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Abstract

This thesis primarily aims to explore the flexural behaviour of reinforced concrete
beams subjected to different loading types. Both bonded and partially debonded
(in the maximum moment zone) reinforced concrete beams under static
sustained and repeated loading were investigated. Information relating to surface
strains and mid-span deflection were continuously recorded for a period of 90
days so that meaningful comparisons could be made between the structural
displacements of the beams tested under different load levels. The range of the
sustained load applied varied from that corresponding to the first cracking
moment to that required to produce a stabilised crack pattern. The experimental
outcomes show that the long-term mid-span deflection of the reinforced concrete
beams where the reinforcement was artificially debonded from the concrete is
substantially higher than that of bonded reinforced concrete beams under
sustained loading. For beams subjected to repeated loading, the amplitude of
the repeated loading was deemed to be around one eighth of the sustained load.
The bond between concrete and steel in reinforced concrete beams subjected to
a repeating load can be significantly damaged due to the loading even though
the frequency is relatively low (i.e. 0.2 Hz). On the other hand, and more
unexpectedly, for the cyclically applied loading there was no substantial
difference between the observed ultimate deformations of the bonded and
debonded beams. Moreover, there is a linear relationship between the number
of cracks and the shrinkage deflection. Beams having a higher number of cracks

develop more deflection due to shrinkage.

Nonlinear finite element software (Midas FEA) was used to simulate the
experimental tests. It was found that a numerical-experimental match could only
be achieved after applying necessary modifications to the shrinkage strain
distribution along the beam section. In addition, the capacity of the software to
separate the shrinkage and creep deflection clearly allows the relationship
between number of cracks and shrinkage to be observed, and confirms what was

observed in the experimental investigation.
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Glossary and Abbreviations

Cross Sectional area of the concrete, [mm?].

Area of the steel compressive reinforcement, [mm?].

Area of the steel tensile reinforcement, [mm?].

Distance from the extreme compression fibre to the centroid of
the tension reinforcement, [mm].

Diameter of the reinforcement, [mm].

Modulus of elasticity of the concrete at time to, [GPal].

Effective modulus of elasticity of the concrete at time t, [GPa].
Elastic modulus of the steel reinforcement, [GPa].

Mean compressive strength of concrete. [MPa].

Effective tensile strength of the concrete allowing for the effect
of shrinkage, [MPal].

Direct tensile strength of the concrete, [MPa].

Notational size of member, [mm].

Moment of inertia of the cracked section, [mm?].

Effective moment of inertia, [mm?].

Moment of inertia of the uncracked section, [mm?].

The ratio of the neutral axis depth to the beam effective depth
The ratio of the neutral axis depth at time t to the beam effective
depth

Constant depends on the support conditions.

Span length, [mm].

Embedded length, [mm].

Design moment, [N.mm].

Applied moment, [N.mm].

Cracking moment, [N.mm].

The ratio of the creep to instantaneous strain.

Modular ratio between the reinforcement and the concrete.

Modular ratio between the reinforcement and the concrete at

time t
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Pull-out load on the bar, [KN].

Relative humidity.

First moment of area of the reinforcement about the centroid of
the section.

Time under loading [days].

Perimeter in contact with atmosphere, [mm].

Short-term flexural rigidity, [N/mm?].

Long-term flexural rigidity, [N/mm?].

Creep coefficient at time t.

Creep coefficient prevailing to the compression fibre.
Deflection at any time [mm].

Creep deflection, [mm].

Initial deflection, [mm].

Long-term deflection, [mm].

Shrinkage deflection [mm].

Reduction factor taking into account the age of the concrete.
Initial neutral depth, [mm].

Effective depth, [mm].

Modular ratio, taking account of an effective modulus of
elasticity of the concrete allowing for creep.

Coefficient depending on the relative humidity and the notional
member size.

Strain of the concrete at time to.

Elastic concrete strain in the extreme fibre in the compression
zone.

Strain of the concrete at time t.

Creep strain on the extreme compression fibre

Tensile reinforcement strain.

Free Shrinkage strain.

Material modifier.

Section modifier.

Compression reinforcement ration.
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Tensile stress developed in the concrete due to restraint of
shrinkage by the reinforcement, [MPa].

Notional creep.

Average curvature, [mm-1].

Curvature calculated for the cracked section, [mm-1].

Creep curvature, [mm-1].

Instantaneous curvature, [mm-1].

Shrinkage curvature, [mm-1].

Curvatures at the middle section, [mm-1].

Curvature calculated for the uncracked section, [mm-].
Coefficient taking account the duration of loading (0.5 for
sustained or cyclic loading and 1 for single short-term load).
Factor to allow for the effect of concrete age at loading on the
notional creep coefficient.

Coefficient dependent on the time under load.

Factor which is a function of the compressive strength.
Distributed coefficient allowing for tension stiffening.
Reinforcement ratio related to the area of concrete
immediately surrounding the reinforcement

Bond strength.

Empirical factor (called the creep modification factor) which
accounts for the cracking and reinforcement effect on creep.
Factor to allow for the effect of relative humidity on the

notional creep coefficient.
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Chapter 1 Introduction

1.1 Background

Two forms of guidance are provided in Eurocode 2 (2004) to assist designers
with the estimation of the long-term deflections of reinforced concrete spanning
elements. The span to effective depth ratios derived by Beeby and Scott (2004b)
estimate deflection in terms of a pass / fail check and have previously been shown
to be adequate (Vollum, 2009). However, with the trend for longer spans /
shallower depths, more accuracy is required and guidance is provided in the form
of a prediction method which considers the estimation of the elastic, creep and
shrinkage (incorporating tension stiffening and its loss) curvature to try and
achieve this greater accuracy. Previous work (Forth et al., 2014) investigating the
accuracy of this prediction method has suggested certain shortcomings in the
theory (i.e. the fact that the approach is based on the theory of uncracked
sections but uses cracked section properties and the fact that the method uses a
fixed tension stiffening factor for either short or long-term loading). Further
guestions of the prediction theory were also raised by Higgins et al. (2013) and
Daud et al. (2015) relating to the use of a single factor for loss of tension stiffening
to represent both a sustained and repeating long-term load. Here, the definition
of a repeating load is one which can cycle about the design maximum sustained
load - Higgins et al. (2013) and Daud et al. (2015) have shown that a repeating
or cyclic load will produce a significantly higher deflection than the deflection of a
beam subjected to a sustained load representing the average of the repeating
load. They attributed the extra deflection found in the repeated or cyclic load tests

to the loss of tension stiffening in the early stages.

In the Eurocode 2 (2004) prediction method, the factor 3, which represents the

loss of tension stiffening correctly suggests a reduction in tension stiffening with

1
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time under sustained loading — this has been adequately shown by (Beeby and
Scott, 2004a). However, very rarely in practice is the load constant and sustained;
Vollum (2009) has shown that the applied load can frequently exceed the design

load and that it is reasonable to consider a 10 to 15 % exceedance.

In the 1970’s, the Concrete in the Oceans (CiO) research program assigned the
long-term deterioration technique focusing on the reinforced concrete section
capacity rather than load types (Higgins et al.,, 2013). The loss of tension
stiffening is incorporated in both the calculation of the creep and shrinkage
curvature. Scott and Beeby (2005) illustrated that under sustained load, up to
50% of tension stiffening is lost over the first 20 to 30 days, at which point the
loss stabilised. This finding was achieved when a stabilised crack pattern was
present within the test samples; the losses were allegedly due to the development

of internal cracking (Goto, 1971).

However, it must be accepted that many elements do not exhibit a stabilised
crack pattern and in these cases tension stiffening is higher and the loss is lower.
Conversely, where a stabilised crack pattern does exist and a repeating load
occurs there could be a greater loss in tension stiffening from the ‘overload’
leading to increased internal cracking and loss of bond and, hence, greater long-
term deflections are possible. This again undermines the validity of a single value
for B in the long-term. Higgins et al. (2013) reported that the additional
deformations caused by repeated load types occurred primarily within the initial
loading period (0-10 days). Moreover Zanuy et al. (2010) presented an
experimental study on a lightly reinforced concrete bridge deck subjected to
fatigue loading. As the number of load cycles increased there was a progressive
loss in tension stiffening. Vakhshouri and Nejadi (2014a) also indicated that load
types (i.e. cyclic or a combination of different loading) might affect the deflection

behaviour of reinforced concrete beams.

All of this assumes that any bond deterioration is caused purely by stress induced
cracking and curvature. However, another important long-term factor in all of this
which is coupled with the potential further loss of bond due to repeated loading
(and hence additional deflection) is the effect of corrosion on the loss of bond.

2
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Corrosion - either general corrosion, or pitting corrosion at a crack that is yet to
develop into general corrosion - will also contribute to the loss of bond as it will
remove the ability for the rebar and the concrete to act compositely (Eyre and
Nokhasteh, 1992, Sharaf and Soudki, 2002). These authors also commented on
the fact that the ultimate moment capacity provided by the codes will be impaired
as corrosion promoted debonding will reduce the composite behaviour between

the reinforcement and concrete (Jnaid and Aboutaha, 2014).

1.2 Aims and Objectives

This research aims to highlight how the loading characteristics impact on the
long-term deformation of reinforced concrete beams. Attention is focussed on
how creep, shrinkage, and tension stiffening develop and effect the behaviour of
fully cracked cross section reinforced concrete beams. In particular the effect of
debonding of the reinforcement in the constant moment zone on the long-term
behaviour of the reinforced concrete beams under static sustained and cyclic
repeated loading will be investigated experimentally to study the effect of the loss

of tension stiffening with time.

To further understand the effect of these parameters on the long-term behaviour
of reinforced concrete beams, a nonlinear finite element software Midas FEA will
be used to simulate the experimental results. It will be shown in Chapter 6 that,
in order to use Midas FEA, a modification to the way software distributes the
shrinkage strain over the cross section of a cracked section needs to be

introduced.

In order to achieve these aims, the following objectives will require investigation:

1.2.1 First Phase

¢ In addition to the compressive strength, tensile strength and the modulus
of elasticity tests, creep and shrinkage tests for the concrete were
conducted to provide sufficient data for the theoretical analysis and the

modelling.
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1.2.2

Pull-out tests on prisms with bonded and debonded reinforcement were
performed to assess the method of debonding the reinforcement used in
the beam tests and to get a better understanding of the long-term

behaviour of debonded reinforced concrete members.

Second Phase

To investigate experimentally the long-term mid-span deflection of
concrete beams reinforced with different types of steel reinforcement bars
(i.e. bonded, debonded and symmetrical reinforcement).

To investigate experimentally the long-term mid-span deflection of
reinforced concrete beams with different loading conditions (i.e. sustained
and repeated loadings).

To gain a better understanding of the effect of the number of cracks on the
long-term deflection.

To validate the Eurocode 2 (2004) suggested equation to predict the long-
term deflection under both sustained and repeated loading conditions.

To enhance current nonlinear finite element models to better predict the

long-term deflection of reinforced concrete beams.
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1.3 Layout of the Thesis

This thesis contains seven chapters. In addition to this chapter, a review of the
literature already produced by researchers aiming to develop the long-term
behaviour of reinforced concrete beams was presented in Chapter 2. Also in this
chapter, the fundamental concepts related to the time-dependent behaviour of
the concrete are presented. The experimental programme performed in this study
is detailed in Chapter 3. Material properties, mix design, and instrumentation
used are described in detail. Moreover, main parameters and beams
identification are presented here. Test setup procedure are summarised in this
chapter, and finally, the short and long-term properties (i.e. concrete compressive
strength, tensile strength, modulus of elasticity, creep and shrinkage strain) of the
concrete used in this study are presented. Chapter 4 begins with the results
obtained from the pull-out tests of the bonded and debonded samples to assist
the degree of debonding the reinforcement. Then the long-term beam deflection
and surface strain development of the reinforced concretes were presented and
discussed. The long-term properties of the concrete used in this study i.e. creep
coefficient and shrinkage were presented against those predicted by the
Eurocode 2 (2004) and Model Code (2010) then discussed in Chapter 5. The
accuracy of the theoretical approach proposed by the Eurocode 2 (2004) to
predict the long-term deflection was investigated here. In this chapter also, the
90 days deflection results of the reinforced concrete beams are extrapolated to
find the ultimate deflection. The finite element analyses of the long-term
behaviour, using the finite element commercial package Midas FEA are
presented in Chapter 6. The analyses were conducted after developing a
modification to the way shrinkage strain is distributed along the beam section.
The results of the finite element analyses were also discussed in this chapter.
Moreover, the modification applied to the software was verified with a previous
work. Finally, the conclusions drawn from this study are presented in Chapter 7,

along with a summary of the outcomes and recommendations for future research.
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Chapter 2 Literature Review

2.1 Introduction

Concrete is a brittle material with little capacity to carry loads in flexure without
cracking. To support concrete structures subjected to some form of tension and
increase ductility, steel reinforcement is added to resist tensile force. Globally,
reinforced concrete structures have been successfully used in all types of
infrastructure, such as bridges, houses, airports, etc. for over a century in their
current form. With time and as a result of overloading the structures or due to the
environmental conditions (hot in summer and cold in winter), the deformation in
reinforced concrete beams increases as the material properties change i.e.

concrete will inherently creep and shrink.

In addition, there is an extra deflection due to the softening effect from the loss of
tension stiffening which develops as more cracks (internal/external) are
produced. In flexural members, however, when the load is applied, primary cracks
occur below the neutral axis (i.e. for sagging members) when the concrete
reaches its tensile strength. Simplistically, tension stiffening designates the
interaction between the concrete and reinforcement below the neutral axis and
between the cracks, which typically reduces by development of more cracks with

time due to creep and shrinkage effects.

Several design codes such as Eurocode 2 (2004), ACI 318, and Model Code
(2010) have suggested equations to predict the long-term deflection of reinforced

concrete spanning elements.

This chapter starts with the description of the bond between the reinforcement
and concrete, as bond between them is one of the factors which effects the long
term deflection. Section 2.3 provides a review of the previous experimental work
investigating the long-term proprieties of the concrete (i.e. creep, shrinkage and
tension stiffening). Section 2.4 describes the methods that are used to predict the
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long-term deflection focusing on that suggested by the Eurocode 2 (2004) and
the ACI 318 codes. Section 2.5 discusses literature related to the behaviour of
cracked reinforced concrete beams subjected to different types of loading and
time-dependent parameters that might increase deflection with time. Finally

Section 2.6 draws a conclusion from the previous literature.

2.2 Bond Between Concrete and Steel

In reinforced concrete flexural members, when the load is applied, it is transferred
from the concrete to the reinforcement through the bond between the concrete
and steel. At low levels of loading (i.e. Ma < Mc) both the concrete and
reinforcement act elastically where Ma and Mcr are the applied and cracking
moment, respectively. As the load increases (i.e. Ma = Mcr), primary cracks are
produced as the concrete reaches its tensile strength at the weakest point. When
Ma >> Mcr and the stabilized cracking stage is achieved, the bond between the
two materials enhances the transmission of the load and this load transition will
be most effective when there is a perfect bonding. In 1971, there was an attempt
by Goto (1971) to study the mechanism of the bond between the deformed
reinforcement and the surrounding concrete by injecting red ink inside tension
specimens. He found that internal cracks, which formed at each rib on the bar,
had a great influence on the bond mechanism between the reinforcement and
the concrete. Moreover, secondary cracks were formed near the primary cracks
rather than in the middle third between two adjacent primary cracks. Finally, Goto
(1971) found that, when the primary crack spacing is close to the maximum crack

spacing, secondary cracks are more likely to be visible.

There are many factors affecting the bond strength such as the strength of
concrete and the yield strength, diameter and surface geometry of the steel
reinforcement; there is also the embedded length of the reinforcement inside the
concrete to consider (Kim et al., 2012, Krishnakumar et al., 2013). The basic
behaviour of reinforced concrete members depends on the bond between the
concrete and reinforcement; this composite interaction is reflected by the bond
stress (Chong et al., 2008).
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Crack width and spacing in reinforced concrete members have been studied by
different researchers (Gergely and Lutz, 1968, Bazant and Oh, 1983, Chen and
Baker, 2003).

Bazant and Oh (1983) suggested that the energy required to produce a crack
should be considered in the equation which predicts crack spacing since cracking
is theoretically described as a fracture.

An extensive analysis was carried out by Forth and Beeby (2014) to give a better
understanding of the relationship between reinforcement and concrete in tension.
They found that crack width increases nonlinearly with the increase in cover as

shown in Figure 2-1.
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Figure 2-1: Variation in maximum surface crack width with the cover (Forth and
Beeby, 2014)

Chen and Baker (2003) found that the crack spacing in reinforced concrete
members is influenced by bond slip. Generally cracked beams with plain
reinforcement have less surface and internal cracks than beams with deformed

reinforcement.
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Moreover the crack spacing in the case of beams with deformed reinforcement is
less than that of beams with plain reinforcement (Mohammed et al., 2001).

According to Kimura and Jirsa (1992), deformed reinforcement geometry has a
great influence on the bond between the steel reinforcement and surrounding
concrete. Where bond stress increases, the height of the ribs increase and the

ribs spacing decrease.

Previous work showed that corrosion influences the bond capacity between the
reinforcement and the surrounding concrete (Mangat and Elgarf, 1999, Fang et
al., 2004, Zhou et al., 2015). Cabrera and Ghoddoussi (1992) noticed that after a
certain amount of corrosion (between 1% and 3 %) bond strength decreases with
an increase in the corrosion. Moreover, Demis et al. (2010) showed
experimentally that bond deterioration due to corrosion is more than

compensated by the increase in the compressive strength due to time.

Load type (i.e. sustained or cyclic) is another factor which influences the bond
between the concrete and the reinforcement. Comprehensive studies were
conducted on the behaviour of reinforced concrete beams under short-term cyclic
loading, focusing on the bond between the steel and the concrete (Neild et al.,
2002). According to Neild et al. (2002), under monotonic or low cyclic loading, at
a certain stress level, the adhesive component of bond between the
reinforcement and concrete deteriorates and only the frictional component will

remain.

According to the CEB-FIP Model Code (1990) the increasing part of the bond
stress-slip curve slope will be affected due to the creep effect or loading types
(repeated loading), whereas slip will increases due to a permeant load or
repeated loading, as shown in Figure 2-2. Where t is the duration of loading and

n is the number of cycles in case of repeated loading.
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Figure 2-2: Creep effects on the t-s curve. (CEB-FIP, 1990)

Rehm and Eligehausen (1979) conducted pull-out tests of 308 specimens under
cyclic/repeated loading. They noticed that if fatigue failure does not occur,
repeated loading only has an influence on the bond under service loading. Also,
the bond strength was 5% higher in the preloaded specimens than in the statically

loaded specimens.

Hawkins et al. (1982) showed experimentally that the bond stress-slip envelope
is similar up to the maximum capacity for both cyclic loading and monotonic
loading. In the descending part of the bond stress-slip curves, the bond stress for

a given slip is always less in cyclic loading than monotonic loading.

Daud et al. (2015) showed experimentally on full scale beams, i.e. 4.2 m span,
that the interaction between concrete and reinforcement depends on the type of
load applied, i.e. sustained or cyclic load. They found that overall the deflection
is substantially higher in the case of repeated cyclic loads than in the case of

equivalent sustained loads.

10
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2.3 Long-Term Properties of Concrete

Concrete exhibits creep and shrinkage and this behaviour is affected by the
environment (i.e. temperature and relative humidity). Therefore, in design, these
two long-term effects are the main parameters incorporated within code

prediction methods which estimate the long-term deflection.

