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ABSTRACT

Use of fibre reinforced concrete in applications such as slabs-on-grade and pavements will
ensure competency in terms of crack resistance leading to systems with minimum maintenance.
In order to enable the adoption of FRC in such applications, it is imperative to develop
comprehensive guidelines that address different facets of the slab behavior. The use of
appropriate material parameters will result in better optimization of design by translating the
enhanced performance of FRC. The current study aims at providing a design methodology for
FRC slabs-on-grade and pavements, which incorporates suitable material parameters and include

various failure conditions.

The design is based upon inelastic analysis techniques since the presence of fibres impart
sufficient rotation capacity to the slabs. The methodologies use a toughness based material
parameter, the equivalent flexural strength fe 150, to quantify the crack resisting potential in the
design expressions. Unnotched beam tests and the post-cracking response thus obtained were
used for creating a database of flexural toughness and also to study the suitability of fibres for
the specified application. The toughness test was performed with various fibres incorporated in
concrete as part of this work. The tests and evaluation of toughness parameters have been done
as per ASTM 1609, ACI 544 2R and JSCE-SF4. The types of fibres used include steel fibres
(hooked-ended and undulated, with various length to depth ratios) and amorphous metallic
fibres, in varying dosages. Hybrid mixes with two types of fibres used in the test programme
were also tested to investigate a possible synergistic behaviour due to the fibre combination. The
results indicate that the performance of concrete with the same dosage of different fibres will
vary based on the material, shape and size of fibres. Consequently, arbitrarily specifying a
dosage applicable to all fibre brands in design/contractual specifications could be
unconservative, and the specification of a minimum required feis0 should be done. The
experience gained from the test programme resulted in a pre-normative guideline for flexural
toughness characterization as the applicability of the tests have been verified for FRC with most
types of fibres available in Indian market. The test configuration, test procedure and reporting

methods are described in the guidelines, which have been the basis for the Indian Concrete



Institute Technical Recommendation ICI TC/01.1 (2014)-Test Method for the Flexural Strength

and Flexural Toughness Parameters of Fibre Reinforced Concrete.

The design methodology developed for FRC slabs-on-grade based on inelastic analysis
addresses various failure patterns, depending on the dimensions and end conditions of the slab.
The design expressions are developed based on the yield line analysis for different types of loads
at various positions. The interaction between the subgrade and slab is incorporated in the design
using the radius of relative stiffness obtained from the Winkler foundation assumption for the
subgrade. The design expressions lead to performance requirements in terms of equivalent
flexural strength for a minimum thickness and chosen grade of concrete, by using appropriate
limiting moment equation based on the assumed collapse condition. Since the presence of fibres
impair crack growth and also impart sufficient rotation capacity, the collapse condition is chosen
as the appearance of crack at the top of the slab. The design methodology includes various
failure patterns due to loading and integrates stresses due to temperature variation and restraint to

shrinkage in the strength requirement while calculating the required equivalent flexural strength.

The design methodology developed for FRC pavements tackles the critical conditions
causing pavement failure based on the dimensions of the slab since the design approach depends
on the curling characteristics of the slab. Through a dimension check, the governing failure
mechanism is categorized into elastic (in cases where the pavements are susceptible to curling,
resulting in loss of contact of slab with subbase and fatigue failure) and inelastic. For the failure
conditions where inelastic design is suitable, an approach similar to slab-on-grade design is
adopted for the limiting moment calculations. However, since pavement failures are more likely
to be caused by fatigue, response of the material to repetitive cyclic loading is incorporated in the
limiting moment expression by the use of strength reduction factors. The design also includes a
fatigue damage-accumulation check, thereby ensuring the required performance of the pavement

throughout the design life.

Keywords: Fibre reinforced concrete, flexural toughness, inelastic analysis, fatigue, slabs-on-

grade, pavement.
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1 INTRODUCTION

1.1 Background

In tune with the current trend in concrete technology to emphasise performance rather than
strength alone, fibre reinforced concrete (FRC) is being widely adopted in the Indian
construction industry. In terms of performance enhancement, the addition of fibres in concrete
imparts pseudo-ductility to an otherwise brittle matrix with the consequent behaviour supporting
larger deflections. Though the incorporation of fibres in many applications is restricted to
providing supplementary reinforcement, fibres are used as the primary and/or the only
reinforcement of concrete, in applications such as in slabs-on-grade and pavements, and in
shotcreting of tunnel linings. The effective exploitation of the crack resisting potential of FRC by
the inclusion of appropriate material parameters in design methodologies is a necessity for these
applications, where relatively lower dosages of fibres may be employed as "stand-alone"
reinforcement. Currently, many design guidelines are available for design of FRC slabs-on-grade
and pavements, in addition to those provided by manufacturers. However, detailed guidelines
that address all critical parameters for the design of FRC slabs-on-grade and pavements are
lacking, in spite of useful documents, such as the FHWA Research Report (FHWA- ICT-08-
016), Concrete Society Guidelines (TR34) and ACI reports (ACI 360 R) (Roesler et al. 2006, TR
34:2003, 2013, ACI 360R:2010). Taking into account the requirements of flooring and pavement
design, it is appropriate to develop techniques for roads/floors that last long with minimum
maintenance. This is all the more relevant in India, where there is no national test standard for
the fibres or fibre reinforced concrete and no comprehensive national design code for concrete

floors.

In this context, the goal of this doctoral work is to develop and propose, for possible
preparation of design codes, a comprehensive methodology for the design of FRC
pavements/slabs-on-grade incorporating inelastic design techniques and specific material
characteristics. The final expected outcome of this thesis is to improve the understanding of the
industry about the intricacies of inelastic design as suitable for FRC and to provide a database on

relevant material properties of typical FRC mixes used in India.
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1.2 Objectives and scope

The present thesis has two facets, namely the material characterization and development of

design methodology. Based on these two broad perspectives, the specific objectives are:

e To identify significant material parameters of FRC that can be used to formulate the

design methodology for slabs-on-grade and pavements

e To characterize typical concretes with different types of fibres available in Indian market
and propose a pre-normative guideline for characterization of significant properties of
FRC.

e To develop guidelines for the design and construction of FRC slabs-on-grade.
e To develop guidelines for the design and construction of FRC pavements.
The scope of the work is limited to the following components in the experimental study

e Grade of concrete used is M35, with the mix having Class F Fly ash as supplementary

cementitious material

e The fibres used in the study include macrofibres of steel and microfibres of

amorphous metal.
e The volume fraction of fibres used in the study varies from 0.2 % to 0.6 %.

e The flexural toughness testing has been performed on unnotched prism specimens

under four point bending.

The review of the state-of-the-art with regard to mechanical characterization and design of
FRC was done. The implication of adopting the fibres and its suitability, as suggested in
literature, was assessed and a detailed database of the different test methods and related
properties, so as to categorize the material parameters based on applications, was compiled.
Since the work aims at developing design guidelines and procedures, a detailed survey of
existing standards was carried out to understand the various approaches used in the design of
FRC elements. The knowledge base obtained from these reviews was used to shortlist materials

(components, target properties), test and design procedures.

22



Based on the literature, significant material properties for characterizing FRC to suit the
intended application were identified as flexural strength and flexural toughness, and a detailed
test programme was conducted to obtain these parameters. The programme was also intended to
develop a pre-normative guideline for characterization of FRC for the suggested applications.

Based on the review and understanding of the general failure conditions for slabs-on-grade
design, strategies for each condition were evolved and relevant inelastic analysis methods were
identified. The analytical models from the corresponding methods were suitably modified to
incorporate significant material parameters and formulate the design expressions for each load
type, load position, end condition and dimensions of the slab. The material database from the
experimental programme was used as an input in the design methodology to generate design
solutions. In order to validate the developed methodology for slabs-on-grade, the solutions as per
the design were compared with results reported in literature, based on either experimental or
numerical model studies. The comparison was done in terms of maximum allowable loads in
comparison to the collapse loads reported in the literature with same loading conditions and

material parameters.

Considering the possible modes of failure of pavements with respect to the types of load,
load repetitions and environmental effects, different design strategies have been developed and
corresponding solutions suggested. The required fatigue based design models and serviceability
checks were devised to be incorporated in pavement design since the expected failure mode is
due to fatigue loading. Similar to the slabs-on-grade design, the material database was used as an
input in the design method to generate design solutions. For validating the pavement design
methodology, a comparison was done with the performance of trial stretches laid within 11T
Madras campus with FRC. The adequateness of the design was checked based on the required
thickness as per design meeting the current condition of the pavements. Parametric studies for
various design variables were also done to understand their influence on the solutions obtained.
A comparison of the design solutions as per the suggested methods with those obtained as per

existing design procedures was also done to assess the methodologies.
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1.3 Structure of the thesis

The research strategy that was followed in order to achieve the objectives specified and the

results obtained are described in the following chapters of the thesis.

Chapter 2 has a review of relevant literature in conjunction with the study and the
conclusions are categorized based on the various phases of the work. The significant
characterization techniques for FRC have been presented with emphasis on flexural toughness
testing. A detailed review of the various design strategies existing for concrete slabs-on-grade,
followed by the discussion of the inelastic design methodologies for FRC slabs-on-grade, is
presented. The later part of the Chapter covers a discussion of design methodologies for rigid and
FRC pavement designs. A review of the existing studies of flexural fatigue behaviour of FRC is

also presented in the same chapter.

Chapter 3 describes the experimental programme used for the characterization of FRC in the
study. After a detailed description of the test setup, and related issues, the chapter has a

description of the materials used, mix proportioning and specimen preparation.

Chapter 4 has a detailed discussion of the results of the characterization of FRC with steel
fibres. The load-deflection curves lead to specific conclusions regarding the comparative
performance of FRC with each type of fibre. The results are presented, followed by a discussion
of the influence of fibre type and dosage on the flexural toughness parameters and the variability
in the results for various mixes. The chapter also presents the guidelines formulated for flexural

toughness testing.

In Chapter 5, the results of the flexural toughness tests on FRC with hybrid combination of
amorphous metallic and steel fibres have been presented. The initial part of the chapter has a
discussion on the amorphous metallic fibre and its properties. The discussion brings out the

advantage of using a hybrid combination in FRC mixes for performance enhancement.

The development of the design methodology for FRC slabs-on-grade using the inelastic
analysis by the yield line theory is presented in Chapter 6. The design philosophy is described for
various slabs conditions, leading to design expressions and checks required. The chapter also
includes the validation of the methodology and a parametric study. The design framework is

24



summarised, followed by a comparison of the suggested method with existing design methods

relevant to the current work.

Chapter 7 details the suggested design methodology for FRC pavements giving emphasis to
various possible failure loading combinations. The discussion gives an insight to the difference
in approach to be used for pavement design owing to the influence of temperature and fatigue
induced stresses. The design framework, parametric study and comparison with existing methods
of design are also presented. The chapter closes with a discussion of case studies with a

comparison of design solutions as per the suggested method.

The conclusions drawn from the research work are summarized and presented in Chapter 8

including the scope for further research.

In the final section of the thesis, four appendices are presented with data obtained from
experimental programme. Appendices A-C consist of load-deflection curves of all the mixes
used in the characterization programme. Appendix D has the description and results of tests
conducted to determine the temperature differentials on model slabs under various diurnal
environmental conditions. Appendix E consists of the equations reproduced from IRC 58:2010,

to be used in design calculations of FRC pavements as per the suggested method.
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2 LITERATURE REVIEW

2.1 General

In recent times, there has been a major shift in the demand in the construction industry, from
high strength materials to high performance materials. Consequently, concrete, being a
heterogeneous material, has been modified in components and proportions to tailor its
performance to requirements of various applications. High performance concrete with significant
improvements over traditional concrete in terms of strength, durability, ductility, flowability,
etc., has been developed by incorporating various ingredients like chemical and mineral
admixtures and fibres economically. This study specifically pertains to fibre reinforced concrete

(FRC) addressing its mechanical performance and applications.
2.2 Role of fibres with respect to applications of FRC

Reinforcing concrete with fibres is an established technique for improving the mechanical
performance of cracked concrete. The improvement in performance due to fibre addition to
concrete is prominently translated in terms of toughness, crack control, impact resistance and
fatigue characteristics of the concrete (Swamy 1992, Balaguru and Shah 1992, Mindess et al.
1994, Gopalaratnam and Gettu 1995, Cachim 1999, Zerbino et al. 2006, Thomas and
Ramaswamy 2007, Sivakumar and Santhanam 2007, Dattatreya et al. 2008, Ganesan et al. 2008,
Kumar and Prasad 2008). The studies on the use of different types of fibres and hybrid fibre
combinations have demonstrated performance enhancement in both plastic and hardened states
of concrete (Sivakumar and Santhanam 2007, Ravi and Prakash 2008, Bharathkumar et al. 2008,
Jain and Singh 2014, Nayar et al. 2014). It is important to note that fibres are not generally
expected to increase the tensile, flexural or compressive strength of the concrete. Nevertheless,
experimental studies could show a slight increase in the strength when fibres are added, which
can be attributed to the more controlled (i.e., less brittle) nature of failure of the FRC during
testing, and other factors related to the casting and testing. Such observations should not be used
to decrease the cement content or increase the water content of the concrete used in the structural

application under the assumption that the fibres increase the concrete strength.
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The applications where fibres are used as supplementary reinforcement are those where the
requirements of ductility are significantly high, such as seismic design of beam-column joints
(Olariu et al. 1992, Bayasi and Gebman 2002, Abbas et al. 2014, Sharma et al. 2015) or as
supplementary shear reinforcement (Narayanan and Darwish 1987, Kwak et al. 2002, Meda et al.
2005, Kim et al. 2012, Jain and Singh 2014, Soltanzadeh et al. 2015). The applications where
fibres are used as stand-alone reinforcement are those where the serviceability requirements in
terms of crack widths and deflections are less stringent, such as floorings, slabs-on-grade,
pavements, tunnel-linings, etc. In the fibre-reinforced concrete (FRC) used in flooring, slabs-on-
grade and pavements, the appropriate incorporation of fibres provides adequate post-cracking
load-carrying capacity due to stress transfer by the fibres across the crack and the moment
redistribution occurring after the first crack, though the first cracking strength itself is not
generally enhanced (Beckett 1991, Falkner et al. 1995, Elsaigh et al. 2005, Elsaigh 2007,
Altoubat et al. 2008).

2.3 Types of fibres and their action

Incorporating fibres in concrete ensures competence in terms of crack control and associated
ductility for an otherwise brittle matrix. From existing studies it is clear that the scale of
influence of fibres in the cracking behaviour is twofold; at the material level (before crack
localisation) and at the structure level (after crack localisation) (Rossi 1992, Shah et al. 1996). If
the fibre action is fully activated at the stage prior to propagation of major cracks, it will result in
substantial increase in the tensile strength or peak load, since the fibres delay damage
localisation. However, if the action of fibres is restricted to after crack localisation notable
improvement in toughness will be obtained since the fibres will cause stress transfer across the
crack after the macro-cracks have coalesced (Shah et al. 1996). The former situation mostly
arises when the fibres are of lower dimensions (microfibres) and are in sufficient quantity so as
to bridge the micro-cracks whereas with the longer fibres (macrofibres) and with lower dosages,
the latter condition is encountered. In order to identify the phase of crack propagation where a
particular fibre becomes mobilized and manifests its potential, the flexural toughness test maybe
used, as it captures the influence of fibres in the matrix since the pre-cracking and post-cracking

load deflection behaviour efficiently translates the crack bridging efficiency.
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The classification of fibres as micro and macro has been based on fibre diameter: micro,
when the diameter of fibres < 0.3 mm and diameter higher than 0.3 mm as macro (EN 14889-
2:2006). This classification is purely based on dimensions and does not relate to the performance
since a microfiber could also provide significant toughness if used in appropriate quantities

(Banthia and Mindess 2012). The fibres also vary in materials and are listed in Table 2.1.

Table 2.1 Types of fibres generally used in FRC

Microfibres Steel, Polypropylene, Polyester, Poly Acrylic Nitrate, Carbon, Glass, Nylon,
Amorphous metal, etc.
Macrofibres Steel, Polypropylene, Glass, Basalt

Since the fibre composites have variations in magnitude of the significant properties based on
the type of fibre, the quantity and the matrix itself, it is important that the selection of fibre for an
application is done with caution (Rossi 1992, Nayar et al. 2014). Mechanical characterization
suiting the intended application is the most common method of fibre selection (Barragan et al.
2000). In this context, it is essential to characterize (i.e., objectively quantify) the parameters that
can represent the post-cracking strength or energy dissipation capacity of FRC so as to be
included in the relevant design methodologies (Falkner et al. 1995, TR 34:2003, Elsaigh 2007,
ACI 360 R-10, TR 34:2013). Such parameters, classified as toughness parameters, need to be
obtained experimentally for the FRC intended to be used in the specific application.

2.4 Characterization techniques for FRC

Toughness parameters have been defined on the basis of tests conducted under compression,
direct tension and flexure (Gopalaratnam and Gettu 1995). The stress-strain response under
compression reflects the toughening effect of the fibres with a more progressive drop in the post-
peak load-carrying capacity, which is more evident in higher strength concretes that have a
sharply descending post-peak stress-strain curve. However, toughness is rarely characterized
under compression or shear due to the difficulty in obtaining a stable post-peak stress-strain
curve and due to the lack of application in normal design formulations (Barragan et al. 2006).
There are exceptions that use compression tests of cylinders, such as the Japanese JSCE-SF5
(1984) recommendation and the Spanish Barcelona test (UNE 83515), which has been used for
quality control of FRC for tunnel segments (JSCE SF4 Part 111 1984, Molins et al. 2009). The

characterization of toughness under uniaxial tension is probably most significant since it reflects
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the crack bridging effect of the fibres (Wang et al. 1990, Barragan et al. 2000, RILEM TC 162-
TDF 2000, Barr et al. 2003, Barragan et al. 2003). However, it is extremely difficult to perform
the test due to problems such as the complicated setup needed, the possible failure of the
specimen at the grips and the challenges in maintaining stable control just after the peak. It is
well established that FRC under shear fails in a more ductile manner due to toughening
(Barragan et al. 2000, 2006). However, it is not common to characterize toughness parameters
through shear tests due to difficulty in conducting appropriate tests and in correlating them to
design problems. Consequently, flexural testing is most widely recommended and favoured for
toughness characterization as it is relatively easy to perform and it seems to simulate more
realistic conditions of loading, especially in applications such as slabs and tunnel linings (ACI
544.2R-89, Gopalaratanam and Gettu 1995, TR 34:2003, EN 14488-3, ACI 544 2R-2009).
Moreover, advances in testing have led to better understanding of the fracture behaviour and

effects of specimen size and geometry (Gopalaratnam and Gettu 1995).
2.4.1 On flexural toughness testing of FRC

Generally, toughness measures under flexure are obtained from the load-deflection curve of the
specimen until a specified deflection. The specimen can be a prism, similar to that used widely
for determining the modulus of rupture of concrete, a notched prism or a panel (either square or

round).

Panel testing for the determination of load-deflection response of FRC is used extensively for
shotcrete or sprayed concrete, and is specified in EFNARC 371 FTC and EN 14488-5 (square
panel) and ASTM C1550-08 (round panel). This test configuration reflects better the response
required in concrete linings to resist point loads (due to anchors or loose rocks). In the EFNARC
test, the 600 x 600 x 100 mm FRC panel is tested under deflection control by applying load over
a 100 x 100 mm area at the centre and supporting the slab on a rigid frame spanning
500 x 500 mm as shown in Figure 2.1. The load-deflection curve is obtained up to a deflection of
30 mm and used to obtain an energy-based toughness parameter. More recently, ASTM C1550-
08 has specified the testing of centrally-loaded round panels. The panel tests seem to represent
better the behavior of FRC structural members due to the biaxial response and the possibility of
stress redistribution. Also, the scatter of the toughness values obtained from panel testing is

much lower than that of beam tests (Parmentier et al. 2008, VVandewalle et al. 2008). However,
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the panel test is not popular for non-shotcrete applications due to practical difficulties in

fabrication, loading and in avoiding extraneous deformations.

s,w?*,-—l- s ﬁﬁ- Sl
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Figure 2.1 Square panel testing as per EFNARC-EVS-EN 14488-5

The ASTM Standard C 1399 uses the residual strength of a pre-cracked beam. The FRC
prism is loaded until crack initiation (i.e., the beam attains a deflection of 0.25 to 0.5 mm) along
with a steel plate that prevents the beam from breaking completely even through the testing is
done in load control. The plate is subsequently removed after the specimen and the beam is
reloaded to obtain residual load-deflection curve. Load values at specified deflections are used to
calculate the average residual strength of the beam. Though this standard allows the use of more
common testing machines that work with load or piston control, the residual strengths obtained
have not yet been correlated with the more conventional toughness parameters or used in design
equations (Banthia and Mindess 2004).

Two classes of parameters have been commonly obtained using the flexure test, namely, the
flexural strength and the toughness. The flexural strength is generally related to the maximum
load or the load at a certain displacement or point in the load-deflection curve that denotes the
appearance of the first crack or nonlinearity in the response. The flexural toughness parameters
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are generally related to the area under the load-deflection curve or a post-peak load, as seen in
standards such as ACI 544-2R, ASTM C 1399, ASTM C 1609, EFNARC 14488, EN 14651,
German DBV code, ISO 13270, JSCE-SF4, and RILEM TC 162 recommendations for toughness
characterization (Gettu et al. 2000). Though there are similarities in the concepts, test procedures
and toughness calculations used, each standard has marked differences in the methodology
adopted. The testing configurations often differ in specimen dimensions, loading conditions, rate
of loading, position and frequency of deflection measurement, limiting deflection and toughness
calculations. It is of concern to note that there is no Indian Standard yet on the testing and
toughness characterization of FRC, even though it is urgently needed for design. Therefore, a
discussion and comparison of different approaches are presented here, leading to the proposal of

a test procedure that seems most appropriate for the Indian context.

As mentioned earlier, the two configurations advocated for the flexural testing of beams are
the third-point loading (or four-point bending) and the centre-point loading (or three-point
bending) configurations (see Figure 2.2 and 2.3). Most of the current FRC standards (e.g., ASTM
1609) use the unnotched beam under third-point loading due to advantages such as the
availability of moulds and test setup (i.e., same as those used for flexural strength or modulus of
rupture), and the ability to generally obtain stable tests with relatively inexpensive equipment.
Nevertheless, the test may be difficult to control in cases where the concrete strength is high
(making the response very brittle) and the fibre efficiency is low. The notched specimen test is
gaining acceptance as it is suitable for toughness characterization, as well as more rational
analysis with fracture mechanics (Gopalaratnam and Gettu 1995, Jamet et al. 1995, Gettu et al.
1998, RILEM TC 162-TDF 2003, EN 14651 2005). Such tests can be controlled using the crack
mouth opening displacement (CMOD) giving reliable test data for practically all types of
concrete. Nevertheless, the test configuration, shown in Figure 2.3, requires sophisticated
equipment for cutting the notch, for accurately measuring the crack width and for the closed-loop
control of the test (Gettu et al. 1996). Moreover, there is some debate on whether there is higher
scatter in the data from notched beam tests, in addition to having significantly higher post-peak
size effect, than the more conventional four-point bending tests of unnotched specimens (Gettu et
al. 1998, Saldivar 1999, Parmentier et al. 2008, Vandewalle et al. 2008, Merretz et al. 2011).
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Figure 2.3 Testing configuration for centre point loaded notched beam

The philosophies involved in the definition of toughness parameters based on the load-
deflection curve obtained from the unnotched beam test are found to vary among the different
recommendations/standards. The toughness parameters that have been dealt with can be put into
three categories (Gopalaratanam and Gettu 1995). Firstly, toughness has been defined simply as
the area under the load-deflection curve until a certain displacement limit, say 1/300th or 1/150th
of the span. Secondly, the area under the curve until a certain limit has been divided by the area
under the first crack (signifying normalization with respect to the toughness of plain concrete) to
obtain a non-dimensional toughness index (ASTM C 1018, ACI 544-2R). However, this has
been largely discontinued due to the ambiguities involved in such definitions (Chen et al. 1994,
Trottier and Banthia 1994, Barr et al. 1996, Nataraja et al. 2000, Jain and Singh 2014). Thirdly,
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there are sets of strength-based parameters, which are now widely accepted, where the formula
for the modulus of rupture based on the simple beam theory is used to obtain equivalent or
residual flexural strengths. For the third-point loading configuration of a simply supported beam
(see Figure 2.2), the general equation is:

P X1 2.1)

fn =g
where Is, b and d are the span, width and depth of the beam, respectively; n denotes the deflection

limit at which the toughness parameter is defined (normally taken as a prescribed deflection, say
3 mm, or multiple of the span, say Is/150); and Pxn is the load at the deflection limit or the
average (equivalent) load up to the deflection limit. fxn is designated as the residual or equivalent
flexural strength depending on whether the load Pxn considered in the calculation is the residual
load or the average load, respectively. Note that the deflection limit of 3 mm, which is
commonly used, seems to have been chosen arbitrarily with no relation to serviceability
conditions (Tatnall 2006).

In the case of the equivalent flexural strength fen (ASTM 1609, JSCE SF4, ACI 544), the
average load Pe is obtained as:

P = Ten (2.2)
en 5n .

yielding,

f = Fon >l (2.3
GV |

where Ten is the area under the load deflection curve upto the deflection dn = Is/n (as shown in
Figure 2.4); normally, n = 150 or 300.
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Figure 2.4 Determination of Ten

There is a non-dimensional strength-based index, namely the equivalent flexural strength

ratio, which is used in some design codes and recommendations, given as:

f
i 150T, x100% OF R =—°"x100% (2.4)
= ba? "

where, fet is the flexural strength of the concrete referring mainly to the value obtained using the

R

ct

first-peak load of the FRC specimen in Equation. 2.1 or the maximum load obtained from testing
a plain concrete specimen. The index Ren is used in the Concrete Society TR34 guidelines for the
design of slabs-on-grade with n = 150 and the test done as per the JSCE SF4 standard. This
toughness index can be taken as an estimate of the fraction of the flexural strength retained by
the FRC after cracking. However, when this is used as the only FRC parameter in design, the
interaction between the fibres and the matrix is ignored due to the implicit assumption that the
toughness index will be the same in all the concretes of the same compressive strength grade
when a certain dosage and type of fibre are used. This index also becomes unreliable when the
fibre incorporation alters the first cracking response of the concrete, i.e., the flexural strength.
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2.5 Application of FRC in slabs-on-grade

As discussed in Section 2.2, the performance enhancement of concrete due to the addition of
fibres can be most beneficially exploited in applications such as floorings, slabs-on-grade and
pavements. However, these systems are complicated to handle in design since the interface
interactions and material modelling are critical in obtaining realistic solutions. Design methods
have to make approximations at different stages of analysis and design to arrive at optimum

solutions, which has been illustrated in further discussions.
2.5.1 Design challenges for slabs-on-grade

Slabs-on-grade can be considered as systems in which the behaviour is dictated by the interaction
between the constructed layer, supporting layer and loading. Thus, any analysis technique has to
essentially predict the response of the system considering the dependency of these three factors.
Based on different models assumed for the material, subbase, interface, load distributions,
temperature variation, etc., in the analysis, the accuracy of the response prediction varies. The
design methodologies based on each of the analysis philosophies would result in solutions that
are optimized differently depending upon the efficiency of the model used to capture the
behavior. It is necessary that an analysis takes into account the character of a material in the most
advantageous way, so as to obtain the most economical design. This is especially so in
applications of pseudo-ductile materials, like fibre reinforced concrete (FRC), due to the
softening characteristics and the improved performance characteristics especially in the post

cracking regime.

In general, the use of reinforcement in slabs-on-grade is specified for handling thermal and
shrinkage stresses, whereas the stresses due to external loading is usually handled in design by
providing an adequate thickness of the concrete slab, with the exception of continuously
reinforced concrete pavements (Meyerhof 1962, AASHTO 1993, Ringo and Anderson 1996,
IRC 58 1998, Huang 2004, Knapton 2005, Delatte 2014). In commonly used design methods, the
thickness calculation is based on elastic techniques and the slab thickness is determined for the
un-cracked state of concrete. Consequently, the resulting thickness is considerably high for the
common loading conditions (Knapton 2005). It is worthwhile to introspect whether the service

condition of slab could be extended to a state of allowable cracking for such applications, since
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the slab-on-grade may still be suitable as far as serviceability requirements are concerned
(Cachim 1999, TR 34: 2003, 2013). For better understanding, a review of the existing analysis
and design techniques relevant to slabs-on-grade with emphasis on FRC slabs-on-grade has been
done and is presented below.

2.5.2 Existing approaches in the design of slabs-on-grade
2.5.2.1 General assumptions

Due to the complexity of the actual problem, most of the existing design techniques adopt
several assumptions for the slab behaviour. The two common assumptions are that the slab can
be considered as either an elastic layer (i.e., thel oad-response behaviour is governed by linear
elastic theory) or as an elastic plate whereby plate bending theory is applicable (Westergaard
1945, Losberg 1961, Meyerhoff 1962). In addition, there are two major approximations for the

subgrade or the supporting layer: an elastic solid and a dense liquid (resilient subgrade).
2.5.2.2 Subgrade approximations

The effect of subbase behaviour on the slab response has been studied extensively and reported.
The deflection of the slab is related to the subgrade pressure and, with respect to design, depends
upon the subgrade assumption. There are two commonly adopted approximations for the
subgrade behaviour as mentioned earlier. In the first approach, the subgrade is simulated by a
dense liquid (Winkler foundation), which assumes that the stresses at any point are independent
of stresses at other points and are proportional to the degree of depression (Westergaard 1945,
Losberg 1961, Meyerhof 1962, Cachim 1999, Elsaigh et al. 2005, lonnides 2006). The soil is
characterized by the resilient constant k = ps/w, where k is the modulus of soil reaction,
representing the stiffness of the subgrade, ps is the soil reaction pressure and w is the
deformation of the soil at a point. The approximation allows the modelling of the subgrade as a
series of elastic springs attached to the slab. There have been extensions of the Winkler model to
bring in more realistic solutions, such as the Pasternak model that introduces a term to account
for shear interaction between the Winkler springs and the soil pressure as ps =kw-G V2w, where G
is the coefficient representing the shear interactions and V is the Laplace operator (lonnides
2006).
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The second approach is that of an elastic solid, which assumes that the stresses produced by
the load at a point are not independent, i.e., the deflection is continuous and extends over infinite
area. The subgrade simulated as an elastic solid is, however, more realistic compared to the
resilient subgrade assumption since it considers that the subgrade is an elastic, isotropic and
homogeneous body of semi-infinite extent (Losberg 1961, Meyerhof 1962, Cachim 1999,
Elsaigh et al. 2005). The Boussinesq solution is the most popular model for the elastic solid

assumption (lonnides 2006).

