a displacement
controlled monotonic load, at a rate of 0.12 mm/min, was applied until a load of at least

450 kN was reached.
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Figure 6.10 — LVDTs and LSCTs layout along the centreline: (a) Series A; (b) Series B (dimensions in mm).
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Figure 6.11 — Location of strain gauges on concrete surface for Series A slabs: (a) plain
concrete; (b) SFRC specimens (dimensions in mm).
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Figure 6.12 — Location of strain gauges on concrete surface for Series B slabs: (a) plain
concrete; (b) SFRC specimens (dimensions in mm).
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(b)

Figure 6.14 — Test set-up for static and fatigue testing: (a) Series A; (b) Series B.
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6.3. Static Test Results

In this section, the experimental test results are presented for plain and SFRC slabs
tested monotonically from each series. Test results of individual specimen are discussed

in details.

Specimen A-SF-U

A SFRC slab was tested statically with a loading span of 1.0 metres and a slab thickness
of 200 mm. This specimen was the first one to be tested and no mortar layers were used
in the set-up of the support system. After the completion of this test and with the
observation made, a layer of high strength mortar was added to the support system to

enhance the support of the slabs.

The maximum measured deflection at the West loading line, together with the central
deflection, during the static test is presented in Figure 6.15. It is clear from the figure
that the stiffness of the specimen and the rate of deflection increase remained
unchanged during the test. No reduction in load bearing capacity was observed, given
that two cracks formed, at the West loading line, during the test as shown in Figures
6.16 and 6.17 at loads of about 260 kN and 280 kN. This indicates that slab action was
maintained after crack formation resulting in higher ultimate bearing capacity and
increased toughness. The test was stopped at 476.6 KN as per the limitation of the
actuator capacity. Remarkable improvements were noted for both the ultimate load and
slab toughness. The depth of the crack at a load of 476.6 kN was about 180 mm. The
SFRC slab continued to act as one specimen and was not separated into two pieces after
the completion of the test. The deflection profiles along the length of the slab at
different loading steps are presented in Figure 6.18. The deflection is almost uniform
during the initial stages of the static test. After that, higher deflection is observed
between the two loading lines and their surroundings. No significant change in

deflection increase was noted during testing.
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Specimen A-SP-U

A plain concrete slab was tested monotonically with a loading span of 1.0 metres. The
thickness of the plain concrete slab was 250 mm. The failure of the slab was determined
by the formation of one fracture line. The load versus central deflection during the test
is shown in Figure 6.19. The plain concrete slab showed a brittle failure when a
maximum load equal to 467.6 kN was reached. This ultimate load capacity was used to

determine the fatigue loading range for the remaining specimens for Series A.

The deflection at different locations and loading steps is presented in Figure 6.20. As
can be seen from the figure, the deflection increase is almost uniform along the length
of the slab during the test up to the peak load. This reflects the support response of the
springs. However, it is evident that the deflection is at a slope increasing from East to
the West. This is due to the fact that the reaction floor of the laboratory is not perfectly
flat and there is a decreasing slope of 9 mm towards the Southwest. The springs, shown
in Figure 6.8, were placed to generate an increasing slope of 11.2 mm towards the
Southwest levelling the specimen. In the end, the specimen was placed on an increasing
slope of about 2.2 mm towards the Southwest corner. Consequently, higher load tends
to applied at the West side of the specimen; leading to higher deflection; accordingly,
crack formation at the West end of the specimen as can be seen from Figure 6.20. The
load versus maximum measured deflection, which occurred at the interior West side of
the loading system, is presented in Figure 6.19. The crack passed through strain gauges
placed at the concrete surface. The reading of the strain gauges reinforces the brittle
failure mode of plain concrete slab under static loading as shown in Figure 6.21. At
failure, the specimen was completely separated into two distinct pieces, as seen in

Figure 6.22.
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Figure 6.15 — Load versus deflection during static loading for slab A-SF-U.

Figure 6.16 — Crack development after the completion of the static test.

301



400

300 -
z
=3
T200 -
|
—SG-1
100 ggg
—SG-4
O-lllllllllllllI|IIII|S(I3_1511|
-150 -50 50 150 250 350
Strain [pm/mm]
(a)
400 -

300
=
~
T200 -
(@]
| —5G-6
] ——5G-7
100 1 SG-8
——5G-9
0 ] T T T T T T T T T T T T T T T T 'TgG'_]'-O' T 1
-150 -50 50 150 250 350

Strain [um/mm]

(b)

Figure 6.17 — Concrete surface strains taken across the depth of slab A-SF-U.
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Figure 6.18 — Deflections measured along the length of slab A-SF-U during the static
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Figure 6.19 — Load versus deflection during static loading for slab A-SP-U.
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Figure 6.20 — Deflections measured along the length of slab A-SP-U during the static
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Figure 6.21 — Concrete surface strains taken across the depth of slab A-SP-U.
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Figure 6.22 — Specimen A-SP-U after failure.

Specimen B-SP-U

Specimen B-SP-U was a plain concrete slab with a loading span of 2.3 metres and a
thickness of 250 mm. It was loaded statically until the formation of a fracture line
across the width at a load of 215.7 kN. This ultimate load capacity was used to
determine the fatigue loading range for the remaining specimens of Series B. The crack
formed almost at the centre of the slab. Load versus central deflection is plotted in

Figure 6.23.

For slab B-SP-U, initially the central deflection increased up to 1.13 mm at the peak
load; then it reduced to -0.58 mm at failure. A brittle failure mode was noted for the
plain concrete slab and the specimen was unable to carry any further load after the
formation of the crack and the load was transferred to the support system. The
deflection profile along the 3.0 metres length of the slab can be seen in Figure 6.24 at
various loading intervals. The deflection profile of the slab was approximately uniform
along the length of the slab up to the peak load. Again, the brittle failure mode is
evident from the deflection profile as soon as a crack was formed across the width of the

slab.

Figure 6.25 presents the strain gauges readings during the static loading. It is evident

from the figure that as soon as a crack formed, it propagated quickly across the depth of
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the slab indicating that the slab was not capable of carrying any load after the formation
of the crack. After the completion of testing, the specimen was completely separated

into two parts as can be seen from Figure 6.26.

Specimen B-SF-U

Static loading was applied on a SFRC slab with a loading span of 2.3 metres and
200 mm thickness. A crack formed at a load of 175.4 kN as indicated by the concrete
stain gauges and shown in Figure 6.27. After the formation of cracking, testing was
paused and the crack width was measured at different locations across the thickness and
at the surface of the slab using an optical microscope. The crack width at the surface
was measured at two different locations along the width of the slab and it was found to
be 0.40 mm and 0.32 mm, as presented in Figure 6.28. From Figure 6.29, it can be seen
that the initial crack widths across the depth of the slab were 0.32 mm and 0.14 mm at
depths of 20 mm and 100 mm, respectively. The crack was formed up to a depth of

170 mm.

After the initial crack width measurements, gauges were installed for continuous crack
width measurement and testing was continued. As can be seen from Figures 6.28 and
6.29, the crack width increased at a steady rate to reach an average crack width of
1.77 mm at a load of 490.4 kN at the specimen’s surface. The crack width at depths of
20 mm, 100 mm and 180 mm was found to be 1.40 mm, 0.78 mm and 0.12 mm,
respectively. After the completion of testing, and given a formation of a crack with a
crack mouth of 1.77 mm, the two parts of the specimens remained connected to each

other and the slab was removed from the test set-up as one solid specimen.

The load versus central deflection curve during the static test is presented in
Figure 6.30. The central deflection at the cracking load (175.4 kN) was 0.81 mm. Soon
after crack stabilisation, the central deflection reached 0.03 mm. After that, the

deflection decreased steadily as higher load is applied to reach -0.54 mm at 490.4 kN.
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The deflection profiles along the length of the slab, at various loading steps, are
presented in Figure 6.31. The deflection profile of the slab was approximately uniform
along the length of the slab up to the cracking load; before cracking the deflection
increased as higher load was applied. After cracking, the central deflection, and its
surroundings, decreased with higher loads, while the edge deflections continued to
increase. The addition of fibres resulted in a substantial increase in displacement,

indicating the improvement in toughness.
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Figure 6.23 — Load versus deflection during static loading for slab B-SP-U.
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Figure 6.25 — Concrete surface strains taken across the depth of slab B-SP-U.
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Figure 6.26 — Specimen B-SP-U after failure.
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Figure 6.27 — Concrete surface strains taken across the depth of slab B-SF-U.
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Figure 6.28 — Crack width development at the surface of slab B-SF-U during static test.
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Figure 6.29 — Crack width development across the depth of slab B-SF-U during static
test.
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Figure 6.30 — Load versus deflection during static loading for slab B-SF-U.
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Figure 6.31 — Deflections measured along the length of slab B-SF-U during the static
test.

6.4. Fatigue Lives and Failure Modes

The fatigue lives for the tested slabs are presented in Table 6.4. In total, four specimens
were tested under cyclic loading; one thick plain concrete slab and three thinner SFRC
ones. All the specimens that were uncracked prior to fatigue testing were loaded with a
maximum load level of 70%, except one specimen was pre-cracked before the

application of cyclic loading with 50% upper load level.

For the specimens tested with a loading span of 1.0 metres, the fracture line formed at
one of the loading regions resulting in positive bending moment. The crack formed at
the centre of the slabs tested with 2.3 metres loading span length. All the SFRC had a
fatigue life greater than three million cycles. The higher toughness of the thinner SFRC
resulted in longer fatigue life compared with thicker plain concrete slabs which had a

brittle failure mode.
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Table 6.4 — Fatigue lives for tested specimens.

Specimen | Loading span, S | Slab’s thickness, h | Pre- Fibre | Max No. of
ID [mm] [mm] cracked | content | load cycles
A-CP-U 1000 250 No 0 70% 323
A-CF-U 1000 200 No 30 kg/m® | 70% | >3 million
B-CF-U 2300 200 No 30 kg/m® | 70% | > 3 million
B-CF-C 2300 200 Yes 30 kg/m® | 50% | > 5 million

6.5. Fatigue Test Results

One Plain and three SFRC slabs were tested under cyclic loading. The individual test
results and failure mode of each specimen are shown together with a discussion of the

test results.