2.3.1 Creep

Creep can be defined as a time-dependent distortion of concrete under sustained
loading (Tamtsia and Beaudoin, 2000, Zhang et al., 2014). Once stress is applied,
concrete will undergo an elastic deformation, which depends on the amount of
applied stress and the age of concrete. If the stress is sustained, creep develops
in the concrete. If the stress is removed from concrete, it will exhibit a hysteresis
effect (Buettner and Hollrah, 1968), known as elastic recovery, which is always
less than the elastic strain after loading. The effect of hysteresis is to produce a
nonlinear stress-strain curve for unloaded concrete different from the loading

stress-strain curve.

Although many investigations on creep recovery after unloading have been
recorded (Counto, 1964, Tang et al., 2014), our knowledge of this phenomenon
i.e. creep recovery, is limited to the changing in the material composite during
loading of the concrete. After applying stress to the concrete, it will undergo
physical changes due to the load and chemical changes over time. These
physical and chemical changes will affect the modules of elasticity after unloading
concrete. Typical creep and creep recovery is shown in Figure 2-3.

11
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Figure 2-3: Combined curve of elastic and creep strains showing amount
of recovery

Compressive creep is often calculated experimentally by subtracting the elastic
strain and the shrinkage of unloaded samples from the total time-dependent
deformation of loaded samples as shown in Figure 2-4. Creep was first noticed
by Hatt in 1907 when he applied sustained loads to a number of reinforced

concrete beams and checked the deflection (Bazant, 1975).
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\
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Figure 2-4: Concrete strain under load
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During the last century, several methods were produced to analyse the effects of
creep on the long-term deflection of reinforced concrete members based on the
calculation of the creep coefficient. The simplest and oldest analytical method is
the Effective Modulus Method (EMM). The other models are the Age-adjusted
Effective Modulus Method (AEMM), which is more complicated, the Rate of Creep
Method (RCM), the Rate of Flow Method (RFM) and the Step by Step Model
(SSM). SSM enables a more accurate prediction of the changes in the concrete

stresses occurring over time (Savoia, 2011).

According to Gilbert (1988), the EMM was first suggested by Faber (1928). The
basic idea of this model is to modify the concrete modulus of elasticity to account
for creep, where the reduced or effective modulus of elasticity for the concrete

can be defined as:

E¢

Eeff(t,to) = 1+®(:2),t0) ( 2_1 )
Where:

E, is the modulus of elasticity of concrete at time to,

to is the age of concrete at the time of application of loading

D(tto) is the creep coefficient at time t.

A reduction factor y ., to take into account the age of concrete was introduced

to the EMM to produce the AEMM. It was first suggested by Trost (1967) and
later developed by Bazant (1972) and cited by (Dezi et al., 1993). The value of

E¢(tt,) Used in the AEMM can be calculated using the following formula (Bazant,

1972).

13
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o (2-2)

E = T Pt
eff(tto) 1+ X (tt) P(ttg)

The above equation has been applied by many researchers, including Bazant
(1972), Nie and Cai (2000) and Forth et al. (2003) to predict the long-term

deflection.

The values of the ageing coefficient x.,, generally range from 0.4 to 1.0,

depending on the rate of application of the gradually applied stress in the period
after ty,. For practical situations where the final deflection is required, a typical

value of x,) could be 0.65 for normal concrete (Gilbert and Ranzi, 2010). This
value of y,) is relatively low, where both Forth et al. (2003) and Nie and Cai

(2000) used the age adjusted coefficient for creep factor, chi (y,) =0.8).

However, in design, there are numerous analytical methods developed to take
into account the creep effects on the long-term deflection. Most of these methods
are based on the calculation of the creep coefficient. The creep characteristics of
a construction material are usually defined by the creep coefficient, which is the

ratio of the creep strain to elastic strain as follows:

S(:l' )
Dty = <o) (2-3)

Sto

It has been shown that 18 to 38% of the 20 year creep of concrete takes place in
the first 15 days after loadings and up to 70% within the first 90 days; about 83%
of the total creep occurs in the first year (Troxell et al., 1958). A more recent study
showed that up to 50% of the final creep takes place in the first three months and
about 90% of the final creep occurs within two to three years (Gilbert, 2002).
There are many factors affecting creep, including the magnitude of the applied
stress, the age of concrete, properties of the raw materials, ambient environment,
volume to surface ratio and the amount of steel reinforcement in the reinforced

concrete (Liu, 2007, Haranki, 2009). In addition, when the concrete strength

14
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increases, the creep capacity decreases. The concrete’s capacity to creep also
decreases as either the maximum size of aggregate or aggregate content
increases and/or the water/cement ratio decreases (Gilbert and Ranzi, 2010). In
terms of the age of concrete mentioned above, creep obtained when to = 300
days is about 40% of that when to = 7 days (Neville and Brooks, 2010). However,
there are many design codes that predict creep; in Chapter 4 the creep predicted
by Eurocode 2 (2004) and Model Code (2010) will be reviewed briefly.

Creep and shrinkage are closely related to each other and both connected to the
hydrated cement paste and aggregate content. Generally, concrete that is
resistant to shrinkage also has a low creep potential (Gambhir, 2013).

2.3.2 Shrinkage

Shrinkage is usually defined as a reduction in the volume of the unstressed
concrete specimen. In general, there are four kinds of shrinkage in concrete;

carbonation, autogenous, plastic, and drying (Lam, 2002, Jayasinghe, 2011).

The first type of shrinkage occurs as a chemical reaction, i.e. calcium hydroxide
Ca(OH)2 reacts with the carbon dioxide present in the air. Carbonation shrinkage
is a relatively small part of the long-term drying shrinkage. Autogenous shrinkage
can be described as the shrinkage of cementitious materials without any loss of
weight or transfer of moisture to the exterior environment at a constant
temperature (Li et al., 2010). It was shown that autogenous shrinkage increases
with the decrease of water-cement ratio (Tazawa and Miyazawa, 1995b). Thus,
normal concrete with high water-cement ratio, autogenous shrinkage is expected

to be low, as there is enough water to complete the hydration.

Plastic shrinkage is a problem with the construction and not a true shrinkage
phenomena. It occurs due to the evaporation of the water from the surface of the
concrete when it is still in the plastic state. In such cases, the fresh concrete top
surface cannot resist the shrinkage strain, and plastic cracks could be developed
(Soroushian and Ravanbakhsh, 1998). This kind of shrinkage can be avoided by

keeping the surface of the concrete wet.
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Drying shrinkage is the most notable phenomenon. It can be defined as the
reduction in concrete volume following the evaporation of the water as the
concrete has achieved the final set (Gilbert, 2001). Drying shrinkage is dependent
on the internal pore space (Holt, 2001). This kind of shrinkage is rapid during
early stages of drying and slows during the later stages, depending on the
environmental conditions. In reinforced concrete structures, shrinkage induces
tensile stresses, which leads to new cracks, an increase in the deflection and an
increase in the width of the existing cracks. Therefore, drying shrinkage should
be considered as a major factor which affects the long-term behaviour of the
reinforced concrete members. Like creep, there are many factors that affect
shrinkage. According to Pickett (1956) and Carlson (1937), aggregates help to
reinforce the concrete against shrinkage; Carlson (1937) showed that the
shrinkage strain decreased as the aggregate content increased. More studies
were carried out to investigate the effect of using different types of aggregates on
shrinkage (Tazawa and Miyazawa, 1995a, Kohno et al., 1999, Bentur et al.,
2001). They found that concrete made from a lightweight aggregate has less
autogenous shrinkage, while autogenous shrinkage does not occur at all in the
lightweight aggregate concretes with saturated-surface-dry. However, that
autogenous shrinkage does not occur in the lightweight aggregate is
controversial, where in perfect conditions there still some parts of the cement that

do not hydrate.

Likewise, the water-cement ratio is another important factor which affects
shrinkage. Normally, shrinkage is proportional to water-cement ratio, i.e. concrete
with a higher water-cement ratio has a higher drying shrinkage. Additional factors
that affect the magnitude of shrinkage strain are volume/surface ratio, relative

humidity, and the temperature of the ambient environment.

Member size is an important factor in shrinkage since dry shrinkage results from
the evaporation of water from the surface (Brooks, 2003), where the dry
shrinkage decreases with the increase of volume/surface ratio, as shown in

Figure 2-5.
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Figure 2-5: Influence of volume/surface ratio on shrinkage of concrete (Hansen
and Mattock, 1966)

Similar to volume/surface ratio effect on shrinkage, relative humidity affects dry
shrinkage of the concrete, where the shrinkage increases with the decrease in
the relative humidity as shown in (Brooks, 2003, Troxell et al., 1958).
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Figure 2-6: Shrinkage as a function of time for concrete sorted at different
relative humidity; time is from the age of 28 days after wet curing
cited by (Brooks, 2003)
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2.3.3 Tension Stiffening

Tension stiffening is the ability of the concrete to resist tension stresses even
after cracking has taken place; this effectively further increases the stiffness of

reinforced concrete.

Bischoff (2001) carried out tests to investigate the effect of shrinkage on cracking
behaviour and tension stiffening in reinforced concrete members. The author
presented his results through axially loaded reinforced concrete members with
dimensions of 2000 mm length and 250 mm x 250 mm cross section. The steel
reinforcement ratio (1.2% and 1.9%) and the shrinkage (i.e. either 153 pe or 250
pE) were the parameters that this research focused on. The experimental results
showed that tension stiffening is affected by shrinkage which leads to the
underestimation of tension stiffening, where measured results can be half the true
results when the shrinkage is not taken into account. Moreover, he showed that
there is still a loss of tension stiffening with time even after the stabilized crack
pattern has been achieved. However the author found that the cracking load was
reduced due to shrinkage while crack width was not affected. Scott and Beeby
(2005) studied experimentally the long-term tension stiffening effects in concrete
tension specimens. These specimens had dimensions of 1200 mm long and 120
x 120 mm cross section and were reinforced axially by a single reinforcement bar
(i.e. 12mm @, 16mm @ or 20mm @). The authors’ test ran for three to four months
and they found that, after approximately 20 days of sustained loading, the tension
stiffening value was half the initial tension stiffening value as shown in Figure 2-7.
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Figure 2-7: Loss of tension stiffening with time. (Scott and
Beeby, 2005)

Beeby and Scott (2006) studied experimentally the mechanism of loss in tension
stiffening with time. Authors attributed the reduction of tension stiffening with time
to cumulative damage since the concrete under long-term loading is going to
reduce in its tensile strength. The authors considered that tensile stresses will
increase when the concrete around the reinforcement shrinks. The following

equation was suggested to consider the effect of shrinkage on the tensile
strength:

_ _ _ _ Espegp )
fct,eff — fct Uct,sh - fct 1+agp (2 4)
Where:
E; is the elastic modulus of the steel reinforcement
feteff Is the effective tensile strength of the concrete allowing for

the effect of shrinkage.
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feor is the direct tensile strength of the concrete.

Octsh is the tensile stress developed in the concrete due to

restraint of shrinkage by the reinforcement.

€h is the free shrinkage strain prior to cracking.

p is the reinforcement ratio related to the area of concrete

immediately surrounding the reinforcement.

Qe Is the modular ratio, taking account of the effective modulus

of elasticity of concrete (i.e. allowing for creep).

Gilbert (2007) carried out tests to study the tension stiffening in lightly reinforced
concrete slabs. Gilbert tested eleven one-way slabs with reinforcement ratios (p)
ranging from 0.0018 to 0.01. Different approaches (ACI 318, Eurocode2, and BS
8110) were used to design lightly reinforced slabs to study tension stiffening
effects. It was found that the effect of tension stiffening on deflection was
comparatively higher than that in heavily reinforced members. The Eurocode 2
(2004) approach was considered the most suitable approach to represent the

load deflection relationship.

Kaklauskas and Gribniak (2011) studied the effect of shrinkage on moment
curvature and tension stiffening relationships. At early stages of loading, it was
found that concrete members may undergo shrinkage strain, which is more than
the cracking strain. The authors carried out their tests on three rectangular
reinforced concrete beams (3000 mm length, 300 mm height and 280 mm width)
and they studied the effect of shrinkage on tension stiffening under short-term
loading. The shrinkage effect was subtracted from the moment—curvature and

tension stiffening by a numerical procedure, as shown in Figure 2-8.
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Figure 2-8: Tension stiffening diagrams derived from experimental data of
reinforced concrete beams (a) ignoring shrinkage (b) after shrinkage
elimination

Zanuy, Albajar and de la Fuente (2010) presented the behaviour of a reinforced
concrete tension member under repeated loading. The specimen had a
dimension of 1.2 m in length and a cross section of 0.26 m x 0.2 m with a
foundation of 0.8 m x 0.5 m x 0.2 m dimensions. Authors monitored throughout
the test that repeated reversal stresses damaged the concrete around the
reinforcement. Zanuy et al. (2011) presented an experimental study on half-scale
lightly reinforced concrete bridge deck subjected to fatigue loading. The main
parameter was the frequency (2.0 Hz and 1.0 Hz), the dimensions of which are
shown in Figure 2-9. Authors found there is a progressive loss of tension

stiffening when the number of load cycles is increased.
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test. (Zanuy et al., 2011)
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2.4 Long-Term Deflection of Reinforced Concrete Beams

When a reinforced concrete beam is subjected to a load, instantaneous deflection
(i.e. elastic deflection) takes place. This elastic deflection usually depends on the
material properties, reinforcement ratio, loading amount and beam geometry.
Once the load is sustained on the beam, the deflection of that member increases
due to many factors (i.e. creep, shrinkage, loss of tension stiffening and loading
history). In reinforced concrete beams, cracks and deflections must be controlled
in order to be serviceable (Gilbert, 2008). Eurocode 2 (2004) suggests L/500 to
be the maximum deflection limitation after removed from the framework. A
simplified empirical technique was proposed in ACI 318 Code to compute the
long-term deflection, where the elastic deflection is modified by a deflection
multiplier. Other models have been developed in design codes such as Eurocode
2 (2004) and AS 3600. Fundamentally, the long-term deflection is calculated as
the summation of shrinkage and creep deflections. However, all these design
codes have drawbacks, as they do not account for the loss of tension stiffening
with time under repeated loading as in the Eurocode 2 (2004) and loading history.
Hence, more research should be carry out in this field to account for these factors.
In addition, long-term deflection of reinforced concrete beams has been studied
by many researchers over the past several years. Although, no one has used a
nonlinear finite element software to predict the long-term deflection of cracked
reinforced concrete beams, nor the effect of the number of cracks on the

shrinkage deflection.
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2.4.1 Design Codes

Civil engineers employ design codes for the analysis of concrete structures
(Gribniak et al., 2013). The Eurocode 2 (2004) and ACI 318 are probably the most
commonly used codes to predict the long-term deflection of the reinforced

concrete structures.

2.4.1.1 Eurocode 2 (2004)

Eurocode 2 (2004) is based on the CEB-FIP Model Code (1990). The long-term
curvature predicted by Eurocode 2 (2004) depends on the section behaviour
rather than the beam behaviour and is based on a weighting factor, relating two
stages during the life of the structural element, i.e. uncracked (elastic section)

and fully cracked section, as presented in equation (2-5).

Ve =¥) +a-90/),, (2-5)

Where

1/r is the average curvature

1

( 1/1‘)cr are values of curvature calculated for the cracked and

( /r)uc
uncracked section, respectively

13 is the distributed coefficient allowing for tension stiffening

. Mcr) 2
givenby =1 — B(Ma)

B is the coefficient taking account the duration of loading (0.5
for sustained or cyclic loading and 1 for single short-term
load)

M, is the cracking moment

M, is the applied moment
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2
Eurocode 2 (2004) suggests that & is 1 — [3(%) when M, > M, and zero when

a

M, < M, (under short-term loading). Espion and Halleux (1990) noticed that
when the applied moment is slightly less than the cracking moment the predicted
deflection is imprecise, as the deflection is assumed to be purely due to the
uncracked section. In reality, shrinkage induced tension stresses in concrete will
produce cracks with time and the beam will transform from the uncracked into
cracked stage. Daud et al. (2016) showed that, when the beam sustained a load
less than the cracking load, creep and shrinkage cracks developed and the beam
transformed from the uncracked section into the cracked section a single day

after the sustained load was applied.

M Deformation assuming a homogeneous

/ & uncracked section

Cracking -~

é 7
moment, <~ %

P carries no tension

Deformation assuming that the concrete

¢

Figure 2-10: Typical behaviour of a reinforced concrete beam under
loading

However, Eurocode 2 (2004) is unclear when taking = 0.5 for many cycles of
repeated loading; does this mean short or long-term repeated loading? Under
long-term sustained loading, taking  =0.5 is equivalent to reducing the cracking

moment by 30%.
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This represents the fact that shrinkage induces tension and develops cracks with
time (Vollum and Afshar, 2009, Gilbert and Ranzi, 2010). Vollum (2002) suggest
equations to calculate 3 where the duration of peak construction load is known
(Equation 2-6). More accurately, f should be taken as 0.7 up to five weeks

duration of peak construction loads.

B(t) = —0.03641In(t) + 0.8279 0 =t = 12 days (2-6a)

B(t) = —0.0008t + 0.7327 t > 12 days. (2-6b)

The most appropriate value of 3 depends on the shrinkage, duration of the load
and the time-dependent damage to the bond between the reinforcement and the
concrete (Ahmed 2013).

2.4.1.2 ACI 318-14

The ACI 318-14 code suggests that the long-term deflection of a reinforced
concrete member due to creep and shrinkage may be obtained by multiplying the
elastic deflection by a coefficient. This coefficient depends on the ratio of the time

under load to the compression reinforcement as shown in Equation 2-7.

g

Along = 1450 o (2-7)

Where
p’' Compression reinforcement ratio
[ Coefficient dependent on the time under load
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ACI 318-14 suggests the value of € between 1 and 2, depending on the duration
of the applied load and decreases with the presence of the compression
reinforcement in the section (Scanlon and Bischoff, 2008). The variation of & with

time is shown in Figure 2-8 (Gribniak et al., 2013).

Load
duration,
months

Figure 2-11: Variation of additional long-term deflection factor (Gribniak et al.,
2013)

The ACI 318-14 suggested equation to predict the long defection is ignoring many
factors which effect the long-term deflection, such as the creep and shrinkage
characteristic of the concrete, environmental and age of the section at first loading
(Gilbert and Ranzi, 2010).

Moreover, the ACI 318-14 multiplier factor does not consider the loss of tension
stiffening with time due to shrinkage and/or crack propagations and other time-
dependent parameters which have an effect on deflection. Using a single
parameter formula to compute the long-term deflection of reinforced concrete,
members cannot give an accurate result for the deflection (Vakhshouri and
Nejadi, 2014a).
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However, the ACI 318-14 suggested equation and span/depth ratio are widely
used by engineers and can be appropriate when there is a lack of information
(i.e. age and amount of loading). Nilson (1985) suggests that two factors should
be used in the ACI 318-14 p,, and pg, which represent material and a section
modifier, respectively. Comparative studies showed that both material and
section modifiers can be replaced by one factor u, which is a function of the
compressive strength and the equation of the ACI 318 Code and can be rewritten

as follows:

__ uE
Along - 1+50pp’ (2‘8)

Where p = 1.3 —0.00005f, and should be not less than 0.7 nor greater than 1.
This equation is suitable for compressive strengths less than 6000 psi (48 MPa).
Over the years, for a long span, slender and economy requirement, high and
ultra-high strength concrete are developing and Equation 2-8 will not be
appropriate to predict the long-term deflection. For that purpose, Paulson et al.
(1991) suggested p = 1.4 —£f./10000 for a concrete with a compressive strength
ranging from 4000 psi (30 MPa) to 10000 psi (70 MPa).

2.5 Previous Studies of the Long-Term Deflection of

Reinforced Concrete Members

Creep, shrinkage and loss of tension stiffening increase the deflection of
spanning elements with time. In design it is therefore necessary to consider these
factors in order to better estimate the deflection, increase the lifespan of the

reinforced concrete elements, and control crack propagation.