From all the existing solutions, it can be deduced that the design using Winkler
approximation and the elastic solid approximation may form the upper and lower bounds of
representing the soil-structure interactions. The Pasternak approach lies between these two limit
solutions and has been adopted mostly in numerical solutions, like finite element analysis
(lonnides 2006). Since the current study of FRC slabs-on-grade utilizes the reserve ductility of

the concrete, an upper-bound solution, such as the Winkler approximation, is considered suitable.

The concept of radius of relative stiffness was introduced by Westergaard in his classical
elastic theory for slabs-on-grade, and represents the interaction and influence of the subgrade and
slab with respect to the bending behaviour for the resilient subgrade approximation. Practically,
the radius of relative stiffness, I, represents the distance from loading point in the slab to the
point of contraflexure in the moment distribution along a yield line for a single point load (TR34
2003), as in Figure 2.5.

In the case of resilient subgrade, the radius of relative stiffness is calculated as

Eh3 1/ 4
' :{ } (2.5)

12(1— 12 )k

where E is the modulus of elasticity of concrete, [ is the Poisson’s ratio of concrete and h is the

thickness of the slab.
2.5.2.3 Elastic methods for slabs-on-grade design

The earliest works on slabs-on-grade have been based on the Westergaard’s analysis, where

the slab is approximated as an elastic plate on a resilient subgrade. The basic differential
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equation DV*V?w =@ — p has been solved for the three different positions of loading, for single

wheel load, and the expressions for deflections and stresses have been obtained. Subsequently,
these formulae have been modified by Westergaard himself and also by other experts in this area,
such as lonnides and Pickett by modifying the idealizations and approximations to offer more
realistic values for stresses and deflections (Yoder and Witczak 1975, lonnides 2006, Huang
2004). As an example the formulae for an interior loading case as given by Westergaard are

shown below:,

Interior loading case:

316P | —J16a’ +h? -
0316 { 4log ( j +1'069} where D= V1.6a’+h? ~0.675h,fora <1.724h 26)
10

o= 2
h b=a,fora>>h
and a is the contact radius of the load.

Similarly, equations have been obtained for deflections and moments under the wheel loads
at each of the critical positions. These equations have been widely used in thickness design for
rigid concrete pavements and slab-on-grade including the Indian Pavement Design Code, IRC
58. However, it has been observed by many subsequent researchers that the assumption of the
concrete slab to be elastic results in the highly conservative estimation of strains and deflections
at failure loads, even for plain concrete sections, resulting in highly uneconomical thickness
(Meyerhof 1962, lonnides 2006). Further, the limitation that the concrete has to be un-cracked
results in very thick concrete slabs owing to the low tensile strength of concrete (Losberg 1961,
Meyerhoff 1962). Moreover, near the failure load, an ultimate strength analysis is considered to
result in better estimation of the behavior of the inelastic concrete slab, and consequently more
economical designs (Meyerhoff 1962, Ghosh and Dinakaran 1970, Baumann 1983).

2.5.2.4 Ultimate strength methods for slab-on-grade

More realistic values for stresses and deflections have been obtained using inelastic theories, as
in the rigid-plastic slab on elastic subgrade analysis, where the maximum load is estimated from
ultimate strength analysis, which is explained below (Losberg 1961, Meyerhoff 1962, Baumann
and Weisberg 1983, Rao and Singh 1986).

39



The initial stage of moment distribution on a concrete slab on soil due a concentrated load is
shown schematically in Figure 2.5. As seen from the diagram, there is initially considerably high
moment under the load, which is the maximum positive moment and a more moderate negative
wave at a section away from the load. Once the bending stresses below the load become equal to
the flexural strength of the concrete, the slab cracks at the bottom and develops radial tensile
cracks. Further, the crack opens and extends, during which the maximum positive moment
(along the crack) will become equal to the plastic moment capacity of the concrete Mp. As the
sections of the slab between the radial cracks are rotating along the radial yield lines, the
negative bending stresses along a circumferential section of the slab become equal to the flexural
strength of the concrete and a circumferential crack is formed as shown in Figure 2.6 (Losberg
1961, Meyerhof 1962, TR 34 2003). As discussed earlier, plain concrete slab design using the
criterion of no tensile cracking for positive moment results in greater thickness of slab. At the
same time it has been theoretically found that the thicker the slab, higher will be the maximum
moment (Losberg, 1978). Therefore, an analysis of the slab considering the circumferential
cracking as the collapse condition is considered to give better estimates of collapse load and
deflections. Throughout the analysis, one significant assumption is that the slab is in continuous
contact with the subgrade (Losberg 1961, Meyerhof 1962).

moment diagram

P _tadial cracks

Figure 2.5 Moment distribution and crack development in concrete ground supported slab during
the initial cracking phase
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Figure 2.6 Moment distribution and crack pattern at collapse

The analysis assumes the slab to be a thin, rigid, ideally plastic infinite slab of uniform
thickness and the moment estimate at collapse is based on yield line analysis. The solutions have
been obtained for both unreinforced and reinforced concrete slabs. The design considers that
radial yield lines are formed at the bottom of the slab, once the slab cracks, and the plastic
moment capacity is imparted by the yield capacity of the reinforcement (for a reinforced concrete
slab) (Losberg 1961, Meyerhof 1962, TR34 2003). Subsequently, when the circumferential
stresses (as discussed in the earlier paragraph) reach the flexural strength, circumferential yield
lines appear. The collapse condition assumed for the design is that of the crack appearing at the
top of the slab along these circumferential yield lines. Thus, the negative moment capacity is still
the elastic moment carrying capacity of concrete related to the flexural strength of concrete. The
solution is obtained using the moment and the shear equilibrium equations. For ultimate load
design, using yield-line analysis, which is extensively used in slabs-on-grade applications, the
design equations by Meyerhof and Losberg are widely used. In Meyerhof’s method, the shear

equilibrium equation is simplified in the analysis and the soil pressure is assumed only as a
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function of the vertical displacement and is not related to the geometry of the yield section, as

opposed to the Losberg’s yield line analysis.

In the yield line analysis of Losberg, the author resorts to the elastic theory for soil pressure
calculations, as it is dependent on the deformation of the slab and the elastic properties of the soil
and cannot be calculated in yield line theory. This is justified as only the loaded portion of the
slab is in the plastic stage and this zone is small in comparison to the whole slab, which is
considered to be still in the elastic state. Thus, the soil can be assumed to be elastic especially if
the slab is relatively thin. Accordingly, soil pressure distribution curves developed based on
elastic theories for the infinite elastic slab on elastic subgrade assumption have been used for the
calculation of subgrade pressure for the yield line analysis (Losberg 1961), making the shear

equilibrium equation more accurate in comparison to the Meyerhof’s analysis.

From the collapse condition, the limiting moment of resistance of the slab is calculated as
Mo= Mn+M, as shown in Figure 2.7. Accordingly, the relationship between the yielding
moments for different loading cases is obtained as:

|\/|n+|\/|p_ c
T_f(lj (2.7)

where P is the load, c is the load distribution radius and | is the elastic rigidity radius or radius of

relative stiffness.

It is of interest to note here that leading fibre manufacturers, like Bekaert, have developed
design software based on the Losberg yield line analysis (DRAMIX DRAPRO) for SFRC slabs-
on-grade. This is based on the assumption that the moment redistribution at the ultimate state for

SFRC is similar to that of reinforced concrete.
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Figure 2.7 Assumed collapse condition

Extensions of the yield line method, like the virtual work method used by Baumann and
Weisberg (1983) and the lower bound limit analysis by Rao and Singh (1986), are other
approaches available for slab-on-grade design that are less conservative when compared to
Losberg’s analysis (Baumann and Weisberg 1983, Rao and Singh 1986). Yield-line analysis by
the principle of virtual work has been used for the design of FRC slabs-on-grade as the
formulations allow the incorporation of different end conditions, which in turn affects the failure
pattern (Baumann and Weisberg 1983, Irving 1999, Meda 2003). However, in the virtual work
based yield line analysis, prediction of the deflection at collapse is necessary as it forms part of
the term accounting for the external work done since the soil pressure is directly proportional to
the deflection. This has been often approximated by superposing the effect due to soil alone and
due to the slab without support (which is easier to predict) since the stiffness of the two systems
can be modeled. The method assumes the total collapse load of the slab supported by the soil to
be the sum of the load carrying capacity of the unsupported slab and that of the soil for the same

deflection. This has been illustrated in the Figure 2.8 where the collapse load Py is obtained as:
P, =P +KA (2.8)
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where Pc is the collapse load of the unsupported slab, K is the stiffness of supporting soil. From
this relation the A term is obtained and substituted in the virtual work equation and thereby yield-

line solutions are obtained.

M
=]
®
g
Py
P
_ Stiffness K,
/
K A Stiffness K
A Deflection

Figure 2.8 Scheme of the slab-on-grade stiffness assumption

2.5.3 Existing design methods for FRC slabs-on-grade

As discussed earlier, the majority of the existing design codes and recommendations for fibre
reinforced concrete slabs-on-grade/pavements advocate inelastic techniques for static loading
design (Westergaard 1945, Baumann and Weisberg 1983, Rao and Singh 1986, Falkner 1995,
Elsaigh et al. 2005, Altoubat 2008, Roesler 2008, TR34 2003, 2013). Guidelines for design and
construction of FRC slabs-on-grade have been specified by the Concrete Society in 2003 and
2013. In the earlier version of the TR34 (2003) guideline, the design methodology essentially
adopts the ultimate load analysis by Meyerhof using the flexural strength ratio Re 150 as the
toughness parameter in the material model. The Re1s0 value is used to calculate the residual
positive bending moment at collapse as:

Fou h?
M p— %(Reiso ){E} (2-9)
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and, since the fibres do not affect the (first) cracking stress, the negative moment capacity is

obtained as:
f 2
M, :ﬂ{h_} (2.10)
7o L6

where, few 1 IS the characteristic flexural strength at peak load, h is the thickness of slab, and s is

the partial safety factor. The limit moment of resistance is consequently:

f h?2
Mo = (M, +M ) = (1+R, ;)" [7} (2.11)
C

The TR-34 2003 design procedure suggests that a dosage and thickness be suitably assumed
so as to obtain the design moment (Equation 2.11) to be more than the actual moment due to
load. The ACI 360 R also adopts the same method in its design guidelines. In both standards, to
obtain the theoretical collapse moment due to applied load, Meyerhof’s expressions, as suggested
for various cases of loading, are adopted. A value of 1.5 has been suggested for the material

safety factor in these guidelines.

However, in the recent revision of Concrete Society Guideline (2013) there has been a major
change in the design philosophy, which is now based on the stress-strain model for FRC
proposed by RILEM TC 162 TDF. The residual strengths at 0.5 mm (fr1) and 3.5 mm (fs),
obtained from the notched beam test, are adopted as the material characteristics. The model
assumes the tensile stress at tip of the crack (or1) and at the crack face (or4) as functions of fr1
and fr4, respectively, based on the stress distribution in the cross-section, as proposed in RILEM
TC 162 TDF:

o, =045f (2.12)
o, =037f, (2.13)

Using these stress functions, the moment capacity is calculated using the strain compatibility and

equilibrium of forces at ultimate limit state. The residual positive moment is obtained as:

2
M = h—(0.290'r4 +0.160,,) (2.14)

p
m

whereas the negative moment of resistance from the uncracked moment capacity is obtained as:
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where fe; = flexural tensile strength of concrete. The material safety factor m suggested is 1.5.

M (2.15)

An alternate approach is to provide the strength required to resist the stress under design
load, as in the DBV recommendations, allowing the slab to be in uncracked and cracked states
(Gettu et al. 2000, Jansson et al. 2008). In the uncracked state, the stresses are not allowed to
exceed the flexural tensile strength of concrete. In the cracked state, the internal forces are
calculated considering a reduced stiffness along the crack cross section and full stiffness is
assumed between the cracks. The stresses obtained should be lower that the equivalent flexural

strength of the SFRC. The design considering the uncracked slab is governed by:

Ky ’:‘: + \I\//lv: < cal g, (2.16)
where Ky is a load factor, taken as 2.0 for tensile force and 1.0 for compressive force, Ny is the
axial force in the ultimate state (due to temperature of shrinkage stresses), My is the bending
moment in the ultimate state, Ao is the cross sectional area of the steel fibre, W, is the section
modulus of the steel fibre slab and calgsz is the flexural tensile strength of the concrete. For
design, considering cracked concrete, the energy absorption capacity of SFRC is included in

addition to the changed stiffness of the cracked section:

NU MU
Ky E +W0 <nompgy, (2.17)

where nomgsz is the design equivalent flexural strength of SFRC in the post-cracking region

calculated from the energy absorption capacity up to ls/150 mm deflection (Gettu et al. 2000).

Experimental studies on fibre reinforced concrete slabs to understand the effect of usage of
fibres, by comparing their performance with plain concrete slabs, have shown that the complete
load-deflection behavior can be divided into three regions: (a) corresponding to the elastic
deformation, (b) formation of small radial cracks in slab centre finally spreading to slab edge and
(c) the redistribution of stresses until the slab fails, resulting in a rapid increase in deflection and
ultimate failure either by punching or crushing of the subbase (Falkner 1995). It is understood

that the fibres do not have an influence on the first crack load. However, the ultimate failure
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loads are found to be higher by up to 30 - 60% and the key parameters governing the ultimate
failure loads are found to be the subbase reaction, fibre type and its dosage (Beckett 1991,
Falkner 1995, Roesler et al. 2006).

Consequently, the design methodology proposed by Falkner (1995) states that the design is
governed by two limit states: the limit state of cracking and the ultimate failure state, and that the
enhanced failure load is a function of the equivalent flexural strength ratio of concrete.

Accordingly, the ultimate failure load is obtained as a modified form of Westergaard’s equation:

1/4
. . N equf
FUFR[1+(—Ekd3J w_ﬂ(u qf J (2.18)
f

c

where Fy’= theoretical failure load (N), Fr’ = theoretical cracking load (N) (obtained from
Westergaard’s equations), Ec = Young’s modulus of concrete, k = modulus of subgrade reaction,
A= area of loading plate, d = slab depth, W = width of ground slab, equff = equivalent flexural
strength of SFRC, fi= flexural strength of concrete. The ratio of equfs to ff is same as the
equivalent flexural strength ratio Re,150 as defined in JSCE SF4, ASTM C 1609 and ICI TC/01.1.

Comparative studies of the performance of plain and fibre reinforced concrete slabs have also

indicated a relation between the thickness of plain concrete slab (hp) and SFRC slab (hr) as:

h

hy = —(p—) (2.19)
1+ Re,150

Using this equation for the thickness design, a reduction of about 20% in slab thickness was
obtained with 30kg/m? of fibres by Elsaigh et al. (2005), and was validated through the testing of
full scale FRC pavements under in-service traffic loading. A similar approach was adopted
previously by the Indian Road Congress in the recommendations for pavement design with
SFRC in IRC SP-46 (1994), where the thickness of SFRC slab is given as:

h,. =h_ |- (2.20)

sfrc pcc f
sfrc

where fpcc IS the design flexural strength of PCC, and fssc is the design flexural strength of SFRC.
It is to be noted that the term “design flexural strength” was not well defined in IRC. If the value

of design flexural strength is considered to be:
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(1+Re,150)fct (2.21)

then the expression would be similar to the moment formula by TR 34 (2003) and also the
thickness formula by Elsaigh et al. (2005). However, this term can be misleading, as it is well
established that the addition of fibres does not normally enhance the flexural strength of
concrete. It is to be clearly understood that the enhancement term (1+Re 150) is a consequence of
the development of ultimate strength analysis of the slab-on-grade, and is related to the fact that
the collapse condition is the first crack appearance at the top. Therefore, the use of the term
design flexural strength to correlate the thickness of a plain concrete slab to that of an FRC slab

is undesirable.

Similarly, another design technique based on modulus of rupture (MOR) suggests the use of

Re,150 as the increament in the MOR value for FRC as

MOR’ = MOR(1+Re,150) (2.22)
where MOR’ is denoted as the effective flexural strength of concrete containing fibres that
reflects the increase in the FRC slab flexural capacity over plain concrete. Thereby, the cracking
load is obtained as:

Fer fibre= Fer plain(1+Re,150) (2.23)
The comparison of small scale toughness testing results to the large scale slab results for several
fibres have been used to validate the effective MOR approaches (Altoubat et al. 2008).

2.5.4 Numerical methods for design of FRC slabs-on-grade

Numerical modelling and simulation of FRC slabs-on-grade are being studied extensively, taking
advantage of advanced material modelling techniques and computing facilities. Such modelling
of FRC slabs-on-grade generally incorporates modified constitutive behaviour in available finite
element analysis procedures (FEA), which involves inelastic design approaches (Belletti et al.
2001, Belletti et al. 2008, Soranakom et al. 2008, Jafarifar et al. 2009). Most techniques use
different constitutive laws for modelling the uncracked and cracked concrete regions, wherein
the uncracked section is, in general, governed by the elastic stress conditions. For FRC, the
constitutive laws based on strain-softening behaviour are developed using experimentally
obtained material characteristics, such as load-CMOD relations, stress-strain curves (under

tension and compression) (Barros and Figueiras 2001), are based on non-linear fracture
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mechanics approaches (Meda and Plizzari 2004, Belletei et al. 2008) or are based on classical
mechanics using approximate post-peak behaviour models (Soranakom et al. 2008). Material
models under tension (such as stress-crack opening curves) are obtained from the experimental
load-CMOD curves (under flexure) by using techniques such as inverse analysis or by separate
numerical analysis of the post-peak response (Barros 1999, Sousa and Gettu 2006, fib Model
Code 2010). The trilinear and the bilinear tension softening models, in terms of stress-crack
opening, are widely applied (Barros 1999, Barros and Figueiras 2001, Meda and Plizzari 2004,
Sorelli et al. 2006).

In the modelling of FRC slabs, the isoprametric multilayered shell element with the
assumption of plane stress condition for each layer is considered most suited (Barros 1999,
Barros and Figueiras 2001). The concrete cracking is generally simulated as two stages/phases
with separate constitutive models representing the elastic uncracked and cracked sections, as
discussed above. The smeared cracked model is more commonly adopted for the FEA (Barros
1999, Barros and Figueiras 2001, Belletti et al. 2001, Belletti et al. 2008). The discrete crack
concept has also been used with the slab being modelled using interface elements for the crack
and other standard elements, such as 4-node tetrahedral elements, along the elastic domain
(Meda and Plizzari 2004, Sorelli et al. 2006). The soil response is generally modelled using one-
dimensional linear springs with no-tension assumption to simulate Winkler foundations. The soil
stiffness matrix is incorporated in the structural stiffness with the soil load-deflection response
generally represented by mutilinear models (Barros 1999, Barros and Figueiras 2001, Belletti et
al. 2001, 2008, Meda and Plizzari 2004, Sorelli et al. 2006).

The design solutions from numerical analysis have generally been validated by matching
them with the experimental results of laboratory scale slabs. The extension of these methods to
larger slabs has been debated since most of these models incorporate the subgrade reactions
based on the Winkler foundation approach (Barros 1999, Barros and Figueiras 2001, Belletti et
al. 2001, 2008, Sorelli et al. 2006, Belletti et al. 2008). Use of one-dimensional spring elements
without consideration for the lateral restraint caused on slabs due to the size or the shear
interaction between slab and subgrade restricts the solutions to smaller slab design, has been

demonstrated from experiments.
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2.6 Pavement design

Improving the performance of rigid pavements requires that the material used have sufficient
crack resistance, since cracking is the most critical mode of failure. Use of pseudo-ductile
concrete with fibres seems to be ideally suited in order to satisfy the performance requirements
of the rigid pavement. However, design methods specific to FRC pavements are few and are
generally modified forms of plain concrete pavement design (Roesler 2008, IRC SP:46 2013).
Another category of design methods use the equations suggested for slabs-on-grade, which is
debatable since the general failure patterns of pavements rarely resemble failure in slabs-on-
grade (US Army Corps, 2005) and failure is more likely to occur due to fatigue and curling. To
understand better the current status of FRC pavement design, a review of the relevant design
methods for rigid pavements is presented below leading to the discussion of design strategies

specifically for FRC pavements.
2.6.1 Existing design methods for rigid pavements

Rigid pavement design has been mostly based on empirical (PCA 1984, AASHTO 1993) or
mechanistic methods (IRC 58:1988), the former being largely dependent upon the field
experience of pavement performance. The recent trend has been towards mechanistic-empirical
methods that integrate the performance based evaluation with the theoretical models in terms of
material and structural behaviour (MEPDG 2004). The mechanistic-empirical approach brings in
uncertainty using the reliability concept since the design methodology is guided by the amount of
allowable cracking and probability of its occurrence (AASHTO 1993, MEPDG 2004, Roesler
2008).

In general, most design methods adopt elastic models as proposed by Westergaard (that has
been discussed in Section 2.5.2.3) for determining stresses in the slab due to applied loads
(Westergaard 1945, PCA 1984, IRC 58:1988, lonnides 2006). Variations and subsequent
refinement of these equations have been done but the basic analysis adopted in most of the
prevailing design techniques may be attributed to Westergaard’s equations though they have
been proved to be highly conservative, especially at higher values of load (Losberg 1961,
Meyerhof 1962). This may be due to the fact that the pavement system in its full configuration,

including the subbase and subgrade behavior, load interactions and interface behavior, has high
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amount of uncertainty in modeling and prediction, so resorting to a conservative analysis could
be efficient. However, with modern computing facilities and better understanding of material
behavior, numerical techniques, such as finite element analysis, have been widely used in

pavement design (Cachim 1999, lonnides 2006).

Curling of the slab due to thermal effects contributes to the pavement behavior two-fold. Due
to curling the pavement looses contact with the subgrade and thus the slab behavior is different
from the condition with contact. On the other hand, due to the self-weight resisting the curling,
the slab experiences flexural stresses that would be a function of the temperature gradient in the
slab (Ghosh and Dinakaran 1970, Yoder and Witczak 1975, Choubane 1995, Huang 2004,
Pandey 2005). Basically, most design methods resort to reducing the effect due to curling by
providing sufficient joints and joint spacing such that the thickness design is still governed by the
stresses due to applied loads as curling is a function of the ratio of the width of the slab to the
radius of relative stiffness (which is a function of the thickness of the slab) (Delatte 2014). The
lower this ratio, less is the curling, and therefore, with proper joint spacing, the effect of curling

can be significantly controlled (Ghosh and Dinakaran 1970, Huang 2004).

In addition to the effect of the magnitude of loading, a major contributor to pavement
thickness design is the repetition of loads. It is inadequate that a design method addresses only
the tyre (static) loading conditions, as it is well established that, in general, the failure of
pavements occurs due to fatigue (Huang 2004, MEPDG 2004, Fwa 2006). Failure under fatigue
may occur at stress levels much lower than the capacity of the material and is generally the
governing factor in design. Fatigue could be both due to external loading or thermal loading. It is
understood that a separate serviceability condition under fatigue loading has to be devised for the
design to be comprehensive (Cachim 1999). Many design techniques try to address the issue of
fatigue loading through the consideration of a dynamic factor converting the cyclic load to an
equivalent static load (Dramix Manual 2001, di Prisco and Mauri 2004, TR34 2003, 2013, ACI
360R 2010). However, in the application of FRC to pavements, such an approach seems
inadequate since it is not possible to accommodate any benefits in the performance
characteristics of the material as the factor is common and not specific with respect to the

material.
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Since the recent approach in codes and standards for pavement design has been based on
performance, damage accumulation based fatigue models have been widely adopted (Roesler et
al. 2008, MEPDG 2004, IRC 58 2010). The cumulative fatigue damage (CFD) is calculated and
evaluated as per the Palgren-Miner’s rule as:

CFD = z;_ (2.24)
where nij is the e>l(pected number of repetitions for a load category and N; is the allowable number
of repetitions on the slab for the particular load level calculated based on the suitable fatigue
model. S-N curve based fatigue models are used widely, such as in IRC 58:2010 and the PCA
method etc., as given below

For SR >0.55,log N =11.737 -12.077( SR

4.2577 r“

el (2.25)
SR-0.435

For 0.45 < SR < 0.55,N :[

and for SR <0.45,N =00
where SR is the stress ratio, which is the ratio of applied stress to the maximum allowable stress.
The applied stress is the expected stress in the slab due to external loading determined as per

elastic analysis and the maximum allowable stress is the flexural strength of the material.

In the MEPDG design method, the fatigue model that has been developed for ACPA
StreetPave has been used in which the pavement fatigue model is based on the field fatigue data.

The major change was the inclusion of the probability of failure:

—(SR )710.24 |Og(1— I:)):|0.217 (226)

log N { 0.0112
where P is the probability of failure, and therefore (1-P) is the probability of survival. For
example, if P= 5%, then there is a 5% chance that the designed pavement fails before the
specified number of years. The same model has been further modified and adopted in design
proposals for FRC overlays in an FHWA document, as discussed in the next section

(HIPERPAVE I1).
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2.6.2 Existing design methods for FRC pavements

In India, the design of FRC pavements is guided by IRC SP:46, which essentially uses the
ultimate load design based on the circular yield-line pattern incorporating the equations
suggested by Meyerhof for infinite slabs-on-grade (Meyerhof 1962, IRC SP 46:2014). The
approach incorporates the post-cracking moment carrying capacity of FRC using the equivalent
flexural strength (fenk). The method requires a fatigue check similar to that of IRC 58: 2010 for
plain concrete (PCC) pavements using elastic stress based expressions (same as given in IRC
58:2010) and a modified fatigue model (S-N relation) for various ranges of stress ratios SR as

given below:

0.99- SR
0.06189
2.9212 } (2.27)

For SR > 0.627,log,, N =

For 0.6 <SR <0.627,N =| ——
SR-0.51

For SR <0.6,N =

Major drawback identified in this method is that, while using inelastic design equations, the
design assumes the slab to be of infinite dimensions so as to allow the development of the
complete circular yield line pattern, which is hardly true as such a pattern can occur only if there
is contact of slab with subgrade throughout the loading history, without curling (Meyerhof
1962). The free edge boundary conditions, substantial load transfer at joints, and prevention of
uplift of slab are other major factors that are assumed implicitly when the infinite slab
assumption is made (Meda 2003). In addition, the fatigue damage analysis using elastic stresses
and a typical S-N fatigue model may cause over-conservative design that does not take into

account the improvement in the fatigue resistance of concrete due to the incorporation of fibres.

An FHWA report on design of ultra-thin white toppings (UTWT) using FRC proposes a
mechanistic-empirical design based on the modified American Concrete Pavement Association
(ACPA) design, which essentially utilizes reliability indices as discussed in MEPDG design
procedure (Roesler et al. 2008). This allows for a certain amount of cracking in the slab thereby
bringing in inelastic behavior of concrete and uses the toughness parameter (equivalent flexural

strength ratio) to account for the enhanced post-cracking moment-carrying capacity of FRC. The
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fatigue design uses an equation that calculates the allowable number of repetitions for a chosen

level of crack, using specific material characteristics, as:

_1024 % (10217
logN = _ SR xlog(R") (2.28)
0.0112

where N is the allowable number of repetitions, SR is the stress ratio, R* is the effective
reliability for an assumed percentage of cracked slabs. The material parameter is brought into the

calculation through the stress ratio computation, as:

Gapplied

" MOR(1+R,4)
where oapplied refers to the calculated stress due to loads, the denominator is denoted as the design

SR

(2.29)

flexural strength of FRC, wherein MOR is the modulus of rupture of the FRC and Re 150 is the
equivalent flexural strength ratio. Both material parameters have to be obtained from flexural
toughness testing on unnotched FRC specimens as per the Japanese JSCE SF4 or ASTM 1609
standards. One of the major limitations of this method is the use of a factored flexural strength to
represent the flexural capacity of FRC. The use of (1+Re,150) as the strength enhancement factor,
can be misleading as has been discussed in Section 2.5.3, since it is well established that the
addition of fibres does not normally enhance the flexural strength of concrete, at least for the
commonly used fibres and fibre dosages. It has to be emphasized that the increase in moment
carrying capacity is not due to an increase in flexural strength but due to the increase in the post-
cracking moment carrying capacity of the SFRC slab. Therefore, the use of the term “design
flexural strength of SFRC” should be avoided since it is being extended beyond the failure

typology considered here.
2.6.3 Fatigue modeling

Though extensive studies have been done on fatigue behaviour of both plain and fibre reinforced
concrete, the extent of understanding is not very comprehensive in comparison to that of metals.
The further discussion deals with the possible application of available results and models to FRC

pavement design.
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2.6.4 Fatigue models for plain and fibre reinforced concrete

Various studies have been done on plain and fibre reinforced concrete to obtain the fatigue
characteristics, which mostly consist of fatigue life predictions, creep rate etc. Such studies have
been done for high or low cycle fatigue but since it is difficult to obtain any conclusive results
based on a certain range of loading, the discussion hereafter would include all loading
conditions, though only high cycle fatigue is of significance in pavement applications. Both
empirical and analytical models are reported in literature for plain and fibre reinforced concrete.
The experimentally obtained models have the drawback that the testing methods vary
significantly due to the lack of standardized procedures for fatigue testing and so a comparison
may not be always appropriate. However, these models are more easily adoptable than the

numerical models due to their simplicity.

As mentioned, the lack of standardized procedures has resulted in the evolution of numerous
testing configurations. The major differences, as per the existing literature, can be summarized to
be in the type of loading, test control parameters (load or 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,
Reinhardt and Cornelissen 1984, Oh 1991, Johnston and Zemp 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).