Specimen A-CP-U

Specimen A-CP-U was a control specimen, which was a plain concrete slab with a
depth of 250 mm and a loading span of 1.0 metres. The slab was loaded monotonically
up to the minimum testing load of 80 kN and was then cycled between 17.3% (82 kN)
and 73.1% (342 kN) of the static cracking load of specimen A-SP-U at a frequency of
1.25 Hz using a sine loading waveform. The failure of the slab occurred at 323 cycles

by the formation of a crack at the West loading line.

The mid-span deflection of slab A-CP-U at both maximum and minimum loads is
presented in Figure 6.32. The maximum measured deflection at the West end of slab A-
CP-U is shown in Figure 6.33. In the first cycle, the mid-span deflections of specimen
A-CP-U at maximum and minimum loads were 2.48 mm and 0.92 mm, respectively,
then it can be seen that the central deflection increased slowly for the first 321 cycles

with maximum and minimum deflections of 2.60 mm and 1.03 mm, respectively. A
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rapid increase in central deflection was subsequently observed possibly due to the
formation of a crack at the West end resulting in failure with fatigue life of 323 cycles.
The maximum and minimum central deflections at 323 cycles were 3.21 mm and
1.36 mm, respectively. The curve of the maximum measured deflection at the West load

line versus number of cycles followed the same pattern as the central deflection.

The load-deflection curves at various cycle intervals during fatigue loading for slab A-
CP-U are presented in Figures 6.34 and 6.35 for mid-span and maximum measured
deflection, respectively. The stiffness of the slab was almost constant for the first 321
cycles with minimal permanent deflection, indicating elastic behaviour; however, a
remarkable reduction in the modulus was observed during cycle 322 together with
substantial permanent deflection at the un-loading stage of cycle 322. As the slab is
fully supported, the contribution of the subgrade can be observed with the load-

deflection curve of cycle 323.

The deflection measurements obtained along the slab, at different cycle intervals, are
given in Figures 6.36 and 6.37 for maximum and minimum load levels, respectively.
The deflection was almost uniform for the first 321 cycles. The sharp increase in
deflection is noted between and next two the loading lines, together with significant
decrease in deflection at the edges of the slab at failure, which indicates lifting of the
slab’s ends. The deflection at the West end was -0.45 mm at the minimum load at 322

cycles.

Strain gauges were placed at different locations across the depth of the slab. The crack
passed through the strain gauges as can be seen from Figure 6.38. The strain data of
gauges 1 to 5 across the thickness of slab A-CP-U are shown in Figure 6.39.
Figures 6.40 and 6.41 present the readings of strain gauges (SGs) 1 to 5 across the
thickness of the specimen taken at the maximum and minimum loads, respectively. It is
clear from the figures that the crack started to form around 290 cycles at a depth of

30 mm and then expanded through the depth of the slab to lead to failure at cycle 323.
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All observations indicate a brittle failure mode for the plain concrete slab under fatigue.

As soon as a crack is formed, no further loads can be applied; the concrete slab was

completely separated into two pieces after the completion of the test, as can be seen

from Figure 6.42.
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e oo

10 100 1000
No. of Cycles

Figure 6.32 — Mid-span deflection versus number of cycles for slab A-CP-U.
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Figure 6.33 — Maximum measured deflection versus number of cycles for slab A-CP-U.
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Figure 6.35 — Load versus maximum measured deflection at various cycle intervals for

slab A-CP-U.
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Figure 6.36 — Deflection measurements along slab A-CP-U taken at the maximum load
of 342 kN.
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Figure 6.37 — Deflection measurements along slab A-CP-U taken at the minimum load
of 82 kN.

Figure 6.38 — Crack formation in slab A-CP-U.
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Figure 6.39 — Strain data versus the number of cycles at depth: (a) 30 mm; (b) 80 mm,;

(c) 130 mm; (d) 180 mm; (e) 230 mm.
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Figure 6.40 — Strain data of gauges 1 to 5 across the thickness of slab A-CP-U taken at
the maximum load of 342 kN.
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Figure 6.41 — Strain data of gauges 1 to 5 across the thickness of slab A-CP-U taken at
the minimum load of 82 kN.

Figure 6.42 — Specimen A-CP-U after failure.
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Specimen A-CF-U

Specimen A-CF-U was a SFRC slab with a total depth of 200 mm and a loading span of
1.0 metres. The specimen was cycled between 17.3% (81 kN) and 73.4% (343 kN) of
the static cracking load of specimen A-SP-U at a frequency of 1.25 Hz. The readings of
strain gauges 6 to 10 versus the number of cycles are presented in Figure 6.43. The
strain data of gauges 6 to 10 across the thickness of slab A-CF-U taken at the maximum
and minimum load levels are shown in Figures 6.44 and 6.45, respectively. During the
first monotonic loading up to 80 kN, no cracks were initiated. After 1,796 cycles, a
crack developed at the West load line, as can be seen from Figure 6.43(a — c). The crack
tip was located at a depth of 135 mm from the slab’s base as can from Figure 6.44. The
strain at a depth of 135 mm was zero at 1,796 cycles. The crack propagation continued

until the crack tip reached 175 mm.

During different intervals of testing, crack developments were marked using a felt tip
pen (see Figure 6.46) and the crack widths were measured using an optical microscope
at the end of fatigue testing at the upper load level. The crack widths were measured at
depths of 20 mm, 60 mm, 100 mm, 140 mm and 180 mm and they were 0.06 mm,

0.28 mm, 0.32 mm, 0.52 mm and 0.80 mm, respectively.

The central deflection of the slab at both maximum and minimum loads as well as the
maximum measured deflection is shown Figures 6.47 and 6.48. At the first cycle, the
maximum and minimum central deflections were 2.72 mm and 1.05 mm, respectively.
This was followed by a steady increase in deflection for the first 289,105 cycles to reach
a deflection of 3.11mm and 1.39 mm at the maximum and minimum loads,
respectively. After this, the deflection rate accelerated to have maximum and minimum
deflections of 3.46 mm and 1.70 mm, respectively, at 3 million cycles. Similar pattern
was noted for the maximum measured deflection during the fatigue loading of A-CF-U
as can be seen from Figure 6.48. It is clear from both figures (Figures 6.47 and 6.48),

that the formation of the crack, at 1,796 cycles, did not affect the rate of deflection
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increase which supports the superior performance of SFRC pavements compared to

those of plain concrete.

The deflection at the West edge of the slab is presented in Figure 6.49. The maximum
and minimum deflections at the first cycle were 2.49 mm and 1.14 mm, respectively.
The deflections remained almost constant for the first 1,796 cycles, until the formation
of a crack at the loading line. After that, the deflections decreased at a steady rate to
reach at 289,105 cycles 1.09 mm and 0.77 mm at maximum and minimum loads,
respectively. This was followed by an accelerated rate of deflection decrease to reach
maximum and minimum deflections of 0.69 mm and -0.11 mm, respectively, at 2
million cycles. The rate of deflection decrease was reduced slightly again to reach
0.67 mm and -0.16 mm at the maximum and minimum loads, respectively, at 3 million
cycles. At about 1,250,000 cycles, the deflection at the minimum load became negative,
which indicates lifting of the West edge. This means if the slab was continuous, a crack
would likely have formed at this end. This shows the capability of SFRC to redistribute
load, indicating the high ductility and toughness SFRC pavements compared to plain

concrete and longer fatigue life.

The load-deflection curves during fatigue loading for both central and maximum
measured deflection, taken at different number of cycles, are presented in Figures 6.50
and 6.51. It is clear from both figures that the modulus of the loading and unloading
curves remained almost constant during the test. However, there is a permanent
deflection of 0.74 mm and 1.12 mm for central and maximum measured deflection,
respectively, during 3 million cycles of loading. This indicates the higher toughness and

ductility of SFRC slabs as well as the integrity of SFRC slab during the test.

The deflection measured along the length of the specimen remained almost unchanged
for the first 7,500 cycles, as shown in are presented in Figures 6.52 and 6.53, at
maximum and minimum load levels, respectively. After that, the deflection started to

increase between and next to the loading lines and to decrease at the edges of the slab.
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At 1,724,100 cycles, it was noted that the deflection to the right of the West loading line
increased. This indicates load redistribution from the cracked region (left side of the
West loading line) to the adjacent one to form a constant moment region. Again, this

supports the increased toughness of the SFRC slabs under fatigue loading.

After the completion of 3 million loading cycles, the fatigue test was stopped. The
specimen was unloaded back to zero load. Following that, a displacement controlled
monotonic load was applied at a rate of 0.12 mm/min until a load of 492.7 kN was
reached; as the limit capacity of the actuator is 500 KN. Load versus central deflection
during the static test is presented in Figure 6.54. It is clear from the figure that there is a
permanent deflection of 0.58 mm after 3 million cycles of fatigue loading with an upper
load level of 73.4%. During the static test, the stiffness of the specimen and the rate of
deflection increase remained unchanged during the test. No reduction in load bearing
capacity was observed. This indicates that SFRC maintained its slab action after
3 million cycles of cyclic loading. The addition of SFRC resulted in higher ultimate
bearing capacity and increased toughness. At the conclusion of the test, the SFRC slab

was handled as a solid, one piece, specimen and was not separated into two pieces.
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Figure 6.43 — Strain data versus the number of cycles at depth: (a) 15 mm; (b) 55 mm,;
(c) 95 mm; (d) 135 mm; (e) 175 mm.
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Figure 6.44 — Strain data of gauges 6 to 10 across the thickness of slab A-CF-U taken at
the maximum load of 343 kN.
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Figure 6.45 — Strain data of gauges 6 to 10 across the thickness of slab A-CF-U taken at
the minimum load of 81 kN.
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Figure 6.46 — Crack pattern of slab A-CF-U after 3 million cycles.
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Figure 6.47 — Central deflection versus number of cycles for slab A-CF-U.
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326



——1
—=—500

1 —e—7,500

| =—~—20,000
300 4 —<200,000
1 =—316,000
] —e—500,000
1 —a—1,000,000
|1 —e—3,000,000

400

Load [kN]
S
o

100

0-""I""I""I""
0 1 2 3 4

Central Deflection [mm]

Figure 6.50 — Load versus central deflection at various cycle intervals for slab A-CF-U.
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Figure 6.51 — Load versus maximum measured deflection at various cycle intervals for
slab A-CF-U.
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Figure 6.52 — Deflection measurements along slab A-CF-U taken at the maximum load

of 343 kN.
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Figure 6.53 — Deflection measurements along slab A-CF-U taken at the minimum load
of 81 kN.
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Figure 6.54 — Load versus deflection during static loading for slab A-CF-U.