Corley and Sozen (1966) studied the long-term deflection of reinforced concrete

beams under sustained loading.
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They proposed a theoretical model to predict the long-term deflection of
reinforced concrete beams based on their experimental work. Their experimental
work was carried out on four reinforced concrete beams with different cross
sections (i.e. 75 x 150 mm and 75 x 100 mm and with a span length of 1800 mm)
subjected to sustained loading for a period of 23 months. Corley and Sozen’s
(1966) model was verified with other works published by different researchers.
The total deflection was suggested to be a superposition of three deflections:
instantaneous deflection due to the applied load, deflection induced due to creep

and deflection resulting from shrinkage strain.

The elastic curvature was calculated as follows:

M
Kj = 2-9
' Etoler (2-9)
Where
Kj is the instantaneous curvature,
M is the design moment and
Eio &1 are the modulus of elasticity of the concrete at time tO and

the moment of inertia of the cracked section.

For the creep curvature, authors assumed that the creep strain &, does not

change the calculated steel strain and the strain distribution remains linear, as

shown in Figure 2-12.
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kd

Figure 2-12: Idealized effect of creep strain on curvature at section
(Corley and Sozen, 1966)

The creep strain on the extreme compression fibre was defined by the authors

as:

Ecrp = ME; (2-10)

Corley and Sozen (1966) suggested equation to predict the creep curvature is

Kerp = Kmk; (2-11)
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Where

Kerp is the creep curvature

k is the ratio of the neutral axis depth to the beam effective
depth

m is the he ratio of the creep strain on the extreme compression

fibre to instantaneous strain.

Using the proposed method to predict the creep strain on the extreme fibre, the

value of m can be found at any time t.

A similar approach was used by the authors to develop an approximate

expression to predict shrinkage curvature as follows:

0.035 ,
Ksn == (P —p") (2-12)

This equation was developed for concrete that has incurred a shrinkage strain of
500 pe and validated with data from beams where only shrinkage curvature takes
place (i.e. no load applied). However, even when there is no load applied on the
beam, the beam’s own weight still produces a deflection and the long-term

deflection will result from the creep and shrinkage defections.

There was a good agreement between the proposed model, their experimental
work and the other works (Gilkey and Ernst, 1935, Washa, 1947, Washa and
Fluck, 1952, Washa and Fluck, 1956). Moreover, the predicted deflection for a
lightly reinforced concrete beam was higher than measured, as the steel
reinforcement percentage is an important factor in the deflection. Where tension
in the concrete becomes more significant, the percentage of reinforcement

decreases.
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Though the previous equation could be used only for shrinkages below 500 pe,
the following can be used for any value of shrinkage (Wallo and Kesler, 1968):

_0.035

s =~ (o) (p — ) (2-13)

Bakoss et al. (1982) assessed the instantaneous and long-term deflection
predicted by ACI 345 1966 and CP 110 based on the experimental results of two
simply supported beams and two continuous beams subjected to long-term
sustained loading. The compressive strength of the beams varied from 33 to 55
N/mm?, and the span length was 1875 mm for the simply supported beam and
3504 mm for continuous beams. The researchers concluded that both the ACI
and CP 110 overestimated the short-term deflection, whereas the ACI and CP
110 predicted deflections differed by +16% and -16%, respectively, from the

experimental measurements over a period of 500 days.

Clarke et al. (1988) suggested a new method to compute the creep deflection of
cracked reinforced concrete beams based on the ratio of the initial neutral depth

to the effective depth (x;), as shown in Figure 2-13.
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Ect = (1 + Q)’ct)gci
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Figure 2-13: Idealized strain distribution through a
fully cracked section (Clarke et al., 1988)

Their method of computing the creep deflection is similar to that of the ACI-318

Code, which modifies the elastic deflection, as shown below:

Ac= KPih; (2-14)
Where

A; is the elastic deflection

ct is the creep coefficient prevailing in the compression fibre.

Clarke et al. (1988) had proposed a numerical method to compute @;, and then
plot @ versus creep coefficient (@..) for different values of k as shown in Figure
2-14.
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Their approach is based on the assumption that the tensile strain at the level of
the tension reinforcement is equal to that of the completely cracked section value
and not affected by creep, as shown in Figure 2-13. However, the concrete in
tension is still undergoing tensile creep and an inequality should be considered
between the tensile and compressive creep in any assessment of neutral axis
position (Forth, 2015).
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|
I
= }
|
I
: i
Det
Figure 2-14: @, versus @, for different values of k (Clarke et
al., 1988)

Ghali (1993) suggested an equation to calculate the mid-span deflection of
simple, continuous or cantilever beams with different cross sections from the

curvatures at a number of sections, as shown in Figure 2-15.
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Figure 2-15: Geometric relationships between curvature and deflection
(Ghali, 1993)

For the case of a simply supported beam, the moments at the supports are equal
to zero i.e. y, = y; = 0 and the deflection in the mid-span will be:

D = 0.104 * L2 * K4 (2-15)
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Where

Kmid

is the span length.

is the curvature at the middle section.

The curvature y can be calculated from the strain variation over the reinforced

concrete section as :

is the strain in the concrete compressive fibre

is the tensile reinforcement strain

(2-16)

is the distance of the tensile reinforcement to the top fibre

strain as show in Figure 2-16.
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Figure 2-16: Strain caused by bending on a cracked
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Equation 2-15 is suitable for short and long-term deflection, as long as the
curvature in the middle of the section is known and the deflection is largely
dependent on the curvature at the centre (Hall and Ghali, 2000). This equation
will be used in Chapter 5 to predict the long-term deflection of the reinforced

concrete beams.

Samra (1997) proposed a method to compute the long-term deflection of cracked
reinforced concrete sections based on the ratio of short to long-term flexural
rigidity (E.l.); and (E.l.);. The moment of inertia and concrete modulus of

elasticity at time t are given as:

1 a’ d o 1
[0 (=3 o (ke (e3¢ ) oot

2[p(1-ko+o! (S|

(e = (2-17)

Es
(Ec)t - n_t

Where b,d and d’ are the geometry of the section, as shown in Figure 2-17, Eg is
the modulus of elasticity of the reinforcement, k, is the ratio of the neutral axis
depth at time t to the beam effective depth and n, is the modular ratio between

the reinforcement and the concrete at time t, and all are given as:

ko= Pt : ZB% + 4B, (2-18)

2 [p(l —k) —p’ (kt - %)]

N (2-19)
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Where B, & B, are factors calculated from:

€ -
B, = 2E;—=(p +p) (2-20)
ct
€ d (2-21)
B, =2Es—(p+p )
ct d
The proposed long-term deflection was derived and given as:
Ai(Ecle);
Along: (2-22)

(Ecle)t

Where A; is the initial deflection.

Before
creep
(a) (©
jr— -
Initial effect Creep Combined initial + Creep

Figure 2-17: Reinforced concrete beam section before and after
creep (a) Section; (b) Strain diagram; (c) Stress diagram.
(Samra, 1997)
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Nie and Cai (2000) experimentally studied the effect of sustained loading on the
time-dependent deflection of simply supported beams. They tested twelve
beams, eight of which were under sustained loading for a period of 90 days, while
the rest were subjected to short-term loading, i.e. up to failure. All beams had the
same dimensions (2180 mm clear span with 120 x 400 mm cross section). The
main parameters of their work were the compressive strength of the concrete (38
N/mm? and 41 N/mm?), reinforcement ratio (2.3% and 3.5%) and sustained
loading amount. The sustained loading amount was a load which produced a
crack width of 0.2 mm and 0.3 mm. Test results noted that the developed
deflection due to sustained loading ranged from 0.48% to 88% of the elastic
deflection in a period of 3 months. In contrast, the work done by Washa and Fluck
(1952) indicated that the total deflection after 30 months was nearly two times
that of the initial deflection for beams with no compression reinforcement, and
was slightly greater than the elastic deflection in the case of double reinforced
concrete beams. A recent study shows between 55% to 65% of the total
deflection takes place in the first 10 days. Moreover, up to 90 % of the total

deflection occurs after 90 days of sustained loading (Mias et al., 2013).

Similar to Washa and Fluck (1952) and Nie and Cai (2000), Pillai and Menon
(2003) showed that the long-term deflection of the reinforced concrete members
due to shrinkage, creep and temperature could be two to three times the

instantaneous deflection.

Nurnbergerova et al. (2000) studied the long-term deflection of reinforced
concrete | beams under sustained loading. A total of six beams with varying
sustained loads were tested for a period of 200 days. They concluded that the
elastic deflection and long-term deflection of reinforced concrete beams can be
assumed to be dependent. Moreover, during their test they noticed that the
neutral axis position does not change with time. However, recent work carried out
by Vakhshouri and Nejadi (2014b) compared the short and long-term deflections
of work published by other researchers. They noticed that the parameters that
affect the long-term deflection are not the same as for the short-term deflection,
thus a linear relationship between them is out of the question. Vakhshouri and
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Nejadi (2014b) also stated that there is no distinct expression to show when the
short-term deflection ends and the long-term deflection begins. However, the
long-term deflection ratio to the initial deflection depends on many factors, such
as the type of concrete (i.e. normal, high strength or fibre concrete),
environmental conditions (which enhance the creep and shrinkage), concrete

age, when first loaded, and the amount of the sustained loading.

Gilbert (1999) suggested empirical equations to predict the long-term curvature
in cracked reinforced concrete members. The total curvature will be the
summation of the creep and shrinkage curvatures and the instantaneous
curvature. The shrinkage curvature of cracked and uncracked reinforced

concrete members under sustained loading are shown below:

(esnder = [252] |1 - 5] (2-23)
(sn)uner = |22 [1 - 3] (2-24)
Where

Agc, Agt are the area of tensile and compressive reinforcement

respectively, p is the reinforcement ratio,
€h is the shrinkage strain

D is the overall depth of the member.

However, the induced curvature due to the creep was calculated from the

equation below:

a(t,
Kerp = Ki (1 + %) (2-25)

40



Literature Review

Where

K; is the instantaneous curvature

D(t,to) is the creep coefficient and

o is an empirical factor (called the creep modification factor)

which accounts for the cracking and reinforcement effect on

creep.

For cracked reinforced concrete section in pure bending (i.e. no axial force):

o = [20000 p? — 700 p + 90] |1 + 0.7 5] (2-26)
St

For uncracked section or restressed concrete section:

o =1+ [45p — 900p?] |1+ %] (2-27)
t

The typical values for o range from 1 to 1.6 for uncracked sections and from 4 to

10 for cracked sections.

Mari et al. (2010) studied the long-term deflection of cracked reinforced concrete
members under sustained loading. They proposed formulae to predict the long-
term deflection due to the creep and shrinkage of reinforced concrete members.
Their suggested equation was verified by 217 beams tested in flexure under long-
term sustained loading, conducted by other researchers. The suggested creep

deflection equation was:

A= Aik0'847®(t‘t°)_0'20 (2-28)

1+12np’
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Where

A; is the instantaneous deflection

kd is the instantaneous neutral axis depth
D(t,t0) creep coefficient

n modular ratio (s—s)

Whereas the shrinkage deflection equation was:

A= Esh 1 Lz
Sh™ "4 1+12np’ S8

(2-29)

Where

€sh is the shrinkage strain

L span length of the beam

kg constant which depends on the support conditions.

Approximate values of kg are: 4.0 for cantilevers, 1.0 for simply supported beams,
0.7 for end spans of continuous beams and 0.5 for intermediate spans of
continuous beams and beams fixed at both ends. The total deflection of their

model is:
y=yg+ Ayer + Aysn (2-30)

The results of this proposed model gave a better agreement than the ACI method
and CEB methods.
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Higgins et al. (2013) conducted an experimental study into the effect of two
different frequencies and amplitude on the long-term deflection of reinforced
concrete beams. They tested 6 beams, two under sustained loading and 4 under
repeated loading. All beams had the same dimensions and material properties.
The frequencies adopted in their work were 0.2 Hz and 1 Hz, while the amplitudes
were £ 2.5 kN and £ 5 kN. Their findings showed that beams which were
subjected to repeated loading had more deflection than those subjected to an
equivalent sustained loading. Moreover, it was found that beams subjected to
larger amplitudes developed more deflection with time. Finally, authors found that
the frequency had only a slight effect on the long-term deflection, and that the

cyclic action mainly achieved movement in the early stages of loading.

Further studies have been carried out on the behaviour of unbonded
reinforcement under short-term loading to study the effects of corrosion of the
reinforcement (Raoof and Lin, 1997, Wang et al., 2011, Jnaid and Aboutaha,
2014). Sea structures are more likely exposed to chloride-laden environments
which leads corrosion of the reinforcement to occur (Jones et al., 2012) . When
the reinforcement is corroded, the bond between the concrete and reinforcement
will be deteriorated as the rust breaks the concrete surrounding the reinforcement
(Jnaid and Aboutaha, 2015). However, in certain cases a small amount of
corrosion (i.e. < 4%) will enhance the bond between the concrete and
reinforcement (Almusallam et al., 1996). In reality, the effects of corrosion on the
behaviour of the reinforced concrete beams will take time, therefore it is important
to study the effect of the long-term behaviour of corroded reinforced concrete

beams.

El Maaddawy et al. (2005) studied the long-term performance of reinforced
concrete beams with corroded reinforcement. In this study, the authors were
interested in the loss of steel mass under long-term loading. More recent studies
carried out by Malumbela et al. (2009) reviewed previous work to investigate the
loading type and steel corrosion effects on the behaviour of reinforced concrete
structures. They concluded that sustained loading had a major influence on the

behaviour of the reinforced concrete beams contains corroded reinforcement,
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and suggested a further investigation should be carried out to clarify that

influence.

2.6 Summary

Creep, shrinkage and loss of tension stiffening are the main factors which affect
the long-term behaviour of reinforced concrete structures. Many researchers
have proposed empirical equations to predict the long-term deflection of
reinforced cracked concrete members, and several design codes suggest
equations to calculate the effect of creep and shrinkage on the long-term
deflection. The drawbacks and/or the limitations of the suggested equations
mean further investigations in this field are required. Table 2-1 summarises the
previous work that has been carried out on the long-term behaviour of cracked
reinforced concrete beams. This table shows that so far no work has been
performed on the effect of the number of cracks on the long-term deflection.
Moreover, no research has studied numerically the long-term behaviour of

reinforced concrete beams under sustained and repeated load.
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Table 2-1: Summary of the literature review

Dimension Test duration
Authors Journal Conclusion
(mm) (months)

Authors here proposed a theoretical models
to predict the long-term deflection of cracks
Corley and Aci Journal 75 x 150 x 1500 ’a reinforced concrete beams. They assist there
Sozen (1966) | Proceedings 75 x 100 x 1500 model by an experimental work. However
their model to predict the shrinkage curvature

does not contain shrinkage strain.
Both ACI and CP 110 equations to predict the
. short and long-term deflection were

Magazine of | 144 y 150 x 1875

Bakoss et al. Concrete 16 assessed. It was found that both codes were
(1982) Research 100 x 150 x 3504 overestimate the elastic deflection whereas

the ACI and CP 110 equations predicted
deflections + 16 % and -16 % different from
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the experimental measurements respectively

in a period of 500 days.

Clarke et al.
(1988)

ACI| Materials

journal

100 x 150 x 2100

Based on the ratio of the initial neutral depth
to the effective depth (x;), Clarke et al. (1988)
proposed a new method to find the creep
deflection of cracked reinforced concrete
members. They assume the tensile strain at
the level of the tension reinforcement is equal
to that of the completely cracked section
value, and that it is not effected by creep.

Ghali (1993)

ACI Structural

Journal

Suggested an equation to calculate the mid-
span deflection of simply, continuous or
cantilever beams with a different cross
sections from the curvatures at a number of

sections
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based on the ratio of short to long-term
Journal of flexural  rigidity (E/.); and  (E.lo)¢
Samra (1997) Structural - respectively. Samra (1997) proposed a new
Engineering method to compute the long-term deflection
of cracked reinforced concrete section
Authors carried out an experimental test to
study the long-term behaviour of reinforced
_ ) Journal of )
Nie and Cai concrete beams under sustained loads. they
Structural 120 x 400 x 2180 _ _
(2000) . . noticed after three months of sustained
Engineering, _ o
loading, the developed deflection is up to 88
% of the elastic deflection
200 x 300 x 6000 . .
Their experimental outcomes are: the total
Washa and 150 x 200 x 6000 deflection after 30 months was nearly two
ACI Journal _ o _
Fluck (1952) 300 x 130 x 6500 times that of the initial deflection for beams
with no compression reinforcement,
300 x 75 x 5500
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The long-term developed deflection is slightly
greater than the elastic deflection in the case

of the double reinforced concrete beams.

Pillai and

Menon (2003)

Tata McGraw-
Hill (Book)

showed that the long-term deflection of the
reinforced concrete members due to
shrinkage, creep and temperature could be
two to three times the instantaneous

deflection.

Indian Journal

Authors concluded that, the elastic deflection

and long-term deflection of reinforced

Nurnbergerova | of Engineering concrete beams can be assumed to be

| 240 x 480 x 4150 . .
et al. (2000) and Materials dependent. Moreover during their test they
Sciences noticed that the neutral axis position does not

change with time.

Vakhshouri Second They noticed that, parameters effect the long-
and Nejadi International term deflection are not the same in the short-
(2014b) Conference on term deflection, thus a linear relationship
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Vulnerability
and Risk
Analysis and
Management
(ICVRAM)

between the Ilong-term and short-term
deflections is out of the question. Moreover,
Vakhshouri and Nejadi (2014b) stated that,
there is no distinct expression to show when
the short-term deflection ends and long-term

begins.

Gilbert and
Ranzi (2010)

Suggest empirical equations to predict the
long-term curvature in cracked reinforced
concrete members. The total deflection will
be the summation of the creep and shrinkage
deflections and the instantaneous deflection.
The shrinkage curvature of cracked and
uncracked reinforced concrete members
under sustained loading are given by these

equations respectively

Mari et al.
(2010)

Engineering

Structures

They proposed formulae to predict the long-
term deflection due to creep and shrinkage of

reinforced concrete members. Their
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suggested equation was verified by 217
beams tested in flexure under long-term
sustained loading conducted by other

researchers

Higgins et al.
(2013)

Engineering
Structures

300 x 150 x 4200

Their findings showed that beams which
were subjected to repeated loading had more
deflection than those subjected to sustained
loading. Moreover, it is expected that
repeated load amplitude had an effect on
beams deflection, where the developed
deflection was higher in beams under larger
amplitudes. Whereas the frequency had only
a slight effect on the long-term deflection. In
addition, the cyclic action was mainly affected

in the early stages of loading.
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Chapter 3 Experimental Work

3.1 Introduction

The main purpose of this work is to examine the performance of full scale
cracked rectangular reinforced concrete beams under sustained and repeated
loads. The experimental study involved seven reinforced concrete beams,
several samples for creep and shrinkage measurements, and eight pull out
specimens, all fabricated in the George Earle Laboratory of The University of
Leeds. The main parameters investigated using the reinforced concrete beams
were the loading type, reinforcement condition and level of applied load. The
load types (i.e. sustained/repeated) and reinforcement condition (i.e.
bonded/debonded) were examined experimentally to study the effect of loss of
tension stiffening in the early ages, while the level of the applied load was
investigated to study the effect of the number of cracks on the long-term

shrinkage deflection.

Measurements were taken using the Linear Variable Differential Transformer
(LVDT) for deflection, electrical resistance strain (ers) gauges for the strain in
the steel reinforcement and DEmountable MEChanical (DEMEC) gauges

studs for the concrete surface strains.