In spite of the differences, a few definite conclusions regarding the performance of FRC with

reference to plain concrete can be drawn:

e The fatigue performance of FRC is better with longer or more slender fibres (i.e., with
higher aspect ratio), though a definite relation 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).

e The effect of the fibre addition is most significant in the second stage of crack growth
during fatigue cracking (Chang and Chai 1995, Lee and Barr 2004).
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e The endurance limit of FRC is in the range of 65 - 85 % of the static first-crack strength
in comparison to 50 - 60% for plain concrete (with the endurance limit being defined at
2-10 million cycles) (Batson et al. 1972, Johnston and Zemp 1991, Chan and Chai
1995,Wei et al. 1996, Naaman and Hammoud 1998, Cachim 1999, Germano and Plizzari
2012).

e The incorporation of fibres results in substantial increase in deformation (crack opening)
at failure reflecting the increase in toughness (Cachim 1999). Consequently, FRC has
higher energy dissipation capacity than plain concrete, which is also indicated by the
higher residual toughness values (in both uncracked and pre-cracked/notched specimens)
(Pasakova and Meyer 1997, Lee and Barr 2004, Germano and Plizzari 2012).

e At higher fibre content and fibre aspect ratio, the stiffness of SFRC under cyclic loading
increases (Chang and Chai 1995).

Many fatigue models, in terms of stress ratio — fatigue life (S-N curves), have been proposed
for FRC from these experimental investigations and a comparison of these models is given in
Figure 2.9, where the model predictions for flexural fatigue of unnotched or non-pre-cracked
specimens with fibre volume fraction of 0.5% and the fatigue model used in IRC 58:2010 for
plain concrete has been shown for the purpose of comparison. This model has been chosen since
it is the most widely used fatigue model in India for plain concrete (PCC) and is comparable to
other significant models in literature for plain concrete. A detail overview of the existing studies
on fatigue testing is given by Lee and Barr (2004), with a generalized model proposed for fatigue
life prediction based on statistical averaging (from the results of fatigue test data available in
literature). This is shown along with generalized models of IRC 58:2010 for plain concrete and
of IRC SP 46:2014 for FRC in Figure 2.10. From Figure 2.9 and 2.10 it can be understood that
the shift of the curves towards the right for the FRC allows more load repetitions for the same
stress level in comparison to PCC. Though the comparison is done only with respect to a single
model for PCC, similar trends can be seen with respect to other models (Cachim 1999, Lee and
Barr 2004, Niranjana 2011).
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Figure 2.9 Fatigue models (S-N) for FRC under flexure with steel fibre dosage of 0.5% in
comparison with the model for plain concrete suggested in IRC 58:2010
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Figure 2.10 Comparison of generalised fatigue models (S-N) for FRC with that of a model for
plain concrete
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Since the influence of the fibres occurs mainly in the fracture process zone, a study of the
effect of load cycling on un-cracked specimens may be insufficient to draw significant
conclusions regarding the effect of fatigue loading on the toughness. Therefore, the data from
models based on the performance of pre-cracked specimen have been presented in Figure 2.11
(Naaman and Hammoud 1998, Germano and Plizzari 2012). However, the study by Naaman and
Hammoud (1998) is on high early strength concrete with higher dosages of fibres (above 1%)
resulting in strain hardening type of response and so is not directly comparable to the
applications being discussed here. In the tests of Germano and Plizzari (2012), fatigue behaviour
corresponds to crack initiation and propagation stages, which are influenced by the toughness of
the concrete. It is seen that the IRC SP:46 (2014) model, which is based on the first crack fatigue
resistance of FRC, is conservative compared to the model for precracked FRC given by Germano

and Plizzari (2012), at higher stress ratios.

Based on the extensive literature review and model comparisons as discussed above, it can be
inferred that the addition of fibres results in the enhancement of fatigue life of concrete by about
20-25% in the pre-cracked stage. After cracking, PCC is not expected to have any further life,
whereas FRC elements can endure cyclic loading at least at low stress levels for an appreciable

number of cycles, due to the toughening mechanism of fibres.
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Figure 2.11 Fatigue models (S-N) for FRC under flexural loading on pre-cracked specimens
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2.7 Summary

This chapter discussed in detail the existing literature and the current status of characterization,
application and design of FRC in the context of slabs-on-grade and pavement design. The
discussion in the initial part gives an insight to the toughness characterization methods for FRC,
and compares their advantages and disadvantages. The discussion aims at closing in on one

particular test method and suitable test parameters for the current applications in India.

The next section discussed the design challenges and existing methodologies for slabs-on-
grade. Each of the methods is critically reviewed to understand the limitations of the existing
methods. In the later part of the chapter, a similar review of the current design techniques for
rigid pavement and FRC pavements has been presented with emphasis on the major differences
in the approaches between slab-on-grade and pavements. Since fatigue is considered a significant
factor in pavement design, the fatigue response of FRC has been further explored based on the
existing models available in literature. Based on a comparison of these models, an appropriate

model has been identified for the material capacity evaluation in the design methodology.
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3 EXPERIMENTAL PROGRAMME

3.1 Introduction

A detailed review of the existing methods of characterization for flexural toughness of fibre
reinforced concrete was presented in the previous chapter. Based on these discussions it may be
pointed out that, the use of the unnotched beam test and the post-cracking response thus obtained
for characterizing the FRC is suitable in the present context. Further, it is expected that having a
simple test method will motivate the rational choice of fibres, and probably, more efficient use of
FRC in India.

Consequent to the need for creating a database and also study the suitability of fibres for the
specified application, the flexural toughness test was performed with various fibres incorporated
in concrete as part of this work. In this chapter, a detailed description of the experimental
programme is presented. The properties of the materials used for the tests are discussed followed
by the mix proportioning details.

3.2 Flexural toughness test setup and test procedure

The flexural toughness was assessed by the tests performed in a 1 MN closed-loop servo-
controlled Controls testing system. Prisms were tested in the simply-supported configuration
with a span Is of 450 mm and loads applied at the third-points (see Figure 3.1). The test procedure
generally conforms to the ICI-TC/01.1, ASTM C 1609, ACI 544-4R and JSCE SF-4 standards.

3.2.1 Deflection measurement

All significant test standards specify the measurement of net deflection at the mid-span of the
specimen. In order to avoid the effects of extraneous deformations (such as the local crushing
and movement at the supports and loading points) and obtain sufficiently accurate results, the
deflection was measured with respect to the specimen itself and with LVDT. The deflection
measurement setup used was in accordance with the requirements of ASTM 1609, JSCE-SF4
and ACI 544, and consists of a yoke (or jig) that is clamped to the specimen at mid-height above

the supports, as shown in Figure 3.1 and 3.2. The yoke frames were clamped to the specimen
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using screw heads that ensure that the supports for the horizontal bar are fixed to the specimen
while allowing for horizontal movement of the bar to accommodate the bending of the specimen.
The specimen deflection was measured here with two LVDTSs (of 10 mm span; accuracy of 0.001
micron) mounted on either side of the specimen, at mid-span, on the horizontal bar of the yoke.
The LVDTs were placed in contact with appropriate (S-shaped) brackets glued to the top surface
of the specimen. The readings of both the LVDTs were recorded and the average was taken for

the calculation of the specimen deflection.

Figure 3.1 Flexural toughness test setup
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Figure 3.2 Schematic diagrams of flexural toughness setup
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3.2.2 Test control parameters

Most standards specify a deflection rate of 0.025 - 0.075 mm/min (i.e., 0.4 — 1.2 um/s) up to the
peak load (or first crack) and then a higher rate of about 0.05 to 0.2 mm/min (i.e., 0.8 —
3.3 um/s). Here, the tests were performed under load control, at a constant rate of 100 N/s, up to
20% of the estimated peak load, and further under displacement control at the rate of 0.5 —
1.5 um/s. The switching of the control variable was done to ensure a stable initiation of the test
since the small displacements at the beginning may not be significant enough for stable servo-
control. In general, the peak load was obtained within 3-5 minutes, and the test was terminated
when the deflection exceeds 3 mm (i.e., Is/150), within 50-60 minutes of initiation. Tests on plain
(unreinforced) concrete beams were performed at the displacement rate of 0.5 um/s since the
load drop after the peak was rapid, and the tests were terminated either at complete failure of

specimen or when the load dropped down to about 10 % of peak load.

The tests were performed under closed-loop control (Gettu et al. 1996) using a CONTROLS
ADVANTEST controller, with a loop closure rate of 120 hz. The test parameters were the
proportional gain kp and the integral gain ki. The kp-values used for the test were in the range of
0.3 — 0.8 until the post peak load dropped by about 10 % of the peak load and in the range of
0.001-0.05 (varied progressively during testing) until the termination of the test (see Figure 3.3).
The ki-values were mostly maintained constant at 0.01 unless significant instability occurred (see
Figure 3.3b). However, assigning control parameters for each test was based on trials and could
not be decided beforehand due the uncertainty in the material behaviour. Even in the case where
the control parameters were well established through trials, specimens could fail suddenly due to
loss of control just after the peak load. In this work, on an average, the load deflection behaviour
could be obtained until 3 mm deflection only in two-thirds of the tests. Therefore, a minimum of
nine specimens were prepared for testing for each concrete to ensure that at least six reliable test

results are obtained.
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Figure 3.3 Screen shot of the software interface with the test in progress: (a) stable test; (b)
unstable response.

The tests were mostly terminated after the specimen attained a deflection above 3 mm.
However, in cases where there was rapid loss in load-carrying capacity in the post-cracking
regime, the test was terminated when the load dropped to about 10 % of the peak load. This was
done to prevent any damage to the test accessories due to sudden failure or uncontrolled crack

opening.
3.3 Materials used

In this study, different types of fibres were incorporated in a typical M35 concrete mix. The

properties of the materials used in the mixes are discussed in detail below.
3.3.1 Cement

Portland pozzolana cement (PPC) confirming to IS: 1489 (2005) has been used in this work. The
physical properties of cement are reported in Table 3.1 below, and the chemical composition is

reported in Table 3.2.

.Table 3.1 Physical properties of PPC (Results obtained in the laboratory)

Property Series 1 PPC
Fineness (m?/kg) 335
Initial setting time (min) 120
Final setting time (min) 282
Specific gravity (g/cm?®) 2.81
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Table 3.2 Chemical composition of the PPC used

Oxides %
CaO 51.98
SiO; 26.85
MgO 0.86
Al,O3 10.78
Fe203 5.67
SO3 2.97
K20 0.89

3.3.2 Flyash

Fly ash was used in the mix in order to improve the flow properties of concrete and to
supplement the cement. It conforms to Grade Il as per IS: 3812 (1999) and may be generally
termed as ASTM Class F fly ash. The physical properties of the fly ash used are shown in Table
3.3 and the chemical composition is given in Table 3.4,

Table 3.3. Physical properties of Class F fly ash used

Property Value
Specific gravity 2.49
Blaine specific surface area (m?/kg) 330

Table 3.4. Chemical composition of fly ash used

Oxides Amount in
%
CaOo 1.28
SiO2 59.32
MgO 0.61
Al>O3 29.95
Fe203 4.32
SO3 0.16
K20 1.44
Na20 0.16
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3.3.3 Fine aggregates

Natural sand with a grain size range of 0-5 mm, corresponding to Zone 2 (see sieve analysis
chart in Figure 3.4) was used conforming to 1S:383 (2007), having the physical properties listed
in Table 3.5.
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Figure 3.4 Grain size distribution of fine aggregates

Table 3.5 Physical properties of fine aggregates used

Property Value
Water absorption ( %) 0.63
Specific gravity 2.66
Bulk Density (g/cm?®) 3.99

3.3.4 Coarse aggregates

Crushed granite aggregates (in fractions of 5-10 mm and 10-20 mm) were used and the sieve
analysis of the aggregates done as per 1S:2386 -2007 (Part I); the sieve analysis curves are shown
in Figure 3.5. The physical properties were determined as per 1S:2386- 2007 (Part-111) and
reported in Table 3.6; the aggregates conform to 1S:383- 2007.
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Table 3.6 Physical properties of coarse aggregates

Property 10mm | 20mm

Water absorption | 0.33% | 0.30%
Specific gravity 2.78 | 2.65
Bulk density (g/cm®) | 3.81 | 3.91

120

100 m
=4=5-10 mm
/ r =#-10-20 mm

[=2] [4,2]
(=] [=]
S——
H

s 38
\
"ll-____-

Cumulative % passing

1 10 100
Sieve size in mm

Figure 3.5 Grain size distributions of 10 mm down and 20 mm down aggregates

3.3.5 Fibres

Fibres varying in material, dimensions and shapes have been used in this study at different
dosages, and the types of fibres and their relevant properties have been listed in the Table 3.7.
The fibres include conventional metallic fibres and non-metallic fibres, which may all be
categorised as macro-fibres, unconventional amorphous metallic fibres. Further details of the

fibres are given in Chapters 4 and 5.
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Table 3.7 Fibres used for FRC characterization with relevant properties

Fibre Material of Description of | Length
designation fibre the fibre of fibre
(mm)
SFA Cold drawn | Hooked-ended 50
steel wire, flattened cross
high yield section
SFB strength Hooked-ended, 60
collated, round
cross-section
SFC Undulated, 50
round cross-
section
SFD Crimped flat | Continuously 50
deformed flat
GF Glass Monofilament 36
AMF Amorphous Straight flat 20
metallic fibres
(Fe,Cr)so
P,C,Si)20

3.3.6 Superplasticizer

Whenever the mix required a superplasticizer to attain the required workability, BASF Glenium
B233, a polycarboxylate (PCE) based product was used; the liquid product has a density of
1080 kg/m3 and solid content was 33%.

3.4 Mix proportions

The test programme had concrete mixes of M35 grade with various fibres. The mix design was
mostly done conforming to the specifications of IS 10262. However, the fine to coarse aggregate
ratio used was higher (fine aggregates accounted for 40% of total aggregate content) than the
recommended value (i.e., maximum 30% of total aggregate content shall be fine aggregate) as
per IS 10262, in order to improve the flow characteristics. Since the introduction of fibres in
concrete is expected to reduce the flowability of concrete significantly, the presence of higher
fine content is required to maintain the workability (ACI 544.3R-08).
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The proportions of the mix are listed in Table 3.8 considering the aggregates to be dry and

water/binder ratio to be 0.5.

Table 3.8 Mix proportions used

5-10 mm 10-20 mm
) ) ) Water
. Cementin | Flyashin | Sand in coarse coarse .
Mix ID 3 3 3 added in
kg/m kg/m kg/m aggregates | aggregates Ka/m?
in kg/m® in kg/m® g
M35 324 36 814 348 647 180

3.5 Preparation of specimens

The materials were weigh-batched and mixed in a vertical-axis forced-action pan mixer of 250
litre capacity. Fibres were added manually to the concrete after all the other material components
(including a certain amount of superplasticizer) had been mixed together for at least 3 minutes.
The concrete was mixed for at least 2 more minutes after incorporating the required dosage of
fibres. When using the undulated fibres, more care had to be taken in dispersing them to ensure a

uniform fibre distribution than for the hooked-ended ones.

At least nine prisms of 150 x 150 x 700 mm were cast, along with nine 150 mm cubes for
each mix in two batches. While casting the prism, most of the concrete required was poured in
the middle of the mould and allowed to spread to the ends; few scoops of concrete were placed at
the ends to top off the mould. This method was followed so as to avoid any weak planes in the
zone where failure is expected to occur during testing. The cube moulds were also filled fully in
one layer. Compaction was done for all specimens by table vibration for about 15-20 seconds. It
is to be noted that special care was taken to avoid excessive vibration as this could result in the
settlement of fibres and segregation/non-uniformity of the concrete. The specimens were
demoulded after 24 hours and maintained in a mist room (for curing) until testing. During
testing, the prisms were loaded such that the direction of casting is perpendicular to the loading
direction (i.e., the specimen is rotated by 90° over its longitudinal axis with respect to the casting
position) in order to negate the unconservative bias on the toughness that could result from fibre

settlement, if any.
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3.6 Summary

This chapter presented the test setup and testing details for the determination of flexural
toughness. Description of the various parameters and test control has been provided. The
relevant issues faced during the testing have also been discussed. This chapter is a prelude to the
results and discussions of the test programme given in subsequent chapters.
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4 CHARACTERIZATION OF CONCRETES WITH
CONVENTIONAL FIBRES

4.1 Introduction

In the fibre-reinforced concrete (FRC) used in applications such as flooring, slabs-on-grade and
pavements, the appropriate incorporation of fibres provides adequate post-cracking load-carrying
capacity. In this context, it is essential to characterize (i.e., objectively quantify) the parameters
that can represent the post-cracking strength or energy dissipation capacity of FRC so as to be
included in the relevant design methodologies. As discussed in Chapter 2, such parameters,
classified as toughness parameters, need to be obtained experimentally for the FRC intended to

be used in the specific application.

The flexural toughness test methodology discussed in Chapter 2 has been applied here for
the characterization of FRCs incorporating several steel fibres available in the Indian market.
This study aims to draw attention to the fact that toughness testing is fundamental for
characterizing FRC and fibre performance, and for fibre selection, which most often in India

seems to be based on the assessment of only the compressive or flexural strength.

The test programme is intended to validate a test methodology and to develop a material
database for comparison and for obtaining target values in design, in the absence of prior data
from the field. In addition, the experience gained has helped prepare a pre-normative proposal
for flexural toughness characterization in India so as to encourage standardization of the

technology.

The chapter discusses the results of the flexural toughness tests on fibre reinforced concrete
with conventional steel fibres. In this study, different types of steel fibres (see Table 4.1) were
incorporated in M35 concrete (see Table 3.8) and flexural toughness testing was done. The mix
proportions are given in Table 3.18 of Chapter 3. The prism specimens were prepared and tested
under four point bending as described in Section 3.52 and load-deflection curves were obtained.
The flexural toughness parameters studied here are those identified to be critical to the current

application as discussed in Section 2.4. The discussion then leads to the suggestion of guidelines

73



for preparing a pre-normative proposal for the flexural toughness testing. The later part of the
chapter discusses the results of tests on FRC with macro-glass fibres done as per the suggested

guidelines. The results and the performance are compared with those of steel fibre concretes.
4.2  Steel fibre details

Two hooked-ended fibres SFA and SFB, with slightly different dimensions, and an undulated
fibre SFC, all three made by crimping cold-drawn wires (with tensile strength > 1000 MPa),
were used along with an undulated fibre SFD made from crimping half-round bars of mild steel.
The SFB fibre has a round cross-section whereas the others have flatter cross-sections, the
dimensions of which are more difficult to measure. Also, SFB is supplied in collated form —
several fibres are glued together with a water-soluble adhesive for easier handling and to avoid
fibre balling during the production of the concrete. The average values and the standard
deviations of the fibre dimensions have been determined by measuring about 100 fibres, in each
case, and are given in Table 4.1. It can be seen that the fibre SFA is the most consistent in length
whereas the fibre SFB is the most consistent in terms of the cross-section. The latter also had
better shaped ends than the former.

4.3 Results and discussions
4.3.1 Fresh properties

The fresh concrete properties of all the FRC mixes are given in Table 4.2, along with that of the
reference concrete (without fibres), M35FO0. It can be seen that the unit weight in the fresh state
is always in the range of 2400 — 2550 kg/m?, indicating that all the mixes attained comparable
degrees of compaction. The uniformity of the distribution of fibres was checked by visual
examination, and was found to be satisfactory in all the concretes. It was always possible to
obtain the desired workability (i.e., about 100 mm slump) with minor modifications of the

superplasticizer dosage.
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Table 4.1 Details of the type of steel fibres used

Fibre Type Shape of fibre Length Cross- Tensile
designa of fibre sectional strength* of
tion (mm); dimensions | fibres
avg. £ of fibre (MPa)
std. dev.) (mm);
Avg. * std.
dev.
SFA Cold-drawn Hooked- 51+0.2 | width: 1190
steel wire, ended, 0.940.05
yield strength, | flattened thickness:
crimped Cross- 1.1+£0.3
section
SFB Hooked- 61+0.5 | diameter: 1225
ended, 0.8+0.01
collated,
round
Cross-
section
SFC Undulated, 49+0.2 | diameter: 1100
round 1.0+£0.2
Cross-
section
SFD Mild steel Undulated, 51+0.8 | width: 850
half-wire, crescent 2.8£0.5
crimped shaped nominal
Cross- thickness:
section 0.75

*Data given by the fibre manufacturer
4.3.2 Compressive strength

Tests were conducted on cubes to determine compressive strength at the ages of 3, 7 and 28 days
using a 3 MN capacity Controls compression testing machine; a minimum of six specimens
(three from each of the two batches) were tested at each age. The results reported in Table 4.2
indicate that, as expected, there is no significant change in compressive strength due to the
addition of steel fibres, for the type of fibres and the dosages considered here. The evolution and
variability of the compressive strength is within the usual range and is not influenced by the
incorporation of fibres.
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Table 4.2 Fresh properties and compressive strengths of the different FRC mixes with
conventional steel fibres

Concrete Fibre | Fibre Nominal | Unit Slump | Compressive strength (MPa)
notation dosage | volume | weight | (mm) o
(kg/m?) | fraction, | of fresh (mean * standard deviation)
Vi concrete
(kg/m?)
at 3days | at 7 days | at 28 days

M35SFA45 45 0.60% 2480 85 18.6+2.9 | 26.5+2.6 | 41.9+3.0
M35SFA35 35 0.50% 2460 90 18.3£1.1 | 26.8+1.6 | 43.2+3.1
M35SFA25 °FA 25 0.30% 2460 110 16.4+1.4 | 25.2+3.5 | 42.0+1.9
M35SFA15 15 0.20% 2450 95 16.7£1.4 | 26.8+1.8 | 41.5+1.5
M35SFB30 30 0.60% 2430 110 13.7£0.7 | 21.9+0.1 | 41.6+1.8
M35SFB20 20 0.45% 2440 100 13.7+0.5 | 21.3+1.5 | 40.5+1.9
M35SFB15 °re 15 0.30% 2410 130 14.2+0.7 | 21.5+0.5 | 40.9+2.6
M35SFB10 10 0.20% 2430 90 14.8+1.4 | 21.1+1.6 | 39.2+1.8
M35SFC45 45 0.60% 2500 115 17.3£0.8 | 26.7+3.1 | 43.4+2.2
M35SFC35 35 0.45% 2540 100 17.6+0.9 | 25.4+0.8 | 44.4+4.3
M35SFC25 °Fe 25 0.30% 2530 120 17.441.3 | 25.8+1.8 | 44.2+1.0
M35SFC15 15 0.20% 2520 90 18.6+1.6 | 28.0+£0.7 | 44.8+1.6
M35SFD45 45 0.60% 2460 120 11.2+0.2 | 19.7+0.6 | 42.8+0.9
M35SFD35 35 0.45% 2415 115 11.3+0.3 | 20.0+0.9 | 40.9+2.5
M35SFD25 °rP 25 0.30% 2430 110 11.6+0.6 | 23.8+1.7 | 42.2+2.0
M35SFD15 15 0.20% 2445 100 11.9+0.2 | 22.5+0.5 | 39.7+1.3
M35F0 - 0 0 2450 105 13.4+2.1 | 20.2+0.1 | 42.4+4.0
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4.3.3 Flexural behaviour

Typical load-deflection curves for the different steel fibre reinforced concretes are shown in
Figures 4.1 (a-d). The curves corresponding to the individual specimens are reported in
Appendix A (Figures A.1 to A.16). It can be seen in the plots given on the left of each figure
(showing the behaviour up to a 500 um) in Figure 4.1 that the incorporation of the hooked-ended
fibres (see Figure 4.1(a) and (b)) do not influence the curve significantly until after the peak (say,
until a deflection of about 150 microns). For the commonly-used steel fibres (i.e., with lengths of
50 — 60 mm and aspect ratios of 50 — 80) and the dosages considered here (< 0.6%), very few
fibres come into play before and at crack initiation. Nevertheless, the peak load and the cracking
response is altered by the undulated fibres (see Figure 4.1 (c) and (d)). In general, the influence
of the fibres on the pre-peak mechanical response and the peak load is small. However, there is a
significant effect of the fibres on the post-peak behaviour, as seen in the complete records of the
load-deflection response in the plots on the right. For both the hooked-ended fibres (SFA and
SFB), there is a gradual change from softening to plastic-type response, as the fibre dosage
increases, especially beyond a deflection of about 500 um. However, by comparing Figure 4.1(a)
and (b), it can be seen that the SFB fibres, which have a higher aspect ratio (i.e.,
length/diameter), are more efficient in increasing the toughness than the SFA fibres. In the
concretes with the hooked-ended fibres, the post-peak load-carrying capacity and the area under
the load deflection curve has a direct relation with the fibre dosage and aspect ratio of the fibre,
as expected; higher aspect ratio and higher dosage impart more toughness to the concrete. In the
case of the undulated SFC fibres (Figure 4.1(c)), the drop in load just after the peak is not as
sharp as in case of the hooked-ended fibres but the response after a deflection of 500 um does
not exhibit significant improvement with an increase in the fibre dosage. Moreover, comparison
of the curves in Figure 4.1(c) with those in Figures 4.1(a) and 4.1(b) indicates that the undulated
fibres are not as efficient as the hooked-ended fibres at larger deflections or crack. The behaviour
of the concretes with the SFD fibres (see Figure 4.1(d)) is qualitatively similar to that of the
concretes with the SFC fibres, both of which are undulated. These results reinforce the fact that
straight hooked-ended fibres are more efficient than the undulated fibres in increasing the energy
absorption capacity, as has been reported in literature (Soroushian and Bayasi 1991,
Holschemacher and Miiller 2013).

77



M35SFA

Load in kN

load in kN

M35SFA

0 T T T T T T
0 100 200 300 400 500 0 500 1000 1500 2000 2500 3000
deflection in micrometer deflection in micrometer
(a)
35
35 M35SFB
M35SFB
30 1
25 4
£ 20 z
£ =
° B
8 151 3
-l
10 -
5
0 . T T T
0 100 200 300 400 500 0 500 1000 1500 2000 2500 3000
deflection in micrometer deflection in micrometer
40
* M35SFC 3 M35SFC
45 kg/m
30 1
<
£ o i
©
o kel
9
10 1
0 T T T T T T
0 500 1000 1500 2000 2500 3000
0 100 200 300 400 500

deflection in micrometer

(c)

78

deflection in micrometer



40

40

M35SFD

30 4

45 kg/m’

Load in kN
Load in kN

T T T T T T
0 500 1000 1500 2000 2500 3000

deflection in micrometer

deflection in micrometer

(d)

Figure 4.1 Typical load deflection curves for M35 concrete with different types and dosages of
steel fibres

In general, it was seen that the waviness and the scatter in the load-deflection curve is
much higher in the concretes with undulated fibres and shorter fibres than with the hooked-ended
fibres. The difference between the response of the concretes reinforced with the undulated and
straight hooked-ended fibres can be understood by considering how the two types of fibres act
across a crack. The hooked-ended fibre deforms over the straight part, while restraining the crack
opening, and then one of the ends pulls out gradually, while dissipating energy through yielding
and frictional mechanisms. The undulated fibre is forced to straighten due to crack widening, and
this leads to local strain in the fibre and crushing of concrete at the crack faces as seen in Figure
4.2. The latter type of fibre action does not seem to be as efficient as the former in increasing the
toughness, though it could increase the flexural strength slightly. Morever, the undulated fibres
result in crack branching resulting in a larger damaged area during failure and unsteady crack
propagation (which sometimes results in momentary loss of control during testing).

4.3.4 Determination of the flexural toughness parameters

From the experimentally-obtained load-deflection curves two equivalent flexural strengths, fe 300
and fe,150 have been computed as described in Section 2.4.1, for the deflection limits given by n =
300 and 150 (i.e., deflections of 1.5 and 3 mm, respectively). The mean values obtained are

presented in Table 4.3, along with the mean flexural strength (fet) found by using the peak load
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and the equivalent flexural strength ratios (Re 300 and Res0). The calculation have been done as
discussed in Section 2.4.1 of Chapter 2. The data for the unreinforced concrete are also given at

the bottom of the same table for reference.

Figure 4.2 Crack pattern after the end of the beam test: (a) larger damaged area in concrete with
SFC fibres and (b) single major crack inconcrete with SFB fibres

It can be seen from Table 4.3 that the flexural strength of FRC is slightly higher than that
of plain concrete. However, the increase does not show any clear dependence on the fibre dosage
or type, though the highest values were obtained with the undulated SFD fibre. The results
reiterate the need to carry out tests on FRC for determining the flexural strength rather than using
values obtained from empirical equations relating flexural strength with compressive strength or

from tests of plain concrete.

The equivalent flexural strengths, i.e., the fen-values, reflect clearly the increase in the
post-peak load-carrying capacity of the FRC with an increase in dosage of the hooked-ended
fibres and an increase in the aspect ratio, as expected. However, the trends are not that evident in
the cases of the undulated fibres. When the results of the concretes with the SFA fibres are
compared with those with the SFC fibres, both of which have similar dimensions but different
shapes, it can be seen that the (former) hooked-ended fibres yield better toughening than the
undulated ones, as expected. Comparison of the values of the two equivalent flexural strengths
show that fe 150 is slightly higher than or practically equal to fe 300 for the hooked-ended fibres but
is lower than fe 300 for the undulated fibres, reflecting the softening-type response of concretes
with the latter fibres.
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Table 4.3 Flexural strengths and equivalent flexural strengths of FRC with steel fibres

Concrete Fibre type and fet fe 300 Re 300 fe 150 Re 150
dosage (MPa) | (MPa) | (%) | (MPa) | (%)
(kg/m?)
M35SFA45 45 4.61 3.71 81 3.84 84
M35SFA35 SEA 35 4,78 3.46 73 3.45 72
M35SFA25 25 4.49 2.75 61 2.62 58
M35SFA15 15 4.40 2.31 53 2.14 49
M35SFB30 30 4.55 3.86 85 3.80 84
M35SFB20 20 4.52 3.17 71 3.19 72
M35SFB15 SFB 15 4.48 2.38 53 2.24 50
M35SFB10 10 451 2.05 46 1.90 42
M35SFC45 45 491 4.27 87 3.55 72
M35SFC35 SEC 35 4.47 2.85 64 2.44 55
M35SFC25 25 4.48 2.97 67 2.39 54
M35SFC15 15 4.68 1.86 41 1.55 34
M35SFD45 45 4,90 3.48 71 3.01 61
M35SFD35 35 4.89 2.92 60 2.48 51
M35SFD25 SFD 25 5.02 2.42 48 1.82 37
M35SFD15 15 511 2.46 49 2.17 43
M35F0 - 3.99 0.44 12 0.22 6

The normalized equivalent flexural strength values or the equivalent flexural strength
ratios at 3 mm (Re,150) and 1.5 mm (Re;300), have been used to identify the relative strength
retained after cracking; for example, in the case of M35SFB15, the Re 300-value of 53% indicates
that there is an average post-peak strength of about 53% of the flexural strength upto the
deflection of 1.5 mm and the Re 1s0-value of 50 % indicates that there is an average post peak
strength of 50% of flexural strength upto deflection of 3 mm. Comparison of the Rez00- and
Re,150-values gives an idea of the flatness of the post-peak curve or the retention of the post-crack
load-carrying capacity; for example, in all the concretes with the hooked-ended fibres, Re 150 is
almost the same or slightly higher than Re 300, Whereas in the concretes with the undulated fibres,
Re,150 1S lower than Re 300, indicating a drop in load-carrying capacity as the crack widens. It can

also be seen that different combinations of fibre type and dosage can have similar Ren-values,
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and that different fibres at the same dosage can give different Ren-values, which has important
implications for design. For example, both M35SFA35 and M35SFB20 have the same Re,1s0-
value of 72%, which means that 35 kg/m?® of the SFA fibre provides similar toughness as
20 kg/m?® of SFB fibre (having a higher aspect ratio).