Specimen B-CF-U

Specimen B-CF-U is a SFRC slab with a total depth of 200 mm and a loading span of
2.3 metres. The specimen was loaded monotonically up to the minimum testing load of
36 kN and was then cycled between 17.4% (37.5 kN) and 72.3% (156 kN) of the static
cracking load of specimen B-SP-U at a frequency of 1.5 Hz using a sine loading
waveform up to 2.0 million cycles. After 2.0 million cycles, the load range increased by
a factor of two for a further one million loading cycles; that is a range of 77.2 kN and
311.6 kN. The upper end of this range represents a load equivalent to 144.5% of the

capacity of the statically tested plain concrete control slab B-SP-U.

Figure 6.55 presents the crack width development versus the number of cycles at the
slab’s surface. The propagation of the crack width across the thickness of the slab is
shown in Figure 6.56. A crack was formed at cycle 98,334 about the mid-span of the
slab. After the formation of cracking, testing was paused and the crack width was
measured at different locations across the thickness and at the surface of the slab using
an optical microscope. The crack width at the surface was measured at two locations

along the width of the slab and it was found to be 0.24 mm and 0.26 mm, as presented
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in Figure 6.55. From Figure 6.56, it can be seen that the initial crack widths across the
depth of the slab were 0.16 mm, 0.08 mm and 0.01 mm at depths of 20 mm, 100 mm
and 180 mm, respectively. The crack was formed up to a depth of 180 mm. After crack

width measurement, gauges were installed and testing was continued.

As can be seen from Figures 6.55 and 6.56, the crack width increased at a steady rate to
reach an average maximum crack width of 0.95 mm at the specimen’s surface; while the
maximum crack width at depths of 20 mm, 100 mm and 180 mm was found to be
0.74 mm, 0.41 mm and 0.01 mm, respectively, at 2.0 million cycles. As the applied load
was magnified by a factor of two, the crack width significantly enlarged. At cycle
2,000,001, the maximum average surface crack width became 1.65 mm and across the
depth the maximum crack widths were 1.32 mm, 0.73 mm and 0.05 mm at depths of
20 mm, 100 mm and 180 mm, respectively. After that, the crack width continued to
increase slowly to reach 1.55 mm, 0.88 mm and 0.11 mm at the upper load level at
depths of 20 mm, 100 mm and 180 mm, respectively, at 3 million cycles. Similarly, the
average maximum surface crack width increased steadily to reach 1.90 mm at 3 million
loading cycles. The SFRC slab after the completion of test was handled as a solid one

specimen which was not broken into two pieces.

The central deflection of the slab at both maximum and minimum loads is shown
Figure 6.57. At the first cycle, the maximum and minimum central deflections were
0.78 mm and 0.26 mm, respectively. This was followed by a slow increase in deflection
to reach 0.90 mm and 0.30 mm maximum and minimum deflections, respectively, prior
to crack formation. Soon after crack formation, the maximum and minimum deflection
sharply dropped to 0.19 mm and -0.13 mm, respectively. The negative deflection
indicates lifting of the mid-span of the slab at the minimum load. After that, the
deflection continued to decrease steadily to reach a deflection of -0.22 mm and
-0.29 mm at the maximum and minimum loads, respectively, at 2 million cycles.

Following that, a significant reduction in mid-span deflection was noticed due to higher
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load application. The maximum and minimum deflections dropped to -0.45 mm and
-0.50 mm, respectively. After 3 million of cycles, the deflections at maximum and
minimum loads were -0.63 mm (same deflection). Interestingly, as higher number of
cycles was applied the minimum and maximum central deflections approach the same
value. This indicates that the fibres controlled the growth of fatigue crack and that the

slab maintained its integrity throughout the test.

The deflection at the West edge of the slab versus the number of cycles is presented in
Figure 6.58. The maximum and minimum deflections at the first cycle were 1.39 mm
and 0.47 mm, respectively. Similarly to the central deflection, a slow increase in
deflection was observed to reach 1.56 mm and 0.61 mm at the upper and lower loads,
respectively. The maximum and minimum deflections after cracking jumped to
1.93 mm and 0.86 mm, respectively. Following the crack formation, the deflection
increased at a steady rate to reach maximum and minimum deflections of 2.37 mm and
1.18 mm, respectively, at 2 million loading cycles. As higher fatigue loading is applied,
the maximum and minimum deflections increased to 3.99 mm and 1.76 mm,
respectively. At the end of the test, the deflections at the upper and lower loads were

4.22 mm and 2.02 mm, respectively.

The deflection profiles measured along the length of the specimen are presented in
Figures 6.59 and 6.60 at maximum and minimum loads, respectively. The deflection
profiles remained almost unchanged for the first 90,000 cycles of the test. After that, the

central deflection decreased and the edge deflections increased due to crack formation.

At the second stage of testing (after 2 million cycles) significant central deflection
reduction and edge deflection increase was observed due to the application of the higher
load. It is important to mention over here that if a detailed a attention is paid to the
central and edge deflections at maximum and minimum loads in the figures; as
previously noted, that the central deflection at the maximum and minimum loads

approach the same deflection value as higher number of cycles are applied. However,
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the edge deflections continue to increase. This indicates that the fibres controlled the
growth of fatigue crack and that the slab maintained its integrity throughout the test.
This results in a substantial increase in total displacement, indicating the improvement
in toughness. This also indicates that load redistribution mechanism from the cracked

region to the adjacent ones is valid in SFRC slabs.

2.0 f
E 15 | —e—Maximum
= 1 —e—Minimum
=R
2 1.0 -
4 J
(&)
o ]
O ]

0.5 1

1 10 100 1000 10000 100000 1000000 10000000
No. of Cycles
(a)

2.0
g 1.5 { —e—Maximum
— 1 —e—Minimum
S ]
= 1.0 A
2 ]
g ]
(@] 4

0.5 1

00-‘ T ----n. T ----n. T ------H---n T T T TTrrIm T T rrrrm

1 10 100 1000 10000 100000 1000000 10000000
No. of Cycles
(b)

Figure 6.55 — Crack width development versus number of cycles at the slab’s surface:
(@) gauge No. 1; (b) gauge No. 2.
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Figure 6.59 — Deflection measurements along slab B-CF-U taken at the maximum load.
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Figure 6.60 — Deflection measurements along slab B-CF-U taken at the minimum load.
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Specimen B-CF-C

Specimen B-CF-C was a pre-cracked SFRC slab with a loading span of 2.3 metres and a
thickness of 200 mm. It was loaded monotonically at a rate of 0.12 mm/min until a
crack was developed, after which cyclic loading between 16.3% (35.2 kN) and 50.5%
(109 kN), of the of the static cracking load of specimen B-SP-U, was applied at a
frequency of 2.5 Hz using a sine loading waveform to determine the residual fatigue

resistance.

A crack formed at a load of 165.4 kN (see Figure 6.61) as indicated by the concrete
stain gauges and shown in Figure 6.62. After cracking, testing was paused and the
specimen was unloaded to 34 kN. At this stage the crack width was measured at
different locations across the thickness and at the surface of the slab using an optical
microscope. The crack width at the surface was measured at two locations along the
width of the slab and it was found to be 0.14 mm and 0.15 mm. The initial crack widths
across the depth of the slab were 0.10 mm and 0.04 mm at depths of 20 mm and
100 mm, respectively. The crack was formed up to a depth of 130 mm. Figure 6.63
presents the load versus central deflection during the initial monotonic loading. It is
observed from the figure that the load increases linearly up to cracking load with a
central deflection of 0.76 mm. Following that, a crack was developed about the mid-

span of the slab and the central deflection dropped to 0.45 mm.

After the formation of the crack, fatigue testing was commenced. The central deflection
versus the number of cycles at both maximum and minimum loads is presented in
Figure 6.64. At the first load cycle, specimen B-CF-C had minimum and maximum
deflections of 0.17 mm and -0.04 mm, respectively. This was followed by almost
constant deflection for the first 10,000 cycles. After this, a steady decrease in deflection
was observed to reach 0.02 mm and -0.10 mm at the upper and lower load levels,

respectively, at 5 million cycles.

336



The deflection at the West end of the slab versus the number of cycles is presented in
Figure 6.65. The maximum and minimum deflections at the first cycle were 1.30 mm
and 0.68 mm, respectively. Similarly to the central deflection, a negligible change in
deflection was observed for the first 10,000 cycles. After that, a slow increase in
deflection was recorded to reach 1.51 mm and 0.92 mm at the maximum and minimum

loads, respectively, at 5 million loading cycles.

The load-deflection curves during fatigue loading for both central and the West end
deflections, taken at various cycle intervals, are presented in Figures 6.66 and 6.67,
respectively. It is observed in Figure 6.66 that the stiffness of the specimen slowly
reduced for the first 10,000 cycles, and then a significant stiffness reduction is observed
in cycle intervals from 10,000 to 1,000,000 cycles, together with evident permanent
central deflection. This is due to the crack propagation across the depth of the specimen
and coinciding with a significant opening of the crack. Interestingly, after crack
stabilisation, the stiffness of the mid-span section remained approximately constant with
negligible change until the completion of five million cycles indicating the substantial
engagement of fibres in controlling and bridging the growth of fatigue crack and
maintaining the integrity of the slab throughout the test. The stiffness of the specimen at
the West end (uncracked section) remained approximately constant with inducing
higher increments of permeant deflections with higher number of cycles, as seen from
Figure 6.67. This means that the load was redistributed to the edge of the specimens and

a higher total deflection would be the resultant at failure.