In this chapter, beam dimensions, materials used, mix proportion and test
procedures are described in detail. All of the mid-span deflections, surface
strains, creep and shrinkage were measured for 90 days. Previously, it was
shown that up to 80% of the final creep and shrinkage occurs in the first 90
days (Troxell et al., 1958). Also up to 50% of the tension stiffening is lost over
the first 30 days; after that the loss in tension stiffening stabilized (Scott and
Beeby, 2005). Higgins et al. (2013) showed experimentally that, the extra

deflection due to repeated loading occurred in the first 10 days.
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Finally, Mias et al. (2013) showed experimentally that, up to 90% of the final
long-term deflection in reinforced concrete members occurs by 90 days of
loading. Therefore in this study all beams under sustained and repeated
loading were tested for a period of 90 days.

3.2 Test Programme

The experimental part of this investigation is primarily based on the four-point
flexural test of seven reinforced concrete beams. Type of loading,
reinforcement condition and level of applied load are the main parameters

investigated.
3.2.1 Beam Description

All beams have a cross-section of 300 x 150 mm with 20 mm cover to the
stirrups. The whole length of the beams is considered to be 4200 mm, whilst
the beams span was 4000 mm (simply supported). Beam layout and
dimensions are shown in Figure 3-1. Beam dimensions and reinforcement
amount (i.e. tension reinforcement, compression reinforcement and stirrups)

were the same as those used by Ahmed (2013) and Higgins et al. (2013).
The seven beams were divided into two sets.

The first series consisted of two beams under repeated loading. In one of these
beams, the reinforcement in the constant moment zone is bonded. However,
in the second of these two beams an attempt was made to debond the
reinforcement in the constant moment zone (the method of debonding is
described in Section 3.3.5).

The second series consists of five beams under sustained loading. The first
beam in the second set had debonded reinforcement in the constant moment
zone, while the second beam had symmetrically bonded reinforcement, i.e. 3
@ 16 in the compression and tension zone. The last three beams were normal
reinforced concrete beams (see Figure 3-1), while the sustained applied load
varied from an amount equivalent to the first cracking load to the amount

producing a fully cracked section (i.e. all primary cracks had taken place).
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Steel Spreader Beam

3N B16 2N B10 ——

Figure 3-1: Beam Dimensions and Experimental Setup

3.2.2 Beam Identification

Each beam was identified by X#Y#N, where X is a letter indicating the type of
loading (static sustained or cyclic repeated), Y is a letter indicating the
reinforcement condition (bonded, unbonded or symmetrical reinforcement)
and finally, letter N is a number indicating the amount of load. Beams were
divided into two series - Series REP and Series SUS - according to types of
loading (REPeated or SUStained, respectively) and each series was
subdivided into three groups (group B, group UB and group SYB) according to
the bond and geometry of the reinforcement (Bonded, UnBonded and

SYmmetrical Bonded reinforcement, respectively).
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In summary, the first group consisted of two beams under repeated loading
(REP-UB-19 and REP-B-19) and the second group consisted of five beams
under sustained loading (SUS-UB-19, SUS-SY-19, SUS-B-19, SUS-B-5 and
finally SUS-B-3). The group and beam details are given in Table 3-1.

Table 3-1: Details of the beams

. Loading
Series Group Beam _ Type of
_ ) _ _ _ . |Loading type| amount _
designation| designation | designation (kN) reinforcement
UB-19 REP-UB-19 | Repeated 19 Unbonded
REP B-19 REP-B-19 | Repeated 19 Bonded
UB-19 SUS-UB-19 | Sustained 19 Unbonded
) Symmetrical
SYB-19 |SUS-SYB-19| Sustained 19
Bonded
B-19 SUS-B-19 | Sustained 19 Bonded
SuUS
B-5 SUS-B-5 Sustained 5 Bonded
B-3 SUS-B-3 Sustained 3 Bonded
3.3 Materials

Normal concrete is a composite material containing cement, sand, coarse

aggregate and water. In this section the basic ingredients will be described.

3.3.1 Cement

The cement used in this work was Portland Cement (CEM 52.5 N) conforming
to the requirements of BS EN 197-1: (2011).
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The cement was stored in airtight bags to ensure minimum exposure to the
environment and therefore to maintain its dryness. The chemical test results

are shown in Table 3-2, which was given by the manufacturing company.

Table 3-2: Chemical properties of the cement

Property Guideline value Unit Requirement
Standard

Setting time 110 min =245
Volume consistency 1.1 mm <10
Compressive strength 2d 27 MPa 220

Compressive strength 28d 58 MPa 2525
SO3 2.60 (%) <4,0

Cl 0,01 (%) <0,10

3.3.2 Fine Aggregate

The fine aggregate was washed natural river sand originating from deposits in
North Nottinghamshire (Tarmac Roadstone). The maximum particle size of the
fine aggregate that was used in this experimental work was 5 mm. The fine
aggregate was oven dried in the University of Leeds laboratory using the drying
parker plant with a drying rate of 7 kg/min. Two days after drying, the fine
aggregate was cooled in a hopper. At that point, the fine aggregate was ready
to be mixed with the other material to produce the concrete matrix. Table 3-3
and Figure 3-2 show the grading of the fine aggregate based on BS EN 12620:
(2002 +A1:2008).
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Table 3-3: Grading of fine aggregate

Weight Retained

BS 882

Sieve Size % Retained % Passing
(9) overall Limits
10 .0 mm 0 0 100 100
5 mm 11.45 2 98 89-100
2.36 mm 57.78 12 86 60-100
1.18 mm 71.91 14 72 30-100
600 pm 108.75 22 50 15-100
300 pm 93.8 19 31 5-70
150 pm 93.7 19 12 0-15
75 pm 54.4 11 1
Pan 6.21 1 -
Total 498
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Figure 3-2: Grading of fine aggregate

3.3.3 Coarse Aggregate

A quartzite natural aggregate with a maximum size of 20 mm from North

Nottinghamshire (Tarmac Roadstone) was used in this study. Similar to the

fine aggregate, the coarse aggregate was oven dried in the University of Leeds

laboratory using the same drying parker plant described in Section 3.3.2. After

drying, the coarse aggregate was cooled and sorted in preparation for mixing

with the other material to produce the concrete matrix. The grading of natural

aggregate is shown in

Table 3-4.

Table 3-4: Grading of coarse aggregate

Sieve Size % Passing BS 882 Limits
20 100 85 to 100
14 62 0to 70
10 11 0to25
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3.3.4 Water

Leeds tap water was used as the mixing water for the concrete (BS EN 1008:,
2002).

3.3.5 Reinforcement

Three bars with a diameter of 16 mm, yield stress of 510 MPa and a modulus
of elasticity of 200000 MPa were used as the bottom longitudinal
reinforcement. To avoid shear failure, 8 mm diameter shear links were placed
outside of the constant moment zone of the beam at 150 mm centre to centre
distance. Two 10 mm diameter bars were located in the compression zone to
support the links. In order to debond the reinforcement, first the ribs of the
tension reinforcement in the constant moment zone (i.e. the central 1500 mm)
were ground away. The area was then wrapped with thermal shrinkage wrap
(the surface of the shrinkage wrap which would come into contact with the
concrete was also treated with degreasing agent) to ensure that the concrete
was debonded in the constant moment zone. The degree of debonding was
measured and discussed in Section 4.2. The main purpose of debonding the
reinforcement in the constant bending moment zone is to study the effect of

loss the tension stiffening with due to the cyclic load effect.

3.4 Concrete Mix Design

In this study, concrete was designed with 55 MPa cube compressive strength
and 120 mm slump after 28 days, according to the British Standard procedure
(BS EN 206:, 2013+A1:2016). The mix proportion of normal concrete is shown
in Table 3-5.
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Table 3-5: Mix proportions of the normal concrete

Total added Fine Coarse
Cement Concrete Strength
water Aggregate Aggregate
kg/m3 N/mm2
kg/m3 kg/m3 kg/m3
230 485 775 910 55

3.5 Cage and Placement

The longitudinal steel reinforcement and the stirrups were cut and bent to the

required shape and dimensions, see Figures 3-3 and 3-4. Appropriate spacers

were attached to the bottom and sides of the cage to achieve the required

cover (i.e. 20 mm).

Figure 3-3: Steel formwork with reinforcement cage
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Figure 3-4: Steel reinforcement beam cage

3.6 Casting and Curing

Two batches of concrete were used to cast each beam (4200 mm in length
and 300 mm x 150 mm cross section), 6 cubes (100 x 100 x 100) mm, 8 prisms
(200 x 75 x 75) mm and 3 prisms (100 x 100 x 500) mm. A slump test was
performed after each mix to ensure the workability of concrete. The maximum
workability of 120 + 10 mm (slump) i.e. S3 class (BS EN 206:, 2013+A1:2016)
was achieved in accordance with BS EN 12350-2 (2009)

Each mix was vibrated using a pocket vibrator (see Figure 3-5). The top face
of the beams was levelled and finished with a trowel after casting. Beams and
all specimens were then covered immediately with a polyethylene sheet to
prevent the evaporation of water. After 24 hours, all of the small concrete
specimens were de-moulded and placed in the curing room. The beams were
de-moulded after four days, before being placed in the curing room (see Figure
3-6). Three days prior to testing a beam at 28 days, beams and all samples

were taken out of the curing room to prepare for the test.
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Figure 3-6 Beam in the curing room
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3.7 Instruments

Three types of data gathering instruments were used to monitor the

deformations of each beam.
3.7.1 Electrical Resistance Strain Gauges

Three metallic foil-type electrical resistance strain (ers) gauges were placed at
the mid-span of each beam. Each reinforcement was smoothed with
sandpaper first then cleaned with acetone before the strain gauge was
attached. The strain gauge was first mounted on sticky tape (attached to the
back face of the gauge); this was done immediately after the strain gauge was
taken from its plastic protection. After a special glue (CN cyanoacrylate
adhesive) was put on the front face of the strain gauge, it was positioned on
the reinforcement and pressed against the steel using a protective foil.
Subsequently, a temperature compensating wire with a resistance of 120 Ohm
was soldered to the strain gauge. Finally, a polyurethane coating (M-COAT A)
was used as a waterproof liquid. A plastic padding (Chemical Metal+
Hardener) was then used to cover the strain gauges, protecting them against

the impact of aggregate during casting, as shown in Figure 3-7.

Figure 3-7: Strain gauges installation
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3.7.2 LVDTs

LVDTs (Linear Variable Displacement Transducers) were used to monitor the
developed deflection during the 90-day tests of the reinforced concrete beams.
Two LVDTSs with a resolution of 0.01 mm and displacement capacity of 30-50
mm were placed under each beam in the middle to monitor the mid-span
deflection. The results presented in Chapter 4, 5 and 6 are the average reading
of the LVDT (no twisting was observed). A dial gauge was placed at the
support to ensure there was no differential settlement. It was found that the
deflection was minor here (subtracted from the initial readings). Before each
test, the LVDTs were recalibrated to ensure accurate readings. The LVDTs
were then plugged into the data logger and the readings were recorded every

10 days until the end of the test.
3.7.3 DEMEC Points

A total of 88 DEMEC points were glued to each side of a beam within the
constant moment zone. The DEMEC points were fixed using epoxy adhesive
at four levels -33, 60, 87 and 114 mm- from the top surface of the beam, as
shown in Figure 3-8. The first (33) and the last (114) level were attached at the
level of the compression and tension reinforcement, respectively. The DEMEC
points were fixed 150 mm apart and allowed the measurement of average

surface strain.

Figure 3-8: DEMEC point layout
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3.8 Compressive Strength and Tensile Strength Tests.

According to BS EN 12390-3: (2009), the compressive strength of concrete
should be carried out using six 100 mm cubes with each beam (i.e. three cubes
for each batch). Whereas the indirect tensile strength should be determined
from 3 prisms (100 x 100 x 500) mm using BS EN 12390-5: (2009). Both tests
were conducted at day 28 and are shown in Figure 3-9.

(b)

(a)

Figure 3-9: Determining the concrete properties a) Compressive strength
test b) Tensile strength test

Table 3-6 shows the compressive strength and the indirect tensile strength of
each beam.
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Table 3-6: Mechanical properties of the concrete mix

Cube Flexural Predicted
compressive STD tensile STD | flexural tensile
Mix
strength (MPa) strength (MPa) strength*
a a a
(MPa) (MPa) (MPa)
Mix 1 55 5 4.9 0.81 4.26
Mix 2 55 7 4.73 0.6 4.26
Mix 3 55 4 4.92 0.68 4.26
Mix 4 56 5 4.47 0.55 4.3
Mix 5 56 6 4.9 0.49 4.3
Mix 6 54 5 4.48 0.45 4.22
Mix7 53 2 4.74 0.85 4.18

* ACI 318 suggested equation was used to predict flexural tensile strength (f; q = 0.623\/ﬁ)

Table 3-6 shows a good consistency for both compressive strength and the
flexural tensile strength. Moreover the experimental flexural tensile strength
was within a good agreement with that calculated using the ACI 318 suggested

equation (within 20 %).

Based on the Eurocode 2 (2004), the direct tensile strength could be predicted
by multiplying the splitting tensile strength by 0.9. Similarly, 0.744 was
suggested by Raphael (1984) to be the reduction factor to predict the direct
tensile strength from the modulus of rupture, as both splitting tensile strength
and flexural tensile strength are giving values higher than the direct tensile
strength. In this study, a reduced modulus of rupture was used as a tensile

strength for the calculation of the long-term deflection in Chapter 5.
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3.9 Modulus of Elasticity

In this work, the modulus of elasticity of the concrete was obtained from the
creep test, where all the samples were applied to 20% of the compressive
strength of the concrete. The results of the modulus of elasticity are presented
in Table 3-7 with those predicted from the Eurocode 2 (2004), where the
Eurocode 2 (2004) suggested equation to predict the modulus of elasticity of
the concrete from the compressive strength. It can be seen that the average
modulus of elasticity of the concrete matched well with those predicted by the
Eurocode 2 (2004).

Table 3-7: Modulus of elasticity of concrete from the creep test

Modulus of elasticity (GPa)
Beam number
Test Eurocode 2*
Beam 1 33.784 34.94
Beam 2 32.154 34.94
Beam 3 34.000 34.94
Beam 4 33.223 35.132
Beam 5 34.000 35.132
Beam 6 35.335 34.7501
Beam 7 36.000 34.556

*Eurocode 2 suggested equation was used to predict modulus of elasticity from the

compressive strength (E,,,, = 2200(fcm/10)°3
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3.10Tensile Strength of the Reinforcement

The tensile mechanical properties of the steel reinforcement used in this work

were also determined in the School of Civil Engineering, University of Leeds.

. Figure 3-10 shows the stress-strain relationship of the steel reinforcement.

700 T T T T
I I :
600 F——————— o |———————j|5\— ——————
I I I
I I I I
%' 500 =fF—————7———————qTT T~ A
c I I I I
S 400 FH-————-— - 4——————— [———————— F———————
& I I I I
» L f______ l A ] . ___ L
é 300 I I I I
= I I I I
»n 200 H——————~— t——————= B B ———————= ===
I I I '
100 H————__ 1 I l_ Bar 1 _
: : : Bar 2
0 )
0 0.01 0.02 0.03 0.04 0.05

Figure 3-10 Stress-stain of steel

3.11Long-Term Beam Deflection Tests Procedure.

The beam tests monitored the long-term performance of reinforced concrete
beams subjected to repeated and sustained loading. These tests lasted for 90
days. Three days prior to testing a beam at 28 days, the beam was taken out
of the curing room, placed in the test rig and prepared for the test. Four sets of
DEMECs were placed on both sides of the beams in order to monitor the
curvature and average concrete surface strain with time. Two LVDTs were
placed under the middle of each beam to monitor the mid-span deflection along
the beam. A four point bending test was adopted for the beams. The constant
moment zone was 1500 mm and the span of the beams was 4000 mm. Both
sides of the beams were painted with white paint to help monitor crack

development during the test.
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Loading for the first beam set (REP Group) was applied using the hydraulic
system, while the system for the second group (SUS Group) was manually
applied using a jack and load cell located at the top in the middle of the beam.
Beams SUS-B-19, REP-B-19, SUS-SYM-19, SUS-UB-19 and REP-UB-19
were initially preloaded to 19 kN (the magnitude of the sustained load) so that
a stabilised crack pattern was produced. It is assumed that the average crack
spacing of a fully cracked reinforced concrete beam is 2/3 of the theoretical
crack spacing, 2 So (Beeby and Scott, 2004b). Where So = 3C, the cover depth
of the tested beams was 28 mm (or 36 mm from the centroid of the section of
reinforcement to the concrete surface), hence the average crack spacing
should be 112 mm or 144 mm. So, the typical crack numbers in the constant
moment zone should range from 11-14.

The tensile steel stresses were checked at this load and were found to be 198
MPa (it is estimated that a steel stress of 200 MPa would produce stabilised
cracking for this type of beam). For the beams subjected to a repeating load,
the load was then cycled between an upper and lower limit of the constant
sustained load of 19 kN. This cyclic amplitude was selected to be 2.5 kN, which
is 13% of the sustained load (Vollum, 2009, Higgins et al., 2013) . A cyclic
frequency of 0.2 Hz was chosen; this is considerably lower than the beam
natural frequency, which is about 4 Hz and close to the rotor frequency of
offshore wind turbines i.e. 0.15-0.2 Hz (Bhattacharya, 2014). For the
cyclic/repeating tests, when a reading was recorded, the frequency was
gradually reduced to zero, so readings were always taken at 19 kN when the
load cycling was stopped. The deflection on application of the sustained load
(19kN) was recorded and represented the elastic deflection at time to. The
other beam (i.e. SUS-B-5) was subjected to sustained load of 5 kN, which
produced 5 cracks. The last beam (i.e. SUS-B-3) was subjected to a load less

than the load required to produce the first crack (i.e. 3.5 kN).
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3.12Concrete Prism Shrinkage and Creep Tests

3.12.1 Concrete Prism Shrinkage Test.

The test specimens had dimensions of 200 x 75 x 75 mm. Two DEMEC points
were attached at 150 mm on two opposite sides of the prism, as shown in
Figure 3-10.

The shrinkage readings taken from the prism are used directly in the theoretical

model and also in the numerical model as a shrinkage and creep coefficient

input; see Section 5.5.

Figure 3-11: Shrinkage test

Between 28 to 30 days after casting, all specimens were stored in a controlled
room at 21 + 1C° with a relative humidity of 60 + 5%. Immediately after being
placed in the curing room, the initial readings were taken and the DEMEC was
attached on the specimen in the same day, as specimens were sorted in the
control room. The shrinkage was taken as an average of the four prisms
reading. Figure 3-11 shows the 150 mm strain gauge that was used to

measure the creep and shrinkage.
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Figure 3-12: 150 mm of DEMECs gauge, calibrated bar and fitting bar

3.12.2 Concrete Prism Creep Test

Four prisms of 200 x 75 x 75 mm were used to calculate the creep strain of the
concrete used in this work. An applied stress of 20% of the compressive
strength of the concrete at 28 days was used. Each rig was laid horizontally,
as shown in Figure 3-13, and the stress was applied manually. As can be seen,
each rig can hold two prisms in addition to a steel cylinder. Before applying the
stress, initial readings were taken. The second reading was taken after the
stress was applied, therefore, providing the elastic strain. As with the beams,
the test was carried out for 90 days. The creep strain was calculated by
subtracting the elastic strain of the prism and the shrinkage strain of unloaded

samples from the total strain of loaded samples.
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Figure 3-13: Creep rig test

The purpose of these test was to calculate the creep coefficient and the

modulus of elasticity of the concrete; these will be used in Chapter 5 and

Chapter 6 to predict the long-term behaviour of the reinforced concrete beams.