Residual flexural strengths, fr, were calculated for n = 600, 300 and 150 as discussed in
Section 2.4.1 at the corresponding (residual) loads. The two extreme values coincide with those
specified in ASTM 1609. The mean values are presented in Table 4.4 for all the concretes tested;
note that the loads corresponding to these deflections are zero for the plain concrete. The residual
strengths obviously give the same trends as the load-deflection curves. They have an advantage
over the equivalent strengths in that they can be used to find intermediate values of residual
strengths and even estimate the equivalent strengths when the entire load-deflection curves are
not available. However, as each is dependent on a single load value, small perturbations in the
load-deflection curve can distort the measure of toughness, especially when the scatter in the
experimental response is high. In the case of undulated fibres, it can be seen that fr 150 is on
average less than 40% of fre00 as compared to a maximum drop of 20 % for the straight hooked-
ended fibres. These values confirm the inability of the undulated fibres to maintain the load-
carrying capacity over large crack openings deflection when compared with the latter.
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Table 4.4 Mean residual strengths

Concrete Fibre type and fet fr 600 fr 300 fr.150
dosage in kg/m® | (MPa) (MPa) (MPa) (MPa)

M35SFA45 45 4.61 3.48 3.69 3.59
M35SFA35 SEA 35 4,78 3.17 3.43 2.97
M35SFA25 25 4.49 2.09 2.10 2.08
M35SFA15 15 4.40 1.75 1.50 1.56
M35SFB30 30 4.55 3.65 3.66 3.24
M35SFB20 SFB 20 452 2.91 2.91 2.62
M35SFB15 15 4.48 2.16 2.17 1.87
M35SFB10 10 451 1.78 1.71 1.46
M35SFC45 45 491 421 3.01 2.13
M35SFC35 35 4.47 2.80 2.6 151
M35SFC25 SFC 25 4.48 2.63 2.3 1.53
M35SFC15 15 4.68 1.76 15 0.51
M35SFD45 45 4.90 3.38 2.96 1.72
M35SFD35 SFD 35 4.89 3.02 2.62 1.65
M35SFD25 25 5.02 2.29 1.65 0.70
M35SFD15 15 511 2.30 2.14 1.66

4.3.5 Implications of the variations in the toughness parameters for design

In general, it can be stated that the dosage of the fibre should be such that the equivalent strength
be at least 30% of the flexural strength. Practically all the cases studied here satisfy this
requirement. However, the fibre type and dosage to be used in an application depends on the
design requirement, which can be met by several combinations that can provide the desired

toughness.

Another significant issue in design is the use of the characteristic strength. As in most

civil engineering applications, we define the characteristic value as:

g, = 0,,—KS (4.2)
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where och and om are the characteristic and mean values, respectively, k is a factor that depends
on the acceptable risk or confidence, and s is the standard deviation of the parameter. It has been
argued that in the case of slabs and tunnel linings, the risk can be higher than 5% due to the
stress redistribution capacity, low danger due to local failure and so on. However, as usual in
structural design, we permit only a risk of having up to 5% of the values below the characteristic

value used in design, we take the multiplier corresponding to 95% confidence, that is, k = 1.64.

Table 4.5 shows the data obtained from the tests for different toughness parameters
corresponding to the deflection limit of 3 mm, along with the flexural strength, in terms of the
mean and characteristic values, and coefficient of variations (CoV), each from about 6 trials. It
can be seen observed that the variation of results is, in general, much lower for straight hooked-
ended fibres in comparison with the undulated fibres, which is also reflected in the characteristic
values. On average, the CoVs obtained here for ft range from 9% to 13%, for fe,150 from 13% to
21%, for Re ;3 from 13% to 21%, and for fr 150 from 19% to 39%. It is evident that the toughness
parameters will have higher variability than the flexural strength and much more than the
compressive strength. Also, the scatter in the values of the residual strength is much higher than
in the equivalent strength, which implies that the latter is a more reliable parameter than the
former. Further, the lowest CoVs are for the SFB fibre (which has the least variability in the
cross-section dimension) whereas the undulated fibres yield higher CoVs, especially for fr 1s0.
Note that fibres yielding higher CoVs will require relatively higher dosages to meet the
characteristic toughness requirement than fibres with lower CoVs (see Equation 4.1).
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Table 4.5 Variability in the flexural toughness parameters

Concrete | fa(MPa) fe,150(MPa) Res % fr150 (MPa)
mean CoV (%) Charact- | Mea | CoV (%) Charact- | mea | CoV (%) Charact- | mean | CoV (%) Charact-
eristic n eristic n eristic eristic
value value value value

M35SFA45 | 4.61 9 3.95 3.84 |6 3.45 84 5 78 3.59 8 3.12
M35SFA35 | 4.78 11 | Avg 3.94 3.45 |18 2.43 72 17 Avg 52 2.97 19 | Avg | 2.06
M35SFA25 | 4.49 8 10 3.93 262 |15 1.98 58 10 15 49 2.08 20 | =21 |1.38
M35SFA15 | 4.24 13 3.35 1.87 | 33 0.85 44 29 23 1.56 35 0.67
M35SFB30 | 4.55 13 3.57 3.80 |16 2.78 84 10 70 3.24 21 2.13
M35SFB20 | 4.52 10 | Avg 3.77 3.19 |8 2.76 72 16 Avg 53 2.62 9 Avg | 2.25
M35SFB15 | 4.48 9 4.17 2.24 |16 1.65 50 14 13 39 1.87 24 =19 |1.14
M35SFB10 | 4.51 3.85 190 |11 1.56 42 10 35 1.46 21 0.97
M35SFC45 | 4.91 12 3.98 3.55 |17 2.53 72 11 59 2.13 30 1.08
M35SFC35 | 4.47 14 | Avg 3.45 244 | 15 1.83 55 13 Avg 43 1.51 35 | Avg | 0.64
M35SFC25 | 4.48 8 12 3.87 239 |18 1.70 54 22 20 35 1.53 39 =39 | 0.55
M35SFC15 | 4.68 15 3.52 155 | 26 0.89 34 34 15 0.51 51 0.08
M35SFD45 | 4.90 3 4.63 3.01 |16 2.23 61 16 46 1.72 20 1.16
M35SFD35 | 4.89 12 | Avg 3.95 248 | 29 1.30 51 23 Avg 32 1.65 20 | Avg | 1.09
M35SFD25 | 5.02 12 9 4.01 1.82 |23 1.13 37 27 21 21 0.67 52 =30 | 0.10
M35SFD15 | 5.11 10 4.28 217 | 17 1.56 43 17 31 1.68 28 0.89
M35SFO 3.99 13 - 3.12 0.22 | 26 0.12 6 16 4 0 - - 0
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In the absence of test data, the characteristic equivalent flexural strength of FRC is often
taken as 70% of the mean value (e.g., TR34), which corresponds to a CoV of 18%, if k = 1.64
(see Equation 4.1). From the values in Table 4.5, it can be seen that this assumption is acceptable

for the hooked-ended fibres but is unconservative for the undulated fibres; a better assumption

for the undulated fibres would be a characteristic equivalent flexural strength that is 65% of the

mean value). On the other hand, the characteristic residual strength value can be as low as 65%

for the undulated fibres and 36% for hooked-ended fibres with respect to the mean values.

4.4 Guidelines for flexural toughness characterization

Based on the tests performed in this study and other experience, the following are recommended

for consideration in an Indian test standard that could be brought out in the near future:

The test shall be performed on unnotched prisms of 150 x 150 x 700 mm under four
point bending with a span of 450 mm. These dimensions are valid for concretes having
aggregates with maximum grain size of up to 25 mm and fibres of up to 60 mm in length.

The loads are to be applied at thirds of the span. The supports should be such that the
rollers are able to freely rotate on their axes with no restraints; i.e., they should not be
placed in grooves. Three rollers, as shown in Figure 3.2, including the two upper ones,
shall be capable of being inclined in a plane perpendicular to the longitudinal axis of the

specimen.

Since a high amount of energy could be released upon cracking, which could destabilize
the test, a very stiff testing frame is an essential requirement. Further, the test is to be
performed at a prescribed deflection rate, which necessitates the use of a servo-controlled
hydraulic system. The operator should be familiar with closed-loop or feedback loop

testing and the adjustment of the control (PID) parameters to ensure stable testing.

For toughness characterization, it is recommended that the flexural strength and the
equivalent flexural strengths fen, with n = 150 and 300, be specified. The residual
strengths have been found to exhibit high scatter and the equivalent strength ratios could
be misleading when used as the only FRC parameter, and are, therefore, not

recommended.
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[Note: The guidelines have been the basis for a FRC guideline in India, published under the onus
of Indian Concrete Institute as a technical recommendation -ICI TC/01.1 (2014), Test Method for

the Flexural Strength and Flexural Toughness Parameters of Fibre Reinforced Concrete.]
4.5 Characterization of FRC with glass fibres as per the suggested testing guidelines

In compliance with the guidelines developed for flexural toughness characterization, testing was
also done for FRC with macro-glass fibres in order to assess the performance. The details of the

fibres are given in Table 4.6.

Table 4.6 Details of the glass fibres used (properties as reported by the manufacturer)

Fibre Type Shape of fibre Length | Aspect ratio Tensile
designation of fibre strength of
(mm) fibres
(MPa)
GF Glass Monofilament 36 67 1700

The mix was prepared by incorporating various dosages of glass fibres in M35 grade
concrete having the same mix proportions as that used for the steel fibre mixes. The mix
designations and the dosages are shown in Table 4.7. Four mixes including the plain concrete
mix were prepared and tested as discussed in the guidelines (Section 4.4). The fresh concrete

properties and the compressive strengths at 28 days are reported in Table 4.7.

Table 4.7 Mix designations and details of various GFRC used including fresh concrete properties
and compressive strength (meanzstd. deviation)

Mix ID Fibre % Super- Unit | Slump (mm) Compressive
dosage | volume | plasticizer | weight strength (MPa) at
fraction dosage of fresh 28 days
(%) concrete
M35GF15 15 0.6 0.49 2470 55 44,9 £3.1
M35GF10 10 0.4 0.35 2420 70 445125
M35GF5 5 0.2 0.19 2440 75 45.8 +2.4
M35GFO0 0 0 0.05 2450 105 42.4+4.0
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45.1 Fresh properties

The target slump was 100 mm and superplasticizer (SP) was added to attain the slump. It can
be seen that the dosages of superplasticizer used is higher for the fibre mixes since the loss of
workability due to fibre addition had to be compensated (especially at dosages of 10 kg/m? and
15 kg/m3). However, even with high SP dosages (beyond which the mixes segregated), the target
slump was not achieved (see Table 4.7). Nevertheless, all the mixes were uniform and had
enough workability to be handled during fabrication and so further attempts to increase the
slump by modifying the matrix was not done. The unit weight of all mixes is in the range of 2400
— 2500 kg/m?3, suggesting that the mixes were uniform.

4.5.2 Compressive strength

The compressive strength values in Table 4.7 indicates that the fibre incorporation has no
influence on the values and the variability is similar to that of the steel fibre concretes (see
Section 4.3.2).

45.3 Flexural behavior

Typical load-deflection curves of the various mixes are shown in Figure 4.3. The curves

corresponding to the individual specimens are reported in Appendix B.
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Figure 4.3 Typical load-deflection curves for M35 concrete with different dosages of glass fibres
(@) up to 300 um deflection (b) up to 2000 um deflection

One observation from the load-deflection response is that the effect of fibres in post peak
regime is negligible at larger deflections (>1000 um). However, the presence of fibres slightly
enhances the load carrying capacity at and immediately after the peak load, at smaller
deflections. Another striking feature, is the low influence of the increase in fibre dosage on the
performance unlike in steel fibres. The curves are close to each other suggesting that an increase
in dosage of 5 kg/m® does not cause any significant increase in the residual capacity after
cracking.

4.5.4 Flexural toughness evaluation

The flexural toughness parameters were calculated, as in the case of steel fibre concrete, and
are reported in Table 4.8. The values suggest an increase in the flexural strength with an increase

in the dosage of glass fibres, the maximum increase being about 40% with reference to the
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strength of plain concrete, as seen in Table 4.8. However, as far as the post-peak performance is
concerned, the results reiterate the relative ineffectiveness of glass fibres, incorporated in the

mixes in this study, in enhancing the flexural capacity especially at higher deflections.

Table 4.8 Flexural strengths and equivalent flexural strengths of FRC with glass fibres

Fibre type and
Concrete dosage in fet fe,300 Re,300 fe,150 Re,150
3 (MPa) (MPa) as % (MPa) as %
kg/m
M35GF15 15 5.08 1.27 25 0.70 14
M35GF10 GF 10 4,73 1.23 26 0.63 13
M35GF5 5 4.63 1.05 23 0.54 12
M35F0 0 3.60 0.44 12 0.22 6

Another observation is that there is no improvement in any of the parameters with an
increase in dosage. The residual strength values shown in Table 4.9 indicate that even at lower
deflections of 0.75 mm (i.e., span/600) the residual strengths are not significant, even at high
dosages, which contradicts the results reported in literature. The glass fibres seem to yield
toughening at lower deflections (of up to about 1.5 mm), after which fibre pullout occurs. It is
possible that the lower performance of these fibres in the current study could be due to the use of

crushed granitic aggregates, as opposed to rounded aggregates.

Table 4.9 Residual flexural strengths of FRC with glass fibres.

Fibre type and
Concrete _ fr.600 fr 300 fr.150
dosage in
(MPa) (MPa) (MPa)
kg/m3
M35GF15 15 0.92 0.39 0.00
M35GF10 GF 10 0.92 0.30 0.00
M35GF5 5 0.77 0.26 0
M35F0 0 0 0 0

In Table 4.10, the variability of results has been assessed and it is observed that the

variability of all parameters is lower than that of the steel fibre mixes. This could be attributed to
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the mechanism of pullout through slipping that dominates the fibre behavior leading to less

variability.

Table 4.10 Variability in the flexural toughness parameters for glass fibre reinforced concrete

Concrete fee (MPa) fe.150 (MPa) Re3 (%)
mean Charact- Charact- Charact-
CoV (%) | eristic | Mean | CoV (%) eristic | mean CoV (%) eristic
value value value
M35GF15 | 5.08 | 8 4.5 070 | 14 0.54 14 11 12
Avg Avg Avg
M35GF10 | 473 | 7 | _ 4.2 0.63 | 18 ~17 0.44 13 17 ~ 16 11
M35GF5 463 | 3 4.4 054 | 18 0.38 12 19 9

4.6 Summary

The chapter discusses the results obtained from the characterization programme on steel and
glass fibre reinforced concrete. Various dosages of each fibre were incorporated in M35 grade
concrete, and their fresh concrete and hardened concrete properties were discussed. The
parameters included compressive strengths and flexural strength, along with the flexural
toughness parameters. The results contribute to a material database to facilitate incorporation in

design models developed in later chapters. The specific conclusions drawn from the study are:

e Toughness testing should essentially be done under stable deflection control so as to
adequately capture the post-peak response. It is recommended that nine specimens be
prepared for testing to ensure that at least six reliable test results are obtained since

specimens could fail suddenly due to loss of control just after the peak load.

e The compressive strength of the concrete is not affected by the incorporation of the steel

fibres considered here at dosages up to 0.6% (by volume of concrete).

e The incorporation of hooked-ended steel fibres does not influence the peak load in the
flexural tests significantly. On the otherhand, the peak load and the cracking response are
altered by the undulated steel fibres. However, for volume fractions of up to 0.6%, the
incorporation of steel fibres can only enhance the flexural strength slightly, say up to
10%, and cannot be accounted for in design.
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From the load-deflection behavior, it can be concluded that at large deflections the
hooked-ended steel fibres are more efficient in comparison to the undulated fibres and
vice versa at smaller deflections. Such behavior can be attributed to the different
mechanisms of pull out in the two types of fibres that include elongation and then pull out
for hooked end fibres, and straightening of undulated fibres with subsequent cracking and

crushing of the concrete without substantial straining of the fibres.

The equivalent flexural strengths, i.e., the fen-values, increase with an increase in dosage
of the hooked-ended steel fibres and an increase in the aspect ratio, as expected.

However, the equivalent flexural strengths for undulated fibres do not show a clear trend.

Comparison of the values of the equivalent flexural strength for different steel fibres
show that fe 150 is slightly higher than or practically equal to fezo0 for the hooked-ended
fibres but is lower than fesoo for the undulated fibres, reflecting the softening-type
response of concretes with the latter fibres. Consequently, in all the concretes with the
hooked-ended fibres, Re 150 is almost the same or slightly higher than Re 300, Whereas in
the concretes with the undulated fibres, Re 150 is much lower than Re 300, indicating a drop
in load-carrying capacity as the crack widens. Also, the residual strength at the deflection
of 1/150 mm for the undulated fibres is on an average less than 40% of the residual
strength at 1/600 mm as compared to a maximum drop of 20 % for straight hooked-ended
fibres. These results indicate that the hooked-ended steel fibres are more efficient in

retaining the post-cracking load-carrying capacity than the undulated fibres.

It has been illustrated that different combinations of steel fibre type and dosage can have
similar toughness values, and different fibres at the same dosage can give different

toughness values, which has important implications for design.

On average, the scatter in the values of the residual strength is much higher than in the
equivalent strength, which implies that the latter is a more reliable parameter than the
former. Further, the lowest scatter is observed for the SFB fibre, which has the least

variability in the cross-section dimension and shape.
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From the analysis of test results, the characteristic value of the equivalent flexural
strength of hooked-ended steel fibre concrete can be conservatively considered to be 0.7

times the mean value, and for undulated fibres a lower value of 0.65 may be used.

The flexural toughness parameters of the glass fibre reinforced concrete indicate a limited
influence on the post-cracking behaviour especially at higher deflections (above 0.5 mm)

though there is some enhancement of the flexural strength.

Based on the experience gained from the test programme on steel fibre concrete, detailed
guidelines have been prepared for flexural toughness characterization of FRC. The
guidelines have paved the way for an FRC guideline in India, published under the onus of
Indian Concrete Institute as a technical recommendation ICI TC/01.1 (2014), Test
Method for the flexural strength and Flexural Toughness Parameters of Fibre Reinforced
Concrete.
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5 CHARACTERIZATION OF CONCRETES WITH HYBRID
COMBINATION OF AMORPHOUS METALLIC AND STEEL
FIBRES

5.1 Introduction

From the discussion in Chapter 2 on different types of fibres, it is evident that the shorter
(micro) fibers used in larger quantities enhance the resistance against crack initiation and/or
delay damage localization, resulting in a substantial increase in the tensile or flexural strength.
On the contrary, longer macro-fibers improve the toughness, after crack localization, as
illustrated by the results of tests discussed in Chapter 4.

Amorphous metallic fibers (AMF), such as those fabricated with an iron-chromium alloy, are
an interesting family of fibers, because of the corrosion resistance and high tensile strength (Choi
et al. 2014). Tests on concretes with AMFs, as reported in literature, suggest that there is
enhancement in the resistance to crack initiation, resulting in the significant increase in the
flexural and tensile strengths. Consequently, several researchers have proposed the incorporation
of AMFs in structural concrete, as supplementary reinforcement (Rossi 1992, Casanova and
Rossi 1996, Hameed et al. 2009a, 2013). However, the influence of these fibers at larger crack
widths does not seem to be encouraging (Rossi 1992, Pons et al. 2007, Hameed et al. 2009b,
2010).

In FRC applications, where a certain amount of cracking can be allowed under service
conditions (e.g., in slabs-on-grade and pavements), the loss of load-carrying capacity due to the
corrosion of fibers is a matter of concern. The use of AMFs in combination with conventional
hooked-ended cold-drawn steel fibers (SF) may be a suitable solution to mitigate the loss in load-
carrying capacity over time since conventional steel macro fibers, at comparable dosages,
improve ductility and the post-cracking performance, resulting in a long pseudo-ductile “tail” in
the load-deflection response of the concrete as seen in Chapter 4. Consequently, the performance
of the hybrid system has been investigated through a flexural toughness test programme lines as

discussed in Chapters 3 and 4. Since the mechanisms of action of the AMF and SF enhance the
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response at different stages of crack evolution, the suitability of combining them is assessed for a

possible synergistic effect.

Initially a short discussion of AMF is presented in the chapter since these fibres are different
in composition and behavior with respect to the conventional fibres. A discussion on the tests
performed in order to assess the corrosion resistance followed by the flexural toughness testing,
done as per the guidelines in Chapters 3 and 4, is presented. Based on the results of the flexural
toughness on concrete mixes with single fibres, hybrid mixes have been designed and tested. The

results are followed by a study of the synergistic response due to the fibre combination.
5.2  Amorphous metallic fibres

Amorphous metallic fibres (AMF), with the composition given by the manufacturer as
(Fe,Cr)80 (P,C,Si)20, have been used in conjunction with collated hooked-ended cold-drawn
steel fibers (SF); the properties of both fibers are given in Table 5.1. The incorporation of AMF
in concrete has been shown to increase the flexural strength of concrete significantly (Rossi
1992, Pons et al. 2007, Hameed et al. 2010, Won et al. 2013, Choi and Ku 2014). The SF was
chosen to represent fibers commonly used in applications such as flooring, pavements and
structural elements. The effect of such hooked-ended steel fibers on improving the flexural
toughness has been well established (e.g., Nayar et al. 2014). The amorphous nature of the AMF
was verified through X-Ray diffraction analysis using a Panalytical X’pert-Pro apparatus, with
Cu-Ka radiations, 20° to 90° sweep, 0.02° step size and 20s duration per step; the XRD spectrum
shown in Figure 5.1 for AMF is devoid of peaks that are characteristic of crystalline phases, as

evident in the SF spectrum.

Table 5.1 Fibres used and their properties (as given by the manufacturers)

Fibre type Shape Dimensions Minimum Density
tensile strength (kg/m?3)
(MPa)
Amorphous | Straight, flat length =20 mm 1400 7200
metallic width =1 mm
(AMF) thickness = 24 um
Steel (SF) Hooked- length = 60 mm 1225 7800
ended, round diameter = 0.8 mm
cross-section
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Figure 5.1 XRD spectra of AMF and SF

As mentioned earlier, one of the benefits of the AMF is the corrosion resistance (Redon and
Chermant 1999, Hameed et al. 2010). In order to assess this, samples of SF and AMF were
immersed in a solution of 3.5% NaCl in water for 4 weeks; SF showed significant rusting within
a week and continued to corrode further whereas the AMF exhibited slight staining in a few

fibers after 3 weeks (see photographs of the fibers before and after immersion in Figure 5.2 and

5.3).
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Figure 5.3 Fibres after 4 weeks of immersion in 3.5 % NaCl solution.

5.3 Experimental programme

Flexural toughness testing was done as discussed in Chapter 3 and follows the guidelines
given in Section 4.4 of Chapter 4. The fibres were incorporated in M35 grade concrete with the
mix proportions as in Table 3.8. The different dosages of fibres used are given in Table 5.2. Note
that SF was incorporated at the minimum recommended dosage of 15 kg/m3 based on
performance obtained in the test programme as discussed in Chapter 4. Compressive strength
tests were conducted at the ages of 3, 7 and 28 days, and flexural tests at the age of 28 days.
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Table 5.2 .Concrete designation and fibre dosages

Concrete Fibre Dosage Volume
type kg/m?® fraction, %

FO

(Control) ) 0 0

SF15 SF 15 0.20

AMF10 AMF 10 0.14

AMF20 AMF 20 0.28

AMF30 AMF 30 0.42
SF 15

S15AMF10 AME 10 0.34
SF 15

S15AMF20 AME 20 0.48

5.4 Results and discussions

The fresh concrete properties and the compressive strength values at the ages of 3, 7 and 28 days
are given in Table 5.3 for all the concretes. The slump values reflect the decrease in workability
due to the incorporation of the AMF in spite of an increase in the superplasticizer dosage. This
can be attributed to the large number of fibers added in the case of the AMF (i.e., in the order of
8.3 million/m*® of concrete for a fiber dosage of 30 kg/m®), which restricts the flow of the
concrete significantly (Pons et al. 2006). Nevertheless, the low variation among the unit weight
values indicates that all the mixtures had uniform compaction suggesting that concretes with

slump values as low as 40 mm could be used in practice.

The compressive strength values are slightly higher in the concretes with AMF. The

evolution of compressive strength and its variability are within the usual range, and not

influenced by the incorporation of fibers.
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Table 5.3 Fresh concrete properties and compressive strengths

Concrete Super- Slump Unit Compressive strength MPa (mean +
plasticizer | mm weight std. dev)
dosage (% of fresh 3-day 7-day 28-day
by weight concrete
of binder) kg/m?®
FO 0.05 105 2450 13.4+2.1 | 20.240.1 | 42440
SF15 0.15 130 2410 14.2+0.7 21.5+£0.5 40.9£2.6
AMF10 0.13 100 2470 14.7+0.1 22.7£0.4 43.0£1.9
AMF20 0.26 70 2440 14.6£0.3 | 22.740.4 | 43.2+15
AMF30 0.50 40 2415 14.2+0.5 23.4+1.1 43.2£0.5
S15AMF10 0.15 110 2410 15.0+0.6 24.0£0.7 42.5£0.7
S15AMF20 0.35 40 2405 16.3+1.8 | 25.2+0.6 | 45.2+0.9

Figure 5.4 shows typical load-deflection curves for the different concretes studied. The
curves corresponding to the individual specimens are reported in Appendix C. It can be observed
that the incorporation of AMF increases the peak load significantly and leads to hardening-type
behavior before the load-carrying capacity drops (Figure 5.4(a)). It can be seen in Figure 5.4(b)
that the load decreases significantly in the AMF concrete after a displacement of about 0.3 mm
and is almost zero beyond the deflection of about 2 mm. This is in accordance with earlier
reports that only higher dosages of AMF (above 0.4 % volume fraction) result in any significant
increase in flexural toughness (Won et al. 2013, Choi and Ku 2014). However, the SF concrete,
even though the dosage is only 15 kg/m?3, has a softening response with little effect of the fibers
on the peak load but with considerable retention of load-carrying capacity, as expected (Nayar et
al. 2014). The differences in the responses suggest that hybrid mixes of SF and AMF could result
in superior performance, compared to that of concretes with the individual fibers. Accordingly,
tests were performed on the hybrid SIS5AMF10 and SI5AMF20 concretes (see Table 5.2); the
typical load-deflection curves of these mixtures are shown in Figure 5.5, along with the curves
for concretes with only AMF. The curves corresponding to individual specimens for each mix

are given in Appendix C.
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Figure 5.4 Typical curves for the different concretes shown (a) upto 250 um deflection, and
(b) upto 3000 pm deflection.
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Figure 5.5 Typical curves of different mixtures including hybrid mixtures (a) upto 200 pum
deflection, and (b) upto 3000 um deflection.

The load-deflection curves of the hybrid mixtures indicate significant enhancement in the

peak load, as well as appreciable post-peak load carrying capacity, even at larger deflections. It is
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interesting to note that there is better post-peak performance in the hybrid mixtures than in the
concretes with individual fibers confirming the synergistic response. For example, the load-
deflection curve of SF1I5AMF10, at larger deflections, exhibits a much higher load-carrying
capacity than SF15 though the AMF10 contribution (in isolation) is negligible. The results
indicate that the longer fibers provide better synergy since results obtained earlier by Hameed et
al. (2009b, 2010) using shorter fibers did not show any comparable synergistic enhancement of

properties at lower dosages.

Using the load-deflection curves, the flexural toughness parameters were calculated as
discussed in Chapter 2. The average values of the different toughness parameters, for all the
mixtures, are shown in Table 5.4, along with the coefficients of variation. It is seen that there is
higher scatter in the results obtained for concretes with lower dosages of AMF, while for other
concretes the variations are similar to that seen in typical steel fiber reinforced concretes (e.g.,
Nayar et al. 2014).

From the comparison of results in Table 5.4, the most significant observation is the
considerable increase in the flexural strength, f, of the concrete with the addition of AMF fibers
with respect to that of plain concrete; an increase of about 30% is obtained when the AMF
dosage is 10 kg/m? and of about 90% for a dosage of 30 kg/m?®. This can be attributed to the large
number of fibers at the crack region that enhance the crack resistance, and to the good bond of
these fibers with concrete due to a high specific surface area (Kawatama et al. 2003, Hameed et
al. 2010, Won et al. 2013). However, the AMF fiber could be ineffective at larger deflections
(beyond 0.5 mm), especially at lower dosages, due to the rupturing of fibers (Pons et al. 2007,
Hameed et al. 2010, Won et al. 2012).