The deflection measurements obtained along the slab, at different cycle intervals, are
given in Figures 6.68 and 6.69 for maximum and minimum loads, respectively. It is
clear from both figures, that the central deflection and its surroundings decreased as
higher number of cycles were applied. To the contrary, the deflections surrounding the

loading lines increased with higher number of cycles. It is worthy of mention that the
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reduction of central deflection and its surrounding was slower than the deflection

increase at the edges.

Figure 6.70 presents the crack width development versus the number of cycles at the
slab’s surface. The propagation of the crack width across the thickness of the slab is
shown in Figure 6.71. At the first cycle, the maximum average crack width at the
specimen’s surface was 0.20 mm. The maximum crack widths across the depth of the
slab were 0.15 mm, 0.06 mm and zero at depths of 20 mm, 100 mm and 180 mm,
respectively, at the first cycle. This was followed by a negligible change in crack width
development for the first 10,000 loading cycles, consistently with the observation seen
in central deflection in Figure 6.64. Next, noticeable and steady increase in crack width
enlarging was recorded up to 1,000,000 cycles to reach maximum and minimum
average crack width at the specimen’s surface of 0.35 mm and 0.24 mm, respectively.
The maximum crack width at depths of 20 mm, 100 mm and 180 mm was found to be
0.25 mm, 0.13 mm and 0.01 mm, respectively. This explains the dramatic change in the

stiffness of the specimen at the centreline observed in Figure 6.66.

After one million loading cycles, negligible crack width enlarging was recorded until
the completion of the fatigue test. A negligible noise in range of £0.02 mm was noted
with the crack widths after one million cycles due to slight temperature change between
day and night as testing was undertaken continuously 24 hours a day (including

weekends).

During different intervals of testing, crack developments were marked using a felt tip
pen (see Figure 6.72). The crack was formed up to a depth of 175 mm approximately.
After the conclusion of the test, the SFRC slab was handled as a solid one specimen and

was not separated into two pieces.
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Figure 6.61 — Crack development during the initial monotonic loading.

339



200

150 A
=3
—
}3100 . —SG1
_| ——SG?2
SG 3
S0 1 ——SG 4
SG5
O-""I""'I""I""I""I
-150 -50 50 150 250 350

Strain [um/mm]

Figure 6.62 — Concrete surface strains taken across the depth of slab B-CF-C.

200

150

Load [kN]
H
3

50

0 ] — T 1T T T T T T T T T T T T T T T T T
0.0 0.2 04 0.6 0.8

Central deflection [mm]

Figure 6.63 — Load versus deflection during initial monotonic loading of slab B-CF-C.

340



0.3

1 —e—Maximum
o2 1 —®—Minimum
E 4
£ ]
[ 4
2 0.1 1
3 ]
E _
o -
T:E 0.0 :
c
[<5) 4
O J
-0.1 1
'0.2 i T T TTTTTT T T TTTTTT T T TTTTTT T T TTTTT T T TTTTTT T T TTTTTT T TT7TTm
1 10 100 1000 10000 100000 1000000 10000000
No. of Cycles

Figure 6.64 — Central deflection versus number of cycles for slab B-CF-C.

2.0

—o— Maximum

—e— Minimum

=
ul

—C O—Q—ka—e——v‘—"x

West end deflection [mm)]
H
o

‘”T

0.0 LI ] LI ] T 11T T T TTTTTT T T TTTTTT T T TTTTTT T TTTTm

1 10 100 1000 10000 100000 1000000 10000000
No. of Cycles

Figure 6.65 — Deflection of the West end versus number of cycles for slab B-CF-C.

341



120

(o]
o

D
o

Load [kN]

30

0+
-0.2

——10
—=—100
—o—1,000
——10,000
—100,000
——1,000,000
—e—2,000,000
—a— 3,000,000
—e—4,000,000
—a—5,000,000

0.2

-0.1 0.0 0.1 0.3

Central Deflection [mm]

Figure 6.66 — Load versus central deflection at various cycle intervals for slab B-CF-C.

120

(o]
o

Load [kN]
3

w
o

——10

1—==-100

1=—6—1,000

] =—2—10,000

| =—100,000

{ =»—1,000,000

1——2,000,000
—=— 3,000,000

{—e—4,000,000

1—+—5,000,000

0.

0.5 1.0 15
West end deflection [mm)]

0 2.0

Figure 6.67 — Load versus the West end deflection at various cycle intervals for slab B-

CF-C.

342



1.8 -
1 Load Line Load Line
——1
—e—10
—e—100
—e— 1,000
—e—10,000
100,000
—e— 1,000,000
—e— 2,000,000
—e—3,000,000
—e— 4,000,000
—e—5,000,000

=
~
1 1 1 1 1

=
o
Ly

Deflection [mm]

o
(ep]
Ly

02 v

-0.5 0.0 0.5 1.0 1.5
Distance from centre [m]

Figure 6.68 — Deflection measurements along slab B-CF-C taken at the maximum load

of 109 kN.
1.8 -
] Load Line Load Line
b } }
1 } }
1.4 7 ! ——1 !
T : —e—10 :
£ 1 I —e—100 I
=10 A ! —e—1,000 !
[y . ] }
9 1 +10,000 |
3] 1 100,000 )
= ] —e—1,000,000
A 0.6 | —e—2,000,000
] ] —e— 3,000,000 |
: —e—4,000,000 :
0.2 _ : —e—15,000,000 :
} }
} }
} }
‘02 T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 15

Distance from centre [m]

Figure 6.69 — Deflection measurements along slab B-CF-C taken at the minimum load
of 35.2 kN.

343



;—Q—Maximum
= 0.3 |—®—Minimum
£°
ey
T ]
2 02 9—° M
x 4
(&)
o ¢ —
O
0.1 -1
0.0 ] T 17717 T T 1T T T 1T T T TTTTg T T LI R R AL | T TTrTm
1 10 100 1000 10000 100000 1000000 10000000
No. of Cycles
(a)
0.4 -
1—®—Maximum
= 0.3 |—®—Minimum
£°
S
o ]
= 0.2 ¢—e ®
x .
O
0.1 A1
0.0 ] T T T T T 1T T T 1T T T TTTTg T T LI R R AL | T TTrTm
1 10 100 1000 10000 100000 1000000 10000000
No. of Cycles
(b)

Figure 6.70 — Crack width development versus number of cycles at the slab’s surface:
(@) gauge No. 1; (b) gauge No. 2.

344



0.4 ]
= 0.3 _ —o—Mcf;lx-imum
£ 1 —®—Minimum
£
©
0.2 -
X ]
e Iﬁ — L
S
© 01 4 o—
0.0 ] T 171717 T 171717 T TTTTTI T Ty T 171717 T 171717 —TrTrTiTm
1 10 100 1000 10000 100000 21000000 10000000
No. of Cycles
(a)
0.4 1
= 1 —e—Maximum
£0'3 ] —e—Minimum
< ]
'O -
£ 0.2 ]
X ]
§ ]
© 01 ] ._‘—_._‘/./N
2 o ._./O’W
$ = O —C
0.0 T T 171717 T 171717 T TTTT T Ty T 171717 T 171717 —TrTrTiTm
1 10 100 1000 10000 100000 1000000 10000000
No. of Cycles
(b)
0.4
. —o—Maximum
E 0.3 1 —e—Minimum
= ]
5 i
S 0.2 -
z ]
&
© 0.1
00 & o

T T TTIT T ||||||. T .-H'H" T ||.|'|'|'. T IIIIIIHH.#'-I'HTI
1 10 100 1000 10000 100000 1000000 10000000
No. of Cycles

(©)
Figure 6.71 — Crack width development versus number of cycles at depth: (a) 20 mm;
(b) 100 mm; (c) 180 mm.

345



Figure 6.72 — Crack pattern of slab B-CF-C after 5 million cycles.

6.6. Comparison between the Performance of Plain and
SFRC Pavements

A comparison between the central and maximum measured deflections versus number
of cycles for slabs A-CP-U and A-CF-U at the maximum load level are shown in
Figures 6.73 and 6.74, respectively. Both slabs, A-CP-U and A-CF-U, were uncracked
and cycled between 17% and 73% of the static cracking load of specimen A-SP-U at a
frequency of 1.25 Hz using a sine loading waveform. The only difference was the 20%
reduced thickness for the SFRC slab as opposed to the plain concrete one; i.e. 250 mm

and 200 mm thickness for A-CP-U and A-CF-U, respectively.

It is evident from Figures 6.73 and 6.74 that the SFRC slab had initially higher

deflection due to its reduced depth. It was observed that as soon as a crack formed, the

346



deflection of the plain concrete slab increased sharply; contrastingly, the rate of
deflection increase remained unchanged during the 3 million fatigue test despite a crack
was developed at 1,796 cycles for the SFRC slab. This indicates that a relatively low
content of 4D 55/60 steel fibres (0.38%) effectively enhanced the load-carrying capacity
of the reduced thickness slab and increased the toughness. Also, this elaborates that
SFRC maintained its slab action before and after crack formation and the load can be
increased until failure occurs. This supports the superior performance of SFRC

pavements compared to those of thicker plain concrete.

Figure 6.75 presents the deflection of the West end versus number of cycles for slabs A-
CP-U and A-CF-U at the maximum load level. As soon as a crack was formed through
the plain concrete slab, the edges of the slab lifted and the slab was unable to carry any
further load. This highlights the brittle failure mode of the thicker plain concrete slab as
opposed to the slow rate of change in the deflection of the thinner SFRC slab. In
addition to that, the stabilisation in the deflection rate of SFRC after one million cycles
of loading indicates the capability of SFRC to redistribute load. This means that if the
slab was continuous, another crack would likely have been observed at the edge of the
slab, indicating the high toughness SFRC pavements compared to plain concrete and

longer fatigue life in its cracked manner.