Tables 3-9 to 3-17 give the measured long-term properties of the mixes (i.e.

elastic strain, creep, shrinkage and creep coefficient). In this study the average

of the shrinkage and creep coefficient were used in the Chapter 5 and Chapter

6.
Table 3-8: Long-term properities of beam 1
Strain Age testing (days)
Load Level (ue)
30 60 90
Elastic -296
Total 610 625 -786
20 % Shrinkage -285 -354 -385
Creep -325 -371 -401
Creep Coefficient 1.1 1.25 1.35
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Table 3-9: Long-term properties of beam 2

Strain Age testing (days)
Load Level (ue)
30 60 90
Elastic -311
Total -620 -735 -7197
20 % Shrinkage -275 -328 -374
Creep -345 -405 -423
Creep Coefficient 1.11 1.3 1.36
Table 3-10: Long-term properties of beam 3
Strain Age testing (days)
Load Level (ue)
30 60 90
Elastic -295
Total -600 -750 -877
20 % Shrinkage -276 -360 -412
Creep -324 -390 -465
Creep Coefficient 1.1 1.32 1.57
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Table 3-11: Long-term properties of beam 4

Strain Age testing (days)
Load Level (ue)
30 60 90
Elastic -301
Total -603 =77 -907
20 % Shrinkage -281 -377 -427
Creep -322 -400 -480
Creep Coefficient 1.07 1.33 1.59
Table 3-12: Long-term properties of beam 5
Strain Age testing (days)
Load Level (ue)
30 60 90
Elastic -295
Total -530 -740 -781
20 % Shrinkage -250 -371 -392
Creep -280 -370 -389
Creep Coefficient 0.95 1.25 1.32
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Table 3-13: Long-term properties of beam 6

Strain Age testing (days)
Load Level (ue)
30 60 90
Elastic -283
Total -553 -758 -806
20 % Shrinkage -248 -385 -448
Creep -305 -373 -358
Creep Coefficient 1.08 1.32 1.55
Table 3-14: Long-term properties of beam 7
Strain Age testing (days)
Load Level (ue)
30 60 90
Elastic -278
Total -561 -724 -811
20 % Shrinkage -281 -371 -416
Creep -280 -353 -395
Creep Coefficient 1.01 1.27 1.42
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From Tables 3-9 to 3-15 it can be seen that both the shrinkage and the creep
coefficient were reasonably consistent. The average shrinkage of the concrete
used in this study after 90 days was 408 pe with a standard deviation of 26 pe.
However, the difference between the maximum and minimum shrinkage was
74 pe. This 74 pe difference results from the ambience of the control room
where the relative humidity and the temperature was not constant over the

whole test duration.

The average creep coefficient of the prisms subjected to a stress equal to 20%
of the compressive strength of the concrete was 1.46 with a standard deviation
of 0.11. (8% difference). The difference between the maximum and minimum
creep coefficient was 0.27. In addition to the control room conditions, the stress
was applied manually and from experimental practices, only a 10% accuracy

can be achieved with this method.

3.13Pull-Out Test

In order to assess the efficiency of the artificial debonding method adopted in
the investigation, a series of pull-out tests were performed. A total of 8 concrete
cubes of (200 x 200 x 200) mm were cast, each with a single protruding rebar.
The concrete cubes had the same material properties as that of the beams.
The variable in these pull-out tests was the bonding of the reinforcement; for
four of the samples the steel was composite and bonded with the steel; the
other 4 samples contained bars which were artificially debonded. The
embedment length-to-bar diameter (L/d) ratio was 5. All the specimens were
demoulded after 1 day and cured in the fog room until testing (Figure 3-14).
The cube dimensions and the embedded length were similar to that adopted
by (Garcia-Taengua et al., 2016, El-Zaroug, 2008)
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Figure 3-15: Preparation of pull-out specimen

Figure 3-15 illustrates the preparation of the specimen. A loading rate of 2
kN/min was utilised. Three LVDTs were attached to the specimen (as shown
in Figure 3-16). The first two samples were tested at an age of 14 days to study
the compressive strength development with time effects for the bond strength

loss for both bonded and debonded samples.
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The rest of the samples were tested at 28 days. None of the reinforcement

bars reached their yield stress during the tests.

LVDT1,2&3

S
@ @ Free end of the bar

Holder
Wooden plate

Moving head

Strain gauge
Steel bar

Fixed head

Pull-out Load

Figure 3-16: Test setup for pull-out test

Concrete substrate

The results of the pull-out tests will be presented in Chapter 4, where they will

be discussed and used to explain the adequacy of the artificial debonding

method and its effect on the long-term beam result
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Chapter 4 Experimental Results and Discussions

4.1 Introduction

This chapter comprises the results of the flexural behaviour of reinforced
concrete beams under long-term loading. The main parameters considered in
this study were loading type (i.e. static sustained and cyclic/repeating load),
reinforcement conditions (i.e. bonded, unbonded and symmetrical
reinforcement) and the magnitude of the sustained loading (i.e. 19 kN, 5 kN
and 3 kN). Both mid-span developed deflection and concrete surface strain in
the constant moment zone were recorded for a maximum period of 3 months.
The load-slip results for the bonded and unbonded samples, results related to
the long-term developed deflection and the surface stain are also presented in

this chapter.

4.2 Bond Strength, Load-Slip Behaviour and Slip at

Maximum Load.

In order to gain a better understanding of the behaviour of cracked reinforced
concrete beams and to assess the method of debonding the reinforcement in
the constant moment zone, pull-out tests for bonded and unbonded samples

were conducted at the University of Leeds.

The average bond strength T over the embedded length was calculated using

the maximum load sustained during the test, assuming a uniform stress
distribution along the embedded length of the reinforcement (CEB-FIP, 1990):

P
T= . (4-1)

78



Experimental Results and Discussions

Where:

P is the ultimate load (kN)

Iy, is the embedded length (mm)

dy is the diameter of the reinforcement (mm)

This equation has been widely used to determine the bond strength, although
it is based on the uniform stress distribution along the embedded length of the
reinforcement, which is not true. Whereas, stress distribution varies greatly as
the slip develops (Abrishami and Mitchell, 1996, Hamad, 1979).

However, the experimentally obtained bond strength values are presented in
Table 4-1 and

Table 4-2 where it can be seen that the artificial method of debonding did not
display 100 % loss of bond as expected since there is still adhesive bond
between reinforcement and the surrounding concrete. At 14 days, the loss of
bond was approximately 94%. At 28 days, it was approximately 93% which
agreed with Weathersby (2003) outcome, i.e bond-slip of smooth
reinforcement is not significantly affected by the compressive strength of the

concrete.

Previous study showed that, up to 50 % of the bond is lost in the case of plain
reinforcement (Edwards and Yannopoulos, 1979). Obviously, in this study (i.e.
unbonded specimens) the bond lost is higher than that in plain reinforcement
as the reinforcement ribs were artificially ground and then treated with thermal
shrinkage wrap (the surface of the shrinkage wrap was also treated with a
degreasing agent). In addition, the concrete cover adopted in this research
was nearly three times that of Edwards and Yannopoulos (1979) specimens.

Unsurprisingly, the unbonded reinforcement was pulled continuously out of the
concrete and the slip was very high when compared to that of the bonded
specimens (nearly 10 times) which is similar to the findings of Mo and Chan
(1996). This is because the ribs of the reinforcement were artificially ground
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and once the bond (adhesion) was lost, the reinforcement quickly pulled out of

the concrete.

Table 4-1: Bond strength and slip at 14 days

Bond Slip at Bond
Sample | Reinforcement | Ultimate .
strength | ultimate load |  strength
No. condition load (kN)
(N/mm?2) (mm) loss (%)
1 Bonded 96 22.5 7.3 -
2 Unbonded 6 1.4 14.9 94
Table 4-2: Bond strength and slip at 28 days
Average _
Sllp at Bond
Sample | Reinforcement | Ultimate Bond .
ultimate load | strength
No. condition load (kN) | strength
(mm) loss (%)
(N/mm?)
1 Bonded - -
2 Bonded 117 25.8 1.3
3 Bonded 104 1.2
4 Unbonded 9.8 13.2
5 Unbonded 7 1.9 10.5 93
6 Unbonded 7.5 12

The load-slip behaviour of the bonded and unbonded specimens are shown in

Figure 4-1. It can be seen that the ultimate load in the case of bonded
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reinforcement was higher than that of the unbonded reinforcement. The
average ultimate load was 110.5 kN for the bonded specimens whereas it was
only 8.1 kN for the unbonded specimens. The slip at ultimate load in the case
of unbonded samples was about ten times more than that of the bonded
specimens. Therefore, it can be assumed that debonding the reinforcement
increases the failure slip and decreases the ductility (as the unbonded samples

has less ultimate load than the bonded samples).

Figure 4-2 indicates that although the same technique was used for the
artificial debonding of the reinforcement, the degree of debonding was not
quite the same in all samples. This agreed with a previous work carried out by
(Feldman and Bartlett, 2007), where they found bond stress magnitude is not

uniform along the embedded length of the plain reinforcement.

However, the artificial method of debonding does appear to have worked
reasonably well where the unbonded beams subjected to both loading cases

are compared (Sections 4.3.2.1 and 4.4.2).
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Figure 4-1: Load-slip behaviour of reinforced concrete bonded samples
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Figure 4-2: Load-slip behaviour of reinforced concrete unbonded samples

Two types of failure modes were recognised during the test for the bonded
samples; the first one was a pull out failure i.e shear failure between the
reinforcement and the concrete interface. While the second one was by
crushing of the concrete i.e. the concrete around the reinforcement was
subjected to radial stresses which lead to splitting failure (Garcia-Taengua et
al., 2016). Whereas in unbonded samples, only bond failure was recognised
and that because there is 8 % bond left, and the bond transfer by adhesion
between the reinforcement and the surrounding concrete (Feldman and
Bartlett, 2007) (see Figure 4-3).
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(@) (b)

Figure 4-3: Failure mode through pull-out test a) Bonded samples, b)
Unbonded samples

4.3 Mid-Span Deflection
4.3.1 Effect of Load Type

The Eurocode 2 (2004) suggests using a single factor for loss of tension
stiffening to represent both a sustained and repeating long-term load (i.e.
B=0.5). In order to assess Eurocode 2 (2004) suggested equation and to gain
knowledge of the reinforced concrete beams subjected to relatively low
frequency (i.e. 0.2 Hz). Two reinforced concrete beams subjected to static
sustained and cyclic/repeating loads were tested to achieve these objectives.
The reinforcement in the tension zone was fully bonded. The first beam was
subjected to a 19 kN sustained load whereas the second beam was subjected
to a 19 kN cyclic/repeating load. For the beam subjected to the repeating load,
the load was cycled between an upper and lower limit about the constant
sustained load of 19 kN. This cyclic amplitude was selected to be 2.5 kN which
is between 10% to 15% of the sustained load (Vollum, 2009, Higgins et al.,
2013). The elastic deflection for SUS-B-19 and REP-B-19 was 27 mm and 26
mm, respectively. The developed deflection with time will be presented in the

results.
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Figure 4-4 compares the developed mid-span deflection of the two beams. In
this figure it is clear that the beam under repeated loading developed more
deflection than the beam under sustained loading, which agreed with Higgins
et al. (2013) i.e. beams under repeated loading held more deflection than
beams under sustained loads. Where the bond between the concrete and the
reinforcement is damaged due to the effect of repeated loading. It can also be
seen that, the increased deflection in beam REP-B-19 occurs during the first
20 days while the increase in the deflection of Higgins et al. (2013) beams
occurs in the first 10 days. The reason of the extra deflection stabilised after
20 days in this study is due to the shrinkage strain where the shrinkage here
is higher than in Higgins et al. (2013) work (1.5 higher). Both Vollum (2002)
and Gilbert (1999) believed that shrinkage induced tension between cracks,
which leads further cracking and consequent loss of tension stiffening.
However, as both beams were cast with the same concrete and the elastic
deflection was similar and deflection was recorded at same load level (19 kN).
This extra deflection after 90 days shown in Figure 4-4 should be due to the
previous loading history (i.e. repeated loading) not the current loading
condition. Hence the extra deflection after 90 days in the case of repeated
loading (i.e 5.6 mm) is due to the loss of tension stiffening after the case of
stabilized crack pattern when the bond between the reinforcement damaged
due to cyclic effect (Zanuy et al., 2010). Which indicates that there is still some
amount of tension stiffening presents even after stabilized crack pattern has

been achieved.
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Figure 4-4: Developed mid-span deflection with time (REP-B-19 and SUS-B-
19)

4.3.2 Effects of Reinforcement Bond and Compression

Reinforcement

In this section, the effect of reinforcement condition (bonded, unbonded and
symmetrical) on the tension stiffening and shrinkage deflection of reinforced
concrete beams was investigated experimentally. Three beams were tested.
The first two beams were unbonded beams; one was subjected to static
sustained loading while the second beam was subjected to repeated loading.
The third beam had symmetrical reinforcement and was subjected to a
sustained load. The mean load for all three beams was 19 kN. The results are

compared to that of the fully bonded beams.

4.3.2.1 Unbonded Reinforcement.

Section 4.3.1 showed that, under long-term loading, beam under repeated
loading developed more deflection than beams under sustained loading. The
extra deflection in the case of repeated loading resulted from the damage of
the concrete surrounding the reinforcement due to the effect of repeated

loading as was also witnessed by Higgins et al. (2013). In order to investigate
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the influence of low frequency (0.2Hz) on debonding the reinforcement from
the concrete, this section compares the results of the fully bonded beams with
the artificially debonded beams. Figure 4-5 compares the long-term mid-span
developed deflection of the unbonded and bonded reinforced beams under
sustained loading. From Figure 4-5 it can be seen that during the early ages
of sustained loading, the debonded beams developed more deflection than the
bonded beam. After 90 days, the debonded beam had approximately 36 %
extra deflection than the bonded beam. This extra deflection here is due to the

effect of debonding the reinforcement.
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Figure 4-5: Developed mid-span deflection with time (SUS-UB-19 and SUS-
B-19)

Figure 4-6 compares the development in the mid-span deflection of the
debonded beams under two different load types (i.e. sustained and repeated
loads). It can be seen that the deflection of both beams was similar during the
first 20 days, however, at the end of the test, the beam subjected to the
repeating load exhibited more deflection (+7%) than the beam subjected to the
sustained load. The comparison also further illustrates the success of the
artificial debonding method as previously Higgins et al. (2013) showed that the
difference in deflection between the bonded beams subjected to the two
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loading cases mainly occurred in the first 10 days (as the repeating load
enhanced internal cracking, destroyed tension stiffening and hence increased
the deflection). Thus the extra deflection after 90 days due to repeated loading
is thought to be due to the effect of cyclic creep, since the cyclic creep

increases static creep (Neville and Hirst, 1978).

In Figure 4-7 the behaviour of the debonded beam under sustained loading
was compared with the fully bonded beam under a repeating load. After 20
days, there was only a minimal difference in the deflection (debonded beam
has slightly greater deflection than bonded beam) which again shows the
success of the artificial debonding method. After 20 days of loading, the
deflection rate in both beams was almost identical, suggesting that the bond
between concrete and reinforcement in both beams had been removed.

This implication is important as it indicates that the bond between concrete and
steel in reinforced concrete beams subjected to a repeating load can be
significantly damaged (see Figure 4-7) due to the loading even though the

frequency is relatively low (i.e. 0.2 Hz).
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Figure 4-6 Developed mid-span deflection with time (REP-UB-19 and SUS-
UB-19
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Figure 4-7: Developed mid-span deflection with time ( SUS-UB-19 and REP
B-19)

4.3.2.2 Symmetrical Reinforcement

For the symmetrically reinforced concrete beam, the long-term developed
deflection was compared with that of the normally reinforced concrete beam
(see Figure 4.8). Both beams were subjected to the same amount of sustained
load (i.e. 19 kN) to study the effect of additional reinforcement in the
compression zone on the long-term deflection. Clearly, it can be seen that the
beam with symmetrical reinforcement has less long term deflection than the
first beam (i.e. SUS-B-19); this agrees with Paulson et al. (1991).

Both beams had the same number of cracks (15) in the constant moment zone.
This suggests that, adding reinforcement in the compression zone has slightly
affected the tension zone (Washa and Fluck, 1952) by increasing the stiffness

and reducing the creep and shrinkage deflections.

In Figure 4-8 it can be seen that, 10 days after loading both beams had the
same amount of developed deflection which indicates both beams lost the
same amount of tension stiffening. After that, the developed deflection in the
symmetrical reinforced beam is less than that in the normally reinforced

concrete beam by 30 %. The 30 % lower deflection can be explained by the
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additional reinforcement in the compression zone producing extra restraint to

the shrinkage and creep of concrete.

Mu et al. (2008) showed numerically that 50 % of the total long-term curvature
is likely to be due to creep while the other 50 % is due to shrinkage — this is
however dependent on this section geometry and ratio of steel reinforcement.
Based on this ratio, the shrinkage deflection for the symmetrically reinforced
concrete beam is 7.6 mm whereas it is 9.4 mm for the normal beam (i.e. SUS-
B-19).
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Figure 4-8: Developed mid-span deflection with time (SUS-B-19 and SUS-
SYB-19)

4.3.3 Effect of Loading Level

Further tests were performed in order to understand the effect of the amount
of applied load in relation to the load required to produce the cracking moment
and stabilized crack pattern. Figure 4-9 illustrates the developed long-term
deflection of three reinforced concrete beams tested under different levels of
sustained loading (i.e 19 kN, 5 kN and 3 kN). As expected, it can be seen that
the beam sustained under a higher amount of load has more developed
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deflection. According to Mu et al. (2008), for the first beam considered here
(i.e. SUS-B-19), the shrinkage curvature should be 9.4 mm and it would be 5.5
mm and 5 mm for SUS-B-5 and SUS-B-3, respectively. From these tests, it
can be seen that identical beams having a higher number of cracks develop a

greater deflection due to shrinkage; this will be further discussed in Chapter 5.

For the beam with a stabilized crack pattern (i.e. SUS-B-19), no more cracks
were developed after loading. Whereas in the SUS-B-5 and SUS-B-3 cases
more cracks developed during the 90 days of testing. This suggested that:

1. Inthe case of stabilized crack pattern, the concrete between cracks acts
elastically.

2. As beam SUS-B-3 was subjected to a load which was actually less than
that required to cause cracking (3.5 kN) and yet cracks were observed
the day after loading, it appears that, the tensile strength of the concrete
was exceeded due to creep and shrinkage curvature. As such, these
long-term effects (i.e. creep and shrinkage) appear to be influential only
one day after loading: this contradicts the guidance in Eurocode 2

(2004) which suggest long-term means 28 days.
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Figure 4-9: Developed mid-span deflection with time (SUS-B-19, SUS-B-5
and SUS-B-3)
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4.4 Surface Strain Development

The surface strain development with respect to time in the compression and
tension zone was monitored for a period of 90 days. In all cases, it can be seen
that, the surface strain development is higher in the compression zone than in
the tension zone. This is attributed to the effects of creep and shrinkage and
how they act on the two stress zones, i.e. creep and shrinkage are in the same
direction in the compression zone — they are effectively a contraction; whilst
shrinkage (a contraction) is in the opposite direction to creep (an extension) in
the tension zone. In addition, there is more reinforcement in the tension zone
than in compression zone and so more restraint to movement. Finally the

concrete stress in the compression zone is higher than that in the tension zone.

4.4.1 Effect of Load Types.

Figure 4-10 compares the surface strain development for the fully bonded
beams, under repeated and sustained loading. It can be seen that in the
compression zone there is an additional deformation developed with time in
the repeated load case to that seen in the sustained loading case whereas in
the tension zone the more difference occurs in the first 25 days.