The flexural toughness of the hybrid mixtures is much better than that of the mixtures with a
single type of fibers due to the synergistic effects. For example, the equivalent flexural and
residual strength values at n=150, fe150 and fr,150, are about 35% more in SFISAMF10 than the
values for concrete with steel fiber alone, and the Re,1s0-value is about 15% more. Similarily,
synergistic behavior has been reported in literature for hybrid mixtures with longer AMF fibers
(length = 30 mm) at higher dosages (Granju et al. 2004, Nehdi and Ladanchuk 2004, Pons et al.
2007, Hameed et al. 2009b, 2010). This can also be attributed to the improved anchorage of the

macro-fibres due to the confining effect produced by the AMF reinforcement.
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Table 5.4 Flexural toughness parameters (means and coefficients of variation)

Concrete fet fe.300 fe 150 fre00 fr300 fr150 Re,150 Re,300
MPa (MPa) (MPa) (MPa) (MPa) (MPa) (%) (%)
FO 3.58 0.44 0.22 0 0 0 6 12
(£13.4%) | (£40.2%) | (+41.2%) (£33%) | (+33%)
SF15 4.48 2.38 2.24 2.16 2.17 1.87 50 53
(£4.3%) | (£11.2%) | (£15.9%) | (£15.9%) | (£20.5%) | (+23.8%) | (+14%) | (+9%)
AMF10 4,56 0.92 0.46 0.40 0 0 10 21
(+13.6%) | (£29.8%) | (+29.8%) | (+99.0%) (+23%) | (£23%)
AMF20 5.87 151 0.76 1.00 0 0 13 26
(£6.1%) | (+18.3%) | (+18.5%) | (+17.8%) (£18%) | (+19%)
AMF30 6.85 2.76 1.44 2.09 0.57 0 21 40
(£4.4%) | (11.0%) | (+15.5%) | (+19.4%) | (+80.1%) (£12%) | (+8%)
S15AMF10 5.43 3.33 3.08 3.09 3.04 2.56 56 61
(+7.0%) | (£20.29%) | (£25.2%) | (+24.6%) | (+25.1%) | (+33.8%) | (£22%) | (+17%)
S15AMF20 6.37 3.95 3.36 3.66 3.03 2.48 53 62

(£7.1%) | (£15.1%) | (£16.7%) | (£17.7%) | (£22.1%) | (+21.4%) | (£11%) | (+9%)

5.5 Synergistic behaviour and its implications

It has been suggested that the behaviour of concrete with hybrid reinforcement can be predicted
by the simple use of the rule of mixtures (Granju et al. 2004, Pons et al. 2007; Hameed et al.

2010). Consequently, the hybrid behaviour should correspond to:
FRC response = Matrix response + Sum of the fibre responses (5.1)

Accordingly, estimates of the toughness and strength properties of the hybrid fiber concretes
were made from the properties obtained experimentally with a single type of fiber. The estimated
and measured values of the parameters are shown in Table 5.5. From the comparison, it can be
seen that except for the flexural strength, there is always a significant difference between the
estimated and measured parameters, with the post-peak load-carrying capacity and toughness
being under-estimated. This reflects the beneficial synergy due to the combined effect of the

fibers.
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Table 5.5 Comparison of toughness parameters obtained from test results and estimated using the
rule of mixtures

fet feiso | fesoo | fraso | frzo0 | Reiso | Re300
Concrete (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (%) (%)
Estimated | 5.47 2.48 2.86 1.87 2.17 45 52
SF15AMF10 | Measured | 5.43 3.08 3.33 2.56 3.04 56 61
Estimated | 6.78 2.78 3.45 1.87 2.27 41 50
SF15AMF20 | Measured | 6.37 3.36 3.95 2.48 3.03 53 62

The synergistic effect was further studied by comparing the estimated load-deflection curves
with the experimentally-obtained curves. The fiber contribution to the load-deflection response
was estimated by subtracting the matrix contribution (F0), as done by Pons et al. (2007), from
the average load-deflection curves of the fiber concretes (Figure 5.6); for example, the curve
labeled as SFI5AMF10-FO0 is the curve obtained by subtracting the average load values from the
tests on FO from those of SF1I5AMF10 (see Figure 5.5) at different displacement values. It can be
seen that curves AMF10-FO and AMF20-FO show negligible contributions beyond the
displacement of about 1 mm whereas the contributions of the hybrid fibers (shown by the curves
SF15AMF10-FO and SF15AMF20-F0) are much more than that of the steel fiber alone (SF15-
F0), as well as the sums of the individual contributions (given by the curves SF15-FO+AMF10-
FO and SF15-FO+AMF20-FQ). Due to the synergistic effect, the rule of mixtures underestimates
the response of the concretes with the hybrid fiber combinations. This is also evident in Figure
5.7, where the estimated load-deflection curves of the concretes with the hybrid fiber
combinations (obtained as SF15+AMF10-F0 and SF15+AMF20-F0) are compared with the band
of data from the tests on SFI5AMF10 and SF15AMF20, respectively. It can clearly be seen that
the most of the experimental data lie above the average response estimated with the rule of

mixtures.
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5.6 Summary

The experimental study shows that the contribution of amorphous metallic fibres (AMF) to
concretes having hybrid combinations with conventional cold-drawn steel fibres (SF) is

significant. The specific conclusions drawn, considering the parameters studied, are:

From the experimental investigation, the corrosion resistance of AMF fibres in

comparison to conventional steel fibres has been demonstrated

e Incorporation of AMF increases the flexural strength of concrete significantly; the
increase is about 90 % when its dosage is 30 kg/m?. The addition of SF does not alter the

flexural strength considerably, as expected.

e In the post peak regime, the incorporation of AMF could be ineffective at larger

deflections (beyond 0.5 mm), especially at lower dosages, due to rupturing of fibers.

e More importantly, the performance of concretes reinforced with the hybrid combinations
is significantly enhanced due a synergistic effect between the AMF and SF. For example,
the modulus of rupture or flexure strength and the equivalent flexural strength values
increase by 21% and 35%, respectively, when 10 kg/m® of AMF are incorporated in a

concrete with 15 kg/m?® of SF.
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6 DESIGN METHODOLOGY FOR FIBRE REINFORCED
CONCRETE SLABS-ON-GRADE

6.1 Introduction

As has been discussed in Chapter 2, there is no standardization of the design and application
methodologies for fibre reinforced concrete slabs-on-grade, especially in countries like India
where the advent of this technology is relatively new. On a global level, a few guidelines are
available, such as the Concrete Society Guidelines for Industrial floorings TR34 (1994, 2003,
2013), ACI 360 R, FIB Model CODE 2010 and DBV recommendations, which have been
essentially developed based on the performance of concrete, climatic and usage requirements of
the respective countries or regions. Consequently, the current work aims at developing and
suggesting a comprehensive design methodology for slabs-on-grade with fibre reinforced
concrete, including guidelines for design and application.

This chapter has a brief discussion stating the limitations identified in the existing methods
for FRC slabs-on-grade design, followed by a detailed description of the design methodology
and design equations. The suitability of the adopted material parameters is also demonstrated
using comparisons with test/numerical analysis results from the literature. A parametric study is
further discussed in order to identify the significance of each of the design variables. The chapter
also presents a complete case of design done as per the suggested method. The design framework
is followed by a comparison of the suggested method with existing design guidelines and

methods.
6.2 Critical factors to be considered in design of slabs-on-grade

For the purpose of analysis it is essential to understand the actions on the slab that cause critical

stress conditions. The major actions are discussed below.
6.2.1 External actions (wheel loads, rack loadings, line loads, etc.)

Major stresses occurring in the slabs are the tensile/bending stresses developed due to external
point/patch loads, uniformly distributed loads and line loads. The most critical in this regard is

the patch load, such as that caused by a wheel load or the load from a rack support base, which is
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usually approximated as a point load (TR34 2003, Knapton 2005). In the case of industrial
flooring, it is essential to consider the positioning of adjacent patch loads representing frames
placed side-by-side and choose the load magnitude appropriately. The occurrence of line loads or
uniformly distributed loads are also to be considered in design, in terms of stacking loads, fixed

equipment loads, partition walls etc.

In addition to loading, an important consideration in the case of design is the position of the
load with respect to the edges, joint and corners. From a review of the existing design
techniques, it is understood that three loading conditions are critical:

e Load in the centre/interior of the slab (away from the edge of the slab)

e Loading on a free edge

e Loading at a free corner.

Most of the literature on the analysis of concrete slabs-on-grade has discussed the above
three positions of loading and have suggested separate equations for the stresses, deflections or
moments in the slab in each of these cases (Westergaard 1945, Losberg 1961, Meyerhoff 1962,
Ringo and Anderson 1996, TR 34 2003, 2013, ACI 360 R 2010).

6.2.2 Thermal and shrinkage stresses

Though normally not critical for slabs-on-grade, due to the small variations in the exposure
conditions, thermal stresses and curling of the slab may occur in exterior slabs or cold storage
warehouses due to high thermal gradients across the depth of the slab (Cachim 1999, Beckett
2000, Olesen and Stang 2000, Huang 2004). Shrinkage is a major action to be considered in
design, especially in the design of joints and joint spacing, and is, consequently, one of the
factors governing the dimensions of the slab in conjunction with the concrete properties and

restraints posed by sub base.
6.2.3 Fatigue stresses

Fatigue become important in industrial flooring where frequent and repeated loads occur causing
cycling of stresses. However, the use of a dynamic load factor of 1.5 is generally recommended
to account for such occurrences and is considered suitable since it is not as critical as in
pavements (TR34 2003, Knapton 2005, ACI 360 R)
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6.2.4 Impact loading

Sudden accidental loading could cause impact on the floor, which may be accounted for, if
considered significant, by using a suitable factor of safety as suggested by ACI 360 R, though no

specific values have been specified.
6.3 Limitations of existing approaches to the design of FRC slabs-on-grade

A detailed review of the existing design methods for FRC slabs-on-grade has been done in
Section 3 of Chapter 2. From the review it has been understood that the effective exploitation of
the crack resisting potential of fibre reinforced concrete (FRC) by the inclusion of appropriate
material parameters in design is a necessity for applications such as slabs-on-grade, where FRC
with relatively low dosages of fibres may be employed as "stand-alone" reinforcement. Many
design guidelines are available in this area, in addition to those provided by fibre manufacturers
(TR34:2003, 2013, ACI 360 R-10, DBV recommendations, DRAMIX Manual, Maccaferri
design solution, di Prisco and Mauri 2004). A detailed review of these methods brings out the

following shortcomings:

e Most design methods use expressions from analysis done on infinitely large slabs,
without considering the actual dimensions and behaviour of the finite slab (TR 34:2003,
2013, ACI 360 R-10), where the cracks interact with the boundaries. The consequent

design solutions may underestimate the stresses generated.

e Many methods use material parameters that may not appropriately represent the material
in the slab systems. For example, the use of a constant multiplier (e.g., 0.7) for obtaining
the characteristic value from the mean value of toughness disregards variations in the
fibres due to production quality differences (TR 34:2003, 2013, ACI 360 R-10, DRAMIX
Manual). Further, the use of an equivalent flexural strength ratio (instead of the absolute
strength) leads to the misinterpretation that the toughness is a multiple of the modulus of
rupture (often calculated empirically from the compressive strength) (di Prisco and Mauri
2004, Elsaigh et al. 2005, Altoubat et al. 2008).
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e Thermal and shrinkage stresses are not dealt with in detail though they could be
significant when the joint spacing is large, and/or the slab is exposed to major

environmental changes.

The current study attempts to address the above mentioned limitations, as discussed in the

following sections.
6.4 Design philosophy

Incorporating fibres in concrete is expected to impart sufficient rotation capacity to the slab-on-
grade during cracking so that the plastic moment capacity of the slab is fully mobilized. The
ultimate load may then be estimated with the yield lines forming a mechanism and the regions
bounded by the yield lines behaving as rigid-plastic sections. However, the yield line patterns
and the corresponding ultimate loads are dependent on the type of loading, slab dimensions and
end conditions, as well as the soil pressure distribution (Losberg 1961, Meyehof 1962, Baumann
and Weisberg 1983, Meda 2003).

6.4.1 Failure pattern

Based on the various possible cases, the following critical failure patterns may be envisaged to
occur for slabs-on-grade.

6.4.1.1 Case 1: D-cracking at the edges

In cases where the dimensions of the slabs are not sufficiently large but more than 50% load
transfer can be assumed at the joints (i.e., enough to prevent free lifting of slab edges) or the
loading is on or near the edge of the slab, the D-shaped failure pattern will govern (Meyerhof
1962, Bauman and Weisberg 1983, Meda 2003). Radial cracks start from under the load location
followed by circumferential cracking, limited by the edges of the slab (see Figure 6.1). The radial
yield lines are taken to have fully plastic moments and the circumferential yield lines are

subjected to negative moments.
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Mn

Load P

Figure 6.1 D-cracking at the edges

6.4.1.2 Case 2: Circular fan type failure — for interior loading

Such failure has been typically considered in most design documents for FRC flooring,
where radial cracks initially appear at the bottom of the slab and widen, followed by
circumferential cracking (Figures 6.2 and 6.3). Eventually, the moments along the radial yield
lines equal the plastic moment capacity (Mp) of the concrete and the negative moment (Mn) at the
top of the slab reaches the flexural capacity (Losberg 1961, 1978, Meyerhof 1962, Bauman and
Weisberg 1983, Rao and Singh 1986, TR34:2003, 2013, ACI 360 R). The appearance of
cracking at the top is considered as the failure state. Such failure can occur only when the slab
dimensions are large enough to allow the radial yield lines to develop followed by the
circumferential yield lines. Meyerhof’s solution (Meyerhof 1962), used by many design
guidelines, for the ultimate collapse load, is based on the large slab assumption; the condition is
that the load should be at least at a distance of 51 from the edge where Mn/M;, = 1, with | being
the radius of relative stiffness (see Eqn. 2.5). This implies that such failure will occur only when
the slab width is at least 10l (i.e., about 6 m for E = 3.2 GPa, x = 0.15, k = 0.1 N/mm? and
h =150 mm). Another possibility for this type of failure to occur is when the stress or load
transfer mechanism between slabs is very efficient and the slabs together behave monolithically

as a large continuous slab, which cannot normally be expected to happen.
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Figure 6.2 Crack initiation and appearance of Figure 6.3 Collapse condition: appearance
radial yield lines of radial yield lines

6.4.1.3 Case 3: Centre line cracking — load in the interior of slab with free edges

Centre line cracking, as shown in Figure 6.4, occurs when the slab is of finite dimensions (BxL)
and the edges are free to lift. The moment along all the yield lines may be assumed to be plastic
as the slab rotates about the yield lines simultaneously; collapse is governed only by the plastic

moment capacity (Meda 2003).

Axis of
\
rotation

Figure 6.4 Yield line pattern for slabs-on-grade with free edges
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6.5 Considerations for the choice of joint spacing and slab dimensions

As discussed in the previous section, the failure pattern depends on the dimensions and end
conditions of the slab. It is recommended that the dimensions (other than thickness of the slab)
and the joint spacing be chosen such that the failure occurs after cracking at the bottom, which
will make the fibre reinforcement most advantageous. This implies that the failure pattern should

be that of D- or circular-cracking.

Nevertheless, the choice of slab dimensions and joint spacing may at times be governed by
temperature variation and shrinkage stresses, in order to restrict curling and transverse cracking.
Contraction joints are then needed at appropriate spacing to limit the restraint on the slab, for

which the following recommendations compiled from existing standards maybe considered:
= Length/width ratio of the slab =1 - 1.5 (TR34:2003, TR34 2013)

= Largest dimension between joints to be restricted to 4.5-6 m depending upon the
thickness h, with the smaller value for higher thickness (TR34:2003, TR34:2013, IRC 15,
Delatte, 2014). A maximum joint spacing of L = 24 h has been suggested by Delatte
(2014).

= Joints should normally be located along the column lines with intermediate joints located

at equal spacing between them (ACI 360R).

= Typically, sawn joints are recommended with groove widths not less than 3 mm and
depths of about 1/3™ to 1/4™ of the thickness of the slab (IRC 15:2002).

Normally, expansion joints do not have to be provided. However, expansion should be
permitted wherever the slab is in contact with elements like walls and columns to avoid the
generation of lateral loads (TR34:2003, TR34:2013, ACI 360R).
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6.6 Moment capacity based on equivalent flexural strength
6.6.1 Limiting moment capacity estimate

The plastic moment capacity in the FRC slab is taken as the post-cracking moment carrying
capacity, which is a function of post-cracking flexural strength, such as the equivalent flexural
strength as specified in JSCE SF4 or ICI/TC 01.1. Consequently, the plastic moment capacity per
unit length of the slab is estimated as:

2
M, =f, o (6.2)

enk
6
where fenk is the characteristic equivalent flexural strength of concrete (obtained from the

flexural test of an unnotched prism) until a specified deflection and h is the thickness of the slab.
The equivalent flexural strength is used here instead of the residual strength (as specified in
ASTM 1609) since the former represents an average response over a range of crack widths rather
than at a specific width and has lower variability than the latter (Parmentier et al. 2008,
Vandewalle et al. 2008, Merretz et al. 2011).

The negative moment capacity will be a function of the flexural strength (or modulus of rupture)

of the concrete (obtained from the same flexural test) as:

h2
M, = fo 3 (6.2)

where fek is the characteristic value of the flexural strength of the concrete.

6.6.2 Using equivalent flexural strength instead of the equivalent flexural strength

ratio

The toughness parameter adopted in the proposed design method is the equivalent flexural
strength, fen, defined as per the Japanese standard JSSCE SF4 (1984) and ICI TC/01.1(2014). The
use of the strength based term is recommended here mainly due to the limitations identified in
using other terms. For example, in many of the existing guidelines, the design is based on the use
of equivalent flexural strength ratio, Ren as specified by JSCE SF4 (1984) and ASTM 1609
(2010). However, the use of Ren for representing the post-cracking capacity is deemed unsuitable
due to the fact that normalizing the equivalent flexural strength with peak flexural strength

results in the misleading interpretation of the residual capacity in cases where the post-peak
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flexural strength enhancement is accompanied by a substantial increase in the flexural strength.
This is illustrated in the following case where the load-deflection curves of two different fibres
(SFB and SFC) have similar areas under the load deflection curve, as shown in Figure 6.5, at

different dosages (30 and 45 kg/m?3, respectively)

40

— SFB 30 kg/m3

1 {\/ | — .

20 4

load in kn

10 A

T T T T T T
500 1000 1500 2000 2500 3000

deflection in micrometer

Figure 6.5 Load deflection curves of FRC with two fibres having comparable areas under curve

From the evaluation of the toughness parameters (see Table 6.1), it can be seen that both
concretes have comparable equivalent flexural strength fe1s50 and so have comparable post-
cracking capacity. However, the Re 150 values do not capture this similarity in performance since
the peak flexural strength of SFC is higher than that of SFB. On normalization of fe 150 with ft,
the Re,150 value of SFC works out to be only 71%, which is considerably lower than the Re 150,
value of SFB (88%). Suppose we had a requirements of fi > 3.8 MPa and Re 150 > 75%, SFC
would be rejected even though it shows better performance than SFB. However, if the
requirements are f¢> 3.8 MPa and fe 150> 2.85 MPa (i.e., 0.75f¢), both the concretes would
comply. Concretes with high values of both fet and feis0 are penalised if Reis0 IS given as a

requirement instead of fe 150.
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Table 6.1. Toughness parameters of FRC having similar area under the load — deflection curve

Fibre Area under Prmax Pe 150 fet (MPa) fe,150 Re 150

type P-&curve (KN) (kN) (MPa) (%)
(KN mm)

SFB 77200 29.2 25.8 3.89 3.43 88

SFC 77400 36.5 25.8 4.85 3.44 71

Consider another case of the hybrid mix as shown in Table 6.2. If the values of fe 150 are
compared, the value for the hybrid mix SF15AMF20 is about 33% higher than the SF15 mix thus
showing a significant enhancement of the post peak flexural capacity. However, if the Re 150
values are compared, the improvement is only 6 %, which is clearly an underestimation of the
post-peak capacity. The contradiction occurs since the fe of the hybrid mix is higher than the
SF15 mix by about 42% thereby camouflaging the advantage of having a higher fe 150 value when

normalized with ft.

Table 6.2 Toughness parameters of mixes having misrepresentation of post-peak capacity

Concrete fee(MPa) fe1i50(MPa) | Re 150 (%)

SF15 4.48 2.24 50
S15AMF20 6.37 3.36 53

Consequent to the above discussions, the flexural toughness parameter chosen for the

proposed design procedure is the equivalent flexural strength.
6.6.3 Justification for deflection limit of Is/150

The design of a slabs-on-grade, as seen in the above section, is based on the values of the
flexural strength and equivalent flexural strength of fibre reinforced concrete of the chosen mix.
The deflection limit (Is/n), where Is is the span of the test beam, for the evaluation of toughness
parameter from the four point bending test on unnotched prism specimens is commonly specified
as 3 mm, which corresponds to Is/150 for a span of 450 mm (see Section 2.4.1 in Chapter 2).
This deflection limit seems to have been chosen arbitrarily without any relevance to

serviceability requirements (Tatnall 2006). The use of the equivalent flexural strength obtained
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from the beam test for the deflection limit of Is/150 implies that the rotation capacity of the slab
at the design load should be less than or equal to the rotation of the beam used for determining
the toughness parameter at this deflection limit (Vandewalle et al. 2008, Merretz et al. 2011).
The following discussion examines whether this condition is realistic in the case of slabs-on-

grade designed through the yield line approach.

As discussed in detail in Section 6.4.1.2, circular cracking in FRC slabs-on-grade could occur
with the radial yield lines formed along the lines corresponding to the maximum positive
moment M, and circumferential yield lines corresponding to the maximum negative moment M.
Assuming the circular yield lines to occur at a radius of r, the relation between the maximum
yield line rotation #and the displacement of the slab under the load can be written as 4=r6. The
total maximum crack rotation is given by a=246, considering the portions of the slab between the

yield lines to be rigid, as shown in Figure 6.6.

=N
|

e | ) ,/ﬂ:? )

| Radial cracks
' produced by
:positive

moments M,

Circumferential
cracks produced
by negative
moments M,

Figure 6.6 Relation between the crack rotation and the slab geometry at collapse
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In the case of the prism used in the flexural test for toughness, the rotation at the crack
corresponding to the deflection limit, denoted as o, can also be calculated assuming the portions
of the beam between the crack and support to be rigid. For a beam of 150 X150 mm cross-section
and 450 mm span, the deflection limit is 3 mm (i.e., Is/150). For this limiting deflection, the

rotation at the crack is obtained as a» = 0.0267 rad, from a similar analysis as used for the slabs:

@ e
| /50 0.0133 rad

If we were to calculate the displacement in the slab for the condition o = an, the maximum

(6.3)

allowable deflection at the design loading can be found by substituting &= a»/2 (see Figure 6.6):

4. =r0=00133r 6.4

For predicting the rotation at limiting moment, we write the virtual work equation for the slab

portion as:
WnDinternal+WDext,soit=WDext, load (6.5)

where WDinternal, WDextsoit @and WDext load are the work done internally, by the soil and by the
loading, respectively. From yield line analysis for a point load, the following expression can be
used for work done due to virtual displacement ¢ at the yield lines (Baumann and Weisherg
1983):

kzAr?

—p-2P~

2z(M, +M,)+ ar (6.6)

where, c is the contact radius of the loading plate. Rearranging the terms, we get the deflection at

failure as:
6 2C
A= Pl1-—|-2z(M_+M
WH 3rj "M, n)} (6.7)
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The deflection A at failure can be calculated from the Equation 6.7 and checked if it is less
than or equal to the Amax (i.e., 0.0133r) in order to satisfy the limit imposed by the rotation
capacity. For the calculation of deflection, the value of r can be taken as 2I, where 1 is the radius
of relative stiffness (Timoshenko and Kriger 1959, Meyerhof 1962, Baumann and Weisberg
1983, Falkner and Teutsch 1993, TR34:2003).

In order to assess whether the rotation capacity implied by the beam deflection limit is
reasonable, the deflection was calculated for a case corresponding to the test data of Alani et al.
(2012), the details of which are given in Table 6.3, where the applied load is taken as 493 kN.
Maximum allowable M, and M, values of 10400 Nmm and 11400 Nmm, respectively, were
obtained for the M35 grade concrete with 40 kg/m? of hooked ended steel fibres (see Table 4.3 in
Chapter 4), using fak = 3.04 MPa and fe1s0 = 2.78 MPa (see Chapter 4). Also, we obtain
| =665.6 mm and ¢ = 6.42 mm.

Table 6.3 Parameters from the tests by Alani et al. (2012)

Parameters Values
Slab dimension 6.0 mx6.0 mx0.15m
Loading plate dimensions 100 mmx100 mm
Strength class C32/40

. Hooked ended steel
Fibre type used fibres
Fibre dosage 40 kg/m®
Subgrade modulus, k 0.05 N/mm?
Elastic modulus of concrete 33500 MPa
Flexural strength of concrete feu i 3.04 MPa
Equivalent flexural strength fe 150« 2.78 MPa

From Equation 6.7, the theoretical deflection at the assumed collapse condition is obtained as
7.4 mm. From Equation 6.4, Amax for the corresponding value of r (i.e., = 2l = 2x665.6 mm) is
17.7 mm, which is much higher than the theoretical maximum deflection. The test results of
Alani et al. (2012), show a maximum deflection at the centre of the slab of approximately 18 mm
at failure, which matches the calculated limiting deflection well (Alani et al. 2012, Alani and
Beckett 2013). Since the theoretical deflection at the assumed collapse condition is much lower

than the allowable maximum deflection, it is concluded that the use of a toughness parameter
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calculated at a deflection limit of 3 mm is acceptable as it provides for more rotation capacity

than required before failure occurs in slab.
6.6.4 Design equations

For cases where the limiting moments is given by the sum of the plastic and negative moment
capacities (i.e., the circular and D-cracking cases) as Miimit = Ma+Mp, the design equation is
formulated in terms of the required flexural and equivalent flexural strengths as:

f

f _ 6Mapp|ied
e150krequired — h2 -

where % is the material safety factor. The value of j specified in various existing design
guidelines varies from 1.2 — 1.5 (TR34 2003, 2013, ACI 360R-10). However, since the material

behaviour is pseudo-ductile and allows for stress redistribution, it is suggested, for slabs-on-

= }yc (6.8)

C

grade and pavements, that jc be taken as 1.0 -1.2, considering the level of reliability needed.
For cases where the limiting moment is only the plastic moment capacity (i.e., for centre line

cracking), the design equation is:

6M applie
fe,lSOkreqtired = |:h—gpld:|7/c (69)

Mapplied IS Obtained for each loading condition from yield line or other inelastic analysis as:

C
M applied — f(P'I_ ) (610)
where P is the factored applied load, c is the contact radius of the load application, and | is the

radius of relative stiffness.

Based on the suggested methodology, the design equations for some loading cases are
discussed below. Expressions for various cases of loading based on the expected failure pattern
are framed here by modifying the moment equations available in literature and presented later in
Table 6.4.

6.6.4.1 Single Point load

D-cracking — load at the edge of sclab with significant load transfer along joints
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These expressions are modified forms of Meyerhof’s equation for a large slab on Winkler

foundation (Meyerhof 1962, TR34 2003):

Forc/l =0,
2| 6P T f
f = — =42 _ctk 6.11
e,150k 7Z'|: h2 [2 j 7/0 :|7c ( )
Forc/l > 0.2,
| 6], 2¢|5 4 Ty
fo 150 _Lzhz [1 3l }P [1+ ﬂj 7. }/c (6.12)

Circular type failure — load at the interior of a large slab (see Section 6.4.1.2)

These expressions are also modified forms of Meyerhof’s equation for a large slab on

Winkler foundation:

Forc/l =0,
6P f
fe,lSOk = |:2—2 _ik:|7/c (6.13)
74 Ve
Forc/ 1> 0.2,
6P f
_ " h_cC _ _ctk
fe 150 —@ e [1 A.ﬂ 7i ch (6.14)

Centre line failure — for square slabs with finite dimensions and true free edges

In case of square slabs, for the failure pattern as shown in Figure 6.4 the expressions of yield line
solutions given by Meda (2003) are considered as they are based on the plastic rotation capacity
along the central yield lines. The expression for the design criteria is adapted from Meda (2003)

and presented as:

1+ (6.15)
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where Ks is the slab stiffness given by K, = &zand D=kI*, with b = width of the square

(bxﬁé)

slab (Meda 2003).

For a rectangular slab, similar expressions have to be derived for the possible yield pattern since

the yield line locations and the axis of rotation will be different.
6.6.4.2 Multiple point loads

When many point loads have to be considered and the adjacent point loads are close enough
(x < 2h) to assume the action to be concurrent with each other, where x is the centre to centre
distance between the loads and h is the slab thickness, Meyerhof suggests the use of an
equivalent contact radius to combine the action of two point loads as a single point load.

However, if the loads are at considerable distance from each other (i.e., x > 2h), then the

following design equations based on Meyerhof’s analysis will be valid.

For dual point loads at an interior location, we can use the following expressions as (Meyerhof
1962):
For ¢/l =0,

i 6P fu
e h2(27r+1.8%) 7. |

(6.16)
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For c/I>0 .2,

6P f e 6.17)

forsoc = - Ve

Ar 1.8x Ve

h2
e -,

In the case of multiple point loads at the edge, an estimate of the required flexural strength could
be made following the recommendation in TR34 2003 that the collapse load at the edge is

approximately 50% of that for interior position. Accordingly, the required equivalent flexural

strength expressions for edge load would be:

Forc/l =0,

f _ 12P B fctk y (6 18)
e,150k h2(27r+1.8%) 7, c .

For ¢/l > 0.2,

12P f,
fe,150k = — gk Ve (6.19)
1.8x ] Ve

]
i (1—3%) (|—%

In the case of quadruple point loads at interior locations, we can use the following expressions:

(Meyerhof 1962)

For ¢/l =0,
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6P fu

fois0c = - Ve (6.20)
h2[2”+1-8(>;+ y)} Ve
Forc/l > 0.2,
6P f_
feisa = ~ =y, (6.21)
{ Arx 18(x+y)] Ve
1-%) %

For the edge loading position, the same assumptions as for dual point loads can be made leading
to the following expressions (Meyerhof 1962, TR34:2003, 2013):

Forc/l =

12P f
foisoc = —— y, (6.22)
hz[zﬂ__'_ 1-8(>i + y)] Ve
Forc/l >0.2,c
12P f e

fors00 = - Ve (6.23)
h? Arx 1 8(x+Y) Ve
@a-

%) -5

For values between ¢/l > 0 and ¢/l = 0.2, linear interpolation of values may be used.
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6.6.4.3 Line loads and uniformly distributed load

Owing to limited inelastic analysis and design techniques available in the form suitable for slabs-
on-grade, the classical Hetenyi’s elastic analysis is recommended for line loads and uniformly
distributed loads, as suggested in TR34 (2003, 2013). Since the method basically assumes elastic
stresses in the section, post-cracking residual flexural strength capacity cannot be used in the
design (TR34:2003, 2013).