The deflection profiles measured along slabs A-CP-U and A-CF-U taken at the
maximum load level and after post-fatigue static test of A-CF-U are compared in
Figure 6.76. Figure 6.77 shows the deflection measurements taken at the lower load
level. From both figures, it is clear that the deflection profiles of the thinner SFRC slab
after 3 million of cycles, and even after post-fatigue static loading to 492 kN are higher
than the thicker plain concrete slab (A-CP-U). The fibre reinforced slab has a
substantially larger displacement, indicating the improvement in toughness. Moreover,
comparing the shape of the deflection profiles of the plain and SFRC slabs, it can be

seen that the deflection profile of plain concrete slab has one maximum deflection to the
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left of the West load line. In contrast, the deflection values, adjacent the West line load
from both sides, are almost constant in the deflection profile of SFRC slab. This
indicates load redistribution from the cracked region to the adjacent one to form a
constant moment region. Again, this demonstrates the increased toughness of the SFRC

slab under cyclic loading.

Figure 6.78 presents the static test results of two thinner SFRC slabs (A-SF-U and A-
CF-U), together with that of the thicker plain concrete slab (A-SP-U), all tested with a
1.0 metres loading span. Slab A-CF-U was tested to 3 million cycles with a maximum
load level of 73% prior to conducting the static test, it is recognised that steel fibres
effectively enhanced the load-carrying capacity of the reduced thickness slab and
increased the toughness. Accordingly, no reduction in load bearing capacity was
observed. Note the slight difference in stiffness of the grouted SFRC (A-CF-U) to the

un-grouted specimen (A-SF-U).

A comparison between the deflection profiles along the statically tested slabs B-SP-U
and B-SF-U, with 2.3 metres loading span, is shown in Figure 6.79. It can be seen that
the deflection profiles of both plain and the thinner SFRC was approximately uniform
up to cracking load. The brittle failure mode of the plain concrete slab was
foreshadowed by a significant change in central and edge deflections. In contrast, the
performance of the SFRC slab was ductile. A post-cracking load of 250 kN, higher than
the cracking load, was needed to reach an edge deflection approximately equivalent to
that of the edge of the thicker plain concrete at failure. Moreover, a post-cracking load
of 491 kN was required to approach a central deflection in the thinner SFRC equivalent
to that of the plain concrete slab at failure. It is also observed that at a post-cracking
load of 491 kN the SFRC slab had substantially higher edge deflections compared to the
thicker plain concrete slab. This means that steel fibres controlled and bridged the
growth of the crack and this led a substantial increase in deflection, indicating the

improvement in toughness.

348



4 -
=
£ 3
=
S
g
g 2
s
= —a—A-CF-U
3 |
11 —e—A-cCP-U
O T T TTTTTT T T TTTTTIT T T T T TTTTTIT T 1T T T TTTTTIT T TTT17m
1 10 100 1000 10000 100000 1000000 10000000

No. of Cycles

Figure 6.73 — Comparison between the central deflections versus number of cycles for
slabs A-CP-U and A-CF-U at the maximum load level.

w

Maximum measured deflection [mm)]
N

—=—A-CF-U
1 4
—o—A-CP-U
O T T T T T T T T TTTTT0 T T TTTTT0 T T TTTTT T TTTTm T TTITm
1 10 100 1000 10000 100000 1000000 10000000

No. of Cycles

Figure 6.74 — Comparison between the maximum measured deflections versus number
of cycles for slabs A-CP-U and A-CF-U at the maximum load level.

349



West end deflection [mm]

w

N

[N
1 I

—=—A-CF-U

—o—A-CP-U

1 10 100 1000 10000 100000 1000000 10000000

No. of Cycles

Figure 6.75 — Comparison between the West end deflections versus number of cycles

Deflection [mm]

= ns @ & o o
o1 &y ul U1 &y ul

o
ol

for slabs A-CP-U and A-CF-U at the maximum load level.

] Load Line Load Line
] ! 1
1 A-CF-U statically to ! !
492 kN : :
1—=—A-CF-U at 3M cycles:
] |
J—e—A-CP-U at 323 cycle :
] | |
|
1 |
| |
| |
b ] ]
| |
| |
| |
. | |
| |
| |
| |
-1.5 -1.0 -0.5 0.0 0.5 1.0 15

Distance from centre [m]

Figure 6.76 — Comparison between the deflection measurements along slabs A-CP-U

and A-CF-U taken at the maximum load level and after static test of A-
CF-U.

350



»
ol
il

1 Load Line Load Line
5.5 : :
4 | |
] ] ]
45 7 ! !
T ]—2—A-CF-U at 3M cycles| !
E ] | |
—_— 35 ] ] }
< :—o—A-CP-U at 323 cycles, I
8 25 ] : :
T 1 : i
0 15 ! !
0.5 :
|
|
_0.5 T : T T T T T T T T T T T T T T T T T 1
-15 -1.0 -0.5 0.0 0.5 1.0 15

Distance from centre [m]

Figure 6.77 — Comparison between the deflection measurements along slabs A-CP-U
and A-CF-U taken at the minimum load level.

500 -
1 --- ASP-U SO
400 1 ;
| ——ASFU
— - _ _ '.:"
Z 300 - ACFU
go] Kd
(48]
S 200 /
'/
- “’
‘l'
100 1
1 -
O-'l||I||||I||llllllllllllllllll
0 1 2 3 4 5 6

Centra deflection [mm)]

Figure 6.78 — Comparison between A-SP-U, A-SF-U and A-CF-U.

351



] Load Line Load Line
5 - : —e—B-SP-U, cracking load of 216 kN
: B-SP-U, post-cracking load of 175 kN
z 4 ! —a—B-SF-U, cracking load of 175 kN !
= ] : B-SF-U, post-cracking load of 250 kN :
5 3 i : —a—B-SF-U, post-cracking load of 491 kN :
g 5] : :
5 Q';\.\\ %
] i [
14 |
|
|
|
|
|
|

-15 -1.0 -0.5 0.0 0.5 1.0 15
Distance from centre [m]

Figure 6.79 — Comparison between the deflection measurements along slabs B-SP-U
and B-SF-U.

6.7. Concluding Remarks

Eight large scale plain and SFRC slab specimens were designed, cast and tested under
static and cyclic loading to demonstrate the effectiveness of steel fibres in reducing the
thickness of pavements. The thickness of SFRC slabs was reduced by 20% to those of
plain concrete (thickness of plain concrete slabs =250 mm; thickness of SFRC
slabs =200 mm). Two types of fatigue test were performed, the first on uncracked
specimens at 70% maximum loading and the second on a pre-cracked slab at 50%

maximum loading. The experimental results show that:

e plain concrete slabs fail in a brittle mode immediately following the formation
of the dominant crack;

e thinner SFRC pavements can carry higher load repetition of currently
constructed plain concrete pavements with excellent serviceability performance

in terms of crack width prorogation and deflection development;
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e a relatively low content of 4D 55/60 steel fibres (0.38%) effectively enhances
the load-carrying capacity of pavements and increases toughness;

o fibres control the growth of the fatigue crack and the SFRC slab maintains its
integrity throughout fatigue loading;

e higher energy dissipates at small crack openings for small volume of fibres; and

e large scale testing and indeterminacy of structure allows maximising the benefit

of utilising SFRC as the mechanism of load redistribution is valid.

In conclusion, the current Austroads Guide to Pavement Technology has a provision for
using SFRC pavements; however, the design methodology is based on elastic
behaviour. The addition of steel fibres to concrete enhances the post-cracking tensile
strength, provides significant ductility and increases toughness. As a result, the use of
elastic theory for designing SFRC is overly conservative and non-economic. To obtain a
more realistic estimation of the load bearing capacity of SFRC, a plastic analysis
method may be considered in the design approach of SFRC pavements. This will ensure
that the material characteristic of SFRC is taken into account. Consequently, the
thickness of SFRC pavement can be reduced and the joint spacing may be increased
when comparing with a conventional unreinforced pavement. Furthermore, the
maintenance requirement would be less. As a result, the design of SFRC pavement may

offer considerable economic benefits.
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Chapter 7 CONCLUSIONS AND RECOMMENDATIONS

7.1. Conclusions

Portland cement concrete is a widely utilised material in construction such as industrial
pavements, roadways, parking areas, airport runways and bridge projects. Heavy wheel
loads and high traffic volumes over time have required the design of thicker pavements.
In rigid pavements, the thickness is frequently governed by the applied traffic loads,
rather than the stresses due to temperature and moisture gradients. Traffic axel loadings
mainly lead to flexure and shear of concrete member; these loads are repetitive for
millions of cycles throughout the structure’s service life. This continuous bending of the
concrete structure leads to the development of microcracks, which continue to propagate
over time, due to repetitive loading, resulting in fatigue damage and failure. By
including fibres in concrete, the main objective is to bridge cracks once they form and,
in doing so, improve the post-cracking behaviour of the otherwise brittle concrete

material.

A literature review presented in Chapter 2 shows that there is potential that the addition
of steel fibres improves that the fatigue performance of concrete pavements. However,
there is a lack of realistic test programs representative of the failure mode of pavements
in practice. The lack of reasonably sized test specimens and load application casts doubt
on the transfer of the results of such tests to full scale structures and in the development
of models suitable for design of full scale structures. In this study, efforts have been
taken to improve upon this situation through the development of a comprehensive

testing methodology.

In this dissertation, two major focusses are examined. Detailed assessment of SFRC at
material level through testing three series of round panel tests under fatigue loading,

presented in Chapters 3 and 5, together with an enhanced model for determining the o—
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w relationship for SFRC in Chapter 4. The second focus has been the close examination
of the large scale performance of thinner SFRC pavements under fatigue loading with
the emphasis on the contribution and effectiveness of steel fibres in controlling and
bridging the crack development process in thinner SFRC pavements compared with
currently constructed plain concrete ones. Major research outcomes and conclusions of

each of these main dissertation components are described.