The fact that this has happened further confirms the effect of cyclic creep
(Neville and Hirst, 1978). Where cyclic creep is present in the compression
zone and in the tension zone. However cyclic creep is more dominant in the
compression zone than the tension zone (Forth, 2015). Where cyclic creep
depends on the applied stresses and the concrete in the compression zone
holds more stress than that in tension zone (the extra strain development
between the repeated and sustained beam in the compression zone and

tension zone after 25 days was 28 ue and 19 ue, respectively)

Both beams had the same number of cracks after loading (15 cracks). After 90
days no more cracks were developed in the beam subjected to sustained
loading and three additional cracks (internal cracks developed into surface) in
the beam subjected to repeated loading (all developed in the first 15 days).
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These extra cracks occurred because of the effect of repeated loading as the
repeated loading damaged the concrete around the reinforcement which is

similar to the work carried out by Zanuy, Albajar and de la Fuente (2010).
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Figure 4-10: Surface strain development in the compression and tension
zone with time (REP-B-19 and SUS-B-19)

4.4.2 Effects of Reinforcement Bond

Figure 4-11 illustrates the surface strain development with time for beams
where the reinforcement has been artificially debonded. From the Figure it can
be seen that, both beams had almost the same development of strain in the
compression zone, although there is still more strain in the beam subjected to
the repeating load. In the tension zone, the surface strain in beam subjected
to repeated loading is more than that in the beam subjected to the sustained
load. No more cracks were produced in either beam after loading (eight cracks

were observed); this additional deformation of the repeated load beam is due
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to the increasing crack width. Unsurprisingly, beams with debonded
reinforcement had less number of cracks in the constant moment zone than
the beams with deformed reinforcement. Previous research had also shown
that beams with smooth reinforcement have less surface cracks than beams

with deformed reinforcement (Mohammed et al., 2001).

Although, the pull out tests and the long-term developed deflection of
unbonded samples show the success of debonding process. Eight cracks in
the debonded beams could be relatively high. This could be explained by two

main reasons:

1. The tension reinforcement was unbonded only in the constant moment
zone and both beams have anchorage length.

2. The unbonded beams were tested under flexural loading i.e. concrete
around the reinforcement in the tension zone under tension whereas in
pull out samples, concrete surrounding reinforcement was under

compression (Feldman and Bartlett, 2008)
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Figure 4-11: Surface strain development in the compression and tension
zone with time (REP-UB-19 and SUS-UB-19)
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Figure 4-12 shows the effect of debonding the reinforcement on the
development of surface strain for the beams under sustained loading only.
Clearly the debonded beam had more strain development in both the
compression and tension zones. In the compression zone, the higher surface
strain development is because the debonded beams had higher developed
deflection due to the artificial loss of the tension stiffening. Whereas the higher
surface strain development in the tension zone indicates that the crack width
is higher in the debonded beams that that of the bonded beam although the
debonded beam had a lower number of cracks ( average crack width after 90
days was 0.35 mm and 0.12 mm for unbonded and bonded beams,

respectively.
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Figure 4-12: Surface strain development in the compression and tension
zone with time (SUS-UB-19 and SUS-B-19)

For the fully bonded beam subjected to repeated loading, the surface strain
development in the compression and tension zones was compared with the
debonded beam subjected to sustained loading as shown in Figure 4-13. It can

be seen that both beams behaved almost identically; this is again confirming
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that, all the bond between the concrete and reinforcement was eliminated in

repeating load case.
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Figure 4-13: Surface strain development in the compression and tension
zone with time (REP-B-19 and SUS-UB-19)

4.4.3 Effects of Compression Reinforcement

Figure 4-14 compares the surface strain development in the compression and
tension zone of two beams with different compression reinforcement. The
reinforcement is bonded in both beams. One beam is unsymmetrically
reinforced while the other is symmetrically reinforced (i.e. 316 in the

compression and tension zone).

It can be seen that the developed surface strain in the tension zone for the
symmetrical reinforced concrete beam is less than that of the other beam (i.e.
SUS-B-19) by 13 %. The 13 % less strain in the tension zone is because of
the less developed deflection due to creep and shrinkage in the symmetrical

reinforcement beam and less crack width in the tension zone as both beams
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had same number of cracks. Whereas beam with symmetrical reinforcement
i.e. SUS-SYB-19 has 20 % less surface strain than that in SUS-B-19 in the

compression zone.

It can be seen also that the effect of compression reinforcement are more
influential in the compression zone than the tension zones which agreed with
Washa and Fluck (1952). Washa and Fluck (1952) noticed about 60 % less
surface strain by adding compression reinforcement equal in the amount in the
tension reinforcement. The surface strain is 60 % less once the authors
compare the results of double reinforcement beams with beams without
compression reinforcement. While in this study SUS-B-19 still has
compression reinforcement but less amount than that in the tension

reinforcement.
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Figure 4-14: Surface strain development in the compression and tension
zone with time (SUS-SYB-19 and SUS-B-19)
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4.4.4 Effect of Loading Level

Figure 4-15 compares surface strain development of the three fully bonded

beams under different loading level. It can be seen that, in both compression

and tension zone the surface strain was increased with time in all beams

regardless of loading level. However compared with beam tested by Ahmed

(2013), the surface strain in the tension zone increased in the first 40 days then

started to decreased after that during the 90 days. This is because the

shrinkage strain in Ahmed (2013) beams was higher (545 pg), moreover

Ahmed (2013) did not mention any cracks developed during the 90 days. In
this study both beams SUS-B-5 and SUS-B-3 developed cracks during the 90

days.
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4.5 Summary

The first part of this Chapter has attempted to present the knowledge of
artificial debonding of the reinforcement. It should be realised that the artificial
method of debonding the reinforcement in the constant moment zone has been
achieved successfully where the bond strength lost was about 93%. The effect
of loading level, reinforcement type and adding compression reinforcement
were examined experimentally. Based on the data gathered in the University

of Leeds for a duration of 90 days, the following conclusions can be drawn:

1. The bond between concrete and steel in reinforced concrete beams
subjected to a repeating load can be significantly damaged due to the
loading, even though the frequency is relatively low (i.e. 0.2 Hz).

2. The additional deformation caused by repeated load is shown to occur
within 10 to 20 days, depending on the material properties of the
concrete.

3. For the case of cyclic repeated loading, further coefficients should be
added to the Eurocode 2 (2004) equation to reflect the effect of repeated
loading on long-term deflection.

4. The behaviour of a fully bonded reinforced concrete beam under
repeated loading with small amounts of amplitude and frequency was
almost equal to the behaviour of reinforced concrete beams with
debonded reinforcement.

5. Beams having a high amount of compression reinforcement have less
developed deflection with time.

6. Compression reinforcement does not have significant effect on the
number of cracks nor the surface strain development in the tension
zone.

7. The long-term mid-span developed deflection of the artificially
debonded beam, subjected to sustained loading, is 36% higher than
that of fully bonded beams.

8. The long-term deflection starts potentially only a single day after the
sustained loading has been applied.

98



Experimental Results and Discussions

9. Inthe case of stabilized crack patterns, the concrete between the cracks
acts elastically.

10. As expected, creep and shrinkage-induced cracks are a function of the
sustained applied moment. The higher this sustained moment (i.e.
closer to the stabilized crack pattern) the fewer number of cracks that

develop after initial loading.
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Chapter 5 Theoretical Analysis of Reinforced Concrete

Beams under Long-Term Loading

5.1 Introduction

In this chapter, the mid-span developed deflections of the bonded beams (i.e
SUS-B-19, REP-B-19, SUS-SYM-19, SUS-B-5 and SUS-B-3) are compared
with the values predicted by Eurocode 2 (2004). The 90 day data is also
extrapolated using Ross Hyperbolic function to determine the ultimate
deflection; these are also compared with those predicted by Eurocode 2
(2004). The compressions show that Eurocode 2 (2004) tends to overestimate
the deflection at early stages but underestimate the long-term values;
Eurocode 2 (2004) is particularly inaccurate when it comes to estimating the

movement of elements subjected to repeated loading.

5.2 Calculation of Curvature Based on Eurocode 2 (2004).

Eurocode 2 (2004) predicts the long-term deflection by superposition of creep
and shrinkage curvatures. It proposes that the long-term curvature induced by
the effect of creep can be calculated by using an effective modulus of elasticity

according to the following equation:

Ec eff = 140 (5-1)
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Where:
Eco is the elastic modulus of concrete at time to
Do is the creep coefficient that depends on time and duration of

loading.

Eurocode 2 (2004) suggests Equation 5-2 to calculate the shrinkage curvature:

1 S

== EesOle T (5-2)

Where:

1/r¢s is the shrinkage curvature.

Ecs is the free shrinkage strain at time t.

Qe is the effective modular ratio (%:ff).

S is the first moment of area of the reinforcement about the
centroid of the section.

I is the second moment of area of section (cracked or uncracked
as appropriate).

E is the elastic modulus of the steel reinforcement.

However, the curvature 1/r is calculated as:

1/ = E(l/r)cr +(1- E)(l/r)uc (5-3)
Where
1/r is the average curvature.

101



Theoretical Analysis of Reinforced Concrete Beams under Long-Term

Loading

()
(1/I‘)uc

MCI" Ma

are the values of curvatures calculated for the cracked and

uncracked section, respectively.

is the coefficient allowing for tension stiffening given by £ =1 —
Mcr) 2

B(5e)

is the coefficient taking account of the duration of loading (0.5

for sustained or cyclic loading and 1 for a single short-term
load).

are the cracking moment and the applied moment, respectively.

5.3 Models to Predict Creep Coefficient and Shrinkage Strain

5.3.1 Eurocode 2 (2004)

5.3.1.1 Creep Coefficient

Eurocode 2 (2004) provides an equation to predict the creep coefficient based

on compressive strength of the concrete, relative humidity and type of cement

used. This equation is:

@t to) = @ * Bc(t to) (5-4)

Where

Qo

Is the notional creep coefficient which can be calculated from

this equation @, = @RH * B(f.,) * B(ty)

@RH is a factor to allow for the effect of relative

humidity on the notional creep coefficient
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@RH = [1+Lﬁl—00*a1 oy

RH is the relative humidity %

2A¢

hg is the notational size of member in mm ( hg = -

A.  section area.

u perimeter in contact with atmosphere.

16.8

B(fcm) = Jfom

fem mean compressive strength of concrete

B(te) is a factor to allow for the effect of concrete age at

loading on the notional creep coefficient B(ty) =

1

(0.1+t32)
_ (t=to) 0.3
BC(t tO) (BH+t tO) (5-5)
Bu a coefficient depending on the relative humidity (RH in %) and

the notional member size. It may be estimated from

By = 1.5[1 + (0.012RH)*8]h, + 250as (5-6)
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35
0 = [E]O'7

35
az = [a]o.z

= [22]°5

o
37 Yem

5.3.1.2 Shrinkage

The drying shrinkage strain suggested by Eurocode 2 (2004) can be calculated

from:
Esh = €cdo * Bas(t, ts) * kp (5-7)
Where
ky, is a constant depending on the notational size hg accoring to the
Table 5-1
Table 5-1: Values of k; (Eurocode 2, 2004)
hs kh
100 1
200 0.85
300 0.75
=500 0.7
fcm -6
€40 = 0.85 [(220 + 110 * agqq) * €Xp (—O(dsz * )] 107° * Bry (5-8)
cmo
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Qgs1y Ads2 are factors depend on type of cement (4 and 0.12

respectively)

femo =10 Mpa

Bry = 1.55 [1 - (%)3]
RH, =100

t—ts (5-9)

(t —t,) + 0.04 fhs3

Bds (t! ts) =

5.3.2 Model code (2010)

The Mode Code (2010) available to predict the creep and shrinkage of the
concrete is valid for a concrete with a compressive strength ranging from 12
MPa to 80 MPa.

5.3.2.1 Creep Coefficient

The Mode Code 2010 predicts creep is a similar to Eurocode 2 (2004); both
depend on the relative humidity, temperature, and the compressive strength of
the concrete. However, the factors in the Model Code (2010) are less than that
of the Eurocode 2 (2004) such as factors depend on the cement type (agsq,
ag4s2) and the coefficients to consider the influence of the concrete strength

(ay23). The equations for creep coefficient calculation are:

@t to) = o * Bc(t to) (5-10)

©o = @RH * B(fem) * B(to) (5-11)
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1—-RH/100
(pRH = [1 + W(Xl] (08} (5-12)
16.8
B(fem) = N (5-13)
1
B(to) = 01 (£)°2 (5-14)
Be(t—tg) = [ ] (5-15)
(5-16)

RH\ 18
By = 1.5*h*[1+<1.2m) l+250*a3 < 1500 * a5

Where

o = (i)oj,az :(i)o.z and o, = (i)o.s

fem fem fem

Also, the Model Code (2010) proposed equations which are only suitable when
the sample is subjected to a compressive stress of less than 40 % of the
compressive strength of the concrete, a relative humidity between 40-100 %

and a mean temperature between 5°C and 30°C.

5.3.2.2 Shrinkage

The drying shrinkage of the concrete can be calculated using the following
Model Code (2010) equations:

€sh = €cdso (fcm) * Bru (RH) * Bas(t — ts) (5-17)
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€cdso = [(220 + 1100(6151) * eXp(_adsz * fcm)]10_6 (5'18)
RH\?
Bru = —1.55 * [1 - (W) l (5-19)
~ (t —to) 0.5 ]
Bas(t = t5) = (0.035 xh? + (t — to)) (5-20)

Where

Ags1 = 6 and Agsp = 0.012

5.4 Shrinkage Strain and Creep Coefficient Results

Figure 5-1 and Figure 5-2 show the shrinkage strain and creep coefficient
development with time, respectively, for a period of 90 days. Both creep and
shrinkage test data were obtained from the concrete once it reached an age of
28 days.
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Figure 5-1: Shrinkage development with time
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In Figure 5-1, it can be seen that the Model Code (2010) overestimates the
shrinkage during the 90 days. The Model Code (2010) does not consider the
time when the concrete starts undergoing drying shrinkage. Whereas the
Eurocode 2 (2004) overestimates the shrinkage at early ages (25 days). The
overestimation in the code results from the missing reading in the experiment,
where the samples were taken out from the curing room at 25 days and the
reading started at 28 days. However, the Eurocode 2 (2004) seriously
underestimates the long-term shrinkage (Vandewalle, 2000, Gribniak et al.,
2008). From this figure, it can be noticed that both Model Code (2010) and
Eurocode 2 (2004) predict the shrinkage within a reasonable agreement after
90 days (+15 and -13% difference, respectively). However, the rate of
shrinkage of the measured specimen is greater than that predicted by the
codes. This difference will further amplify the error in the code prediction in the

ultimate result.

The creep coefficient development with time for the experimental samples was
also compared with that predicted from the Model (Code 2010) and Eurocode
2 (2004) (see Figure 5-2).
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Figure 5-2: Creep coefficient with time
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From Figure 5-2, it can be seen that both Model Code (2010) and Eurocode 2
(2004) predict the creep coefficient accurately during the 90 days.

5.5 Mid-Span Deflection
5.5.1 Single Reinforcement

Figure 5-3 compares the developed mid-span deflection of two reinforced
concrete beams (i.e. REP-B-19 and SUS-B-19) with that predicted by
Eurocode 2 (2004) for a period of 90 days. The 90 days was chosen based on
previous studies, where studies showed about 50% of the tension stiffening
lost over the first 20 to 30 days, at which point the loss stabilised (Scott and
Beeby, 2005). Moreover Higgins et al. (2013) showed that the extra
deformations due to repeated load take place significantly within the first 10

days.

For the beam under sustained loading (i.e. SUS-B-19), itis clear that Eurocode
2 (2004) overestimates the developed deflection in the first 22 days. After 22
days, Eurocode 2 (2004) underestimates the developed deflection. However,

by 90 days, the error is only 8%, which is still acceptable.

The overestimation of deflection at early ages possibly results from an error in
the amount of tension stiffening. Eurocode 2 (2004) suggests a constant factor
B (B is the coefficient taking account of the duration of loading, and is 0.5 for
sustained or cyclic loading and 1 for a single short-term load). However, Forth
et al. (2014) observed that keeping the factor B constant helps to overestimate
the predicted curvature in the case of sustained loading (particularly at early

ages).

Any difference between measured and predicted values at 90 days may be
due to the variation in the storage environment used to obtain beam curvature
and concrete shrinkage. Experimentally, the ambient environment will never

match exactly and that disparity could lead to this error.
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For the case of a cyclic/repeating load beam, Eurocode 2 (2004) suggests the
use of the same equations to predict the long-term deflection of those used for
the sustained load beam (assume [(=0.5). Now, Eurocode 2 (2004)
overestimates the deflection by 30% after 90 days, emphasising even more

how critical it is to use a varying value of 3.
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Figure 5-3: Mid-span developed deflection with time (REP-B-19, SUS-B-19

and Eurocode 2)

Figure 5-4 and Figure 5-5 compare the developed long-term deflection
predicted by Eurocode 2 (2004) with beams SUS-B-5 and SUS-B-3 for a period
of 90 days. Although at 90 days Eurocode 2 (2004) appears to predict the long-
term deflection of the both beams reasonably well -16% and 11% for SUS-B5
and SUS-B-3, respectively - it can also be seen that the code overestimates
the deflection for the first 50 days and 62 days, respectively, and that the rate
of deflection is underestimated at 90 days. By comparing the measured and
predicted curves for the three levels of applied load (19 kN, 5 kN and 3 kN), it
can be seen that the code tends to overpredict the most when the applied load
is the least. In other words, the code is more accurate when the applied load

is close to the load which produces a stabilised crack pattern.
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This affects the fact that the code theory has been developed around cases
where a stabilised crack pattern exists. In reality, this is inappropriate, as this

is frequently not the case.

The inaccuracy is thought to be related to the degree of the tension stiffening.
Clearly, a beam loaded to 3 kN just below the cracking moment will possess
more tension than one loaded to 19 kN, which produces a stabilised crack
pattern. In the first case, no cracks were produced and all the concrete acts
elastically. While in the second case (beam under 19 kN load), a stabilised

crack pattern is produced and only the concrete between cracks acts

elastically.
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Figure 5-4: Mid-span developed deflection with time (SUS-B-5 and Eurocode
2)
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Figure 5-5: Mid-span developed deflection with time (SUS-B-3 and Eurocode

2)

Once the creep and shrinkage strains were adjusted to the environment of the

lab where the beams were tested, using the Eurocode 2 (2004) suggested

equations, Figure 5-6, Figure 5-7 and Figure 5-8 show good agreement

between the Eurocode 2 (2004) and the experimental deflections after 90

days. However, there is still overestimation in the Eurocode 2 (2004) predicted

deflection at early ages. This overestimation results is due to tension stiffening.
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Figure 5-8: Mid-span developed deflection with time (SUS-B-3 and Eurocode
2)

An attempt was made to optimise the value of B during the 90 day period.
Initially, B was suggested to start from 0.75 and then reduce gradually to the
day of intersection between predicted and measured deflection. After the
intersection B was kept at 0.5, as suggested by Eurocode 2 (2004). The
suggested values of B showed a great match between the experimental

deflection and that suggested by the Eurocode 2 (2004), as shown in Figure
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Figure 5-10. The suggested 0.75 value for B will be verified in the next section
using beams with a different geometry. The 0.75 value for § was chosen based
on a previous work done by Vollum (2002) (i.e. it should be taken as 0.7 up to

a five week duration of peak construction loads).
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Again, the underestimated deflection in 90 days may be due to the variation in

storage environment used to obtain beam curvature and concrete shrinkage.

5.5.1.1 Using Eurocode 2 (2004) to Predict Long-Term Deflection of

Previous Work.

A comparison between Eurocode 2 (2004) and other experimental works
carried out by a different researcher was conducted in this section to support
the idea that 3 is not constant and to verify the suggested values of 3.