6.6.4.4 Load at a corner of the slab

It is understood that the transfer mechanism at the corners should be designed with proper
detailing so as to ensure 100% load transfer. Therefore, in the design, corner loads will not be
considered to govern. In the undesirable case of inadequate load transfer, positive sagging
moments will not be mobilized due to the cantilever action and the design has to be based on the

elastic flexural capacity.
6.6.5 Summary of the design expressions

Various cases of loading and positions of loading as applicable to slabs-on-grade have been
addressed. In general, the design expressions have been formulated to determine the
characteristic value of the required equivalent flexural strength based on inelastic/elastic moment

equations. The design expressions applicable for each case are presented in Table 6.4.
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Table 6.4. Design expressions for each loading case as per the suggested method

Load and . Logd Position of Failure pattern Design expression
type | approximation | magnitude load
Rack 6P f

or forch=0 f = ———
Post = e, 150k 27[7[2 y o
loads, Interior c

P
<>
2c

Point load

Circular

6P

forc/1>0.2 f, 4 ZHWb_%IH_ L }70

Ve

Edge/Interior

Load P

forc/1=0 f, 54

2| 6P (72'
=—|——| =+
7| h? 2

2) fctk :|7C
Ve

cracking

6 2C 4\ f
P forc/1>02 f =—||1-=|P—|1+— |
oo 2)2)
D-cracking
Centre-line -1
L
Axis of 3P k
rotation RS fe,150k = 3 l+ 7/0
T~ g.\\:i\e:‘Ii\ries\ 4h 6 K/z
Interior yd N B
AT T T
N \ p v Ks _ 86 D _ D:k|4
\‘\ /'/ (B X \/5/)
&7 2
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Load type Load Load Position Failure pattern Design expression
approximation magnitude of load
Axle load
P 2c )
Point load P/2 Design approach is same as point load at various locations and failure patterns
Dual post
loads forc/l=0 ¢ oy = 6P _ ot y
' hzizz+1.8%i 2
Circular/Semi-circular
N ey for c/l
P x P Interior Y g;ﬁ
\\\\\ / \ ,/,’ 6P f
' 777777 . >0.2 fersa = - ;k Ve
2c  2c h? A N 1.8x c
~3C _C
@35 (-9
Dual point loads P 12P f
forcN=0 f, 50 = - — &y,
h2lr+1.8%) 7.
for c/1 >0.2
Edge -
12P f
fe,lSOk = - Ve
el Am 18X Ve
_13C _C
BISEARE
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Single axle

dual wheel
load
p Design approach is same as dual point load at various locations and failure patterns
' Dual point load P/4
Load at interior point in slab
for ¢/1=0
foy = 6P _ f o y
e, 150 c
bl B ’ 1.8(x+
uadruple our point loads .
pont load with x<2h P Interior
/R /R — -
I 6P f
for ¢/l >0.2 fevlm _ ~ Tew 7,
| 4x 1.8x 7
h C * c
1-3 % ) (- A _
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forc/l=0

f _ 12P feue
e 150k — -
h2[2ﬂ+1-8(>i+ y)} Ve
Edge for ¢/l >0_.2 _
1:e,nk = oP _h Ve
el 4m 18X Ve
- |a-3 % ) (- % _

Ve

Tandem axle
dual wheel
load

Quadruple point
load

P/4

Design approach is same as quadruple point load at various locations and failure patterns
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6.7 Validation of design equations in terms of load-carrying capacity

In order to validate the proposed methodology, the allowable loads obtained as per the suggested

design expressions have been compared with results available in the literature.
6.7.1.1 Case 1: D-cracking due to load at edge

The allowable load as per Equation 6.12 was determined and compared with the results of
Belletti et al. from slab tests on FRC slabs with edge loading (Belletti et al. 2008, Sorelli et al.
2006). The tests were performed on a 3 m x 3 m slab of 150 mm thickness made with M25
concrete. Steel fibres of 50 mm length and aspect ratio of 50 were incorporated in the concrete at
a dosage of 0.38 % volume fraction. The slabs were supported at the bottom on steel supports
(similar to springs) at constant spacing to reproduce a Winkler foundation and the loading was
done using a hydraulic jack with a loading plate of dimension 200 mm square (Belletti et al.
2008, Sorelli et al. 2006). The ultimate load was defined as the load at collapse of the slab. The

test parameters used in the design are listed in Table 6.5.

Table 6.5 Parameters from the tests by Belletti et al. (2008)

Parameter Value
Strength class C25/30
Thickness of slab (mm) 150
Subgrade modulus, k (N/mm?) 0.08

E — modulus of concrete (MPa) 21000
Poisson’s ratio 0.15
Dimension of loading plate (mm) 200 x 200

In order to estimate the flexural toughness parameters to be input in the design, the mean
tensile strength value of 1.79 MPa reported in the experimental programme was converted to
flexural strength using the expression given in TR34 (2003, 2013):

fct = ftensile(l'G - %OOO ) (624)
and the flexural strength was obtained as 2.6 MPa.

From the data obtained from Bekaert for 50 mm length hooked ended steel fibres, the Re 150
value of 65% was used to convert the flexural strength to equivalent flexural strength for the
given dosage of 0.38 % (30 kg/m?) as fe 150 = 0.65%2.6= 1.7 MPa
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The derived design parameters are | = 450 mm and ¢ = 112.4.mm, and stresses due to
temperature and shrinkage are neglected. The load obtained from Equation 6.12 is 108 kN,
which is lower than the experimental value of 120 kN. So, the design equation can be considered

as conservative in this case.
6.7.1.2 Case 2: Circular cracking due to load at the interior position

The allowable load as per Equations 6.13 and 6.14 was validated using the experimental work
done on large slabs by Alani et al. (2012), which has been already discussed in Section 6.6.3.
The tests were done on 6 m x 6 m slabs with 150 mm thickness. The slab with concrete of
strength class C32/40 and 40 kg/m® of 60 mm length hooked-ended fibres has been considered.
The details of the test parameters have already been given in Table 6.3. The failure has been
reported to be due to punching and it has been mentioned that no cracks were visible at the top of
the slab at failure (Alani et al. 2012, Alani and Beckett 2013).

The derived design parameters are | = 665 mm and ¢ = 56.4 mm. In order to determine the
moment carrying capacity, the reported flexural strength of 4.2 MPa was used to obtain the
equivalent flexural strength, using the reported Re 150 value (48%), as 0.48 x 4.2 = 2.0 MPa. From
the obtained material parameters, the maximum allowable load for the case where ¢/l = 0.085 is
obtained, by interpolating the design values for ¢/l = 0 (Equation 6.13) and ¢/l = 0.2 (Equation
6.14), and works out to be 218 kN, which is much lower than the reported failure load of 493 kN.
Thus, the proposed method gives a conservative result for the case studied.

Another result chosen here for validating the case of circular cracking is from the numerical
analysis of infinite slabs on Winkler foundation by Shentu et al. (1997). The study uses finite
element analysis of a circular slab, which is modeled as part of an infinite slab by providing
restriction to horizontal movement of the circular slab and allowing for vertical movement.
Though the case reported in the work is with plain concrete (without fibres), the study was
chosen for validation since Meyerhof's method is also applicable for such a case, with the
limiting moment equation being governed by the negative moment capacity (Meyerhof 1962);

the plastic moment capacity is taken as zero in the design equation.

The slab parameters used in the study and relevant to the design are reported in Table 6.6.

The calculations are done neglecting the stresses due to temperature and shrinkage. As per the
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suggested method, the maximum allowable load from Equations 6.13 and 6.14 (for ¢/l <0.2) is
85 kN, which is much lower that the reported load of 240 kN at first visible cracking at the top of
the slab.

Table 6.6 Parameters from Shentu et al. (1997)

Parameter Value
Compressive strength 25.5 MPa
Concrete tensile strength (MPa) 2.17
Thickness of slab (mm) 160

Subgrade modulus, k (N/mm?3) 0.02
E — modulus of concrete (MPa) 26000
Poisson’s ratio 0.2
Contact radius of load (mm) 100

6.7.1.3 Case 3: Centre line cracking validation

The maximum allowable load obtained as per the suggested method using the Equation 6.15 has
been compared to the results of tests on FRC slabs by Falkner and Teutsch (1993); the test
parameters are given in Table 6.7. The tests were done on a 3 m square slab resting on cork
subbase to simulate Winkler foundation. The loading was done until complete collapse (due to
punching), and the loads at the occurrence of cracking at the slab edge and at failure have been
reported. The test report indicates the failure pattern to be centre-line cracking. This confirms the
present criteria as the slab dimensions do not meet the conditions for circular cracking to occur,
and the free edge conditions, which permit the uplift of the slab rule out D-cracking. The terms
needed for applying Equation 6.14 were calculated as I= 720 mm and Ks = 129 kN/mm using the
parameters in Table 6.7. The material parameters needed were taken from the results of the tests
on M35 grade concrete done at IITM for similar fibres and same dosage (see Table 4.3). The
calculated load capacity is 124 kN, which falls below the reported fracture load of 165 kN from

the test results. Thus the design equation is, in this case, conservative.
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Table 6.7 Parameters from the tests of Falkner and Teutsch (1993)

Parameters Values

Slab dimension 3.0m x3.0 mx0.15m
Loading plate dimensions 120 mmx120 mm
Grade of concrete C30/37

Steel fibres, 60 mm long,
diameter of 0.75 mm

Fibre type used (Dramix RC 80/60

fibres)

Fibre dosage 20 kg/m?®
. Cork with k = 0.025

Bedding type N/mm?
Elastic modulus of concrete 23400 N/mm?
Mean flexural strength of 4.52 MPa*
concrete fet
Mean equivalent flexural 3.19 MPa*

strength fe 150
*Estimated from tests performed on similar FRC with same grade of concrete, fibre type and fibre dosage at I1T

Madras (see Table 4.3)

6.8 Design for thermal stresses

In cases where the temperature variations are significant, the design has to account for thermal
stresses. Axial tensile forces could occur if the temperature change is uniform over the depth
(which usually occurs in thinner slabs). A conservative estimate of the consequent axial stresses
has been suggested by Ghosh and Dinakaran (1970), and Yoder and Witzack (1975), as:

O staxial = 24WTLf (6.25)

where w = weight of slab, in N/m?, L = length of slab in m, f = coefficient of subgrade restraint
(<1.0), and h = thickness of slab, in m. However, these stresses are generally negligible and are,

consequently, not taken into account in practice.

Flexural stresses could be generated when there are substantial temperature gradients
(Losberg 1978, Gettu et al. 2000, TR34: 2003), which can reduce the negative moment capacity

to resist applied loads, affecting the failure occurring with circular and D-cracking:
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Miimit = Mp+(Mn-Mur) (6.26)

Therefore, the required equivalent flexural strength is to be modified to account for this, as:

6P . C
f e f(l—)— fooe + Tr (6.27)

e,nkrequired =
where far is the flexural stress due to the temperature differential (AT) in the slab, which can be

estimated using the classical Bradbury’s equation, as:

_ Eaal
T2(1-0?)
where « is the coefficient of thermal expansion, and C; and C; are the Bradbury’s correction

(C, +uC,) (6.28)

factors for curling in a finite slab, which are obtained from charts prepared for various values of
B/I, where B is the joint spacing (Yoder and Witzack 1975).

6.9 Design for shrinkage stresses

Proper concrete mix design and good construction practices are key to reducing shrinkage
stresses in concrete especially in the plastic stage. In the hardened concrete, the shrinkage
stresses can be considerably reduced by providing friction relief layers, such as polyethylene
sheets, so as to reduce the restraint against slab movement due to shrinkage and by providing

joints at adequate intervals.

Though a few researchers have reported a qualitative link between restrained shrinkage stress
and the cracking potential obtained from the restrained ring test, no models are available to
predict the stresses in the slab from the test parameters (Weiss and Shah 1998, See et al. 2004,
Hossain and Weiss 2004). Here, an approach similar to that used for curling stresses is
recommended, in line with the method suggested in TR 34:2003, to account for the shrinkage
stresses. The shrinkage stresses estimated from ultimate (free) shrinkage strain values (&n) is

reduced from the total negative moment capacity, as:
Miimit = Mp+(Mn-Mar-Msn) (6.29)
and the flexural stress associated with the moment due to shrinkage strain is calculated as:

fsn = E&n (6.30)

where E is the modulus of elasticity of concrete and & is the ultimate shrinkage strain.
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In the absence of &n data for the concrete used in the slab, a value between 300-500
microstrains may be assumed. Further, a restraint factor of 0.2 can be taken when a friction

release layer is used, following TR34 (2003), and the reduced shrinkage stresses is then given as:

fsh = O.2Ecm55h (631)

Thus, the generalised design equation, including the shrinkage stresses and temperature stresses,

can be written as:

f

e,nkrequired =

i—f Flel)— AT 4§ o fsh}/c (6.32)

C
where A represents a constant that depends on the moment function used in the inelastic analysis.

For the cases discussed in Section 6.6.5 the value of A is listed in Table 6.8 below

Table 6.8 Values of constant A to be used in Egn. 6.32 for various load cases

Load Position of | Expected failure | Value of A
approximation load pattern
. Circular 1
Interior .
cracking
Point load Edge/Interior D-cracking (n/2)+2
. Center line 0
Interior .
cracking
. . Circular/Semi- 1
Dual point Interior .
load circular
Edge D-cracking 1
. Circular/Semi- 1
Quadruple Interior .
oint loads circular
P Edge D-cracking 1

6.10 Design check

Once the critical equivalent flexural strength value is determined by considering all possible
loading and failure patterns, this can be specified as the performance requirement for choosing
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the fibre type, dosage and concrete mix, for a specified slab thickness. The choice can be made

using any existing material database or test data.

From the actual parameters corresponding to the fibre type, dosage and concrete mix to be
used in the slab, preferably from test data, a final design check is recommended. The maximum
allowable load should be calculated using the relevant inelastic design equations (e.g., Equation
6.32), and it should be ensured that the following is satisfied:

Pallowable>Pactual (633)

6.11 Parametric study for the suggested method

In order to understand the influence of various parameters on the design method, a parametric
study was done by taking three variables, viz., load, thickness and subgrade modulus. Though
the grade of concrete is also a variable, this has been taken as M35 throughout the study due the

availability of test data for various fibres in that grade.
6.11.1 Parametric study 1 — Influence of load magnitude on the design solutions

Variable parameter — Load P

Constant parameters — Thickness h, Modulus of subgrade k, Grade of concrete

Types of fibres used — SFA, SFB, SFC, SFD

The design was done for values of axle loads, as shown in Table 6.9, and solutions were obtained
in terms of the minimum required fibre dosage, for given slab thickness and modulus of

subgrade.

The required dosages were obtained assuming different steel fibres for which material
parameters were available (from Table 4.3). From the results given in Table 6.8, it can be seen
that for higher loads, the use of fibres with very high variability, i.e., SFC and SFD (as seen from
Table 4.5), will require much higher dosages than those used in the experimental programme
discussed in Chapter 4. Further, for the chosen thickness and subgrade modulus, each fibre will
require a different dosage for the same load. So, a lower dosage of a particular fibre could give
the same or better performance than another fibre at a higher dosage of (say, 10 kg/m? of SFB

gives better performance than 15 kg/m® of SFA). Thus, arbitrarily specifying a dosage applicable
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to all fibre brands in design/contractual specifications could be unconservative, and rather a

minimum required fe 150 should be specified.

Table 6.9 Results of parametric study of suggested method with load as variable

Fibre type | Load (kN) | Minimum required dosage (kg/m°)
40 15
60 15
SFA 70 28
80 >45
40 10
60 10
SFB 70 18
80 30
40 15
60 15
SFC 70 >45
80 >45
40 25
60 25
SFD 70 >45
80 >45

6.11.2 Parametric study 2 — Influence of thickness of slab on the design solutions

Variable parameter — Thickness h
Constant parameters — Load P, Modulus of subgrade k, Grade of concrete
Types of fibres — SFA, SFB, SFC, SFD

In the second study, with load and k constant, the design was done for various slab thicknesses. It
is seen that the minimum required thickness for the fibres with higher variability (SFC and SFD)
for the same load (say, 80 kN) is about 30% more than for the fibre types SFA and SFB, as can

be seen in Figure 6.7. Thus, it can be concluded that the type of fibre has significant influence on
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the design, and that the proposed design method accounts for the variability in the performance

of fibres.
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Figure 6.7 Minimum required thickness for 80 kN load on FRC with four types of steel fibres

The same calculations were done for various loads and a single fibre type, and the minimum
required dosages obtained for various thicknesses and loads are plotted in Figure 6.8. It can be
observed that the dosage reduction with respect to thickness increase is lower at higher loads; for
example, at lower loads, say P = 40 kN, a 16 % increase in thickness resulted in a decrease in the
dosage of fibres by 20 kg/m? but at higher loads, say 120 kN, an 18 % increase in thickness gives
a decrease in the required dosage of only about 15 kg/m®. This indicates that at higher loads, the

thickness of the slab is more critical than the fibre dosage.
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Figure 6.8 Variation of minimum required dosage of SFB fibre with thickness for different load

6.11.3 Parametric study 3 - Influence of the material parameters on the design

Owing to the presence of the constant A in the generalised design equation as shown in
Equation 6.32 and Table 6.8, it is understood that the influence of the FRC material parameters,
viz., flexural strength fcw, and equivalent flexural strength fen, On the design solutions, may not
be to the same extent in all cases. Therefore, a parametric study was done to clarify the influence
of material parameters, by design trials. For this study, hypothetical cases were considered by
keeping one parameter constant and varying the other within reasonable ranges. The design
solutions obtained were compared based on the minimum required slab thickness. The design
was done for two cases, single point loading assuming both edge loading with D-cracking and

interior loading with circular cracking with the following parameters,:

Point load P — 80 kN

Area of base plate - 100 mmx100 mm
k - 0.04 N/mm?

E modulus = 21 GPa
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In the first trial, the flexural strength was varied from 3.0 MPa to 5.5 MPa with increments of
0.5 MPa keeping fenx at 3.0 MPa. In the second trial, the fenk-value was varied from 3.0 MPa to
5.0 MPa keeping fctkx at 4.0 MPa. The results from the two studies are plotted in Figure 6.9. The
plots point to the fact that in the case of edge loading, where A = (n/2+2), the design is more
sensitive to the change in flexural strength than the equivalent flexural strength. This is evident
since the slope of the plot for constant fet is steeper, indicating lower influence of change in fenx
on the maximum allowable load, as well as the minimum required thickness. This can be further
reinforced from the data presented in Tables 6.9 and 6.10; e.g., for an increase of about 42% in
fctk, the reduction in thickness is about 17% as opposed to only 8% reduction with the same %

increase in fenk.
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Figure 6.9 Variation of minimum required thickness with toughness parameters
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Table 6.10 Variation of minimum required slab thickness with flexural strength for edge-loading
of single point load

fen,k fct,k Minimum required
(MPa) (MPa) thickness, h (mm)
3.5 174
4.0 162
3.0 4.5 151
5.0 143
55 136

Table 6.11 Variation of minimum required slab thickness with equivalent flexural strength for
edge-loading of single point load

fenk Minimum required
(MPa) feti (MPa) thickness, h (gmm)
3.0 162
3.5 157
4.0 4.0 153
4.5 149
5.0 145

In the case of interior loading since A=1.0, the extent of influence of both parameters are the
same, indicating that the optimum solution will be when both fc« and fenk are increased to the

same extent.”

Mostly, the critical case of failure is D-cracking due to edge loading. For such failure, the
design is more sensitive to changes in the flexural strength, and therefore, fibres that improve
this parameter, such as the AMF discussed in Chapter 5, will be beneficial, as long as significant
post-cracking capacity is ensured (such as in the hybrid mixes discussed in Chapter 5). In cases
where the load is high and slab thickness is to be reduced, the hybrid mixes with AMF and SF
could give better performance than the single fibre mixes. As an example, two design trials were
done to compare the benefits of using a hybrid mix of AMF and steel fibres (SF) instead of only
steel fibres (SF). The first trial was done for a point load of 80 kN applied with a base plate of
100 mm x 100 mm. The second trial was done for a loading case of 250 kN point load applied
through a base plate of 150 mm x 150 mm. The design solutions for M35 grade FRC having only
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steel fibres (Mix 1) and FRC with hybrid combination of AMF and SF (Mix 2 and Mix 3) have
been compared in Table 6.12 and 6.13 below.

Table 6.12 Details of design trial 1

Design parameter Mix 1 Mix 2 Mix 3
Load (KN) 80
Subgrade Modulus, k(N/mm?®) 0.04
Elastic modulus (MPa) 21000
Poisson’s ratio 0.15
Base plate dimension (mm) 150 x 150
Dosage of fibres (kg/m®) SF - 17 SF - 15 SF-15
AMF -10 | AMF - 20
Characteristic flexural strength fetx 3.8 4.8 5.6
(MPa)
Characteristic equivalent flexural 2.0 1.8 2.4
strength fe, 150k (MPa)
Minimum design thickness (kN) 200 170 160
Maximum allowable load (kN) 100 100 116
Table 6.13 Details of design trial 2
Design parameter Mix 1 Mix 2 Mix 3
Load (kN) 250
Subgrade Modulus (N/mm?3) 0.17
Elastic modulus (MPa) 34000
Poisson’s ratio 0.15
Base plate dimension (mm) 100 x 100
Dosage of fibres (kg/m?®) SF-30 | SF-15 | SF-15
AMF -10 | AMF - 20
Characteristic flexural strength 3.9 4.8 5.6
fetk (MPa)
Characteristic equivalent flexural 3.0 1.8 2.4
strength fe, 150k (MPa)
Minimum design thickness (kN) 300 280 260
Maximum allowable load (kN) 305 302 340
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From the two trial designs, it can be clearly understood that by using FRC with hybrid
combination of fibres (AMF+SF), which has higher flexural strength and similar post-cracking
capacity as FRC with only steel fibres, a significant reduction in thickness of slab can be
attained. For an increase in flexural strength of about 45 %, the reduction in thickness is about 13
— 20 %. This could be a major benefit in construction and will also give better performance due

to the more pronounced crack resistance, as has been already discussed in Chapter 5.
6.12 Design example

In order to illustrate the complete design method, an example has been worked out below in
detail
Table 6.14 Design input

Design input Value

Type of slab Container yard
Number of Containers Stacked: 4,
Maximum Weight of each Container : 25 Tons
Load Calculation:

Load details Total Load [4 x 25 Tons ] = 100 Tons

Distributed Through Base Plate = 150 x 150 mm
No. of Base Plate Points = 4
Load / Point = 25 Tons

Subgrade modulus

0.17 N/mm?

Minimum thickness of slab

300 mm

Slab dimension

6000 mm x 6000 mm

Assumed maximum temperature

differential in slab 10°C
Grade of concrete M35

Elastic modulus 34 GPa
Poisson’s ratio 0.15
Coefficient of thermal expansion 0.00001 /°C
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Table 6.15 Assumed and derived design parameters

Parameter Value
Load factor* 1.2
Load transfer at joints* 60 %
Radius of relative stiffness, | (Eqn 2.5) 824.2 mm
84.6 mm

Contact radius, c=, /M

T
c/l 0.102

*Assumed parameter

Dimension check for ascertaining failure pattern
L=6000 mm
101 = 10 x824.2 = 8242 mm.

L<10I - Circular fan type failure is not possible (see section 6.4.1.2)

Since load transfer assumed is >50% and the slab is large enough to rule out centre-line

cracking, the possible failure pattern is D-cracking at the edges (see section 6.4.1)

Maximum width allowable for neglecting shrinkage = 24 x 300 mm = 7200 mm (see Section
6.5). The actual width is 6000 mm < 7200 mm so the shrinkage stresses maybe considered as

negligible.

Table 6.16 Curling stresses due to temperature differential

a 0.00001/°C
AT 10°C
L/l 7.28

C 1.043
f4r (Eqn 6.28) 1.8 MPa

Design equations

Since the value of ¢/l is < 0.2, the design solution has to be obtained for the case ¢ = 0 and

¢/l = 0.2 as shown below:
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For ¢/l =0

2|6P [ f (6.34)
freg =—|——| =+2 |+ f
e,150k 7Z'|: h2 (2 j 7/C AT j|7/c
For ¢/I=0.2
6 2C 4\ f,
fe,150k :{F[l—g}l:)—[l"' ;j yik + fAT :|]/C (635)

For factored load of P, = 1.2 xP= 300 kN.

Estimated flexural strength of concrete fo (as per TR34:2003, for M35 grade concrete and
300 mm thickness) = 3.55 MPa.

The material safety factor y has been taken as 1.0 (see Section 6.6.4).
From interpolation feis0, required = 2.8 MPa

From the material database, the possible choice of fibres can be made. In this case, the
requirements are satisfied by use of 30 kg/m? of the SFB fibre (fotx = 3.8MPa, feis0x =3.0 MPa).

The final design is summarised in Table 6.16.

Table 6.17 Final design for the case study

Thickness of slab 300 mm
Grade of concrete M35

Min. Required flexural strength fetk 3.55 MPa
Min. Required equivalent flexural strength, fenk 2.80 MPa

6.13 Comparison of the suggested method with existing design methods.

The suggested method is compared in this section with design solutions obtained from various
existing guidelines in terms of slab thickness and fibre dosage; comparisons are made with TR34
2003, TR34 2013, ACI 360 R-10 and the Losberg yield line method (TR34:2003, 2013, ACI 360

147




R-10, Losberg 1961). The parameters that are significant for each method are shown in
Table 6.17.

TR34:2003 uses the Meyerhof’s equation wherein the equivalent flexural strength ratio is
used to calculate the plastic moment capacity and the flexural strength is used for the negative
moment capacity estimate to arrive at the allowable load. The TR34:2013 method uses the
residual flexural strength (from a notched beam test) as the material parameter, and neglects
thermal and shrinkage stresses in the design equations, which results in an underestimation of
stresses resulting in a less conservative design. ACI 360R uses approximate equations suggested
in Meyerhof’s analysis for a slab on elastic foundation, with the assumption that the contact
radius of the load (c) is equal to or greater than the thickness of the slab, which leads to an
underestimation of the stresses. In Losberg’s yield line analysis, the soil pressure distribution
curves developed based on the elastic theories for the infinite elastic slab lead to more

conservative estimates than the Meyerhof’s analysis.

Table 6.18 Details of the design parameters for each method used for numerical comparison

Design Input Input Dependent Design output
method variables material material
parameters parameters
TR 34:2003 Re 150 Type of fibre Pan
Grade of | Dosage of fibre
concrete fer
fe 150
TR34:2013 fr1/fra Type of fibre Pail
Grade of | Dosage of fibre
Load (P) concrete fetk
ACI 360 Subgrade =G of | Type of fibre Re 150
modulus (k) concrete Dosage of fibre Pai
Thickness (h) o 2
LOSberg fe,150mean Type Of flbre Pall
Grade of | Dosage of fibre
concrete for
Suggested Grade of fetk fe 150k
method concrete fet
Pai
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The maximum allowable loads considering edge cracking due to a single point load (see
section 6.6.4.1) were obtained here using the above-mentioned methods, for different slab
thicknesses and for an M35 grade concrete having 20 kg/m® hooked ended steel (SFB) fibres of
length 60 mm and aspect ratio of 80. The material parameters for this combination were obtained
from tests performed on notched and unnotched prism specimens, as listed in Table 6.19. The
stress due to thermal and shrinkage strains was taken as 1.5 MPa, based on TR34:2003
recommendations. The material safety factor j has been assumed as 1.0 for all methods in order

to maintain uniformity.

Table 6.19 Parameters used in the design trials for comparison of methods (mean and
characteristic values)

fet, MPa fe,150 fr1 fra Re,150 %0 Assumed stress
MPa MPa MPa due to thermal
Mean | Char | Mean | Char | Mean | Char | Mean | Char | Mean | Char and shrinkage
strains, MPa
580 | 487 | 3.72 | 28 | 3.96 | 286 | 4.17 | 3.26 | 64 64 1.50

From Figure 6.9, it can be seen that the maximum allowable load calculated as per the
suggested method is higher than those obtained from the Losberg’s yield line method and
TR 34:2003, while it is lower than that given by TR34:2013 and ACI-360 R. For the case
considered, the suggested method gives a higher capacity than TR34:2003 (even though the basic
equations are same) and Losberg yield line methods since it takes into account the characteristic
value of the mechanical parameters from actual test results rather than taking the characteristic
value as 0.7xmean value; in this case, the actual characteristic strengths are higher than those
obtained with the factor of 0.7 as can be seen from Table 6.19. However, the suggested design
method would give a lower estimate than TR34 2003 and Losberg’s methods if the characteristic
values had been lower. It is, therefore, more realistic to take the actual characteristic values in the

design rather than factored mean values.
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Figure 6.9 Comparison of allowable loads for different slab thickness as calculated using
different design methods

Since the TR34:2013 and the ACI 360R methods are consistently less conservative than the
other three methods, the next comparison only considers the suggested method, and the
TR34:2003 and Losberg’s yield line methods. The minimum required fibre dosage (for the same
fibre type considered earlier) for a tyre load = 80 kN, slab thickness = 120 mm and
k =0.02 N/mm? is calculated for each method and reported in Table 6.20, assuming that the
failure occurs by D-cracking. The results suggest that for the same design parameters, the dosage

of fibres required as per the suggested method is lowest, providing the most economical design.

Table 6.20 Minimum fibre dosage required for 80 kN tyre load

. Minimum required Corresponding minimum
Design method fe,150« MPa dosage kg/m®
TR34:2003 1.7 16
Losberg method 2.5 27
Suggested method 1.5 10

Another comparison of the required dosage for the three methods, viz., TR34:2003, Losberg
yield line method, and the suggested method was done for two cases. In the first case, the applied
load, subgrade modulus and type of fibre were kept constant and design was done by varying the

thickness, as shown in Table 6.21. In the second case, the load was varied keeping other
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parameters constant. The minimum required dosages for each design run for the below-

mentioned set of parameters were determined as shown in Tables 6.21 and 6.22 for the three

methods, and compared in Figure 6.10 and 6.13.