In Chapter 3, an extensive experimental investigation was conducted on three series
round panels cast and tested using three different SFRC mix designs, together with a
series of matched direct uniaxial tension and prism bending tests were also undertaken
to provide comprehensive material characterisation data. In total, tests were conducted
on eighteen dog-bones, thirty six prisms and twenty seven round panels. The round
panels were tested with different load levels. Fatigue test was performed on either
uncracked or pre-cracked specimens where a micro-cracked fracture process zone is
present; this investigated the role of concrete strength and the effectiveness of steel
fibres on fatigue behaviour. Experimental results showed that fibres improve the fatigue
life and performance of concrete and result in higher energy dissipation for all the load
levels and fibre types considered in this study. It was reported that post-fatigue static
test results match the monotonic curves with a good agreement. The limitations of
round panel test when long fibres are used were discussed and the requirement for a 3D

orientation correction factor when considering thick applications was raised.

Following the experimental investigation of three SFRC mixes which display softening
behaviour in uniaxial tension testing, in Chapter 4, an enhanced and efficient inverse
analysis procedure is derived for determining the o — w relationship for SFRC from both
notched and un-notched prism bending tests. The model is developed from existed
models and enhanced by determining more accurately the depth to the neutral axis from
the extreme compressive fibre at a specified CMOD or deflection, depending on the test

type. The model is validated against the data obtained from direct tension tests for the

355



three SFRC mixes carried out in this study and found to fall well within the range of
scatter of the collected data. When a prism test is in transition from strain softening to
strain hardening behaviour occurs, the model breaks down and limits are applied to the
model such that: (i) the residual stress at a crack opening displacement greater than 0.5
mm (w >0.5) must be smaller or equal to that at COD =0.5 mm (f,5); and (ii) the

residual tensile is limited to the tensile strength of the matrix without fibres (f;).

In Chapter 5, the deviation of failure planes in round panel tests is discussed and related
to the variation in post-cracking material properties. It is concluded that a variation of as
little as 13 percent in local material distributions within the panel can change the mode
of failure from a three-fracture line pattern to a single-fracture-line pattern. Based on a
normal distribution fit to data, the probability that a single-fracture-line governs, as

opposed to a three-fracture-line mode, is 10.7%.

Also in Chapter 5, the effectiveness of SFRC on fatigue behaviour is investigated in
terms of cyclic creep curves and Wohler diagrams. It is shown that the provision of
fibres controls both the crack opening range (minimum crack width to maximum) and
the crack opening increment per cycle and provides resistance to fatigue. There are three
stages to cracking: stage 1 initiation; stage 2 propagation; and stage 3 acceleration to
failure. Fibres are most significant in the second stage of crack growth during fatigue
loading. The effectiveness of steel fibres is greater for high cycle fatigue range and

tends to maximise with fatigue load levels lower than 50% of the specimen capacity.

Based on the measurements and observations of the round panel tests, a constitutive
model is developed, in Chapter 5, for SFRC for post-cracking fatigue damage that
occurs during cyclic loading loops. The model is verified against the available test data.
The model is shown to be capable of predicting the overall cyclic fatigue loading

response of SFRC. The model is also able to capture the change in the COD, the
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stiffness development with increasing load cycles, and the number of load cycles to

failure.

In the final component of this study (Chapter 6), the hypothesis that thinner SFRC
pavements can carry the same or higher numbers of load repetitions of those of
currently constructed plain concrete ones, with minimum maintenance requirements is
investigated. In total, eight large scale plain and SFRC slab specimens were designed,
cast and tested under static and cyclic loading to demonstrate the effectiveness of steel
fibres in reducing the thickness of pavements. The thickness of SFRC slabs was reduced
by 20% to those cast with plain concrete. Uncracked specimens were tested with 70%
maximum load level and a pre-cracked slab was loaded with 50% upper load level. The
slabs were loaded in such a way to simulate the crack patterns and failure mode of
pavements in practice. The experimental results showed that plain concrete slabs fail in
a brittle mode immediately after the formation of the dominant crack. In spite of that,
fibres controlled the growth of the fatigue crack and the SFRC slab maintained its
integrity throughout fatigue loading. Additionally, a relatively low content of 4D 55/60
steel fibres (0.38%) effectively enhanced the load-carrying capacity of pavements,
increased toughness and dissipated higher energy at small crack openings. The test
results indicate the importance of large scale testing and indeterminacy of structure in
maximising the benefit of utilising SFRC as the mechanism of load redistribution is

applicable.

In conclusion, the pavement tests demonstrated that 20% thinner SFRC pavements can
carry higher number of load repetition of those of currently constructed plain concrete
ones, with excellent serviceability performance in terms of crack width propagation and

deflection development.
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1.2,

Recommendations for Future Research

From the outcomes of this study, a number of recommendations can be made towards

future research:

In Chapters 3 and 5, it was observed that steel fibres improved the fatigue
performance of concrete. This study is mainly conducted at two load levels and
the only variable is fibre type. In order to draw S-N curve, testing needs to be
conducted for different load levels. Further testing is also recommended with
varying fibre volumes, different types of fibres and uncracked and pre-cracked
panels. Additionally, the need for more tests on pre-cracked concrete subjected
to high cycle fatigue loading is identified for further calibration of the model
developed in Chapter 5.

The models presented in this thesis (in Chapters 4 and 5) are limited to strain
softening SFRC and further development work is needed for hardening SFRC.
The experimental program in Chapter 6 only investigates the performance of
eight plain and SFRC pavements where one type of fibres is used and tested
with 70% load level (except one pre-cracked specimen tested with 50%
maximum load level). This study is considered the first of its type to investigate
the performance of SFRC pavements under high cycle fatigue loading. The need
for further test data is identified to examine the effect of several variables; for
example, variable amplitude loading (i.e. various magnitude and load sequence)
different load levels, variety of supporting system stiffness, fibre type and
content. Specimens with further reduced thickness can also be investigated. In
addition to that, the influence of structural fibres in reducing joint faulting or
other joint deteriorations needs to be investigated.

The effect of stresses induced due to temperature and moisture gradients were
beyond the scope of this research; however, these stresses do influence the

overall performance of SFRC pavements and this influence should be addressed.
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One of the major concerns with cracked SFRC pavements in service is the effect
of water filling the cracks. As it is addressed in this study, steel fibres control
and bridge the crack opening range; this means that there is a tendency for a
crack to open and close under cyclic loading. The effect of the water filling
partially or completely the crack opening and the stresses developed as the crack
tends to close must be addressed.

From this research project, a clear fatigue failure of SFRC pavements is not
observed; thus, no definition of failure could be determined. Instead, increased
toughness and higher load-carrying capacity are noted, together with controlled
crack propagation and deflection development. This means that the failure of
SFRC pavement can be defined by its serviceability performance rather than its
ultimate capacity. Thus, it is recommended to define the fatigue failure of SFRC
pavements by setting limits for the allowable crack width and deflection. Also,
plastic analysis may be considered in the development of design procedures for
SFRC pavements.

Punching shear strength for SFRC pavements supported on an elastic foundation
were not studied in this research and require further investigation.

Lastly, further research should place emphasis on developing finite element
model capable of conducting parametric studies on the fatigue response of the
SFRC pavements. The model can be validated with the limited test data from
Chapter 6, and as more experimental results become available, the model can be
refined and developed further. Afterwards, a parametric study may be
undertaken to examine the effect of variables, such varying stiffness of the
support system, slab thickness, the influence of humidity and temperature
gradients, fibre contents and types, load level, influence of variable amplitude

loading ... etc.
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Appendix A: EXPERIMENTAL DATA - ROUND PANEL
TEST

Appendix Outline
A.1 Thicknesses and Dimensions of Specimens
A.2 Raw Round Panel Static Test Data

A.3 Raw Round Panel Fatigue Test Data
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A.1 Thicknesses and Dimensions of Specimens

Diameter Thickness

Specimen 1D
1 2 3 Mean cov 1 2 3 4 5 6 Mean Ccov
A-1S-P 805 795 797 799 0.01 76.5 77.5 79.0 76.0 77.0 76.0 77.0 0.01
A-1S-F 799 799 799 799 0.00 80.7 79.0 73.6 72.8 77.4 82.6 7.7 0.05
A-2S-F 799 799 797 798 0.00 72.6 73.0 78.2 77.9 80.6 79.3 76.9 0.04
A-1C-F-U-60 | 797 799 798 798 0.00 80.3 80.4 77.8 79.3 75.7 76.9 78.4 0.02
A-1C-F-U-70 | 800 801 797 799 0.00 77.3 78.7 77.2 78.0 77.3 76.5 77.5 0.01
A-1C-F-C-60 | 797 800 797 798 0.00 777 76.5 73.6 73.2 74.8 74.0 75.0 0.02
A-2C-F-C-60 | 798 800 800 799 0.00 79.8 77.8 77.9 71.6 71.6 77.9 76.1 0.05
A-1C-F-C-40 | 797 798 800 798 0.00 78.9 78.0 75.6 78.2 83.2 81.7 79.3 0.03
A-2C-F-C-40 | 800 798 800 799 0.00 78.0 78.6 77.8 777 73.5 74.8 76.7 0.03
B-1S-F 800 797 800 799 0.00 80.5 78.0 75.2 77.9 76.8 7.7 7.7 0.02
B-2S-F 801 797 800 799 0.00 79.3 80.1 79.7 77.9 76.9 76.5 78.4 0.02
B-1C-F-U-70 | 801 797 799 799 0.00 85.0 84.1 81.5 82.6 79.9 80.6 82.3 0.02
B-2C-F-U-70 | 799 799 800 799 0.00 80.5 79.4 77.0 77.0 80.2 81.0 79.2 0.02
B-1C-F-C-60 | 800 800 797 799 0.00 82.6 80.0 80.1 80.1 80.7 82.0 80.9 0.01
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Diameter Thickness