Mias et al. (2013) study experimentally the long-term deflection of reinforced
concrete beams. The main parameters of their work were the reinforcement
type (i.e. steel and GRFP rebars), sustained loading amount, and the material
compressive strength. All beams had the same dimensions, 140 x 190 x 2450
mm with a clear span of 2200mm. Table 5-2 provides the experimental details
utilized by Mias et al. (2013), i.e. material properties and loading amount. The
sustained load was chosen to obtain concrete compressive stress on the top
fibre of the mid-span section of 0.3 f. and 0.45f.. All beams with steel

reinforcement had @ 10 mm tension reinforcement only.

Table 5-2: Beam designation, material properties and loading amount (Mias

et al., 2013)
Concrete Sustained | Modulus of | Compressive
Beam compressive load elasticity at 28 | strength at 28
reference strength on the | amount days days
top fibre (KN) (GPa) (MPa)
N_L1 S10 0.3 f. 10
25.7 27.7
N_L2 S10 0.45 f, 14
H_L1_S10 03f. 17
29 56
H L2 S10 0.45f, 22
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Mias et al. (2013) loaded their beams for 250 days (N_L1 S10, N_L2_ S10)
and 700 days (H_L1_S10, H_L2 S10). The developed mid-span deflection
predicted by Eurocode 2 (2004), was compared with their deflection for a 90-
day period. Figure 5-11 and Figure 5-12 compare the developed mid-span
deflection of the normal concrete beams under two different loading amounts.
It can be seen that the Eurocode 2 (2004) overestimates the deflection in the
first 35 days, when the beam is sustained at 10 kN load, and underestimates
the deflection by 6% after 90 days, while the code overestimates the deflection
in the first 20 days when the beam is sustained into a higher load (i.e. 14 kN)
and thus underestimates the deflection by 13%.
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Figure 5-11: Mid-span developed deflection with time (N_L1 S10 and

Eurocode 2)
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Figure 5-12: Mid-span developed deflection with time (N-L2_S10 and
Eurocode 2)

Similarly in the other two beams (i.e.H L1 S10andH_L2 S10), the Eurocode
2 (2004) overestimates the deflection in the first 60 days and 40 days when
the beams sustained into 17 kN and 22 kN, respectively, as shown in Figure
5-13 and Figure 5-14, whereas the deflection predicted by the Eurocode 2
(2004) agreed with the experimental deflection after 90 days.
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Figure 5-13: Mid-span developed deflection with time (H-L1_S10 and
Eurocode 2)
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Figure 5-14: Mid-span developed deflection with time (H-L2_S10 and

Eurocode 2)

After using the suggested values of 3 (i.e. B start from 0.75 and reduced
gradually to the day of intersection between predicted and measured deflection

when B=0.5), Figures 5-15 to Figure 5-18 show better matching at the early
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ages. Still, after 90 days the deflection predicted by Eurocode 2 (2004) almost
equalled the experimental result of Mias et al. (2013). This matching result
could be explained by the beams’ geometry and the clear span length, where

the clear span was almost half the span of that used in the experiment.
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Figure 5-15: Mid-span developed deflection with time (N-L1_S10 and

Eurocode 2) with new values of 8
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Figure 5-18: Mid-span developed deflection with time (H-L2_S10 and
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5.5.2 Symmetrically Reinforced Concrete Beam.

In this section the mid-span long-term developed deflection of the
symmetrically reinforced concrete beam subjected to a 19 kN sustained load
was compared with that predicted by Eurocode 2 (2004). It can be seen in
Figure 5-19 that the Eurocode 2 (2004) suggested equation predicts the

deflection very well.
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Figure 5-19: Mid-span developed deflection with time (SUS-SYB-19 and

Eurocode 2)
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Eurocode 2 (2004) predicts the deflection of a symmetrically reinforced beam
better than the normally reinforced beam. It believes that in an uncracked
section, shrinkage induces curvature when the reinforcement is placed
asymmetrically; however, there is no shrinkage curvature when the section is
reinforced symmetrically (Hobbs, 1982, Gilbert, 2001). Moreover, although
Eurocode 2 (2004) suggests an equation to predict the shrinkage curvature
(Equation 5-3) allowed to use cracked section properties, it derived this based

on an uncracked section (Mu et al., 2008).

This better prediction for the deflection in cases of symmetrical reinforcement
might result from the shrinkage curvature. Where in the case of uncracked

sections, there is no shrinkage curvature in symmetrical reinforcement.

5.6 Shrinkage Induced Deflection Predicted by the Eurocode

2 (2004)

Concrete creep and shrinkage are the major parameters which influence the
long-term deflection of reinforced concrete members. Figure 5-20 illustrates
the long-term developed deflection of the three reinforced concrete beams
tested under different levels of loading. Mu et al. (2008) showed numerically
that 50% of the total long-term curvature is likely due to creep while the other
50% is due to shrinkage — this is, however, dependent on geometry and
percentage steel reinforcement. According to this rationale, for the first beam
considered here (i.e. SUS-B-19), the shrinkage curvature should be 9.4 mm
(see Figure 5-20). Similarly, it should be 5.5 mm and 5 mm for SUS-B-5 and
SUS-B-3, respectively.
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Figure 5-20: Mid-span developed deflection with time (SUS-B-19, SUS-B-5
and SUS-B-3)

Based on Mu et al. (2008) findings, the shrinkage curvature of the three beams
(i.,e SUS-B-19, SUS-B-5 and SUS-B-3) can be shown in Figure 5-21. It can be
noted that identical beams having a higher number of cracks develop a greater
deflection due to shrinkage. This is because of the stiffness of the sections.

As the shrinkage curvature results from the cracked and uncracked sections,
in an uncracked section, all beams have the same shrinkage curvature (due to
the non-symmetrical reinforcement). While in a cracked section, beam SUS-
B-3 is stiffer than SUS-B-5 and SUS-B-19 (due to the moment of inertia and
the neutral axis position). Thus the shrinkage curvature in SUS-B-3 is less than
that in the other two beams. Similarly, SUS-B-5 has less shrinkage curvature
than SUS-B-19. However, based on the Eurocode 2 (2004), all beams have
the same moment of inertia (I and I, are same in all beams) and the stiffness

results from ¢ (the distributed coefficient allowing for tension stiffening).
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Figure 5-21: Mid-span shrinkage developed deflection with time based on Mu
et al (2008)

For the beam with a stabilized crack pattern (i.e. SUS-B-19), no more cracks
were produced after loading, whereas both SUS-B-5 and SUS-B-3 developed
more cracks during the 90 days testing period. (Note that beam SUS-B-3 was
subjected to a sustained load, which produced an applied movement just

below the nominal cracking moment.)

Figure 5-22 compares the shrinkage deflections predicted by Eurocode 2
(2004) of the three beams. For the third beam (i.e SUS-B-3), as the sustained
moment was less than the cracking moment, the shrinkage deflection
predicted by the Eurocode 2 (2004) was calculated twice. The first one from
the elastic section and the second using both cracked and uncracked section
properties. It can be seen that Eurocode 2 (2004) predicts the shrinkage
deflection by considering the degree of cracking, i.e. the shrinkage deflection
for SUS-B-19 is higher than that in SUS-B-5 and SUS-B-3 and the shrinkage
deflection of SUS-B-5 is higher than that in SUS-B-3.
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Figure 5-22: Mid-span shrinkage deflection with time based on Eurocode 2

The above figure shows the shrinkage deflection depends on the number of

cracks developed in the section. Figure 5-23 shows the calculated shrinkage

deflection as a function of the number of cracks. The increase in the shrinkage

deflection is linear with the number of cracks.
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Figure 5-23: Variation of shrinkage deflection with number of cracks
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5.7 Extrapolated Deflection From 90 days

As mentioned in section 5.5.1, the mid-span long-term deflection is greater in
the repeating load case than in the sustained load case at 90 days, in both the
unbonded and fully bonded beams. During the 90 days, the deflection was
developed, then stabilized in a hyperbolic shape (the rate of developed
deflection in the first 20 days was nearly 5 times than that after 20 days). In
this section, the experimentally developed mid-span deflection for the beams
under sustained and repeating load will be extrapolated to estimate the
ultimate deflection. The aim here is, again, to investigate the use in Eurocode
2 (2004) of a single identical parameter to represent both sustained and
repeating long-term loading (i.e. B=0.5). Adopting the theory of the Eurocode
2 (2004) suggests that the ultimate deflection, regardless of load case, will be
the same. Although the 90 day data gained during this investigation suggests
that this will not be the case, the extrapolation below will allow this to be
investigated. The average deflection curve was extrapolated using the Ross
(1937) and Lorman (1940) hyperbolic creep model, as show below (Neville et
al., 1983):

(t—to) (5-26)
d(t, to) =
(&%) A+Bx*(t—t,)
Where,
d(t, tg) is the deflection at anytime
A and B are constants
t—t, is time under loading (days)
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When (t —t,) reaches infinity, the limiting (ultimate) deflection will be 1/B.
Hence, the limiting deflection can be found from the experimental results by
plotting [(t — t,)/d(t,ty)] against (t — t,). The slope of the straight line will be
B and the intercept of the ordinate will be A. Figure 5-24 shows the
extrapolated developed deflection for the fully bonded beams under sustained
and repeating load. The constants A and B for the beams under sustained
loading are 1.0966 and 0.042, respectively, and are 0.7901 and 0.0336,
respectively, for the beam under repeating load. Thus, the limiting developed
deflection for the beam under sustained loading will be 23.8 mm and for the
beam under repeated loading, it will be 29.7 mm. This finding disagrees with
the Eurocode 2 (2004) and suggests that the beam under sustained loading is

unlikely to have the same deflection as the beam under a repeating load.
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Figure 5-24: Hyperbolic relations proposed by Ross (SUS-B-19 and REP-B-
19)

For the case of the unbonded beams of this investigation (Figure 5-25), the
ultimate deflection will be 29.7 mm and 31.8 mm for the beam under sustained
and repeating loads, respectively. As both beams were effectively debonded
(section 4-2 shows the success of artificial deboning), this additional deflection

is thought to be due to cyclic creep. It can be noted that the ultimate deflections
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are the same for REP-B-19 and SUS-UB-19 (i.e. 29.7 mm), which further
illustrates that a small amount of frequency could destroy the bond between

the reinforcement and the surrounding concrete.
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Figure 5-25: Hyperbolic relations proposed by Ross (SUS-UB-19 and REP-

UB-19)

A similar procedure was performed by (Higgins et al., 2013). The extracted

details of their work are shown in Table 5-3.

Table 5-3: Beam designation and applied load details Higgins et al. (2013)

Applied Mean _
Beam _ Beam Amplitude | Frequency
Load |Applied Load _
Reference Dimensions (KN) (Hz2)
Type (KN)
S Static 21 300X150X4200 - -
Sustained
C-0.2-5 Cyclic 21 300X150X4200 5 0.2
Repeated
C-1-10 Cyclic 21 300X150X4200 10 1
Repeated
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Figure 5-26 compares the extrapolated developed deflection of the three
beams. From Figure 5-26 figure, it can be concluded that the ultimate
developed deflection for the beam under sustained loading will be 24.6 mm,

while it is 26.4 and 27.4 mm for C-0.2-5 and C-1-10, respectively.
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05 F—————~ P A Tt T+ ——Linear (C-1-10) ]
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Figure 5-26: Hyperbolic relations proposed by Ross (S, C-0.2-10 and C-1—-
10)

From Higgins et al. (2013) data it can be seen that the beam under sustained
loading, again, is unlikely to have the same deflection as the beam under a

repeating load.

However, the difference between the ultimate deflection of REP-B-19 and
SUS-B-19 is higher than that of Higgins et al. (2013) beams (i.e. S and C-0.2-
5). As the difference is due to the loss of tension stiffening, it indicates that the
loss of tension stiffening is higher in our case than Higgins et al. (2013) case.
This is because of the creep and the shrinkage strain, which are 1.48 and 410
pe respectively, whereas Higgines et al (2013) long-term material properties,
i.e. creep and shrinkage, are 1.1 and 250 pe respectively. It is believed that
developing microcracks at the steel concrete interface, due to restraint to

shrinkage, leads to decreasing in the tension stiffening (Wu, 2010).
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In our case, the shrinkage is almost 40% higher than Higgins et al. (2013).

Thus the loss of tension stiffening in REP-B-19 is higher than that in beam C-

0.2-5.

5.8 Summary

The current chapter aims to highlight the impact on the loading characteristics

on the evaluation (focusing particularly on the long-term deflection) of the

deformation of realized reinforced concrete beams, namely the tension

stiffening code provisions (i.e. within the Eurocode 2) are reviewed with a clear

intention to reassess their operational value and predicted capacity. From

above, it can conclude the following:

1.

Eurocode 2 (2004) equations to predict the shrinkage overestimate
the shrinkage at early ages and underestimate the shrinkage at 90
days, whereas Model Code (2010) overestimates the shrinkage.
Both Eurocode 2 (2004) and Model code (2010) equations
accurately predict the creep coefficient.

The Eurocode 2 (2004) suggested equation to predict the long-term
deflection overestimates the deflection in the early ages, especially
when the reinforced concrete beams are subjected to a moment
close to the crack moment.

Under long-term loading, the load factor 3 is not constant over time
(i.e. B=0.5), and better prediction occurs when {3 starts with 0.75 and
reduces gradually to 0.5.

There is a linear relationship between number of cracks and the
shrinkage deflection, that is beams which have more cracks
develop more deflection due to shrinkage.

Beams subjected to repeated loads are unlikely to have the same
long-term deflection as beams under sustained loads, i.e. more
factors are required for the Eurocode 2 (2004) suggested equation
to predict the long-term deflection under repeated loading

accurately.

132



Theoretical Analysis of Reinforced Concrete Beams under Long-Term
Loading

7. In such cases (i.e. shrinkage strain high), low frequency could
destroy all the bond between the reinforcement and the surrounding

concrete.
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Chapter 6 Finite Element Modelling

6.1 Introduction

This chapter provides details of the nonlinear analysis of reinforced concrete
beams under sustained and repeated loading, using a commercial finite
element software, i.e Midas FEA. Firstly, the nonlinear analysis was based on
the evaluation on the material proprieties (creep and shrinkage). To prove the
accuracy of the nonlinear finite element software, the result was compared with
experimental data presented in Chapter 4. The concrete was modelled as a
3D solid box. For the long-term behaviour, “construction stages” must be
defined in analysis of the beam, to reflect the effect of evolving in material
properties with time (creep and shrinkage displacements). Thus, concrete is
considered as an isotropic elastic material to enable (creep/shrinkage)
functions to be included. According to CEB-FIP Model Code (1990), for elastic
analysis of concrete, a reduced modulus of elasticity should be used to reflect
the initial plastic strain, thus the modulus of elasticity of concrete was multiplied
by 0.85. It is important to activate the weight density of the concrete in the long-

term analysis, as the dead load should be considered.

Midas FEA allows the input of creep and shrinkage values, along with the
strength parameters of concrete, to conduct the analysis. However, Midas FEA
is flexible about the code used (CEB-FIP 1990, ACI, PCA, Combined ACI, PCA
and AASHTO), when it comes to defining shrinkage strain and creep
coefficient. In this study, the experimental creep and shrinkage data relied only

on direct input.
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6.2 Element Types and Used Mesh

Solid elements are generally used to model 3-D solid structures such as
concrete and are suitable for both linear and nonlinear analysis. Midas FEA

solid elements are:

Linear elements, such as 4 node tetrahedron, 6 node pentahedron or 8 node

hexahedron (brick element).

Quadratic elements, like 10 node tetrahedron, 15 node pentahedron or 20

node hexahedron quadratic elements are shown in Figure 6-1.

Tetrahedron

Pentahedron

Hexahedron

Linear elements Quadratic elements

Figure 6-1: Midas FEA solid elements type

Linear hexahedron, or quadratic, elements are suggested by the Midas FEA

company to give an accurate output when detailed analysis results are
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required. In this chapter, an element sensitivity study was undertaken to

conclude the best element for the analysis.

For the steel reinforcement, Midas FEA provides a bar reinforcement element,
in which the steel properties can be defined. As the reinforcement is embedded
inside the concrete, the bar section is necessary to define where the
reinforcement and their concrete mother elements (i.e. elements in the solid

section) are assumed to be perfectly bonded.

Figure 6-2 illustrates the general process that Midas FEA follows to generate
3D mesh of any solid section. Firstly, 1D mesh is created on the boundary
edges, followed by 2D mesh on the surfaces of the selected section. After
generating 1D and 2D mesh, Midas FEA creates 3D elements in the internal
space. Mesh sensitivity was studied to find the most appropriate mesh for the
concrete model. Auto-Mesh Edge was used, as it is the only provided way to
mesh the reinforcement. The software suggested that the reinforcement

element size should be the same as the concrete element size.

3 Select the object shape and
specify the element type.

3 Generate 3D mesh in the 3 Create 20 mesh on all
internal space boundary faces.

Figure 6-2: General process for mesh generation
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6.3 Construction Stages

Midas FEA allows time affects to take place in the analysis by defining
construction stages. Firstly, a base model was developed by assigning
elements, loads and boundary conditions in order to define the construction
stages. The next stages were defined based on the constitution order. Midas
FEA allows the user to start with a duration of O days and a possibility of
changing boundary conditions and loading in each stage. The unlimited
number of stages during the analyses makes the result more accurate. The

illustration of the construction stages concept is shown in Figure 6-3.

0 days 20 days 30 days 40 days
I | lodays I | I | I

Duration of the construction stage Duration of the construction stage

! (B

First Step Additional Step Last Step First Step Last Step
Element , Load Element , Load Element , Load
Boundary Active| |Boundary Active Boundary Active
and Deactivate and Deactivate and Deactivate

Figure 6-3: Concept of composing construction stages

In this study, 9 construction stages were defined, with recordings taken every
10 days, similar to the experimental data gathered. The elements used, the
loads and the boundary conditions were activated in the first stage, i.et =0 to
get the elastic deflection, at an element age of 28 days. Though it is not
necessary to activate elements, loads and boundary conditions in the next
stages, or the element age in the following stages, as they were activated in

the first stage, it is necessary to allocate the duration of each stage.
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6.4 Sensitivity Study

6.4.1 Effect of Element Type and Mesh Size on the Deflection

There are two mesh types Midas FEA provides to use: map mesh, for
structured mesh and auto mesh, for unstructured mesh, as shown in Figure 6-
4,

[ o R=4
S y—
[t T~/
—l ﬁh—__’“—- = 7 \\“*\,_
L T AT
———-1& -
T T R=a <«
—_— —'—7__4-__‘-_—__’__’___‘,.‘.—'
1 LA TT 113 rs €]
_—-’-‘— -"V}F ;.—"—JF—/
Structured mesh Unstructured mesh

Figure 6-4: Midas FEA mesh types

The effect of the element types and mesh size of the reinforced concrete
beams under long-term sustained loads was tested by changing the element
types and mesh size, and plotting the corresponding time-deflection behaviour.
SUS-B19 was simulated, as the concrete between cracks were elastic and no
more cracks developed during the test. Figure 6-5 and Figure 6-6 illustrate the

convergence of the result for each element type and mesh size, respectively.