Table 6.21 Design parameters for the comparison study of required dosages

Design parameter Case 1 Case 2
Load (kN) 100 Variable
Modulus of subgrade, k (N/mm?) 0.02

Design thickness (mm) Variable 150
Grade of concrete M35

Type of fibre

Hooked-ended steel fibres length = 60 mm, aspect ratio

=80 mm

Modulus of elasticity (assumed) (GPa)

34 |

3.4

Table 6.22 Design solutions as per each method for case 1 (load 100 kN constant)

Design method h (mm) Minimum Corresponding Corresponding
required dosage fe (MPa) fenk (MPa)
(kg/m®)

TR34:2003 130 19 3.8 2.4
140 10 3.8 15

150 10 3.8 15

Losberg 130 30 3.82 3.0
140 17 3.8 2.1

150 10 3.8 15

Suggested 130 16 3.8 1.9
140 10 3.8 15

150 10 3.8 15
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Table 6.23 Design solutions as per each method for case 2 (thickness 150 mm constant)

Design method Load (kN) Minimum Corresponding Corresponding
required dosage fetx (MPa) fenk (MPa)
(kg/m?)
TR34:2003 80 10 3.8 15
100 10 3.8 15
120 10 3.8 15
140 24 3.8 2.7
145 30 3.8 3.0
Losberg 80 10 3.8 1.5
100 10 3.8 15
120 18 3.8 2.22
140 27 3.8 2.9
145 30 3.8 3.0
Suggested 80 10 3.8 1.5
100 10 3.8 15
120 10 3.8 15
140 19 3.8 2.4
145 26 3.8 2.8
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Figure 6.10 Comparison of required dosage for varying thickness
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Figure 6.11 Comparison of required dosages for varying load

From both comparisons, it can be seen that the TR34:2003 method and the suggested method
have similar trends since both are governed by the same design equations. However, the
suggested method gives more economical solutions owing to a more effective treatment of the
material performance (as has been discussed earlier in the Section 6.11). Note that the Losberg’s

yield line method clearly gives a much more conservative design.

6.14 Design framework and summary

Based on the justification of the design equations of the suggested methodology, it can be
deemed to be suitable for FRC slab-on-grade. A list of the assumptions/hypotheses valid to the

method are given below:

e Winkler model is acceptable for the subgrade
e Fibres are uniformly and isotropically distributed in the concrete.
e Rotation at the crack at failure load does not exceed 0.0267 rad.

The complete method is now presented as the framework shown below.
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the slab

step 5

esign

Choose critical
loading position Edge of the slab

- Corner of the slab

step 6

esign
step 7

Yield line Determine the limiting
analysis for moment expression for
each loading each loading case
case based on value of a//
Axial tensile
stresses
Determine the i
stresses due to
temperature
Flexural tensile

stresses
AT, flexural
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Determine

shrinkage
stresses fy,

Determine the required
equivalent flexural
strength for each
loading case from the
limiting moment
expression

Determine the highest
value of required fs 150
from step 9 for
different loading cases
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Choose the fibre type
and dosage having f. 150«
greater than the
required fg 450 from
material database

l
From yield line analysis

Determine the MMy = Teians +f..,.m;)(h_2)
maximum allowable B me 7 6
load as per the chosen
fibre data p. M, +Mp)
esign Perform the design
step 13 design check
Is P, allowable> P applieal
Yes No

Redesign
with higher
thickness

Design is
safe

This Chapter discusses the design methodology developed for FRC slabs-on-grade based on
in-elastic analysis. The design incorporates the flexural toughness parameter in the inelastic
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design expressions based on each possible failure pattern to provide conservative as well as

economical design. The specific conclusions from the discussions are:

Equivalent flexural strength is a parameter that is a more realistic estimate of the post

cracking capacity of the slabs-on-grade.

The design equation estimates the required equivalent flexural strength for the given

loading condition leading to a performance requirement for concrete.

The governing design equations are dependent on the yield pattern that occurs based on

the dimensions and end conditions of the slab.

The design check allows for incorporating the actual material test data along with the

variability since the characteristic value of the parameters have to be input.

The design has been validated using the data from the literature based on experimental or

numerical results.

Parametric studies have shown that the design is more sensitive to variations in flexural
strength than in the equivalent flexural strength, and therefore, mixes with fibres
enhancing both flexural strength and flexural toughness perform better in terms of crack

resistance even at lower slab thicknesses.

The design solutions of the suggested method are compared with existing design methods

and found, in general to be conservative.
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7/ DESIGN METHODOLOGY FOR PAVEMENTS

7.1 Introduction

Maximizing design life with minimum maintenance warrants the use of materials and
technologies that have superior performance in comparison to traditional ones, especially in
pavement systems, where a large part of the investment is used up in maintenance. Though
flexible pavement systems are still the most popular technology adopted, there has been a shift to

rigid pavement systems due to the comparatively lower maintenance requirements.

As discussed in Section 2.6, low flexural capacity added to the crack intolerance of concrete
slabs lead to rigid pavement design being mostly guided by conservative elastic approaches. The
adoption of fibre reinforced concrete (FRC), having better performance with respect to resistance
to cracking, allows for design that is less conservative than that used for plain concrete (IRC SP
46:2013, TR34:2003, 2010, Roesler et al. 2006). In addition, the use of FRC in pavement
systems can be considered more appropriate due to better performance with respect to fatigue,

which is the most probable failure loading on pavements.

The current chapter presents a design methodology developed for FRC pavements based on
inelastic analysis incorporating fatigue models in the moment calculation. A discussion of the
possible causes and patterns of failure causes for pavements is given, followed by the description
of the suggested methodology, which is later compared with existing design methods for FRC
pavements. A parametric study follows in order to assess the influence of each variable on the

design solutions, and finally the design framework is presented.
7.2 Failure patterns and conditions in rigid pavements

The phenomenon of curling influences the failure pattern in pavements significantly. As it is well
understood, the two curling modes, viz., downward curling during day time and upward curling
during night time, could lead to transverse cracking when the wheel passes over the slab, as
shown in Figure 7.1 (Ghosh and Dinakaran 1970, Pandey 2005, Huang 2008, IRC 58:2010).
However, in both cases, the design has to be governed by pure bending since the slab will lose
contact with the subgrade, and the failure would be controlled by the flexural strength of

concrete alone.
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(b)

Figure 7.1 Cracking pattern in pavementss (a) bottom-up cracking due to downward curling
during day time (b) top-down cracking due to upward curling during night time

In case there is such loss of contact due to curling, the use of FRC may be less advantageous
since design cannot be extended beyond the elastic limit or first-crack load. For the same
exposure conditions, loss of contact may be completely prevented if the weight of the slab is
significant. Such a situation occurs when the slab is long enough so that curling is completely
neutralized by the weight of the slab (Ghosh and Dinakaran 1970). Thereby, in this case, the slab
is in contact with the subgrade throughout the loading history and thus inelastic design based on

plastic moment capacity, such as used in IRC SP:46 (2013), would be suitable.

The condition for completely neutralized curling is given in Equation 7.1:

5curling + 5self—weight + Osoil pr = 0 (7-1)

where each oterm indicates the deformation of the slab due to one of the three effects, namely,

curling, self-weight and soil pressure, respectively. Based on this condition, expressions have
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been suggested by Ghosh and Dinakaran (1970) for calculating the minimum length of slab

required for neutralizing curling:

2
Self weight / m — foundation reaction / m = m (7.2)

where « is the coefficient of thermal expansion of concrete, AT is the temperature differential
between the top and bottom of slab, E is the elastic modulus of concrete, h is the thickness of the
slab and L is the length of slab. The minimum required value for L works out to be 8l, based on
the study by Ghosh and Dinakaran (1970), where | is the radius of relative stiffness.

Consequently, by performing an initial dimension check, the failure mode of the pavement
can be contemplated with respect to curling and a suitable design approach can be adopted, as

discussed in the following sections.

7.2.1 Case 1: Curling of slab is significant leading to the loss of contact with the

subgrade

Condition: length of slab < 8l

7.2.1.1 Case 1la: Bottom-up cracking

This is the classical crack pattern encountered when upward curling occurs during daytime,
which is addressed in most rigid pavement design methods (Figure 7.1(a)). The cracks are
usually transverse across the slab width and the design is governed by pure bending stresses,
since the slab is mostly separated from the sub grade. Elastic design techniques, such as
IRC 58:2010, can be used irrespective of whether the concrete being reinforced with fibres or
not. The design will be based on the first-crack strength, which is generally not affected by fibres
at the commonly used dosages; thus, the benefit of fibre action cannot be exploited in an elastic
design. The exception is the case of FRC with AMF where there is an increase in the fet due to

the incorporation of such fibres.
7.2.1.2 Case 1b: Top-down cracking

Similar to the previous case, the design is governed by elastic stresses since transverse cracks

occur when the wheel passes over the edges of the slab that has curled upwards during the night
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(Figure 7.1 (b)). Elastic design as per IRC 58:2010 is suggested as the first-crack limits the

capacity.

7.2.2 Case 2: Curling of the slab is completely neutralized by self-weight and there is
no loss of contact with the sub-grade

Condition: length of slab L >= 8l

7.2.2.1 Case 2a: D-cracking/Circular cracking of slab

A case of circular cracking due to load at an interior position or D-cracking due to loads on edge
may occur if the slab dimensions are large enough (both width and length). The case is ideal for
the use of FRC since the behavior is similar to that of slabs-on-grade, and inelastic design
techniques, such as IRC SP 46:2013, will be suitable (see 2.6.1 and Section 6.4.1). In order for
such a failure pattern to occur, the condition to be satisfied is given in Equation 7.3 (taken from
Ghosh and Dinakaran (1970)):

b M, —0.1oATEN?) 7.3

P

(21 - ¢4)
where M;, is the plastic moment capacity of FRC, b is the width of the slab, c is the contact radius
of the load P. Thus, if the value of b is greater than or equal to the value obtained from the above
equation, then the slab is expected to fail by circular/ D-cracking. The limiting moment obtained
from Meyerhof’s inelastic analysis for each loading case may be adopted in the design and the
full potential of FRC can be exploited by using the equivalent flexural strength and flexural
strength to represent the positive (plastic) and negative moment capacity respectively. Thus, the
design equation would be represented by the limiting moment expression Miimit= Mp+Mn, as is
further elaborated in Section 7.4.

7.2.2.2 Case 2b: Cracking due to transverse yield lines

In this case, the crack pattern is transverse across the slab but the failure is caused by the
formation of yield lines, as shown in Figure 7.2. The condition for this type of failure is that the
slab has limited width in comparison to the length, which makes transverse cracking more

probable (Ghosh and Dinakaran, 1970). The limiting width for this condition is such that b is less
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than that required for Equation 7.3 to be satisfied. In this case, the limiting moment is governed
by the plastic moment capacity as the slabs rotates about the two boundary cracks
simultaneously. Expressions for the limiting moment and slab stresses have been given in the
study by Ghosh and Dinakaran (1970).

Transverse
yield lines

T

Length of slab L

Figure 7.2 Formation of transverse yield lines on a slab with low width and high slenderness

The above discussion considers the possible failure patterns in pavements and the approach
to be used for design. However, it is not sufficient for a design method for pavements to address
only the tyre (static) loading conditions as it is well established that failure of pavements occurs
mainly due to fatigue (MEPDG 2004, Fwa 2006, Huang 2008), which is addressed in the

following sections.
7.3 Fatigue based design

Though there are design methods that adopt fatigue based procedures for pavements, some of
which are relevant in the context of FRC, there are a few drawbacks that can be identified in
these approaches as listed below;

e Many design techniques address the issue of fatigue loading through the consideration of
a dynamic factor converting the cyclic load to an equivalent static load (TR34 2003,
TR34 2013, Dramix Manual 2001, di Prisco and Mauri 2004, ACI 360R 2010). However,
such an approximation, though widely accepted, has its drawbacks in that it is not

possible to accommodate the performance characteristics of the material since the
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dynamic factor is not specific with respect to material. In a case such as FRC, this

becomes a significant drawback as FRC has a better fatigue response than plain concrete.

e Though the design methods for FRC pavements are based on inelastic analysis for static
loading, the design for fatigue is based on elastic stresses and thus the design is always
governed by the elastic analysis rendering the inelastic analysis ineffective for optimising
the design (IRC SP 46:2013).

e Some methods use a modified flexural strength for FRC, denoted as the design flexural
strength, given as a factored value of the actual flexural strength, often related to the
equivalent flexural strength ratio (Roesler 2006, Elsaigh et al. 2005, IRC SP 46:1997).
Such an approach is unsuitable as in cases where the design moments are governed only
by the plastic moment capacity or the negative moment capacity, the use of such a design

flexural strength is erroneous.

Keeping in view the requirements of performance and rationality, a design method has been
developed, where it is attempted to overcome the limitations mentioned above and is presented
in the following sections.

7.4  Proposed design method for FRC pavements

Once the dimensions of the slabs are obtained as per the requirements, the design is initiated by
checking the length and width of the slab, to decide the design case, as suggested in Section 7.2,
with respect to the failure patterns. If the dimensions satisfy the conditions for fully neutralized
curling with circular/D-cracking, then the design can be done as discussed below (which is
generally the case in pavements). The design is based on the collapse condition being taken as
the appearance of cracking at the top of the slab, as discussed in Section 2.5.3.

At this condition as discussed for slabs-on-grade in Section 6.4.1, the plastic moment
capacity due to the FRC is fully mobilized at the bottom of the slab since the crack is open and
the negative moment capacity at the top of the slab corresponds to the flexural strength of
concrete. Thus, the limiting moment is the sum of the positive plastic moment M, and the

negative moment Mn:

Mo= Mn+Mp (7.4)
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As per the stress condition, the allowable moment per unit width of the slab is:

hZ
Mall = (fctk + felSO,k)E (7-5)

where fe1s0x iS the characteristic equivalent flexural strength of FRC up to a deflection of

span/150, few is the characteristic flexural strength of the FRC and h is the thickness of slab.

In the case of FRC pavements, the section capacity will be affected by fatigue loading. The
challenge is to estimate the material response parameters, such as flexural strength, endurance
limit and toughness, for incorporation in the inelastic methodologies. In the present approach,
reduction factors based on the fatigue models from literature are applied to the strength
parameters used in the design of the section. Equation 7.5 is then modified for the moment

carrying capacity under fatigue loading, as

f f 2
Ma"{x ;‘k’k +Y *’;WJ% (7.6)

where X and Y are the reduction factors for the negative moment carrying capacity (i.e., at crack
initiation) and the positive moment carrying capacity (i.e., post-cracking regime — crack
opening), respectively. The values of X and Y are to be obtained from suitable fatigue models
(e.g., S-N curves) considering the fibre type and dosage used, and the specified grade of concrete,

as explained in the next section.
7.4.1 Determination of fatigue reduction factors

In the case of pavement design, the starting point of the design should be the axle load spectra
from the traffic data. Also, the expected number of repetitions for each axle load class has to be
obtained, as in typical rigid pavement design. For each load class, the corresponding maximum
expected number of load repetitions, nj, has to be used when determining the reduction factor
from the fatigue model. Appropriate fatigue models have to be chosen for both uncracked and
post-cracked stages of the FRC and the safe stress ratio corresponding to the assumed N-value
has to be determined. This is illustrated in Figure 7.3 where S-N curves for uncracked and pre-
cracked concrete are used to obtain the reduction factors; e.g., for a required N = 1000 (i.e., log N
= 3), the safe stress ratio limits for FRC are, in the uncracked state, X = 0.91 from curve of

uncracked FRC, and for the cracked state, Y = 0.84 from curve of pre-cracked FRC.
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Figure 7.3 Fatigue reduction factors from S-N curves

From a review of existing studies on fatigue testing of plain and fibre reinforced concrete, it
is understood that the fatigue models based on S-N curves, for same material, may differ with the
amplitude of loading. It has been suggested by some researchers that the number of cycles to
failure reduces with an increase in the amplitude of loading (Germano and Plizzari, 2012,
Germano et al. 2015). Consequently, with respect to design, in order to have a conservative
solution, it is suggested that the S-N model used, should pertain to a fatigue test with load

amplitude as high as possible (for e.g., cycling up to near-zero load level as the lower limit).

7.4.2 Thermal stresses

Since the major assumption for the inelastic design is that there is no loss of contact of the slab
with the sub-grade since curling is completely neutralized by self-weight, the curling stresses
developed will have to be accounted for in the design. An approach similar to that discussed in
the design methodology for slabs-on-grade is suggested wherein the negative moment carrying
capacity is reduced based on the flexural stresses developed due to temperature gradients in the

slab:

Mall = Mp"‘(Mn'MAT) (77)
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Therefore, the design moment equation will be modified to account for this, as:

2
fCtk - fAT )}%

a

where far is the flexural stress due to the temperature differential (AT) in the slab.

f
My =] Y =%+ (X

Ve Ve

(7.8)

Table 7.1 Results of the temperature differential testing on model slabs (avg. of two cycles).

Locations for Month with Mean Slab Max positive Max negative
diurnal extreme max. and Maximum thickness temp. diff. temp diff
temperature | min. temp. (diurnal temp in °C inmm between top between top
profile temperature /Relative and bottom of | and bottom of
difference) humidity slab in °C slab in °C
100 3.65 -1.95
Chennai May (10°C) 37.4/62% 200 4.30 -1.85
300 5.10 -1.70
100 5.95 -3.95
May (13.2°C) 39.8/33% 200 6.00 -4.15
. 300 6.65 -4.10
Delhi 100 6.25 .20
November (15.2°C) 28/55% 200 6.05 -2.30
300 5.95 -3.20
100 9.85 -4.05
Nagpur May (14.5°C) 42.5127% 200 11.00 -3.40
300 11.55 -2.95
100 4.50 -2.35
Jodhpur January (15.6° C) 25/53% 200 4.35 -3.80
300 5.00 -4.95
Hypothetical 15°C 20/30% 100 3.87 -2.02
cycle 1 200 3.19 -3.34
300 2.93 -4.48
Hypothetical 10°C 45/70% 100 4.18 -1.06
eycle 2 200 3.99 -1.94
300 3.76 -2.94

Since the thermal stresses in pavements are critical with respect to slab behavior, an
experimental study was designed and tests were done on slab models under various diurnal

temperature conditions to measure the temperature difference. The details of the tests and results
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are discussed in Appendix D. The main results are given in Table 7.1 showing the maximum
temperature differentials for various diurnal environmental conditions. The results give ranges
and typical values that can be adopted for stress calculations in case actual data are not available.
On comparison with the temperature considered in IRC 58 (2010), it is seen that these values are

generally less conservative.
7.4.3 Shrinkage stress

As discussed in Section 6.5, the joint spacing of the slab could be decided so as to minimise the
stresses due to shrinkage. In addition, the use of a friction relief layer is recommended for
pavements so as to minimise the stresses due to shrinkage. In spite of this, if the shrinkage
stresses are significant, an approach similar to that adopted for slabs-on-grade is suitable, where

the estimated shrinkage stresses, from the measured/predicted strain values (&n), given by:

fsh = EcmX &, (79)

can be reduced from the total hogging moment capacity, as:

Miimit = Mp"‘(Mn'MAT'Msh) (7.10)

Thus, the design equation will be modified as:

all

fen f h?
M :[Y ALY § Q- —fAT—fsh)}F (7.11)

Ve Ve

7.4.4 Design steps

From the assumed thickness and FRC material properties, the allowable moment is calculated as
per the design expression in Equation 7.11. From the inelastic yield line expressions
corresponding to each load condition (Meyerhof 1962, TR34 2003, 2014), the maximum

allowable load corresponding to the maximum allowable moment is calculated as:

P =M F() (7.12)

where f(a/l) depends on the load position and failure pattern assumed, and the corresponding
expressions are obtained from Meyerhof’s analysis, as discussed in Chapter 2 and given in TR34
(2003, 2014). If the allowable load is higher than the maximum applied load, then the
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combination of thickness, grade of concrete and dosage of fibres is sufficient with respect to the

inelastic design.
7.4.5 Fatigue damage check

Since a separate serviceability check for fatigue has to be performed, fatigue damage analysis is
suggested along lines similar to IRC SP:46 and IRC SP:58, by determining the cumulative
fatigue damage (CFD) and applying the Palmgren-Miner’s rule. For determining the CFD, stress
ratio on the slab is obtained as the ratio of elastic stress due to the applied load to the first crack
strength. In order to obtain the allowable number of repetitions (N;), the fatigue model used for
determination of X, as described in Section 7.4.1 is used. From the allowable and actual expected
number of load repetitions for each load class (i), the CFD is obtained as:

CFD = Z

I”|i
2N
As per the Palmgren-Miner’s rule, the design is safe if CFD < 1.

The elastic stress due to the applied load maybe obtained using appropriate analytical
solutions such as Westergaard’s equations (see Equation 2.6) or numerical solutions (e.g., FEA
based). In India, IRC 58 is a commonly adopted standard for rigid pavement design based on
elastic stress analysis, and it is suggested that, in the absence of other solutions, the stress

equations provided in Section 5.3 of IRC 58:2010 (reproduced in Appendix E) be used.
7.5 Design example

For the purpose of illustration, the design is worked out for the example given in IRC SP:46

2013, with the axles load spectrum given in Table 7.2.
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Table 7.2 Axle load spectrum

Paxe (KN) | No. of repetitions
190 362191
180 347823
170 364586
150 259022
140 59467
130 32328
120 52283
110 52882
100 64855
90 282369

Input variables

Grade of concrete — M35
Modulus of subgrade reaction, k —0.225 N/mm?
Tyre pressure = 0.8 N/mm?

Assumed parameters

Thickness of pavement = 265 mm
Width of slab =3.5m

Fibre type and dosage - hooked-ended cold-drawn steel fibres, 30 kg/m?®

From test data (see section 4.3.4)
Expected characteristic flexural strength (fc) = 3.82 MPa
Expected characteristic equivalent flexural strength (fe,nx) = 3.0 MPa

Material safety factor yc assumed as 1.0 (see Section 6.6.4)

EnS

——5— =730mm
12(1— 1 )k

The radius of relative stiffness | can be obtained as, =4

Based on the dimension check, the minimum length of slab required for curling to be neutralized
=8 %730 = 5.8 m (see Section 7.2.1)
The minimum width for circular/D-cracking to occur (from Equation 7.3) =2 m

Since B assumed is 3.5 m > 2m, inelastic design will govern based on Circular/D-cracking.
Therefore, the panel dimensions are taken as 6 m x 3.5 m.
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The sources and values of X and Y are shown in Table 7.3.

Table 7.3 Values of X and Y used

Determination of strength reduction factors for N = 2x106 cycles (assumed)

Parameters for fe: (first crack) Parameters for fen (post cracking)
i . log N =-17.4 S+18.66 log N =-11.4 S+12.55
S-N relation (Lee and Barr 2004) (Germano and Plizzari 2012)
Strength  reduction
factors X 0.71 Y 0.55

Stresses due to a temperature differential of 8°C (from Bradbury’s expressions: see Eqn 6.28) =
1.5 MPa

Allowable Mp =YX fen h?/6 = 19.3 KNmm/mm
Allowable Mn = XX (fet-far-fsn)h?/6= 19.3 KNmm/mm

Critical load position — Edge of slab

fora/l=0
Pai= (7(Mp+Mn)/2)+2Mn = 99.2 KN
for a/l =0.2

Pait = (2{Mp+Mpn)+4Mn)/(1-(2a/31)) = 22.9 kN

Maximum allowable load = 99 kN (lower of the above two critical cases)

As per the axle load spectrum, the maximum applied load = 190/2 = 95 kN< Maximum

allowable load.

Fatigue damage check
In order to determine the elastic stress due to single axle loading condition the expression
adopted from IRC 58:2010 is:

2
o =-0.238_ 7.02(’*—) + 2.41% +0.0585(AT)

kI?

where p is the unit weight of concrete assumed as 24 kN/m? as specified in IRC 58:2010.
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Table 7.4 Fatigue damage analysis for the load spectrum

Axle load Expected Stress * Stress N (from the S-N
o (based on . . _
category repetitions elastic ratio, | relation log N =-17.4 (ni/Ni)
(kN) (n) analysis) S S+18.66)
190 362191 2.85 0.75 495283 0.73
180 347823 2.72 0.71 1851655 0.19
170 364586 2.60 0.68 6922554 0.05
150 259022 2.34 0.61 96756197 0
140 59467 2.22 0.58 361730395 0
130 32328 2.09 0.55 1352356571 0
120 52283 1.97 0.51 52156237122 0
110 52882 1.84 0.48 159935822635 0
100 64855 1.72 0.45 490439279631 0
90 282369 1.59 0.42 1503920028928 0
CFD= 0.97

*Taken from expressions in IRC 58:2010 for elastic stresses on plain concrete slab

Thus, the design is safe both in terms of inelastic moment capacity and fatigue life. The final
design is summarized in Table 7.4.

Table 7.5 Final design solution

Slab thickness 265 mm
Slab dimension 6 mx3.5m
Grade of concrete M35

Hooked ended steel fibres of length 60 mm,
aspect ratio 80 at 30 kg/m?, fex— 3.82 MPa,
fenk — 3.0 MPa

Fibre type and dosages

7.6 Parametric study

A parametric study is done in order to understand the design solutions with respect to the various
variables. The axle load spectrum for which the designs were performed is the same as in Section
7.5 (see Table 7.2). The minimum thickness has been obtained for 10, 20 and 30 kg/m® of
hooked-ended steel fibres and different subgrade moduli, and reported inTable 7.6, along with
the expected failure pattern or mode.
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Table 7.6 Results of the parametric study of the design methodology

Dosage Subgrade Required Expected failure pattern or mode
of steel modulus, kin |  minimum

fibres in N/mm? thickness, h

kg/m3 inmm

10 0.08 290 D/Edge cracking

10 0.14 290 D/Edge cracking

10 0.225 290 D/Edge cracking

20 0.08 290 Fatigue cracking

20 0.14 280 Both D/Cracking and Fatigue cracking
20 0.225 270 Both D/Cracking and Fatigue cracking
30 0.08 285 Fatigue cracking

30 0.14 275 Fatigue cracking

30 0.225 265 Fatigue cracking

As discussed earlier, there are two design checks: the first check for the maximum allowable
load as per the inelastic moment capacity and the second check for the serviceability based on
fatigue damage. It can be seen that for FRC with a low dosage of fibres (10 kg/m®), where the
post cracking flexural strength is low, the slab possesses limited rotation capacity and yield lines
develop, causing the slab to crack before fatigue cracking can occur. On the other hand, at higher
fibre dosages, the design is essentially governed by fatigue failure; the higher flexural toughness
renders the design to be safe with respect to the inelastic design moment (as seen in Table 7)
even at lower thicknesses but a higher slab thickness is required to satisfy the CFD check for

fatigue damage based on the elastic stress.
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Figure 7.4 Variation of minimum required thickness with subgrade modulus for slab of M35
grade concrete having different dosages of hooked ended steel fibres.

7.7 Comparison with existing design methods

As has been discussed in detail in Sections 2.6.2 and 7.3, there are few design methods available
for FRC pavements, and they have certain shortcomings and limitations The suggested design
methodology tries to overcome most of these limitations, which can be illustrated through a
comparative study. Two design methods have been identified for this comparative study as they
incorporate inelastic and fatigue analysis in the design: the IRC SP 46:2013 method for FRC
pavements and the FHWA research report method (Roesler et al. 2008) for the design of Ultra-
thin white toppings (overlays) with FRC.

In the first comparison, for the axle load spectrum taken from IRC 46:2013 (see Table 7.2),
the design thickness is evaluated using all the three methods. Two concrete mixes were adopted
of grade M35 with 10 kg/m® (Mix 1) and 20 kg/m® (Mix 2) of hooked-ended steel fibres with

length 60 mm and aspect ratio 80. The material parameters used for the design are listed in Table
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7.7 and the material safety factor has been assumed as 1.0 in all methods for uniformity. The

minimum required thickness was obtained for different k values.

Table 7.7 Material parameters used for the design trial for comparison

Parameter Mix 1 Mix 2
Grade of concrete M35
Dosage of fibres kg/m?® | 10 20
feex (MPa) 3.8 3.8
fe,150k (MPa) 1.5 2.52

From the comparative illustration in Figure 7.5 and 7.6, it can be seen that the design
thickness as per the suggested method is lowest for both cases. It is evident that the IRC SP
46:2013 method is insensitive to the change in dosage. This is because the design is highly
conservative as it is similar to that of plain concrete. The FHWA method design, though
sensitive to the dosage of fibres, gives conservative results mainly because the fatigue model
used is more conservative, as shown in Figure 7.7, where the fatigue models for first crack as

used in each method have been plotted.

Thus, it could be concluded that the suggested method, though less conservative than the
other two methods, is more suitable since both possible types of failure are accounted for in the
design.
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7.8 Design framework

For illustration of the methodology, the design framework is presented below.
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7.9 Case studies
7.9.1 Compilation of trial stretches laid in the II'T Madras Campus

Seven stretches of FRC pavements were laid with various thicknesses and dosage of fibres in the
IIT Madras campus over the past five years. The details of these projects are given in Table 7.8,

and discussed further in the following sections.
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Table 7.8 Details of trial stretches of FRC pavements laid within IIT Madras campus until November 2015

Details Trial stretch 1 | Trial stretch | Trial stretch | Trial stretch | Trial stretch5 | Trial stretches Trial stretch 9
(GATE office) 2 3 4 (Biotechnology | 6-8 (Krishna (BSB lab
(Structural (Taramani | (Border road) entrance) gate, Hospital | approach road)
Engg. lab) Guest house and KV school
entrance) approach roads)
Period of April 2009 November December February March 2012 August 2011 April 2012
casting 2009 2009 2011
Lengthxwidth 60 mx5m 69mx3.5m | 60 mx6.5m | 218 m x4 m 50mx5 m 145m x4m 70 mx4m
of pavement
Joint spacing 3m 3m 4m 4m 25m 25m 3m
Thickness in 150 150 150 120 100 150 150
mm
Grade of M30 Not known M35 M35 M40 M35 M35
concrete
Fibre type; see SFB Not known SFA SFB SFB SFB SFB
Table 4.1 for
details
Fibre 15 Not known 25 15 30 20 20
dosage/m?®
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7.9.2 Details of Trial stretch 4

A stretch of 218 m of (4.0 m wide) pavement within 1T Madras campus was laid with SFRC
during the month of February 2011, in two phases: 124 m in Phase 1 and remaining 94 m in
Phase 2. The initial stretch of about 25 m in Phase 1 was laid on ground that had been prepared
by removing an old asphalt pavement, which was highly distressed due to the sinking of the
ground below, laying water bound macadam compacted by rolling with drum-type rollers,
overlaying with quarry dust, and covering with high density polyethylene (HDPE) sheets (see
Figure 7.8). The remaining stretch of 100 m of Phase 1 was laid directly on the existing asphalt
overlay as it was in good condition. The casting for the first phase commenced at around midday
on 2" February 2011, and the full stretch was completed including finishing within 20 hours.
The site temperature was around 33°C. A total of 13 trucks of RMC, each carrying 6 m® of

concrete, were used for the construction.