Specimen ID
1 2 3 Mean cov 1 2 3 4 5 6 Mean Ccov
B-2C-F-C-60 | 798 799 801 799 0.00 83.5 79.4 80.6 79.1 80.5 81.2 80.7 0.02
B-3C-F-C-60 | 800 799 799 799 0.00 75.8 74.2 75.7 77.0 78.5 80.2 76.9 0.03
B-1C-F-C-40 | 801 797 796 798 0.00 74.9 75.2 78.1 77.9 74.9 4.7 76.0 0.02
B-2C-F-C-40 | 798 799 801 799 0.00 78.2 79.3 78.9 78.4 75.6 75.1 77.6 0.02
C-1S-F 800 801 798 800 0.00 80.3 77.3 75.6 78.6 79.0 79.8 78.4 0.02
C-2S-F 798 802 799 800 0.00 773 | 747 | 763 | 798 | 788 | 76.7 77.3 0.02
C-1C-F-U-70 | 799 797 801 799 0.00 809 | 806 | 76.2 | 76.0 | 810 | 819 79.4 0.03
C-2C-F-U-70 | 801 802 795 799 0.00 82.5 79.0 79.0 81.7 79.9 82.1 80.7 0.02
C-1C-F-C-60 | 801 798 799 799 0.00 77.2 78.3 81.6 79.5 80.4 79.8 79.5 0.02
C-2C-F-C-60 | 799 799 799 799 0.00 755 | 765 | 763 | 753 | 751 | 734 75.4 0.01
C-1C-F-C-50 | 797 803 798 799 0.00 83.6 80.6 82.5 81.5 79.7 77.9 81.0 0.03
C-2C-F-C-50 | 800 800 800 800 0.00 81.7 80.9 79.6 80.9 77.3 80.7 80.2 0.02
C-1C-F-C-40 | 801 798 802 800 0.00 779 | 784 | 782 | 76.1 | 77.7 | 77.0 77.6 0.01

Mean 799 78.3
Ccov 0.07% 2.39%
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A.2 Raw Round Panel Static Test Data

Series A
Specimen P P W W
ID
[kN] [kN] [J] [J]
A-1S-F 31.2 29.1 479 455
A-2S-F 28.2 26.9 517 499
Mean 29.7 28.0 498 477
Ccov 0.07 0.06 0.05 0.07
Series B
Specimen P P W W
ID
[kN] [kN] [J] [J]
B-1S-F 28.6 26.7 519 493
B-2S-F 28.0 25.7 547 512
Mean 28.3 26.2 533 503
Ccov 0.01 0.03 0.04 0.03
Series C
Specimen P P W W
ID
[kN] [kN] [J] [J]
C-1S-F 33.2 30.3 308 288
C-2S-F 323 30.4 379 362
Mean 32.7 30.4 344 325
Ccov 0.02 0.00 0.15 0.16
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40

—Crack 1
—Crack 2
Crack 3

2 4 6 8 10

Crack width|[mm]

384



Specimen A-1S-P
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A.3 Raw Round Panel Fatigue Test Data
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Specimen C-1C-F-C-50

1.0 Crack 1
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g —e— Maximum
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Specimen C-2C-F-C-50

Crack width [mm]

Crack width [mm]

N

[EEN

N

-

] Crack 1
] —e— Maximum
1 ——Minimum

$ $—

T ™Iy ™Iy ™Iy 3
1 100 10000 1000000
No. of Cycles

] Crack 3
1 —e—Maximum
1 —e— Minimum
$
T T™TTTTT TTTTITE T™TTTITEy 3
1 100 10000 1000000
No. of Cycles
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Appendix B: EXPERIMENTAL DATA - UNIAXIAL
TENSION TEST

Appendix Outline
B.1 Raw Uniaxial Tension Test Data
B.2 Crack Distribution and Failure Mode of Dogbone Specimens

B.3 Number of Fibres Crossing Failure Plane of Uniaxial Tension Test
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B.1 Raw Uniaxial Tension Test Data

Series A

)
1

Tensile Stress [MPa]
[§]

—A-1
] —A2
: A-3
1 4 _ —A-A4
{ === ——A-5
1 & A-6
o
0.0E+00 5.0E-05 1.0E-04 1.5E-04
Strain [mm/mm]
4 -
] —A-1
] —A22
=3 A A-3
; $ — A4
= ] —— A5
= A-6
g2 (F\\
|70} -
2 -
21 |
— : féf—"*\h‘—_
0 : = —
o 1 2 3 4 5 6 1 8

COD [mm]
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Series B

(8]
1

Tensile Stress [MPa]
2
veliveloc)
01D

E 2
1 - = —B-4
] —B-5
] B-6
0 ¥ ¥ ¥ L] ¥ ¥ ¥ ¥ L] ¥ ¥ L Ll 1
0.0E+00 5.0E-05 1.0E-04 1.5E-04
Strain [mm/mm]
4 -

[F5]
1
P
—_

Tensile Stress [MPa]
2
L1 gt
ve]
o

COD [mm)]

4 Series C
£
2,
wn
o —C-1
s 2
b7l —C-2
@ C-3
= ——C-5
C-6
O I" L] L] L] L] L] L] L] L] L] L] L] L] L] L] L]
0.0E+00 5.0E-05 1.0E-04 1.5E-04

Strain [mm/mm]

409



Tensile Stress [MPa]

Series A
Specimen fot & (x10%) Et fos fis

' | [Mpal |[mmmm]| [Gpa] | [Mpal | [Mpa]
A-1 3.02 1.26 30.5 - 0.89
A-2 2.73 1.05 28.8 - 0.78
A-3 2.93 1.08 29.1 - 1.09
A-4 3.15 1.23 29.1 1.01 1.47
A-5 2.76 1.17 294 1.89 1.10
A-6 3.29 151 25.9 - 1.17
Mean 2.98 1.22 28.8 1.45 1.08
Ccov 0.07 0.14 0.05 0.43 0.22
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Series B

Specimen fet & (x10™) E fos fus
D [MPa] |[mm/mm]| [GPa] | [MPa] | [MPa]
B-1 252 1.26 22.9 i 0.71
B-2 211 1.19 26.3 0.91 1.03
B-3 250 1.39 211 i 0.95
B-4 232 1.24 24.4 1.07 1.06
B-5 222 1.08 22.9 0.85 0.74
B-6 218 1.20 22.9 0.81 0.86

Mean | 231 123 23.4 0.91 0.89
cov | o007 0.08 0.06 0.13 0.16
Series C

Specimen fet & (x107) E fos fis
D [MPa] |[mm/mm]| [GPa] | [MPa] | [MPa]
c-1 3.48 1.27 30.1 i 133
C-2 3.86 1.40 30.7 i 1.38
c-3 3.76 1.30 31.4 i 1.25
C-4 4.25 1.47 32.8 i 1.45
c-5 3.61 1.28 31.0 i 0.70
Cc-6 3.68 1.24 313 i 0.89

Mean | 3.77 133 312 i 1.16
cov | o007 0.07 0.03 i 0.26
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B.2 Crack Distribution and Failure Mode of Dogbone
Specimens
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B.3 Number of Fibres Crossing Failure Plane of Uniaxial
Tension Test

Series A
Specimen ID Nt exp Nt theory N exp/ Nt theory
A-1 33 50 0.67
A-2 38 50 0.76
A-3 51 51 0.99
A-4 51 50 1.03
A-5 47 52 0.91
A-6 43 50 0.85
Mean 44 50 0.87
cov 0.17 0.02 0.16
Series B
Specimen 1D N exp N theory Nt exp/ Nt theory
B-1 85 140 0.61
B-2 98 136 0.72
B-3 100 138 0.72
B-4 121 142 0.85
B-5 100 140 0.72
B-6 92 141 0.65
Mean 99 139 0.71
cov 0.12 0.01 0.12
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Series C

Specimen ID Nt exp Nt theory Nt exp/N¥ theory
c-1 43 44 0.98
C-2 32 44 0.73
C-3 45 44 1.01
C-4 36 44 0.82
C-5 34 43 0.79
C-6 37 44 0.84
Mean 38 44 0.86
Ccov 0.14 0.01 0.13
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Appendix C: EXPERIMENTAL DATA — PRISM BENDING
TEST

Appendix Outline

C.1 Raw EN 14651 Notched Prism Test Data

C.2 Crack Distribution and Failure Mode of EN 14651 Notched Prisms Specimens
C.3 Load-Strain Curves for EN 14651 Notched Prism Bending Tests

C.4 Raw ASTM C1609 Un-notched Prism Test Data

C.5 Crack Distribution and Failure Mode of ASTM C1609 Un-notched Prisms

Specimens
C.6 Load-Strain Curves for ASTM C1609 Un-notched Prism Bending Tests
C.7 Raw JCI-S-002 Notched Prism Test Data

C.8 Crack Distribution and Failure Mode of JCI-S-002 Notched Prisms Specimens
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C.1 Raw EN 14651 Notched Prism Test Data

25

g 20

§ 15

10

5

o 1 2 3 4 5
CMOD [mm]
Specimen fra fr2 frs frs fls
D [MPa] [MPa] [MPa] [MPa] [MPa]

A-1 3.67 5.90 7.22 8.14 5.38
A-2 3.50 5.68 6.53 6.40 5.45
A-3 3.01 4.23 3.31 2.73 5.39
A-4 3.10 4.72 5.70 6.32 5.65
A-5 3.89 5.99 7.03 7.85 5.39
Mean 3.43 5.30 5.96 6.29 5.45
Cov 0.11 0.15 0.27 0.34 0.02
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0 + T T
0 2 3 4
CMOD [mm]
Specimen fra frz frs fra f £t,L
D [MPa] [MPa] [MPa] [MPa] [MPa]

B-1 3.62 4.71 5.19 5.20 4.22
B-2 2.96 3.58 3.95 3.79 4.05
B-3 2.08 2.55 2.92 2.97 3.72
B-4 3.55 4.98 5.69 5.76 4.27
B-5 3.53 4.08 4.36 3.92 421
Mean 3.15 3.98 4.42 4.33 4.10
cov 0.21 0.24 0.24 0.26 0.05
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Load [KN]