Figure 6-5 shows, map mesh element type (linear or quadratic) does not affect
the analysis, while in auto mesh, quadratic elements gave better estimation
than linear elements. However, both linear and quadratic elements
underestimate the long-term developed deflection. Therefore, the mesh size

was carried on linear map mesh, as shown in Figure 6-6.
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Four mesh sizes (i.e. 100 mm, 50 mm, 25 mm and 10 mm) were used to find

the adequate mesh size. Although concrete was modelled as an elastic

material, Figure 6-6 shows that the lower mesh size, the better behaviour. The

model with 10 mm element size (189000 elements) took 28 hours to give the

final results. Thus, in this study 25 mm linear map mesh was used in the

analysis to give better estimates and to save time.
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Figure 6-5: Effect of mesh types on the long-term deflection (mesh size 25

mm)
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Figure 6-6: Effect of mesh size on the long-term deflection

6.5 Predicting the Long-Term Deflection Using Midas FEA

6.5.1 Beams under Sustained Loading

In Midas FEA, the total long-term curvature results from the summation of the
individually calculated creep and shrinkage curvatures; the total long-term
deflection can, therefore, be separated into creep and shrinkage deflection.
Figures 6-7a, 6-7b and 6-7c show the graphical comparison of the
experimental and numerical-developed mid-span deflection of the selected
reinforced concrete beams under 19 kN, 5 kN and 3 kN of sustained loads,

respectively.

The software underestimates the long-term developed mid-span deflection in
all cases, likely from the creep or shrinkage deflection (as Midas FEA ignores
the tension stiffening effect). Midas FEA separates shrinkage and creep
deflections, making it possible to examine which deflection is underestimated

(i.e. creep deflection or shrinkage deflection). Figures 6-7a, 6-7b and 6-7c
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show that the creep deflection is a function of the sustained load, i.e. the creep
deflection in Figure 6-7a is higher than that in Figures 6-7b and 6-7c and the
creep deflection in Figure 6-7b is higher than that in Figure 6-7c. This indicates
that the underestimation is in the shrinkage deflection. In same figures, it can
be seen that the shrinkage deflection in all cases, irrespective of load level, is
the same. This contradicts the published literature (Mu et al., 2008) and the
previous assessment of long-term deflection being due to creep and shrinkage
equally. Previously, it was found that the deflection due to creep and shrinkage
depended on the cracking level (Mari et al., 2010). Daud et al. (2015) attributed
the inability of Midas FEA to correctly predict the long-term deflections to the
section geometry, pointing out that the reinforced concrete beam, which was
modelled as elastic, does not have uniformly distributed shrinkage applied

throughout its cross-section.
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Figure 6-7: Mid-span developed deflection with time (a) SUS-B-19

(b) SUS-B-5 (c) SUS-B-3
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Moreover, the limited capability of the software does not allow for simulation of
repeated/cycled loadings when it comes to simulating beams under repeated
loading. For these reasons, and in order to address this limitation, the beam
segment was divided into two sections (i.e., compression and tension section),

as indicated in Figure 6-8.

jm ;'| Tension zone

E=== Compression zone

Figure 6-8: Beam model - Midas FEA

In the compression zone (red), all the shrinkage provision was applied as
expected, however in the tension zone, different percentages of shrinkage
were parametrically applied until an appropriate amount of shrinkage satisfied
the experimental deflection, and the surface strain matched the experimental
results. The lesser amount of shrinkage in the tension zone represents the
shrinkage percentage in the cracked section, as the total curvature results from
the cracked and uncracked section. The tension section depth was selected to
be twice the cover depth, as the neutral axis depends on the loading amount.
In this study, the comparison between the experimental and finite elements will

be on the developed deflection, as cracks developed with time on beams SUS-
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B-5 and SUS-B-3 and Midas FEA assumes the concrete is elastic in order to
activate creep and shrinkage functions. However, for the case of stabilized
crack patterns, the concrete between cracks is elastic, as long as no secondary
cracks develop.

For the first beams (i.e. SUS-B-19), Figure 6-9 shows the developed mid-span
deflection with time. Three different values of relatively low shrinkage
percentages were applied in the tension zone (i.e. 0%, 10% and 20%). The
0% shrinkage was the first attempt to give an indication on the long-term
behaviour where there is no shrinkage effect in the tension zone. The 0%
shrinkage in the tension zone overestimated the developed deflection (still with
a good estimation at less than 20% difference). Thus two more values were
applied to find the most appropriate value of shrinkage in tension zone. Figure
6-9 shows these different values of shrinkage, bringing the overall long-term
mid-span developed deflection behaviour close to the experimental

observations, allowing the software to predict its development with time.
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Figure 6-9: Mid-span developed deflection vs. time under load (SUS-B-19
and Midas FEA)
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Also, regardless of the fraction of shrinkage applied, the evolving displacement
renders a very close match to experiments at 90 days, which evidently sets
the question of which value would be best to choose. For this reason, Table 6-
1 compares further the experimental mid-span deflection and surface strain
outputs against that produced by the numerical model in order to recover the
optimum value of the shrinkage to be used in the tension zone. Namely it
identifies that the mid-span deflection is getting relatively closer to the test
measurements when the shrinkage in the tension zone is considered equal to

10% of the shrinkage in the compression zone.

Table 6-1: Numerical mid-span deflection development results for SUS-B-19

FE FE FE
DeformationExperiment gop [EXp/FE| 100 [EXP/FE| 200, [EXp/FE

shrinkage shrinkage shrinkage

Deflection
18.8 19.6 1.04 18.9 1 18.3 0.94
(mm)

Similarly, different values of shrinkage in the tension zone were applied for the
other two beams (i.e. SUS.B.5 and SUS-B-3). For SUS-B-5 the shrinkage
percentages in the tension zone were 15%, 20% and 25%. Figure 6-11
illustrates the behaviour of the simulated SUS-B-5 after applying the
modification. Figure 6-11 and Table 6-2 show that 15% shrinkage in the

tension zone gives the most accurate production.
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Figure 6-10: Mid-span developed deflection vs. time under load (SUS-B-5
and Midas FEA

Table 6-2: Numerical mid-span deflection development results for SUS-B-5

FE FE FE
DeformationExperiment 1509, [EXP/FE| 2009, [EXp/FE| 2504 [EXp/FE
shrinkage shrinkage shrinkage
Deflection
11.1 11.3 1.01 10.9 0.98 10.6 0.95
(mm)

Twenty percent, 25% and 30% were the shrinkage percentages that were

applied in the tension zone for the third beam, i.e. SUS-B-3 . Figure 6-12 and

Table 6-3 compare the developed deflection predicted by Midas FEA when the

shrinkage is not uniform all over the section with that found from the

experiment. Both Figure 6-12 and Table 6-3 show good agreement between

the experimental and Midas FEA after the modification. However, 25%

shrinkage in the tension zone is the best value applied to the tension zone to

make Midas FEA predict the deflection accurately.
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Figure 6-11: Mid-span developed deflection vs. time under load (SUS-B-3
and Midas FE

Table 6-3: Numerical mid-span deflection development results for SUS-B-3

FE FE FE
DeformationExperiment 20% [Exp/FE| 25% [Exp/FE| 30% |Exp/FE
shrinkage shrinkage shrinkage
Deflection
10.1 10.3 1.02 | 10.01 | 0.99 9.7 0.96
(mm)

From this section, the data indicates that, as the cracks developed from one

crack to stabilized crack patterns, the shrinkage percentages in the tension

zone were varied from 15% to 25%. This shows that shrinkage percentages

in the tension zone depend on the number of cracks, i.e. beams having higher

number of cracks are expected to have less shrinkage percentage in the

tension zone. This agrees with the outcome of section 5.6, i.e. shrinkage

curvature depends on the number of cracks in tension zone.
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In addition, it can be seen from Figure 6-11 and Figure 6-12 that in the early
ages the software Midas FEA developed more deflection than the tested
beams. This higher deflection in the early ages results from the neutral axis
position. In this study the tension zone was 72 mm. However, the neutral axis
position is not constant, as it depends on the amount of the applied moment
and the shrinkage strain in concrete (Forth et al., 2014). In addition, Midas FEA
uses the Eurocode 2 (2004) equations to predict the deflection and the
Eurocode 2 (2004) overestimates the deflection in the early stages, as shown
previously in section 5.5.1. Additionally the software overestimates the
deflection in the beams SUS-B-5 and SUS-B-3 because the software assumes
the concrete is elastic, while in these two beams more cracks developed during
the test. In contrast, in the case of stabilized crack patterns, the concrete
between cracks is elastic, as long as no secondary cracks develop. This
means that the shrinkage percentage in the tension zone is affected by the

number of cracks.

Figure 6-13 shows the effect of the number of cracks on the percentage of the
shrinkage in the tension zone. Once the first cracks develop and the concrete
transforms from uncracked into cracked status, the shrinkage percentage
drops from the full amount (i.e. 100%) to 25% and reaches 10% when the
reinforced concrete beams reach stabilized crack pattern. This variation in the
shrinkage percentages in the tension zone explains the effect of cracks on
long-term deflection of cracked members. That could explain the findings of
El-Badry (1988), i.e. the long-term deflection in reinforced concrete beams is

more significant in cracked members (Nie and Chie 2000).
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Figure 6-12: shrinkage percentage in tension zone vs number of cracks

6.5.2 Beams under Repeated Loading

For the second case (i.e debonded beams), the standard numerical FE
idealisation could not predict accurately the time-dependant behaviour for
either the mid-span deflection or the surface strain. Thus, the same
approximate techniqgue was adopted in the simulation of debonded beams
(whereby reducing the shrinkage in tension zone yields a better match to
experiments). The shrinkage percentage parametric variation in this case was
taken as 40%, 50% and 60%, which is more than that in the case of a fully
bonded beam. This is due to the number of cracks (i.e. nominally inhibiting
shrinkage deflection) being higher in the fully bonded beam than in the
debonded beam. Along these lines, it was previously found that once cracking
has developed, the modulus of elasticity of the concrete surrounding the
reinforcement is reduced (Forth et al., 2014). In such a case and with the
reinforcement fully debonded from the concrete mass, the modulus of elasticity

of the tension zone is 10% that of the normal concrete.
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Figure 6-13: Mid-span developed deflection vs. time under load (SUS-UB-19
and Midas FEA)

In Figure 6-14, combining experimental and numerical model findings, it can
be seen that for the relatively early beam ages (below 10 days), both the mid-
span deflection and surface strain in the tension zone are over-predicted by
the FE solutions. Such an overshoot can be justified when the creep
contribution is considered the same for both compression and tension, while
Forth (2015) stated that the rate of creep in compression is higher than that in

tension creep.

After 20 days, there is better agreement between the experimental results with
those predicted by the Midas FEA for both the monitored behaviour variables.
Table 6-4 compares the mid-span deflections of the tested beams with the
finite element models. It can be seen that 50% shrinkage in the tension zone

gives the best prediction.
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Table 6-4: Numerical mid-span deflection and surface strain development
results for SUS-UB-19 beams

_ _ 40% 50% 60%
DeformationExperiment Exp/FE| ExXp/FE| Exp/FE
shrinkage shrinkage shrinkage
Deflection
(mm) 25.5 23.2 |[110%| 23.02 [110%| 22.8 |112%
mm

6.6 Verification of the Numerical Model

Two other cases will be used to verify this model and will confirm that the
procedure used in this chapter, i.e. the shrinkage, is not uniform over the entire

section and that this method is not only used for a specific geometry.

In the first case, a reinforced concrete beam of dimensions 4200 mm long with
a cross section of 300 X 150 mm and the same materials properties was used.
The main difference with this beam is its reinforcement condition, at a
symmetrical reinforcement of 3 @ 16 mm in both compression and tension

zZone.

The second case is Mias et al. (2013) reinforced concrete beams. Their
reinforced concrete beams have different geometry, material properties and
reinforcement conditions. They tested two beams for 250 days (N_L1 S10 and
N-L2_S10) and the other two beams for 700 days (H_L1 S10andH_L2 S10).

The first case, i.e. SUS-SYB-19, was simulated by applying 10% shrinkage in
the tension zone, as this beam was subjected to the stabilized crack patterns
and the same number of cracks developed. Figure 6-15 indicated that Midas
FEA predicted the developed deflection accurately after applying the
necessary modification. However, Midas FEA overestimates the deflection by

8%, which is still acceptable. This 8% overestimation in Midas FEA developed
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deflection might result in the neutral axis position (i.e. tension zone), whereas

for cases of symmetrical reinforcement, the tension zone will be higher than

72 mm.
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Figure 6-14: Mid-span developed deflection vs. time under load (SUS-SYB-
19 and Midas FEA

For the second case, four reinforced concrete beams were simulated (i.e.
N_L1_S10, N-L2_S10, H L1 S10 and H_L2_S10). Figures 6-16, 6-17, 6-18
and 6-19 compare the mid-span developed deflection of Mias et al. (2013) with
that predicted by Midas FEA. Midas FEA predicts the development accurately
with good agreement, after the shrinkage is reduced in the tension zone.
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6.7 Numerical Elimination of Shrinkage Curvature

The change of material behaviour over time (i.e. creep, shrinkage and tension
stiffening) was considered in the analysis above to find the holistic long-term
behaviour of the reinforced concrete beams. However, to eliminate the
shrinkage effect from the analysis, the shrinkage contribution was artificially
nullified so that the long-term mid-span deflection predictions are solely due to
creep and tension stiffening. Relevant to this, Figure 6-19 illustrates the mid-
span deflection due to creep and tension stiffening for the distinct cases of
sustained and repeated loads on identical beams. There is a much more rapid
initial increase in the mid-span deflection in the case of repeated loading.
Namely, after 10 days the beam under repeated load has 4.2 mm mid-span
deflection more than the one with the sustained load. In this sense, the results
are in good agreement with Higgins et al. (2013), where the additional
deformations in both tension and compression zones caused by repeated
loading mostly occur within the first 10 days. After this period, both beams
presented approximately the same deflection development rate.

As the shrinkage was eliminated for SUS-B-19 and REP-B-19 beams, Figure
6-19 shows the long-term deflection of these two beams due to the loss of
tension stiffening. The difference of the long-term deflection of these two
beams is 4.2 mm, which is the tension stiffening contribution on the overall
deflection, i.e. 10% from the overall deflection; the overall deflection for the
fully bonded reinforcement beam under sustained loading was 43.8 mm at the

end of the test.

155



Finite Element Modelling

18 1 1 1 1 1 1 1 1 1
| | | | | | | | |
216 R Fo-———t-——--- R - i-ooo== — T
| | | | | | | |
D L B R — T i el
S P I T Lo Ao Lo dooo Lo doo
3 : 1 1 1 1 ==
= 10 | 1T T 1T == 7T T I
[¢] | | | -— | | | | |
S 8 |/ I ol B T 1T T T T T
FS TS O S 4o S 4o b b R b
o /\ I I I I I I I '
IR N A I TS — S A N S— - REP -
> 1 1 1 1 1 1 1 1
a2y L HE L HE L . o —SUS -
0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Time under loading (days)
Figure 6-19: Mid-span deflection due to lose of tension stiffening
6.8 Summary

In this chapter, a nonlinear finite element software was employed to simulate

the long-term deflection of reinforced concrete beams under sustained and

repeated loads. Firstly, the way of shrinkage distribution over the cross section

does not allow the software to predict the long-term deflection accurately. A

necessary modification to the shrinkage distribution was applied. After the

modification, the following conclusions can be drawn:

1.

In the stabilised crack stage, concrete between cracks acts

elastically.

. Shrinkage curvature is a function of the number of cracks, i.e. beams

having higher number of cracks develop more deflection.

For beams under sustained loading, Midas FEA needs to adopt only
10% of the shrinkage in the tension zone in the case of fully cracked
sections, while it is 15% and 25% when the section has one crack
and 5 cracks, respectively.

For the case of repeated loading, 50% shrinkage in the tension zone

and the modulus of the elasticity should be reduced.
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5. 4.2 mm is the deflection due to loss of tension stiffening, which is
about 10% from the overall deflection.
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Chapter 7 Conclusions and Recommendations for Future
Works

7.1 Introduction

The current thesis aims to investigate the long-term behaviour of reinforced
concrete beams under sustained and repeated loading and the factors
effecting it, such as creep, shrinkage and tension stiffening. Both experimental
and finite element simulation were used to achieve these goals. Throughout
this study, it is possible to assist the Eurocode 2 (2004) suggested equation to
predict the long-term deflection. Based on the aforementioned idea, the

following sections provide the detailed conclusions obtained from this work.

7.2 Conclusions.

From each part of this investigation, the following conclusions can be drawn.
7.2.1 Experimental Conclusions

1. There was about 94% bond strength lost when the reinforcement ribs
were ground away.

2. The bond between concrete and steel in reinforced concrete beams
subjected to a repeating load can be significantly damaged due to the
loading, even though the frequency is relatively low (i.e. 0.2 Hz).

3. The additional deformation caused by repeated loads have shown to
occur within 10 to 20 days, depending on the material properties.

4. For the case of cyclic repeated loading, more coefficients should be
involved in the Eurocode 2 (2004) equation to reflect the repeated

loading effects in long-term loading.
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The behaviour of fully bonded reinforced concrete beams under a small
amount of amplitude and frequency repeated loading was almost the
same as reinforced concrete beams with debonded reinforcement.
Beams having a high amount of compression reinforcement have less
developed deflection with time.

Compression reinforcement does not have significant effect on the
number of cracks nor the surface strain development in the tension
zone.

The long-term mid-span developed deflection of the artificially
debonded beams subjected to sustained loading is higher than that for
fully bonded beams by 36%.

The long-term deflection starts only a single day after the sustained

loading has been applied.

10.In the case of stabilized crack patterns, the concrete between the cracks

acts elastically.

11.As expected, creep and dry shrinkage induced cracks are a function of

1.2.2

the sustained applied moment. For higher sustained moments (i.e.
closer to the stabilized crack pattern), fewer cracks will develop after

initial loading.

Theoretical Conclusions

Eurocode 2 (2004) equations to predict the shrinkage overestimate the
shrinkage at early ages and underestimate the shrinkage at 90 days,
whereas Model Code (2010) overestimates the shrinkage.

Eurocode 2 (2004) and Model Code (2010) predict creep coefficient
accurately.

The Eurocode 2 (2004) equation to predict the long-term deflection
overestimates the deflection in the first ages, especially when the
reinforced concrete beams are subjected to a moment close to the

cracking moment.
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7.2.3

Under long-term loading, the load factor 8 is not constant at all times
(i.e. B=0.5). Better predictions are made when 3 starts with 0.75 and
reduces gradually to 0.5.

There is a linear relationship between number of cracks and the
shrinkage deflection; beams with more cracks develop more deflection
due to shrinkage.

Beams subjected to repeated loads are unlikely to have the same
deflection as beams under sustained loads, i.e. more factors should be
applied to the Eurocode 2 (2004) equation to predict the long-term

deflection under repeated loading.

. In such cases (i.e. shrinkage strain high), low frequency destroys all

the bond between the reinforcement and the surrounding concrete.

Numerical Conclusions

In the stabilised crack stage, concrete between cracks acts elastically.
Shrinkage curvature is a function of the number of cracks, i.e. beams
having higher number of cracks develop more deflection.

For beams under sustained loading, Midas FEA needs to adopt only
10% of the shrinkage in the tension zone in the case of fully cracked
sections, while it is 15% and 25% when the section has one crack and
5 cracks, respectively.

For the case of repeated loading, 50% shrinkage in the tension zone
and the modulus of the elasticity should be reduced.

4.2 mm is the deflection due to loss of tension stiffening, which is

about 10% from the overall deflection.
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7.3 Recommendations and Future Works

Based on the experimental work carried out in this thesis and the simulation

results, the following future investigations are proposed:

1. More experimental tests can be conducted to investigate the influence
of material properties (i.e. weight concrete, ultra-high strength concrete)
on the long-term deflection of debonded reinforced concrete beams.

2. Further to the current research, a study of the long-term behaviour of
reinforced concrete slabs under cyclic loading is recommended, as in
real conditions, slabs are more likely subjected to cyclic loads.

3. Flexural behaviour of fully cracked steel fibre reinforced concrete
beams under long-term loading need to be investigated in order to study
the effect of adding steel fibre on the loss of tension stiffening.

4. Further research is required to understand the bond behaviour of

corroded reinforcement.
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