An average thickness for the concrete slab of 150 mm and minimum thickness of 120 mm
was ensured. The concrete was placed and vibrated using screed vibrators (see Figures 7.9 and
7.10). The slump of the concrete was stipulated as 100+20mm, since less workable concrete
resulted in the deformation of the fibres. For finishing the surface, power toweling was done
followed by brooming with metal wire brush (see Figures 7.11 and 7.12). The curing
commenced after 4 hours of casting and was done by ponding (see Figure 7.13). Within 24

hours, saw cutting was done at a groove spacing of 4 m using a disc cutter (see Figure 7.14).

(@) (b)

Figure 7.8 Prepared surface of the existing pavement to receive the new concrete (a) leveled
surface, (b) HDPE sheet on the prepared surface
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Figure 7.11 Power trowelling of freshly laid concrete surface
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Figure 7.14 Saw cutting of grooves
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Sampling of concrete for compression tests and counting of fibres was done, and the
corresponding tests were conducted in the laboratory. The fibre counting was done on both fresh
concrete and hardened concrete as per EN 14488 - 7. In the fresh concrete, a sample was washed
with water to remove the mortar, and fibres were separated manually using a magnet from the
remaining material and weighed. In the dry concrete, the cube used for compression testing was
completely crushed, and the fibres were separated out using a magnet and weighed. The results
indicated that the samples contained an average dosage of 14 kg/m?® of fibres and had an average
compressive strength of 43+3.1 N/mm?at 28 days.

Phase 2 of the trial stretch was laid 2 days after Phase 1 and completed within 16 hours
mostly during the night. Due to the delay in saw cutting of the grooves, one crack occurred

within 48 hours of casting, running across the pavement, as seen in Figure 7.15.

The pavement was opened for traffic when the compressive strength had reached a value of
17 N/mm?, 3 days after laying the Phase 2 stretch. The pavement performance till date (after
about 4.5 years) has been satisfactory with respect to comfort. The traffic density is very low
(less than 10 passes of four wheelers per day). However, there is some ready mix concrete truck
traffic making the axle loads higher than other similar roads in IIT Madras campus (about 75

passes in a year). Two cracks have been observed in the slabs till date.

Figure 7.15 Crack occurred within 48 hours after casting during the second phase

7.9.3 Trial stretch 3

The FRC pavement was laid at the entrance of the Taramani guest house. The traffic density is
moderate (about 30 passes of four wheelers per day), with the highest possible load from water
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tankers. The laying of the slab was similar to trial stretch 4. The joint cutting was done after 4

weeks of casting the slab. No cracks have appeared on the slab.

Figure 7.16 Trial stretch 3

7.9.4 Trial stretch 5

A stretch of 50 m of FRC pavement was laid at the entrance of the Department of Biotechnology
in IIT Madras. The pavement is mostly used by two wheelers or four wheelers and has very low

traffic density (less than 10 passes of critical loads per day).
7.9.5 Trial stretch 6-8

Three stretches of FRC pavements were laid having the same design thickness and fibre dosages.
Trial stretch 4 is an approach road to the exit gate (for two wheelers only) near the boys' hostel,
trial stretch 5 is an approach road to a school on campus, trial 6 is an approach road to the
hospital on campus. All three pavements have the same traffic pattern with maximum load

corresponding to four wheelers with frequent movement (more than 100 passes of critical loads

per day).

7.9.6 Trial stretch 9

A stretch of FRC pavement has been laid as an approach road to the Construction Materials
Testing Laboratory. The stretch was laid prior to receiving a consignment of heavy machinery to
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be installed in the laboratory, during which period the axle load on the road was high but with

very few passes.
7.9.7 Comparison with the design

For each of the trial stretches (see Table 7.8), the traffic was assessed through observation and
discussion with the engineers of 11T Madras, and consequently the corresponding critical loading
configurations were identified and reported in Table 7.9, in terms of type of traffic and axle
configuration. Further, the current (2015) condition, with respect to cracking and any other
visible damage, of each stretch has been given in Table 7.9, along with the estimated repetitions

of the critical load till date.

It is assumed that the stretches should have an expected life to be 20 years. Consequently, the

load repetitions during the design life has been estimated and given in Table 7.9.

Considering the pavement thickness, grade of concrete, and fibre type and dosage used in
each trial stretch laid in the campus (see Table 7.8), the maximum allowable load for the
corresponding critical loading configuration was determined according to the suggested design
method, and the results are reported in Table 7.9 below. By comparing the calculated maximum
loads to observed traffic load, we can see that, with the exception of Stretch 4, the calculated
values are more than the actual loading. Considering that only Stretch 4 has experienced
cracking, it can concluded that the observations from the trial stretches support the proposed
design method for pavements. For the Stretch 4, as per the suggested method, the minimum
required slab thickness, for the critical axle load condition, is 150 mm which is higher than the
actual slab thickness.
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Table 7.9 Assessment of the design as per the suggested method for trial stretches in II'T Madras

Parameter Trial stretch Trial stretch 4 Trial Trial Trial stretch 9
3 stretch 5 | stretch
6-8
Critical traffic Moderate Low traffic density Low High Low density
condition traffic and moderate axle density | density | high axle loads
density and loads low axle low
moderate loads axle
axle loads loads
Critical axle Single axle, | Front — Single axle Single Single | Front-—Single
configuration and single wheel single wheel, axle, axle, axle, single
corresponding wheel 20 kN Rear — Tandem axle single single wheel
load single wheel wheel wheel | Rear — Tandem
30 kN 20 KN 20 KN axle, single
wheel
30 kN
Estimated load 10 300 103 10 10
repetitions till date
Current condition No cracks 2 major transverse No No No cracks
cracks and few cracks cracks
narrow longitudinal
cracks
Repetitions of 1x10° 1x10° 1x10% | 2x10° 1x10?
critical load taken
for the design
Maximum allowable 30 kN 25 kN 15 kN 30 kN 40 kN
wheel load for the
critical axle
configuration as per
the design
Remarks Satisfactory | Serviceability is Satisfact- | Satisf- | Satisfactory
satisfactory but ory actory

thickness is
inadequate for
preventing cracking
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7.10 Conclusions

The chapter discusses a design procedure for fibre reinforced concrete pavements considering

various failure conditions and criteria. The major conclusions are:

e The design gives specific checks to ascertain the failure pattern and the consequent

design strategy to be adopted.

e If the design is governed by material behaviour in the inelastic state then the ultimate
load analysis is used to derive full advantage of the FRC potential.

e The limiting moment is obtained assuming the failure condition to be the initiation of
cracking at the top of the slab thus making the limiting moment to be the sum of the
positive moment at the bottom cracked part of the slab and negative moment at the top of
the slab.

e The design method directly incorporates the equivalent flexural strength in the evaluation
of the moment carrying capacity.

e Fatigue failure criteria are incorporated in the design by assigning reduction factors for

the flexural and equivalent flexural strengths in the calculation of section capacity.

e Thermal and shrinkage stresses are incorporated in the design by reducing the moment

capacity by taking into account the estimated stresses.
e Cumulative fatigue damage analysis is done as serviceability check

e A parametric study done on the design illustrates that the design accounts for the critical
failure mode (multiple cracking or fatigue cracking) due to the two level check on
inelastic moment capacity and cumulative fatigue damage. The design solutions indicate
that use of very low dosage (like 10 kg/m® of hooked ended steel fibres) results in the
failure of slab under much lower stresses by inelastic cracking before fatigue cracking

occurs.
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e The design according to the proposed method has been compared to the designs as per
IRC SP 46:2013 and FHWA, and the solutions obtained are found to give lower thickness

and fibre dosage, which could result in more economical solutions.

e Trial stretches of FRC pavement laid on IIT Campus has been compared with the design

results for the validation of the methodology.
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8 CONCLUSIONS AND SCOPE FOR FUTURE WORK

8.1 General conclusions

In general, the work has resulted in development of design methodologies for FRC slabs-on-
grade and pavements. The work had two facets in which M35 concrete with various types of
fibres were characterized and then the results were incorporated in the design for both slabs-on-
grade and pavements. The salient conclusions that correspond to the fulfilment of the principle

objectives of this work are given below.

e The material characterization programme on M35 grade concrete with various types of
fibres demonstrates that the equivalent flexural strength fe1s0 is a suitable flexural
toughness estimate to be adopted as material parameter in design methods owing to its
sensitivity to the type of fibre and the dosage of fibres. The equivalent flexural strength in
conjunction with the flexural strength furnish appropriate performance characteristics

indicative of the influence of fibres in the crack development in the concrete.

e The results of the flexural toughness tests indicate that the performance of concrete with
same dosage of different fibres will vary based on the material, shape and size of fibres.
Thus, arbitrarily specifying a dosage applicable to all fibre brands in design/contractual
specifications could be unconservative, and the specification of a minimum required fe 150

should be done.

e From the characterization of FRC with various types of steel fibres it was understood that
hooked-ended steel fibres does not influence the peak load whereas the peak load and the
cracking response are altered by the undulated steel fibres. At the same time, at large
deflections the hooked-ended steel fibres are more efficient in comparison to the

undulated fibres and vice versa at smaller deflections.

e The flexural toughness chracterization of FRC with AMF and steel fibres indicate that the
hybrid combination results in significant synergy in the behavior causing an increase in

flexural strength as well as post peak capacity. It was later demonstarted that the use of
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such mixes in the design of FRC slabs-on-grade and pavements would be beneficial since

this leads to significant reduction in thickness requirements.

The pre-normative proposal for flexural toughness characterization based on the
experimental programme can be suitably incorporated in design standards for both FRC
slabs-on-grade and pavements as the applicability of the tests have been verified for FRC
with most types of fibres available in Indian market. The test configuration, test
procedure and reporting methods are described in the guidelines, which have been the
basis for the Indian Concrete Institute technical recommendation ICI TC/01.1 (2014)-
Test Method for the Flexural Strength and Flexural Toughness Parameters of Fibre

Reinforced Concrete.

The design methodology developed for FRC slabs-on-grade based on inelastic analysis
addresses various failure patterns, depending on the dimensions and end conditions of the
slab. The expressions for lead to a performance requirement in terms of required
equivalent flexural strength for a minimum thickness and chosen grade of concrete. The
design allows the use of any fibre and dosage that meets the performance requirement.
The methodology considers various failure patterns due to loading and integrates stresses

due to temperature variation and restraint to shrinkage.

The design methodology developed for FRC pavements addresses various critical
conditions causing pavement failure based on the dimensions of the slab. Through a
dimension check, the governing failure mechanism is categorised into elastic (since
pavements are more susceptible to curling, resulting in loss of contact of slab with
subbase and fatigue failure) or inelastic. The expressions for inelastic design considers
the fatigue response of the material by the use of strength reduction factors in the moment
capacity estimate. The design also includes a fatigue damage-accumulation based check
thereby ensuring the required performance of the pavement throughout the design life.
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8.2  Specific conclusions
8.2.1 Flexural behaviour of FRC with different fibres and fibre combinations

e Based on the experience gained from the test programme it can be concluded that
toughness testing done with the four point bending configuration under stable deflection
control is an appropriate characterization technique for qualifying FRC for slabs-on-grade

and pavement application.

e In order to ensure proper quality control, it is recommended that nine specimens be
prepared for testing to ensure that at least six reliable test results are obtained, since

specimens could fail suddenly due to loss of control just after the peak load.

e From the results of the flexural toughness tests it can be concluded that fibres of different
materials and shape differ in their influence on the flexural behavior of FRC. Some fibres
like undulated steel fibres, glass fibres and amorphous metallic fibres affect the peak load
and cracking response but have low influence in the post-cracking capacity especially at
large deflections. Hooked-ended steel fibres are more efficient at large deflections and
impart significant post-cracking capacity as well as the retention of post-cracking

capacity upto large deflections.

e Different combinations of fibre type and dosage can have similar toughness values, and
different fibres at the same dosage can give different toughness values, which has

important implications for design.

e It has been illustrated from the tests on FRC with hybrid combination of amorphous
metallic fibre and steel fibres, that combining the two types of fibres that influence the
cracking behavior at different levels of deflection/crack (at first crack and at large crack
widths) results in a synergistic effect leading to better performance. Such mixes can be
better adopted in cases where the design is significantly affected by the first crack
strength even when the design is governed by post-cracking capacity, for example, FRC

pavement design.

e Based on the current study, the use of the strength based toughness parameter, equivalent

flexural strength fe 150, IS recommended in design methodologies to represent post-
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cracking capacity rather than the widely used non-dimensional toughness parameters
such as equivalent flexural strength ratio, Reaiso. This is so since normalizing the
equivalent flexural strength with peak flexural strength might result in misleading
interpretation of the residual capacity, in cases where the post-peak flexural strength

enhancement is accompanied by a substantial increase in the flexural strength.

From the analysis of test results, it can be observed that the characteristic values of
strength based toughness parameters (depending on the variability in results) are
significantly influenced by the material, size and shape of the fibres used. Consequently,
the conversion of mean strength to characteristic strength for FRC, with each type of
fibres should be based on the corresponding statistical variation and not on a common
factor, e.g., the characteristic value of the equivalent flexural strength of straight hooked-
ended steel fibre concrete can be conservatively considered to be 0.7 times the mean

value, and for undulated fibres a lower value of 0.65 may be used.

On an average, the scatter in the values of the residual strength is much higher than in the
equivalent strength, which implies that the latter is a more reliable parameter than the

former.

8.2.2 Inelastic design method for FRC slabs-on-grade

The developed design procedure considers separate expressions for each possible failure
pattern for various combinations of load and load positions. Consequent to the
identification of the possible failure patterns, the design incorporates various limiting

moment expressions based on yield line theory.

In all design expressions, the limiting moment capacity is related to either the plastic
moment capacity (post-craking moment capacity) Mp or the negative moment capacity

M, or the sum of both capacities based on the failure pattern. The plastic moment
2
capacity/m is estimated as M, = f, ¢, %and the negative moment capacity/m is related
h2
to the first crack flexural strengthas M = f_ 3
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The design equation includes the flexural stresses due to restraint of shrinkage and

temperature differentials as an additional stress.

The design equation estimates the required equivalent flexural strength for the given
loading condition, leading to a performance requirement for concrete, and the final design
check allows for incorporating the actual material test data along with the variability

since the characteristic value of the material parameters have to be provided as input.

The design methodology has been validated by comparing with data from the literature
and it is found that the maximum allowable load is less than the reported collapse load in
all cases. In addition, the method has been compared to design solutions of existing

design methods relevant to this context.

Parametric studies of the design method suggest that it is sensitive to the variability in the
material parameters, accounting for the performance of the fibres in the concrete mix.
The required dosage of fibres increase with high variability of material parameter since
the design uses the characteristic values of the material parameters.

Parametric study also leads to the conclusion that the design is more sensitive to
variations in flexural strength than the equivalent flexural strength, once the minimum
required post-cracking capacity is ensured, therefore, mixes with fibres enhancing both
flexural strength and flexural toughness would perform better.

8.2.3 Design methodology developed for FRC pavements

The suggested design methodology for FRC pavements addresses various possible failure
conditions, based on the dimensions and the temperature profiles in the slab and
recommends either elastic or inelastic design, for each case of slab boundary condition.

As the design incorporates fatigue life, both in the inelastic analysis and the serviceability
check, it is governed by either of the two criteria, depending on the fibre dosage, material
parameters and thickness of the slab. The most suitable solution is when the design
satisfies both the criteria (i.e., inelastic moment capacity check and fatigue damage

accumulation check).
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The effect of fatigue on the section capacity of the FRC pavement has been incorporated
in the design by applying strength reduction factors to both the materials strength

parameters viz., flexural strength and equivalent flexural strength.

The difference in fatigue response of FRC with respect to first cracking and post cracking
is brought in by choosing separate fatigue models for first crack strength and equivalent

flexural strength.

8.3 Recommendations for future work

The thesis presents design methodologies for FRC slabs-on-grade and pavements with

approaches to address the various failure conditions specific to each application with an

underlying commonality in the inelastic principle adopted for design. Though the design

methods are quite comprehensive, further studies would give better understanding and suitable

models for improving the design efficiency. Some recommendations are:

A more detailed study of the actual shrinkage characteristics of FRC at the material level
and the structural level can be carried out so as to develop suitable models to be

incorporated in the design expressions for more realistic values of stresses.

Numerical modelling and analysis of the slab using appropriate material models for FRC
can be performed so as to simulate the response under various loading conditions in order
to extend the scope of the design to various fibre combinations and grades of concrete. It

will also help in further validating the design procedure.

An extensive experimental study on the flexural fatigue behaviour of FRC is needed so as
to validate existing models and to formulate more efficient models to be incorporated in
the design. The study has to be done with respect to the first-crack fatigue characteristics,

as well as the post-cracking fatigue characteristic.

The temperature differential testing method presented in the Appendix D can be extended
to FRC slabs with different boundary conditions for various temperature profiles to better
understand the response of slab to temperature variation. Numerical modelling and
analysis of the test will be needed to validate the results and also to develop a model to be

adopted in the design procedure.
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e Most significant, especially in the case of FRC pavement design, would be prototype
applications with proper instrumentation in order to validate the design methodology.

This may require the laying of trial stretches with elaborate instrumentation.
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APPENDIX A - LOAD DEFLECTION CURVES OF M35
GRADE CONCRETE WITH DIFFERENT STEEL FIBRES

A.1 Fibre type — SFA

40 -
30 1 |
P
N4
£ 20 1
o
©
o
0 : , . : .
0 500 1000 1500 2000 2500 3000
Deflection in um
Figure A.1 Load deflection curves of all specimens of M35SFA15 mix
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Figure A.2 Load deflection curves of all specimens of M35SFA25 mix
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Figure A.3 Load deflection curves of all specimens of M35SFA35 mix
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Figure A.4 Load deflection curves of all specimens of M35SFA45 mix
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A.2 Fibre type — SFB
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Figure A.5 Load deflection curves of all specimens of M35SFB10 mix
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Figure A.6 Load deflection curves of all specimens of M35SFB15 mix
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Figure A.7 Load deflection curves of all specimens of M35SFB20 mix
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Figure A.8 Load deflection curves of all specimens of M35SFB30 mix
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A.3 Fibre type - SFC
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Figure A.9 Load deflection curves of all specimens of M35SFC15 mix
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Figure A.10 Load deflection curves of all specimens of M35SFC25 mix
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Figure A.11 Load deflection curves of all specimens of M35SFC35 mix
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Figure A.12 Load deflection curves of all specimens of M35SFC45 mix

226



A.4 Fibre type — SFD
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Figure A.13 Load deflection curves of all specimens of M35SFD15 mix
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Figure A.14 Load deflection curves of all specimens of M35SFD25 mix
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Figure A.15 Load deflection curves of all specimens of M35SFD35 mix
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Figure A.16 Load deflection curves of all specimens of M35SFD45 mix
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A.5 Plain concrete mix
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Figure A.17 Load deflection curves of all specimens of M35F0 mix
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APPENDIX B-LOAD DEFLECTION CURVES OF M35
GRADE CONCRETE WITH DIFFERENT GLASS FIBRES
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Figure B.1 Load deflection curves of all specimens of M35GF5 mix
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Figure B.2 Load deflection curves of all specimens of M35GF10 mix
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Figure B.3 Load deflection curves of all specimens of M35GF15 mix
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Figure B.4 Load deflection curves of all specimens of M35F0 mix
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APPENDIX C - LOAD DEFLECTION CURVES OF
CONCRETE WITH AMF AND STEEL FIBRES
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Figure C.1 Load-deflection curves of AMF10 mix.
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Figure C. 2 Load-deflection curves of AMF20 mix.
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Figure C.3 Load-deflection curves of AMF30 mix.
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Figure C.4 Load-deflection curves of SF15 mix.
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Figure C.5 Load-deflection curves of SFISAMF10 mix.
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Figure C.6 Load-deflection curves SF1I5AMF20 mix.
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APPENDIX D TEMPERATURE DIFFERENTIAL STUDIES

D.1  Experimental study on the temperature differential in concrete slab

The curling developed in concrete slab is significant when determining the crtical moments and
axial stresses in the slab. Most of the codes use either empirical relations like Bradbury’s
equation or numerical solutions based on FEA. In any case, the parameters influencing the stress
calculations are the thermal properties of the concrete, such as the coefficient of expansion,
specific heat capacity, and thermal conductivity, in addition to the temperature differential
through the slab. In general, the thermal properties are either assumed or determined from
testing. However, the differential temperature is a critical parameter that varies with location,
maximum and minimum diurnal temperature, humidity, etc. In order to assess the possible
temperature differentials within concrete for a range of ambient conditions a test programme was
conducted as described below.

D.2  Experimental programme

The tests were conducted on three concrete slabs with dimensions 0.6 m x 0.6 m and having
depths 300 mm, 200 mm and 100 mm made with M35 grade concrete. The slabs were insulated
on the four sides and bottom as shown in Figure D.1, so as to allow heat transfer only across the
top surface in order to simulate the conditions of slab of large breadth and width. The insulation
was done with polystyrene-based insulating foam with thermal condutivity value
K =0.041 W/mK, for which the required thickness of the insulating foam to keep the
temperature loss less than 1° C within 24 hours was determined as 110 mm. Accordingly
insulation comprising two layers of foam of 45 mm thickness sperated by an air gap of about

45 mm was provided.
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Figure D.1. Layout of the mould for the slab with the insulation

The slabs were instrumented with two resistance temperature detectors (RTDs) placed at the
bottom and at the top of the specimen approximately at mid point in paln. The RTDs were
connected to a six channel datalogger to provide accurate output at a frequency of 1 reading in
120 seconds. The slabs were moist cured in ambient conditions for 28 days and then shifted to
the walk-in-environmental chamber in the laboratory as shown in Figure D.2. The slabs were
preconditioned before performing each cycle at a temperature of 25°C and humidity of 50% for

atleast 48 hours.
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Figure D.2 Slabs placed inside the walk-in environmental chamber

D.2.1 Applied temperature profiles for testing.

For the purpose of determining the temperature differentials, the slab was subjected to typical
temperature and humidity cycles representative of critical diurnal variations in some of the
locations within India. Four critical locations were chosen based on the seasonal variations and
extreme climatic conditions expected at these locations and the corresponding climate data were

analysed (from data available in web www.wunderground.com), to determine the time of the

year (i.e., month) during which the ambient temperature has the maximum differenc between the
maximum and minimum diurnal temperatures. Accordingly the climate data at these locations
for past ten years during the critical month were analysed to arrive at the day during which the
difference between minimum and maximum temperature was maximum. Two additional
hypothetical temperature profiles were also generated to match a low-temperature low-humidity
condition and a high-temperature high-humidity condition. The list of locations are shown in

Table D.1 with the identified critical diurnal conditions.
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Table D.1. List of locations and temperature details for generating temperature and humidity
profile for testing

Locations for | Area/ type of climate | Month with extreme Mean max.
diurnal max. and min. diurnal | temp./Relative humidity
temperature temp (AT) for the corresponding
profile month
Chennai Hot and humid May (10°C) 37.4162%
conditions
Delhi Summer May (13.2°C) 39.8/33%
28/55%
Winter November (15.2°C)
Nagpur High summer May (14.5°C) 42.5127%
temperature in
central India
Jodhpur Dry extreme January(15.6°C) 25/ 53%
temperatures
Hypothetical - (15°C) 20/30%
locationl
Hypothetical - (10°C) 45/70%
location 2

The diurnal temperature profiles were obtained from climate data (from the available
database from the web) for these locations for the critical day and used as input for the
temperature cycle imposed in the environmental chamber during test as given in Figures D. 3-9.
The slabs were subjected to four diurnal cycles; the first two cycles were for conditioning and the

temperature data was collected during the remaining two cycles.

The obtained output along with the applied temperature profiles are shown in Figures D.10 —
D.30.
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Figure D.3 Chennai — input temperature and humidity profile

Location : Delhi

Month: May

45 100
40 - 90 4
m
- 80w
o 35 E
@ 30 s
c - 605
o 22 S ==$==temperature
:::: 20 i 505__( profile Delhi
g - 405 summer
a 15 R
g - 30 === humidity
= 10 L 90 profile Delhi
summer
5 - 10
0 | | 0
0 10 20 30
Time in hrs

Figure D.4 Delhi summer — input temperature and humidity profile
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Figure D.5 Delhi winter — input temperature and humidity profile

Location : Nagpur

Month: May

50.0 90
45.0 - 804
L3
<
35.0 ®
u 7
30.0 5
- 30 =. msf==temperature
25.0 - % profile
L A=<
20.0 =Y Nagpur
- 30K
15.0 - s=l=humidity
10.0 - 20 profile
Nagpur
5.0 - 10 B
0.0 T T 0
0 10 20 30

Time in hrs

Figure D.6 Nagpur — input temperature and humidity profile
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Figure D.7 Jodhpur — input temperature and humidity profile
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Figure D.8 Hypothetical location 1 — input temperature and humidity profile
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Location : Hypothetical 2
Assumption: AT = 10°C, Max. Temp: = 45°C, Max. Humidity =70%
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Figure D.9 Hypothetical location 1 — input temperature and humidity profile
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Chennai - 100 mm slab
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Figure D.10 Temperature output of 100 mm slab — location Chennai
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Figure D.11 Temperature output of 200 mm slab — location Chennai
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Chennai - 300 mm slab
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Figure D.12 Temperature output of 300 mm slab — location Chennai

Delhi summer - 100 mm slab

44

42 r ~
/J \/\ ,s/ \.\

40 + r \ 4 \

Temperature inn deg Celcius

26 T T

T
1500 2000

Time in minutes

2500 3000

Temperature at top of slab
Temperature at bottom of slab
Applied temperature profile

Figure D.13 Temperature output of 100 mm slab — location Delhi - summer
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Delhi summer - 200 mm slab

Temperature in deg Celcius

26 T T T T T
0 500 1000 1500 2000 2500 3000

Time in minutes

Temperature at top of slab
--------- Temperature at bottom of slab
— — —  Applied temperature profile

Figure D.14 Temperature output of 200 mm slab — location Delhi - summer
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Figure D.15 Temperature output of 300 mm — location Delhi — summer
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Delhi winter - 100 mm slab
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Figure D.16 Temperature output of 100 mm slab — location Delhi — winter
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Figure D.17 Temperature output of 200 mm slab — location Delhi - winter
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Delhi winter - 300 mm slab
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Figure D.18 Temperature output of 300 mm slab — location Delhi — winter
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Figure D.19 Temperature output of 100 mm slab — location Jodhpur
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Figure D.20 Temperature output of 200 mm slab — location Jodhpur
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Figure D.21 Temperature output of 300 mm slab — location Jodhpur
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Nagpur - 100 mm slab output
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Figure D.22 Temperature output of 100 mm slab — location Nagpur
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Figure D.23 Temperature output of 200 mm slab — location Nagpur
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Nagpur - 300 mm slab output
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Figure D.24 Temperature output of 300 mm slab — location Nagpur
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Figure D.25 Temperature output of 100 mm slab — hypothetical location 1
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Hypothetical location 1 - 200 mm slab output
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Figure D.26 Temperature output of 200 mm slab — hypothetical location
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Figure D.27 Temperature output of 300 mm slab — Hypothetical location 1
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Hypothetical location 2 - 100 mm slab out put
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Figure D.28 Temperature output of 100 mm slab — Hypothetical location 2
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Figure D.29 Temperature output of 200 mm slab — Hypothetical location 2
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Hypothetical location 2 - 300 mm slab out put
46

4 l
44 I\ A

Temperature in deg Celcius

T
0 500 1000 1500 2000 2500 3000

Time in minutes

- e e Applied temperature profile
Temperature at top of slab
---------- Temeprature at bottom of slab

Figure D.30 Temperature output of 300 mm slab — Hypothetical location 2

From the obtained data the temperature differential between the top and bottom of the slabs were

obtained as shown in Figures D.31- D.37.
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Figure D.31 Temperature differential between top and bottom of slab- Chennai profile
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Figure D.32 Temperature differential between top and bottom of slab- Delhi summer profile
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Figure D.33 Temperature differential between top and bottom of slab- Delhi winter profile
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Figure D.34 Temperature differential between top and bottom of slab- Jodhpur profile
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Figure D.35 Temperature differential between top and bottom of slab- Nagpur profile
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Figure D.36 Temperature differential between top and bottom of slab- Hypothetical location 1
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Figure D.37 Temperature differential between top and bottom of slab- Hypothetical location 2

From the data collected the maximum and minimum temperature differentials between the top
and bottom of slab for each applied cycle, corresponding to the location, was obtained and is

shown in Table 7.1 in Chapter 7.
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APPENDIX E

Flexural stresses based on elastic analysis of slabs due to various loading conditions, to be used
for calculation of stress ratio (SR) in the cumulative fatigue damage analysis for FRC pavement

(reproduced from IRC 58:2010) are given below:
Case 1: Single axle with tied concrete shoulders with temperature differential

For k <80

2
o = 0.008— 6.12(m 4 2) + 2.36( TIL j+ 0.0266 (AT)

For 80 < k<150

2
o= 0.008—9.69(7h 4 2) +2. 09( i:‘A ]+o.o409 (AT)

For k >150

o =0.042+ 3.26(7*‘% j 1. 62( i:‘ j+ 0.0522(AT)

Case 2: Single axle without tied shoulder with temperature differential

For k<80

2
o= —0.149—2.60[7h 42}3.13( EL J+0.0297(AT)

For 80 < k<150

o=-0.119-2. 99 |2 +2. 78(%} +0.0456 (AT)
For k >150

Ph
o=-0.238+7. 02 +24 o +0.0585(AT)
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Case 3: Tandem axle with tied concrete shoulders with temperature differential

For k<80

2
o =-0.188+ 0.93{7h k|2j +1.025(iij +0.0207(AT)

|4
For 80 < k<150
2
o= —0.174+1.21(7h 4 2j+0.87(%J+o.0364(AT)

For k >150
Ph

2
o =-0.210+ 3.88(7)” klz) + 073{?} +0.0506(AT)

Case 4: Tandem axle without ties shoulder with temperature differential

For k <80
Ph

kl*

2
o =-0.223+ 2.73(7h klzj +1.335( j+ 0.0229(AT)

For 80 < k<150

2
o= —O.276+5.78(7’h klz)+1.14(%}+0.0404(m)

4

For k >150
Ph

kl*

2
a=—0.3+9.88[7h k|2)+0.965( ]+0.0543(AT)
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