2 3 4
CMOD [mm]
Specimen fra frz frs fra f £t,L
D [MPa] [MPa] [MPa] [MPa] [MPa]
C-1 4.34 5.21 5.74 5.66 5.79
C-2 4,55 6.61 6.93 6.82 5.85
C-3 2.62 3.16 3.84 4.34 5.31
Mean 3.84 4.99 5.50 5.60 5.65
Ccov 0.28 0.35 0.28 0.22 0.05
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C.2 Crack Distribution and Failure Mode of EN 14651
Notched Prisms Specimens

421



B-5

422



C-3
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C.3 Load-Strain Curves for EN 14651 Notched
Bending Tests

Load [kN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

B-1
25 —3SG1
—SG2
SG3
20 —SG4

Load [KN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

B-3
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Load [kN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

B-4

25 —5G1
—SG2

20 SG3

Load [KN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

Load [KN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

C-1
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Load [kN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

C-2

Load [KN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

C-3
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C.4 Raw ASTM C1609 Un-notched Prism Test Data

60

o
o

Load [kN]

N
o

Series A

o 1 2 4 s
Deflection [mm)]

Specimen Pp % P1 o Pgoo PPso fp fi £ 800 fis0 T1s0 RYs

1D kN] | [mm] | [kN] | [mm] | [kN] [kN] | [MPa] | [MPa] | [MPa] | [MPa] | [Joule] | %
A-1 43.9 2.82 36.9 0.25 26.9 43.1 5.4 4.6 3.3 5.3 101.7 | 0.09%
A-2 45.9 0.54 45.9 0.54 33.0 34.6 5.7 5.7 4.1 43 1005 | 0.07%
A-3 37.1 4.45 30.6 0.28 21.0 31.7 4.7 3.9 2.7 4.0 818 | 0.09%
A-4 61.0 2.80 425 0.41 40.2 56.8 7.5 5.3 5.0 7.0 139.8 | 0.11%
Mean 47.0 2.65 39.0 0.37 30.3 41.6 5.8 4.9 3.8 5.2 105.9 | 0.09%
cov 0.21 0.61 0.17 0.36 0.27 0.27 0.21 0.16 0.26 0.26 0.23 0.17
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Load [kN]

60

Series B

o 1 2 3 5
Deflection [mm)]

Specimen Pp % P 2 Pgoo P50 fp f1 £ 600 f1s0 T1s0 RYso
ID [KN] [mm] [KN] [mm] [KN] [KN] [MPa] [MPa] [MPa] [MPa] | [Joule] %
B-1 44.1 1.39 41.8 0.38 374 37.5 55 5.2 4.7 4.7 110.9 0.09%
B-2 44.6 0.51 44.6 0.51 35.5 33.1 54 54 4.3 4.0 107.1 0.08%
B-3 52.4 5.11 455 0.47 38.9 43.8 6.3 55 4.7 53 123.5 0.09%
B-4 42.8 5.30 35.9 0.43 27.3 354 53 4.5 34 4.4 89.2 0.08%

Mean 46.0 3.08 41.9 0.45 34.8 37.4 5.6 5.2 4.3 4.6 107.7 0.09%
cov 0.09 0.81 0.10 0.12 0.15 0.12 0.08 0.09 0.14 0.11 0.13 0.06
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60 -
1 Series C
= 40 -
=
©
o
(@]
-
20 -
0 T T rrrrT T 1
0 2 3 4 5
Deflection [mm]

Specimen Pp o P 2} Pl6)00 P11)50 fp f1 fle)oo fll)so Tll)so Rll)so
1D [kN] | [mm] | [kN] | [mm] | [kN] [kN] | [MPa] | [MPa] | [MPa] | [MPa] | [Joule] | %
c-1 41.7 0.23 41.7 0.23 41.4 16.6 5.2 5.2 5.1 2.1 872 | 0.07%
C-2 36.1 0.18 36.1 0.18 20.2 11.9 4.6 4.6 2.6 15 563 | 0.05%
Cc-3 44.0 1.40 42.8 0.27 41.1 17.0 5.7 5.5 5.3 2.2 955 | 0.07%
C-4 51.7 0.38 51.7 0.38 37.6 21.3 6.6 6.6 48 2.7 941 | 0.06%

Mean 43.4 0.55 43.1 0.27 35.1 16.7 55 5.5 4.4 2.1 833 | 0.06%
cov 0.15 1.05 0.15 0.31 0.29 0.23 0.15 0.15 0.29 0.23 0.22 0.15
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C.5 Crack Distribution and Failure Mode of ASTM C1609
Un-notched Prisms Specimens

A-4
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B-4
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Cc-4
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C.6 Load-Strain Curves for ASTM C1609 Un-notched Prism
Bending Tests

Z
=,
e}
o
o
-
-300 -200 -100 O 100 200 300
Strain [um/mm]
B-2
Z
=
o
o
o
-

-300 -200 -100 O 100 200 300
Strain [um/mm]

B-3
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Load [kN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

=
=,
o
©
o
4
-300 -200 -100 O 100 200 300
Strain [um/mm]
C-1
50
=
=,
ie]
©
o
-

-300 -200 -100 O 100 200 300
Strain [um/mm]

C-2
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Load [KN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

C-3

Load [KN]

-300 -200 -100 O 100 200 300
Strain [um/mm]

C-4
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C.7 Raw JCI-5-002 Notched Prism Test Data

20 _
Series B

[EY
ol

=
o

Load [KN]

CMOD [mm]

20

Series C

[EEN
a1

[EEN
o
M

Load [KN]

CMOD [mm]
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C.8

Crack Distribution and Failure Mode of JCI-S-002
Notched Prisms Specimens

B-2

437



438



Appendix D: INVERSE ANALYSIS - PRISM BENDING
TEST

Appendix Outline

D.1 Inverse Analysis of EN 14651 Notched Prism Test Data

D.2 Inverse Analysis of ASTM C1609 Un-notched Prism Test Data

D.3 Simplified Inverse Analysis Model of EN 14651 Notched Prism Test Data

D.4 Simplified Inverse Analysis Model of ASTM C1609 Un-notched Prism Test Data
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D.1 Inverse Analysis of EN 14651 Notched Prism Test Data

3 1 Series A
| —A-1
‘\ —A-2
] A-3
— 2 -
g " — A4
= As
E/ ' T T
o 1 - .
0 ———Tr———T———Trr—r—r—TTrrrrr
0.0 0.5 1.0 1.5 2.0
w [mm]
fos fis
Specimen ID
[MPa] [MPa]
A-1 1.21 1.21
A-2 1.19 1.19
A-3 0.90 0.62
A-4 1.01 1.01
A-5 1.32 1.32
Mean 1.13 1.07
cov 0.15 0.25
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o(w) [MPa]

3 - .
] Series B _ g1
—B-2
B-3
—B-4
B-5
0.0 0.5 1.0 1.5 2.0
w [mm]
fos fis
Specimen ID
[MPa] [MPa]
B-1 1.06 1.06
B-2 0.79 0.79
B-3 0.56 0.56
B-4 1.09 1.09
B-5 0.96 0.91
Mean 0.89 0.88
Ccov 0.24 0.24
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o(w) [[MPa]

3 - :
1 Series C —C1
] —C-2
2] C-3
| T
1 J 1
0 —r—r—-r—Tr-rrrrr-rrrrr- Y
0.0 0.5 1.0 15 2.0
w [mm]
fos fis
Specimen ID
[MPa] [MPa]
C-1 1.13 1.13
C-2 1.50 1.50
C-3 0.68 0.68
Mean 1.10 1.10
Cov 0.38 0.38
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D.2 Inverse Analysis of ASTM C1609 Un-notched Prism Test
Data

3 : —A-1
Series A
—A-2
= A-3
oY
= —A-4
S A\
o} \
O L) L) T T T T T T T T T T T T T T T T T 1
0.0 0.5 1.0 15 2.0
w [mm]
f0.5 f15
Specimen ID
[MPa] [MPa]
A-1 0.88 0.88
A-2 1.36 1.11
A-3 0.74 0.74
A-4 1.43 1.43
Mean 1.10 1.04
cov 0.31 0.29
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Series B —B-1
—B-2
B-3
E B-4
g -
o — \
1.0 15 2.0
w [mm]
f0.5 f1.5
Specimen ID
[MPa] [MPa]
B-1 1.47 1.21
B-2 1.20 1.20
B-3 1.59 1.40
B-4 1.07 1.07
Mean 1.33 1.22
cov 0.18 0.11
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o(w) [MPa]

Series C —C-1

0.0 0.5 1.0 1.5 2.0
w [mm]
f0.5 f1.5
Specimen ID
[MPa] [MPa]
C-1 1.32 0.53
C-2 0.76 0.45
C-3 1.39 0.63
C-4 1.46 0.78
Mean 1.23 0.60
cov 0.26 0.24
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D.3 Simplified Inverse Analysis Model of EN 14651 Notched
Prism Test Data

3 - .
] Series A —A-1
—A-2
A-3
T 2] — A4
S A-5
s ==
= —
b 1 -
0 +——r—v—vrr—r—rrrrrrrr— —
0.0 0.5 1.0 1.5 2.0
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31 Series B
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] —B-2
52 o
% 3 B-5
5 r
o 11
o +—r—r—r—vr-—or——rr-—r-r-rr-rr-r-r-r-r-r—
0.0 0.5 1.0 1.5 2.0
w [mm]
3 - .
] Series C
: —C-1
, ] —C-2
£ C-3
>
—
S
T 1]
Ollllllllllllllllllll
0.0 0.5 1.0 1.5 2.0
w [mm]
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D.4 Simplified Inverse Analysis Model of ASTM C1609 Un-
notched Prism Test Data

3 - i —A-1
: Series A
—A-2
A-3
‘T 2 - —A-4
o
2,
B
b 14
0 ——————————————r —
0.0 0.5 1.0 1.5 2.0
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3 - - _
J Series B B-1
] —B-2
1 B-3
g > ] B-4
2 :
S
b 1
0 ———————————————r —
0.0 0.5 1.0 1.5 2.0
w [mm]
3 - :
- Series C —C-1
—C-2
T 2 C-3
Q_ L
Z ] —C-4
S
o 1 -
Ollllllllllllllllllll
0.0 0.5 1.0 1.5 2.0
w [mm]
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